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DESIGN AND PRODUCTION OF BIOMASS-DERIVED ANODE ACTIVE
MATERIALS FOR LITHIUM ION BATTERIES

SUMMARY

As technology advances, societies have seen a rise in energy demands, leading to a
heavy reliance on fossil fuels to meet this growing need. However, the carbon dioxide
and greenhouse gases released during these processes have contributed to global
warming and climate change, becoming increasingly significant issues. According to
the 2023 report by the U.S. Environmental Protection Agency, the largest portion of
greenhouse gas emissions—28%—comes from gasoline and diesel transportation. In
response, many countries have implemented policies to promote the widespread
adoption of electric vehicles (EVs) as a means to mitigate the climate challenges posed
by greenhouse gas emissions. The two most critical factors influencing the adoption
of electric vehicles are the range per charge and the charging time, both of which are
directly tied to the lithium-ion batteries used in these vehicles. To support the
sustainable growth of electric vehicles, it is also essential that the components of
lithium-ion batteries are sourced sustainably. Graphite is the predominant anode
material used in commercial lithium-ion batteries. With its high electrical
conductivity, graphite is valuable across various industries and is listed among the
Critical Raw Materials by the European Union. However, as the demand for electric
vehicles rises, experts predict a shortage of graphite supply beginning in 2026.
Therefore, finding environmentally friendly and sustainable alternatives that can
perform similarly to graphite is becoming increasingly crucial.

This thesis aims design and production of an anode active material for lithium-ion
batteries using rice husk, an organic waste. Rice husk is a promising alternative to
graphite due to its high silica content and worldwide annual production. However, the
electrochemical performance of silica-based materials is often limited by their poor
electrical conductivity. To enhance their performance, strategies such as reducing
particle size to shorten the lithium diffusion path or creating composites with materials
that have higher electrical conductivity can be employed. In this thesis, submicron
silica particles and SiOx/C nanocomposite biochars were synthesized using wet
chemical methods and fast pyrolysis by induction heating. High During pyrolysis the
organic components in rice husk decomposes and produces reducing gases such as CO,
CHys, and Hz, which partially reduce the silica to SiOx. The high heating rates promote
the formation of these reducing gases. For the first time in the literature, rice husk-
derived anode active materials are synthesized using fast pyrolysis with induction
heating. This study is significant because it has the potential for scalability and
commercial application.

In the first part of the experimental studies, submicron silica particles were produced
using leaching and precipitation methods using rice husk. The effects of pre-
calcination, the solid-to-liquid ratio, and the addition of ethanol as a co-solvent on the
silica particle sizes were examined. In this process, both rice husk and rice husk ash

XXiii



were dissolved in a sodium hydroxide solution to obtain a sodium silicate solution,
which is commonly used in silica production. By utilizing organic waste to derive the
sodium silicate solution, the process aimed to reduce the overall carbon footprint. In
the next stage of production, sulphuric acid was added to the sodium silicate solution
to precipitate silica particles at a pH of 7. The resulting samples were characterized
based on their structural, morphological, and electrochemical properties. FTIR and
XRD analyses confirmed the existence of Si-O bonds and the amorphous silica
structure. SEM images revealed that the particles were irregularly shaped and
agglomerated. The sample that underwent calcination before leaching, with a solid-to-
liquid ratio of 1/20 and no ethanol added, exhibited the smallest particle size. It was
noted that low solid-to-liquid ratio leads to low SiO2/Na2O ratio, which is the key
parameter to control particle growth. Moreover, adding ethanol increased particle size
and shifted the distribution from monodisperse to polydisperse. This shift was
attributed to the immiscibility of sodium silicate in ethanol, which led to local
supersaturations. The sample with the smallest particle size delivered discharge
capacities of 503, 167, and 145 mAh/g at the 1st, 100th, and 200th cycles, respectively.
The improvement in electrochemical performance was attributed to the shorter lithium
diffusion path. Additionally, the capacity drop observed after the 1st cycle in all
samples is attributed to the formation of the solid electrolyte interface (SEI) layer and
irreversible lithium silicates.

In the second part of the experimental studies, SiOx/C nanocomposite biochar samples
were synthesized using rice husk via induction-heated fast pyrolysis method with the
aim of preserving the maximum carbon content to improve electrical conductivity.
Three different pyrolysis temperatures (specifically, 700-750-800 °C) and two
pyrolysis atmospheres (argon and argon-hydrogen mixture) were tested. Additionally,
the sample with the highest carbon content was ball milled to reduce its particle size
and achieve a more homogeneous elemental distribution. FTIR analysis confirmed the
successful synthesis of silica, revealing the presence of Si-O-C, Si-O-Si, and Si-O
bonds. XRD patterns showed that samples pyrolyzed at temperatures below 800 °C
exhibited an amorphous phase, while above this temperature, crystallization began,
and the cristobalite phase was formed. SEM images indicated that the samples had
irregular morphologies; however, milling after pyrolysis resulted in smaller, more
spherical particles. Raman spectroscopy confirmed the presence of both defective and
graphitic carbon structures. As the pyrolysis temperature increased, the ratio of
graphitization also increased, and milling further increased the Ip/lg ratio by
introducing additional defects into the structure. XPS analysis confirmed the formation
of SiOx, displaying peaks of Si*?, Si*3, and Si** in the Si 2p spectrum. TEM images
showed that silicon-rich particles were uniformly distributed within the carbon matrix.

The pyrolysis conducted at 700 °C in the argon atmosphere resulted in the highest
carbon content as 41.3 wt.% and delivered the best electrochemical performance as
1366, 340, and 275 mAh/g in the 1st, 100th, and 200th cycles, respectively. An
increase in carbon content was associated with improved electrochemical
performance. However, all samples exhibited a drop in capacity after the first cycle,
attributed to the formation of the solid electrolyte interphase (SEI) layer and
irreversible lithium silicates.
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LITYUM IYON BATARYALAR iCIN ORGANIK ATIKLARDAN ANOT
AKTIF MALZEME TASARIMI VE URETIiMI

OZET

Gelisen teknoloji ile glinlimiizde toplumlarin enerji ihtiyaclart artmig ve bu artan
ihtiyacin karsilanmasi i¢in agirlikla fosil yakitlara yonelinmistir. Bu prosesler sonucu
olusan karbon dioksit ve sera gazlari ise kiiresel 1sinma ve iklim degisiminin daha
bliyiik bir problem haline gelmesine yol agmistir. A.B.D. Cevre Koruma Ajansi’nin
2023 yilindaki raporunda sera gazi yayimiminda en biiyiik pay %28 ile benzin ve mazot
bazli ulagima aittir. Bu nedenle bir¢ok iilke, sera gazi kaynakli iklim sorunlarinin
azaltilmas1 igin elektrikli araglarin  yaygilagmasini destekleyen politikalar
benimsemistir. Bu araclarin yayginlasabilmeleri i¢in en 6nemli kriterler ise tek sarjla
kat edilebilen menzil ve sarj siiresi olarak goriilmektedir. Bu iki kriter batarya
paketlerinde kullanilan lityum iyon piller ile dogrudan iligkilidir. Elektrikli araglarin
sirdiriilebilir sekilde yayginlagsmasi igin lityum iyon pil bilesenlerinin de
siirdiiriilebilir olmasi olduk¢a Onemlidir. Ticari lityum iyon pillerde anot aktif
malzeme olarak grafit yaygin olarak kullanilmaktadir. Yiiksek elektrik iletkenligi ile
bir¢ok sektdrde kendisine kullanim alani bulan grafit, hali hazirda Avrupa Birligi’nin
Kritik Hammade Listesi’nde yer almakta olup elektrikli araglara artan taleple dogru
orantili olarak 2026 yilindan itibaren grafit talebinin karsilanmasinda sikinti
yasanacag1 ongoriilmektedir. Bu nedenle grafite yakin performans sergileyebilecek,
cevre dostu ve siirdiiriilebilir alternatiflerin bulunmasi zorunluluk haline gelmistir.

Bu tez caligmasinda bir organik atik olarak piring kabugundan lityum iyon pillerde
kullanilmak {izere anot aktif malzeme tasarimi ve {liretimi gerceklestirilmistir. Piring
kabugu yiiksek silika igerigi ve diinya ¢apinda yillik iiretim miktarinin yiiksek olmasi
sayesinde grafit anotlara alternatif olmak i¢in 6nemli bir adaydir. Ancak silika esash
malzemelerin elektrokimyasal performansi diisiik elektrik iletkenlikleri nedeniyle
sinirlidir. Bu malzemelerin performanslarinin iyilestirilmesi igin partikiil boyutlar
azaltilarak lityum iyonunun diflizyon mesafesinin kisaltilmasi ya da daha yiiksek
elektrik iletkenligine sahip bir malzeme ile kompozit elde edilmesi uygulanabilecek
stratejilerdendir. Bu bilgiler 1s18inda, bu tez ¢alismasi kapsaminda yas kimyasal
yontemler (li¢ ve ¢oktiirme) kullanilarak mikron alt1 silika partikiiller ve piroliz
yontemi kullanilarak SiOx/C nanokompozit biyokomiir numuneler tiretilmistir. Piroliz
sirasinda indiiksiyon firmi kullanilarak yiiksek 1sitma hizlari elde edilmistir. Islem
sirasinda, pirin¢ kabugunun yapisindaki organik bilesenler bozunarak CO, CH4, H2
gibi rediikleyici gazlar1 olustururken, yapidaki silika bu rediikleyici gazlar ile SiOx’e
indirgenmigtir. Yiiksek 1sitma hizlari ile rediikleyici gazlarin olusumu desteklenmistir.
Bu ¢aligma ile literatiirde ilk defa piring kabugu kullanilarak indiiksiyon 1sitmal1 hizl
piroliz yontemi ile lityum iyon bataryalarda kullanilmak {izere anot aktif malzeme
sentezi gergeklestirilmistir. Bu ¢alisma, prosesin yliksek gramajlarda caligmaya ve
ticarilesmeye uygun olmasi nedeniyle 6nemlidir.
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Deneysel calismalarin ilk kisminda piring kabugu kullanilarak li¢ ve ¢oktiirme
metotlar1 ile mikron alt1 silika partikiil elde edilerek, li¢ Oncesi kalsinasyon, li¢
sirasinda kati/sivi orani, ve ¢oziicii olarak etanol ilavesinin sentezlenen partikiil
boyutlarina etkisi incelenmistir. Proses sirasinda piring kabugu ve piring kabugu kiilii
sodyum hidroksit ¢ozeltisi icerisinde g¢oOziilerek ticari olarak da silika iiretiminde
kullanilan sodyum silikat ¢6zeltisi elde edilmistir. Organik atiklari kullanarak sodyum
silikat ¢ozeltisi eldesi ile prosesin karbon ayak izinin azaltilmasi hedeflenmistir.
Uretimin sonraki asamasinda, elde edilen sodyum silikat ¢ozeltisine siilfirik asit
eklenerek pH=7 degerinde silika partikiillerin ¢okmesi saglanmistir. Uretilen
numuneler yapisal, morfolojik ve elektrokimyasal olarak karakterize edilmistir.
Uretim sirasinda li¢ dncesi kalsinasyonun silika partikiil iiretiminin verimini artiracag,
diistik kati/s1vi oranlarinin (diisiik SiO2/Na2O oranina denk gelmektedir) daha kiigiik
boyutlu partikiil eldesini saglayacagi ve etanol eldesinin ¢ozelti yiizey gerilimini
diisiirerek daha kiiresel partikiil eldesine yol agacagi hipotezleri kurulmustur FTIR ve
XRD analizleri, Si-O baglarinin varligin1 ve amorf silika yapisini dogrulamistir. SEM
goriintlileri, partikiillerin diizensiz sekillerde ve birbirine yapigsmis oldugunu
gostermektedir. Partikiil boyut analizi sonucunda en kiigiik partikiil boyutu, li¢
oncesinde piring kabuklarinin kalsine edildigi, kati/sivi oraninin 1/20 olarak secildigi
ve etanol eklenmeyen numunede 6l¢iilmustiir. Etanol ilavesi ile partikiil boyutlarinin
artigt ve dagilimin monodispersten polidisperse kaydigi goriilmiistiir. Bunun
sebebinin sodyum silikatin etanol igerisinde ¢oziinmemesi nedeniyle asir1 doygun
bolgeler olusturmasi oldugu diisiiniilmektedir. Cevrimsel voltametri analizi tiim
numunelerde 0,7 V civarinda kati-elektrolit arayiizey (SEI) katmani olusumu ve 0,2 V
altinda lityumun yapiya girisini gosteren reaksiyonlarin varligin1 gostermistir. En
kiictik partikiil boyutuna sahip numune birinci, yiiziincii ve iki yliziincii ¢evrimlerinde
strastyla 503, 167 ve 145 mAsa/g desarj kapasitesi vermistir. Kisalan lityum difiizyon
mesafesinin elektrokimyasal performansta iyilesme sagladigi diistiniilmektedir. Buna
ek olarak, ilk ¢evrimlerden sonra tiim numunelerde goriilen kapasite diislisii kati-
elektrolit arayiizey (SEI) katmaninin ve tersinmez lityum silikatlarin olusumuna
atfedilmistir.

Deneysel caligmalarin ikinci kisminda ise piring kabugu kullanilarak indiiksiyon
isitmali hizli piroliz yontemi ile SiOx/C nanokompozit biyokémiir numuneler
sentezlenmis ve lityum iyon pillerde anot olarak kullanim potansiyelleri incelenmistir.
Numunelerin elektrik iletkenliginin iyilestirilmesi amaciyla yapida en yiiksek
miktarda karbonun tutulmasi amaglanmistir. Bu amagla ii¢ farkli piroliz sicakligi (700-
750-800 °C) ve iki farkli piroliz atmosferi (argon ve argon-hidrojen karigsimi)
denenmistir. Son olarak en yliksek karbon igerigine sahip numune partikiil boyutunun
kiiciiltiilmesi ve homojen element dagiliminin elde edilmesi i¢in bilyali deg§irmende
ogitilmistir. FTIR analizi, tim Orneklerde Si-O-C, Si-O-Si ve Si-O baglarini
dogrulayarak silikanin basarili bir sekilde sentezlendigini gdstermektedir. XRD
paternleri, 800 ©°C’nin altindaki sicakliklarda amorf silika fazim, tizerindeki
sicaklikarda ise silikanin kristallesmesi sonucu kristobalit fazinin olusmaya
bagladigini gostermektedir. SEM goriintiileri, numunelerin diizensiz morfolojilere
sahip oldugunu gosterirken, piroliz sonrasi 6giitme islemi ile daha kiigiik boyutta ve
yuvarlak morfolojide partikiillerin elde edildigi goriilmiistiir. Raman spektroskopisi,
D ve G bantlarin1 gostererek hatali ve grafitik karbon yapilarinin varligim
dogrulamaktadir. Piroliz sicakliklarinin artmasiyla grafitlesme orani yiikselirken,
ogiitme islemi yapidaki hata miktarini artirarak ID/IG oraninda artisa neden olmustur.
700 °C’de argon atmosferinde yapilan piroliz iglemi, agirlik¢a %41,3 karbon igerigi
ile en 1y1 elektrokimyasal performansi vermistir. XPS analizi ile, Si 2p spektrumunda
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Si*2, Si*® ve Si** piklerinin varligi ile SiOx yapismin olusumu dogrulanmigtir. TEM
gorlntiileri, 700 °C’de argon ve argon-hidrojen atmosferlerinde piroliz edilmis
numunelerde silisyumca zengin partikiillerin, karbon matris igerisinde homojen bir
sekilde dagildigin1 gostermektedir. En yiiksek karbon igerigine sahip numune (700 °C
— argon atmosferi) birinci, yiiziincii ve iki yiiziincii ¢evrimlerinde sirastyla 1366, 340
ve 275 mAsa/g desarj kapasitesi vermistir. Artan karbon igerigiyle beraber
elektrokimyasal performansta iyilesme goriilmesine ragmen, tiim numunelerde ilk
¢evrimlerden sonra kapasite diistisii gortilmustiir. Bu diisiisiin sebebinin kati-elektrolit
arayiizey (SEI) katmaninin ve tersinmez lityum silikatlarin olusumu oldugu
diistiniilmektedir. Son olarak ¢amur kompozisyonu optimizasyonu, elektrolit katkisi
ve elektrokimyasal aktivasyon ile elektrokimyasal performansin daha da iyilestirilmesi
amaclanmistir. Camur kompozisyonu olarak daha yiiksek karbon igerigi sayesinde
(aktif ~malzeme:karbon:baglayict oran1) 60:25:15 kompozisyonu 80:10:10
kompozisyonuna gore daha yliksek spesifik kapasite saglamistir. Elektrokimyasal
aktivasyon prosediirii, diisiik akimlarla yapilan sarj/desarj asamalar1 sirasinda daha
homojen bir kati-elektrolit arayiizey tabakasinin biiylimesini tesvik ederken,
sarj/desarj limit voltajlarinda uzun siire beklemek yapiya lityumun girisi ve ¢ikisi i¢in
yeterli zaman saglayarak elektrokimyasal performansi iyilestirmektedir. Son olarak,
elektrolit katkisi olarak FEC (Fluoro Ethylene Carbonate) eklenmesinin, kati-elektrolit
araylizey tabakasinin stabilitesini artirarak kapasite korunumunu iyilestirdigi
gorilmustir.
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1. INTRODUCTION

Global energy consumption has shown accelerated growth in the last few decades. The
worldwide primary energy consumption increased by 60% between 2000 and 2023
[1]. Using primary energy sources to meet this demand increases CO. and greenhouse
gas emissions. The United States Environmental Protection Agency’s report reveals
that gasoline and diesel-based transportation, with a 28% share, is the primary source
of these emissions [2]. The rising concerns about climate change and global warming
due to greenhouse gas emissions have led governments and industries to develop new
strategies based on all-electric vehicles (EVs). The practical use of these vehicles
mainly depends on the maximum range and charging time, hence the performance of

lithium ion batteries.

Commercial lithium ion batteries generally comprise graphite anode and lithium
transition metal oxides or phosphates as cathodes. The sustainability of raw battery
materials is critical in the continuous development of lithium ion battery chemistries.
In this regard, graphite, used in many industries besides batteries, creates a bottleneck.
Graphite has been on the European Union’s Critical Raw Materials list for many years.
Moreover, over 70% of global graphite is supplied by China, which makes it a
geopolitically critical material. To address this issue, many researchers are studying

alternatives to graphite.

Silicon-based anode active materials are great candidates for substituting graphite due
to their high theoretical capacity, safe working potential, and abundance on Earth [3].
However, pure silicon anodes suffer from high volumetric changes (up to 375%)
during cycling, limiting their use as anode active materials due to deterioration of
anode resulting in performance failure. Therefore, SiO2 and SiOx anodes have recently
drawn attention for having moderate volume changes, low cost, and greater cycle
stability. The production of these anodes from biowaste under the zero-waste principle
could significantly impact the environment and economy. Among the possible organic

biowastes, such as bamboo leaf and horsetail plant, rice husk has the highest silica



content (up to 18-20 wt.%), which makes it the most suitable candidate for SiO> and
SiOx production.

So far, many processes have been proposed in the literature to synthesize SiO2 and
SiOx anode active materials using rice husk, namely metallothermic reduction [4],
pyrolysis [5], precipitation [6], hydrothermal or sol-gel synthesis [7], and mechanical
milling [8]. Among them, the pyrolysis method with the resulting product of biochar
and the precipitation method with the final product of pure SiO; particles stand out

with high efficiency and safety for anode active material synthesis.

This thesis aims to produce alternative anode active materials using a biowaste, namely
rice husk, by leaching, precipitation, and novel fast pyrolysis methods to substitute
graphite in lithium ion batteries. The high silica and carbon content of the rice husk
makes it a great source for anode active material synthesis. In general, silica-based
anode active materials suffer from low electrical conductivity. Here, two possible
solutions are proposed to overcome this challenge: decreasing particle size to shorten
the lithium diffusion path and creating nanocomposites with a material that has higher
electrical conductivity. Precipitation and pyrolysis-based two sets of experiments are
designed to test the validity of proposed solutions. In the first set of samples,
submicron silica particles are synthesized using a leaching and precipitation method
to achieve the submicron particle size. In the second set of samples, SiOx anode active
materials are produced by a single-step fast pyrolysis method to preserve the maximum
amount of carbon in the structure. The samples are characterized by their chemical,
morphological, and structural properties. Finally, electrochemical performances are
investigated in detail using galvanostatic tests, cyclic voltammetry, and

electrochemical impedance spectroscopy.

In this study, for the first time in the open literature, a fast pyrolysis method using an
induction furnace (>50 °C/min) is used for lithium ion battery anode active material
production using rice husk as a biowaste. High heating rates are utilized to partially
reduce SiO2 to SiOx during pyrolysis with the reducing gases produced while the
transformation of organic content to carbon. The carbon and SiOx in the resulting
nanocomposite is expected to deliver higher electrochemical performance. This study
is significant because it has the potential for scalability and commercial application.



1.1 Aim of the Thesis

This study aims to design and produce anode active materials using rice husk, which
is a silica-containing organic waste, as a sustainable alternative to commercial graphite

anodes in lithium ion batteries.

While literature indicates that silica reacts with lithium at low potentials, its low
electrical conductivity reduces the performance of silica-based anode active materials.
Here, two hypotheses addressing this problem are proposed: the first hypothesis is by
reducing the particle size of silica-based anode materials to shorten the lithium ion
diffusion path utilizing hydrometallurgical processes (leaching and precipitation), and
the second is creating composite structure (SiOx/C) via fast pyrolysis that has high

both ionic and electrical conductivity.

As proposed above, in the first part, our solution has been set on synthesizing. Six
silica samples have been made using leaching and precipitation methods. Various
factors have been investigated including calcination, the silica-to-sodium oxide ratio,

and ethanol addition, to produce submicron particles having spherical morphology.

In the second part, five SiOx and carbon so-called composite biochar samples are
produced through fast pyrolysis. For the first time in the literature, rice husk-derived
anode active materials were synthesized via fast pyrolysis using induction heating.
During the pyrolysis of rice husk, silica remains in the biochar while organic materials
decompose and generate reducing gases such as CO, CHa, and H.. These gases also
partially reduce silica to SiOx. The process employs high heating rates (>50 °C/min)
through induction heating to maximize carbon retention in the composite structure and
enhance the production of reducing gases. With this aim, the effects of pyrolysis
temperature and atmosphere on the biochar’s carbon content and silicon’s valence state
in the synthesized anodes have been investigated. The effect of slurry composition,
electrochemical activation, cut-off voltage, and electrolyte addition on the anodes’

electrochemical performance are examined.

1.2 Literature Review

Upon reviewing the literature, it was observed that various materials derived from rice
husk have been utilized in battery research. These materials can be categorized into
three: pure carbon-based materials, pure silica particles, and biochars, which naturally



form SiO2/C and SiO«/C composites. The early studies concentrated on the synthesis
of carbon-based materials, while recent trends have shifted towards SiOx/C composites

with various doping methods.

To the best of our knowledge, Fey et al. [9] were the first to synthesize rice husk-based
active materials for lithium-ion batteries in 2001. They produced hard carbon anodes
by pyrolysis followed by leaching and claimed a high reversible capacity of 1015
mANh/g at a current load of 75 mA/g. In subsequent years, the same research group [10]
conducted another study aimed at increasing the porosity of the synthesized pyrolytic
carbons by introducing pore-forming materials. Their findings revealed that pyrolysis
at 600 °C, when combined with a 5 % pore-forming additive (porogen), resulted in the
highest specific capacity of 2523 mAh/g at a current load of 0.1 C. In the following
years, Wang et al. [11] successfully synthesized carbon fibers using rice husk by
hydrothermal carbonization, heat treatment, and NaOH leaching. The dissolution of
SiO2 in rice husk ash leads to a higher surface area with micro, meso, and micropores
[12]. While the sample delivered 789 mAh/g in the first discharge step, the capacity
suddenly dropped to 396 mAh/g in the following cycles due to the decomposition of
carbonate-based electrolyte and SEI layer formation. To increase the surface area,
ZnCl; activation on lignin-derived carbon anodes using rice husk is conducted by Li
et al. [13]. Their porous carbon anode delivered 469 mAh/g specific capacity at 0.2 C

current after 100 cycles.

While most studies focus on synthesizing anode active materials using rice husk,
Nilmoung et al. [14] successfully synthesized a V.Os/C composite cathode active
material using carbon derived from rice husk. The carbon was produced through
calcination and NaOH leaching of the rice husk, which was then combined with a
vanadium oxide solution. After the mixture underwent gelation, heat treatment at
different temperatures was applied, and the effect of temperature on the structural
stability was investigated. The sample heat treated at 800 °C delivered the highest
specific capacity of 350 mAh/g at 0.1 C current.

However, the low specific capacity of carbon has led researchers to explore the
production of silica-based anode active materials using rice husk in the following
years. This process typically involves air calcining the rice husk to remove its organic
content. The resulting ash is then dissolved in a sodium hydroxide (NaOH) solution to

create a sodium silicate solution (Na»SiOz). Subsequently, nano silica powder is



precipitated by adding acid until a neutral pH is reached. Amutha et al. [15]
investigated the purity of the nano silica powders extracted from rice husk. Their
results indicated that refluxing the material with acid solutions could produce nano
silica particles approximately 80 nm in size with a purity of up to 98 wt.%.
Yuvakkumar et al. [16] synthesized nano silica powders using the above method and
achieved 25 nm average particle size and 99.9% purity. Rafiee et al. [17] focused on
increasing the surface area of rice husk-derived silica particles. They claimed that
refluxing rice husk with 1M HCI solution, followed by calcination at 700 °C, leads to
the highest surface area and pore volume. In addition to previous optimization studies,
Dominguez et al. [18] explored the addition of various alcohols as co-solvents to the
size and morphology of precipitated silica particles.Their findings indicated that
addition of ethanol decreases the solution polarity and surface tension due to having
molecular bonds that are weaker than the water. This lower surface tension promotes
the isotropic growth and formation of more spherical particles. Askaruly et al. [6]
investigated the electrochemical behavior of two different types of silica powders
derived from rice husks. They compared the performance of silica that was air-calcined
to precipitated silica produced via NaOH leaching and acid precipitation. The
precipitated silica anode delivered a specific capacity of 442 mAh/g after 50 cycles at
a current of 50 mA/g. In contrast, the air-calcined silica only provided a specific
capacity of 295 mAh/g under the same conditions. The enhanced electrochemical
performance of the precipitated silica is attributed to its higher specific surface area

and pore volume.

Unlike above, some researchers have focused on producing silicon nanoparticles from
rice husks due to their high theoretical capacity (3580 mAh/g at room temperature)
and the potential for lower production costs. However, breaking the strong covalent
bonds between silicon and oxygen atoms in the silica structure of rice husks requires
a significant amount of energy. To overcome this energy barrier, in 2013, Liu et al.
[19] synthesized silicon nanoparticles through the magnesiothermic reduction of rice
husk powder. After leaching the by-products, such as MgO, the resulting powders
exhibited particle sizes ranging from 10 to 40 nm and a porous morphology. Notably,
they achieved a high reversible capacity of 2790 mAh/g, with an 86% capacity
retention after 300 cycles. While the starting material is very inexpensive, the highly

exothermic nature of the reaction raises safety concerns. As an innovative design, Liu



et al. [20] introduced anode active materials using a combination of Si@SiOx/C
synthesized from rice husk and coffee grounds. The Si@SiOx particles were produced
through a process involving calcination followed by magnesiothermic reduction.
These particles were then mixed with coffee grounds and subjected to heat treatment
to form the Si@SiO«/C structure. The researchers determined that the optimal mixture
ratio of Si@SiOx particles to coffee grounds was 1:2. The sample created with this
ratio achieved a reversible capacity of 1125 mAh/g at a current of 100 mA/g. As a
safer alternative to magnesiothermic reduction, Zhao et al. [21] employed
zincothermic reduction to synthesize silicon/carbon (Si/C) anode active materials
using rice husk as the starting material. They mixed carbonized rice husk powder with
zinc powder and aluminum chloride (AICl3), which was then loaded into an autoclave
and subjected to heat treatment at 300 °C. The resulting composite anode achieved a

specific capacity of 1033 mAh/g at a current density of 1 A/g over 100 cycles.

Although silicon anode active materials have a potential for higher specific capacities,
processes such as magnesiothermic reduction require safety precautions and additional
post-processing. As a result, researchers have preferred more eco-friendly and safer
methods, especially when using organic waste as starting materials. Additionally, the
low capacities of pure carbon-based anode materials and the poor electrical
conductivity of silica have motivated researchers to explore the synthesis of composite
materials using rice husk via simple and efficient processes. Wang et al. [22] published
a study on the production of a composite anode made from rice husk, which consists
of carbon and silica. This composite was created through pyrolysis at 900 °C in a
nitrogen atmosphere. The resulting material contained 41 wt.% carbon and 59 wt.%
SiO2, with silica particles ranging in size from 10 to 50 nm. The composite anode
achieved a specific capacity of 325 mAh/g. In their study, the authors conducted
separate electrochemical tests to evaluate the individual contributions of carbon and
SiO- to the overall electrochemical performance. They found that the composite anode
exhibited a higher capacity compared to both the carbon and silica anodes. This
outcome demonstrated the successful design of the composite anode. Additionally,
they noted that the increase in specific capacity observed in subsequent cycles is due
to the activation of the inner parts of the silica anode. In the initial cycles, only the
surface of the silica was electroactive, while in later cycles, the inner regions also

became activated. Feng et al. [23] investigated the further enhancement of this



composite by synthesizing SiO2/C composite anodes through carbonization in the N>
atmosphere. They examined the impact of ball milling on the electrochemical
performance. Their results showed that ball milling reduced the particle size from 1
micron to 400-500 nm and created a more uniform distribution of carbon and SiO-
within the structure. The milled samples exhibited a reversible capacity of 827 mAh/g
at a current rate of 100 mA/g over 300 cycles.

Recently, researchers have adopted a doping strategy to enhance the electrical
conductivity of composite anode active materials. Zhang et al. [5] synthesized boron
and nitrogen co-doped C/SiOx composite anode using rice husk and NH4sHB4O7 as a
pore-forming agent. This design allows for a porous structure that provides active sites
for lithiation, while doping with boron and nitrogen improves electrical conductivity
and enhances rate capability. The resulting doped anode active material exhibited
specific capacities of 1165 mAh/g at a current of 0.1 A/g and 650 mAh/g at 1 A/g. In
the study conducted by Zhang et al. [24], the electrochemical performance of
phosphorus (P) and nitrogen (N)-doped C/SiOx composite structures was investigated.
They used (NH4)3PO4 as a doping agent and rice husk as the sources of silicon (Si) and
carbon (C). The researchers claimed that doping with P and N in the carbon matrix
improves ion transport and enhances electrolyte penetration by creating defective sites.
The doped sample exhibited a specific capacity of 1078 mAh/g at a current density of
0.1 A/g, with an initial Coulombic efficiency of 73%. Similarly, Cui et al. [25]
incorporated sulfur (S) and nitrogen (N) into C/SiOx structures, using thiourea as the
doping source. This composite's specific capacity of 1150 mAh/g at 0.1 A/g is
attributed to the improved electrical conductivity provided by the doping process.
Additionally, during pyrolysis, SiO2 transforms into SiOx, resulting in an increase in

capacity.

The summary of literature studies highlights the significance of composite anode
designs due to the limited electrochemical performance of pure carbon and pure silica
anodes. Rice husk serves as an excellent candidate for this purpose, as it is an organic
waste material containing 20 wt.% silica and 80 wt.% organic compounds. The SiOx/C
composite anodes can be synthesized safely and effectively using a pyrolysis process.
By optimizing the pyrolysis parameters, the quantity of carbon and the oxygen content

of silica can be tailored for improved performance.



1.3 The Scope of the Thesis and Hypothesis

1.3.1 The scope of the thesis

The scope of this thesis includes the synthesis of anode active materials through two

methods: the precipitation method, utilizing rice husk ash to create a sodium silicate

solution for silica particle formation, and the pyrolysis method, where rice husk is

subjected to fast induction heating in an inert argon atmosphere for biochar production.

The study also evaluates the electrochemical performance of the synthesized materials,

contributing to the development of more sustainable and efficient alternatives to

conventional graphite anodes.

The experimental studies cover:

Leaching and precipitation of submicron silica particles from rice husk: Rice
husk powder is first leached in a sodium hydroxide (NaOH) solution, followed
by acid precipitation to obtain submicron-sized silica particles. The study
investigates the silica-to-sodium oxide ratio as a critical parameter that
influences polymerization reactions and particle growth. Furthermore, the
effect of calcination on silica extraction is examined, along with the impact of
solvent polarity on particle morphology achieved by adding ethanol. The
synthesized silica powders are characterized chemically, morphologically, and
structurally. Finally, their electrochemical performance is evaluated using
galvanostatic tests, cyclic voltammetry, and electrochemical impedance

spectroscopy.

Fast pyrolysis using induction heating to produce biochar composite that
contains SiOx and carbon: In this process, rice husk powder is pyrolyzed in an
argon atmosphere with high heating rates (>50 °C/min) to promote the
generation of reducing gases such as methane (CHs), carbon monoxide (CO),
and hydrogen (H>). These gases facilitate the partial reduction of SiO> to SiOx.
To achieve these goals, the pyrolysis temperature and atmosphere are
optimized to preserve the maximum amount of carbon in the resulting
composite material, thereby enhancing its electrical conductivity. For further
improvement, the sample with the highest carbon content is milled to reduce
particle size. The synthesized powders are structurally, chemically, and

morphologically characterized. Galvanostatic tests, cyclic voltammetry, and



electrochemical impedance spectroscopy are used to evaluate their
electrochemical performances. The study also investigates the impact of slurry
composition, electrochemical activation, discharge cut-off voltages, and the
addition of FEC (Fluoro Ethylene Carbonate) as an electrolyte additive on the

electrochemical performance of the optimized biochar sample.

1.3.2 The hypothesis of the thesis

The experiments conducted within the scope of this thesis are based on the following

hypotheses:

The low electrical conductivity of silica adversely affects its electrochemical
performance, limiting its effectiveness as an anode active material in lithium ion
batteries. One approach to enhancing the electrochemical performance of silica-based
materials is to reduce the particle size to shorten the lithium diffusion path or to create

composites with materials that have higher electrical conductivity.

The leaching and precipitation methods are simple and effective for producing
submicron silica particles. In this method, controlling the silica-to-sodium oxide ratio
will lead to the production of smaller particles. This is because the silica-to-sodium
oxide ratio is the key parameter for controlling particle size through polymerization
and particle growth reactions. Moreover, calcination prior to leaching is expected to
increase the silica precipitation efficiency, while the ethanol addition is expected to

increase sphericity.

Incorporating a more electrically conductive material can enhance the electrochemical
performance of silica-based anode active materials by reducing resistance. Fast
pyrolysis is an effective method for synthesizing anode active materials from biomass.
Using temperatures above 700 °C during pyrolysis, which exceeds the Boudouard
reaction threshold, allows the organic compounds in rice husk to be converted into
carbon while generating reducing gases such as carbon monoxide, hydrogen, and
methane. Utilizing fast heating rates through induction heating promotes the formation
of these reducing gases, which can partially reduce silica to SiOx during pyrolysis. The
resulting nanocomposite SiOx/C anodes are expected to exhibit competitive

performance compared to traditional graphite anodes.






2. LITHIUM ION BATTERIES

2.1 Working Principle

Lithium ion batteries have four main elements: anode (negative electrode), cathode
(positive electrode), electrolyte, and separator. The anode and cathode act as lithium
hosts during charge and discharge steps, while the electrolyte provides ionic mobility,
and the separator prevents shortcuts between positive and negative electrodes [26]. In
the charging step, lithium ions are released from the cathode active material and moved
through the electrolyte to reach the anode active material. In this step, the electrical
energy moves lithium ions from the cathode to the anode, which is stored as chemical
energy. During the migration of lithium ions, electrons flow through the external
circuit. In the discharging step, lithium ions stored in the anode migrate back to the
cathode through the electrolyte. The resulting cell voltage is mainly related to the
potential difference between the electrodes. The schematic drawing of lithium ion
migration during charge and discharge steps is presented in Figure 2.1.
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Figure 2.1 : Charge and discharge mechanism of lithium ion batteries.
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2.2 Components

2.2.1 Anode active material

The anode is the negative electrode of lithium-ion batteries, which stores lithium ions
in the discharge step at low voltages. General requirements of an anode material
include good conductivity, durability, low working potential, low density, and cost-
efficiency. As shown in Figure 2.2, anode active materials are usually classified

according to their lithium storage mechanism.

Anode Active Materials

I
l _ l

‘ Intercalation-type ‘ Alloying-type ‘ Conversion-type ‘
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[— Graphite | Lithium |, Lithium
titanate vanadate L+ Zinc-based L~ Cobalt-based
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oxide tungsten — Germanium-based ~ Nickel-based
Carbon N
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Carbon
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— titanate
nanotube

Figure 2.2 : Anode active materials based on lithiation mechanism.

Recently, Eftekhari [27] proposed classifying anode active materials based on their
working potential. He classifies active materials into four groups. The potential
window is determined by the potential range where the majority of capacity is derived.
In the first group, group 1V and V elements are listed as low-voltage anode materials
(< 1V vs. Li/Li"). Secondly, transition metal oxide and chalcogenides are presented
as mid-voltage anode active materials (1 —2 V vs. Li/Li*). The third group covers high-
voltage anode active materials (>2 V vs. Li/Li*). Finally, nanostructured and mixed-
valence materials are covered in the fourth group as high-voltage anode materials
(wide potential range as 0 - 3 V vs. Li/Li"). Detailed information on the most
commonly used anode active materials is given in Section 3 under “Anode Active

Materials™.

12



2.2.2 Cathode active material

The cathode is the positive electrode that stores lithium ions during the charge step at
higher voltages. The general requirements of a cathode active material include high
theoretical capacity and working voltage, structural stability, easy production, and low

cost.

In lithium ion batteries, cathode active materials are designed to intercalate for longer
cycle life. Depending on the crystal structure, lithium diffusion occurs in various
dimensions during intercalation. Lithium ions can diffuse only through 1 dimension in
olivine structures, while they can move in 2D and 3D in layered and spinel cathodes,
respectively [28]. The crystal structures of main intercalation-type cathodes are

presented in Figure 2.3.

Intercalation cathodes

>c

layered LiCoO2 spinel LiMnZO4 olivine LiFePO4

Figure 2.3 : Crystal structure of intercalation-type cathodes [28].

The first cathode active material proposed by Goodenough [29] in 1980, LCO
(LiC00y), has a rock salt structure and working voltage window of 3-4.2 V vs Li/Li".
The large size and charge differences between lithium and cobalt ions provide a
beneficial ordering for 2D lithium diffusion. Good structural stability and electrical
conductivity make LCO an ideal cathode active material. Although LCO cathodes
have a high theoretical capacity (274 mAh/g), only 135 mAh/g specific capacity is
achieved in practical applications [30]. The high cost and limited electrochemical
performance of LCO cathodes required the development of new cathode chemistries.

Nickel has lower prices and higher specific capacities to be used as LNO cathode
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active materials. However, production difficulties and cation mixing effects due to
similar sizes of Li* and Ni?* hinder the use of LNO cathodes. They have a theoretical
capacity of 275 mAh/g, but only a specific capacity of 150 mAh/g could be delivered
in the voltage range of 2.5-4.2 V vs Li/Li* [31]. Lithium manganese oxide (LMO) is
another type of basic cathode active material that provides higher stability in
electrolytes with lower cost. LMO cathodes have 285 mAh/g theoretical and 200
mANh/g practical capacities in the 2.5-4.3 V range [32]. However, due to structural
degradations, Jahn-Teller distortion limits the practical capacities to only 120 mAh/g.
Additionally, the LMO structure transforms into a spinel structure with cycling, which
causes rapid capacity drops. The drawbacks of each basic cathode active material
require a balance with mixed chemistry. Today, NMC (LiNi;—x-yCo0xMnyO) cathodes
are the most studied cathode chemistry. In this design, cobalt helps fast charge-
discharge ability, nickel provides high capacity, and manganese functions to have
structural stability. In Figure 2.4, NMC stoichiometries are presented in a ternary
LCO-LNO-LMO system. NMC cathodes can deliver capacities around 200-210
mAh/g in the 3-4.3 V range [33].
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Figure 2.4 : NMC chemistries in LCO-LNO-LMO ternary system [33].

In recent years, aluminium has been used to synthesize NCA cathodes as a substitute
for manganese. Here, aluminium provides thermal stability by inhibiting cation

migration at high temperatures. Additionally, modification methods such as surface
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coating, doping with various cations (e.g., Na*, Zr*, Ti*, Mg"), and anions such as F

are under research to improve the structural stability of nickel-rich cathodes [33].

The last group covers cathode active materials with the olivine structure, LIMPO4 (M
= Fe, Mn, Ni, or Co). Today, mainly LiFePO4 (LFP) cathodes are investigated to be
used in lithium ion batteries. They are cheaper, less toxic, and safer than layered
cathodes. The main drawback of LFP cathodes is their low capacity of 170 mAh/g
[34]. To improve the electrochemical performance of LFP cathodes, recent studies
focus on combining isomorphous elements into olivine structures such as Mn, Co, and
Ni. The voltage capacity curves of various olivine cathodes are presented in Figure
2.5. Although their low capacity, olivine-based cathode active materials found their

place in EVs.
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Figure 2.5 : Voltage capacity curves of various olivine cathodes [35].
2.2.3 Electrolyte

Electrolyte is one of the major components affecting battery performance due to its
direct relationship with ion transportation and electrode surface passivation. Generally,
an electrolyte is expected to have high ionic conductivity, wide electrochemical
window, high thermal stability at a wide temperature range, high chemical stability,
low electrical conductivity, low toxicity, and cost. Developing advanced electrolytes
that can safely work at high voltages and promote the growth of a stable SEI layer

could improve the electrochemical performance of batteries [36].
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Liquid electrolytes are a mixture of solvents and lithium salts. Dipolar organic solvents
are commonly used in electrolytes as solvents. A brief comparison is given in Table
2.1. Among them, alkyl carbonates are seen as the most suitable ones. DMC (dimethyl
carbonate) and PC (propylene carbonate) are suitable solvents for their low viscosity
and thermal stability. However, using these solvents solely is not possible due to their
inability to form a passivation layer in the presence of lithium-based salts [37]. This
requires the addition of ethylene carbonate (EC) to the solvent mixture to improve the

formation of a good passivation layer on the graphite electrode surface.

Table 2.1 : Physicochemical properties of common alkyl carbonates [36,37].

Dynamic  Oxidation
viscosity  potential (V
(mPa) vs. Li/Li*)

Boiling Flash

Carbonate Structure point (°C) point (°C)

PC o*ol 242 135.5 4.81 5.2
0]
EC A, 248 145.5 4.61 6.7
L |
P o
EMC b 110 235 0.89 6.1
(o]
(o]
DMC ~ )l\o P 91 16 0.76 5.5
o]
DEC o~ )ko A~ 126 33 0.96 5.2

Lithium salts are essential in electrochemical performance as a complementary
electrolyte part. The basic requirements of lithium salts are good solubility in suitable
solvents, high ionic conductivity, chemical stability, low molecular weight and
toxicity, effective SEI formation, and low cost. Some of the most commonly reported
lithium salts are lithium hexafluorophosphate (LiPFs), lithium tetrafluoroborate
(LiBF4), lithium bis (oxalate) borate (LiBOB), and lithium bis (trifluoromethane
sulfonimide) (LiTFSI) [38]. Table 2.2 provides a comparison of lithium salts. LiPFe

salts stand out when all parameters are taken into account.
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Table 2.2 : Comparison between lithium salts [38].

Property Excellent  Very good Good Fair Poor

lon mobility LiBF4 LiPFe LiAsFs LiTf LiTFSI

Thermal stability LiTFSI LiTf LiAsFs LiBF4 LiPFs

Chemical inertness LiTf LiTFSI LiAsFs LiBF4 LiPFe
SEI formation LiPFe LiAsFs LiTFSI LiBF4 -

Al dissolution LiAsFe LiPFs LiBF4 LiTf LiTFSI

A different approach is modifying electrolytes with additives to prevent the formation
of lithium dendrites and promote more stable SEI layer formation. Fluoro ethylene
carbonate (FEC), vinylene carbonate (VC), and ethylene sulfate (DTD) could be
named as a few of the many electrolyte additives. Numerous studies have been
presented in the literature that electrolyte additives improve performance by promoting

SEI stability and the formation of self-healing electrostatic shield on electrodes [39].

2.2.4 Separator

In lithium ion batteries, the separator aims to prevent physical contact between positive
and negative electrodes. Although they do not directly participate in chemical
reactions, their properties significantly impact a battery's performance. The general
requirements of a separator are high ionic conductivity, thermal and mechanical
stability, high wettability, having a pore size of less than 1 micron, uniform thickness,
and porosity [40]. Additionally, separators are expected to close their pores at high
temperatures to prevent further ion passing and thermal runaway. Expected properties
from separators are listed in Table 2.3.

Porous membranes currently used in lithium ion batteries could be fabricated via
polymers and/or ceramics. Although ceramic based separators provide high thermal
stability, several drawbacks, such as high production cost and poor mechanical
stability, limit their use in batteries. Therefore, commercial separators are often based
on polymer materials. They have high ionic conductivity and ion transfer number.
However, their thermal stability and wetting ability need further improvements [42].

Different types of separators used in lithium ion batteries are presented in Figure 2.6.
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Table 2.3 : Ideal properties of separators [41].
Testing method

Affected property

Parameter Expected Value
Thickness (micron) <25 Mechanical strength Micrometer
lonic conductivity 4 Power and energy
(S/cm) >10 density of the battery Impedance spectroscopy
Porosity (%) 40-60 Pycnometer
Pore volume (micron) <1 Swelling of separator Scanr_ung electron
microscopy
Wettability High lonic transfer Contact angle
. <2% offset at . Dynamic mechanical
0,
Tensile strength (%) 6894 KN/m? Mechanical strength analyzer
Shrinkage (%) <5% Dimensional stability Thermal meghamcal
analysis

Porous separators

Membrane with Composites Polymer
surface modification -Ompo: blends

Electrospun

Microporous ]
Nonwoven
membrane membrane
Single polymer Single or more Fibrous Surface Polymer with Two or more
polymers membrane treatment fillers polymers

Figure 2.6 : Classification of separators.
Table 2.4 compares different types of separators. Microporous separators are the most

common type used in lithium ion batteries.

Table 2.4 : Comparison between different type separators [43].
Disadvantages

Type of Separator Advantages
. _ngh cheml_cal Stab'“tY Some polymers (e.g. PVDA,
Microporous High mechanical properties A T
- PAN) exhibit low wettability
Good conductivity
High mechanical strength, Thicker separators cou!d be
. e A produced due to coating
Composite wettability, ionic conductivity, . ;
- leading to increased
thermal stability .
resistance
Usually show good cycling and Might have Iowe_r porosity
Nonwoven mats and lower pore size than 1
rate performance .
micron
Can work as separator and Poor mechanical strength
Gel-polymer .
electrolyte and electrochemical
electrolytes C -
Very good ionic conductivity performance
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Microporous separators are commercially available due to their advantages and ease

of production. Commercial separators usually have a 20-25 micron thickness, 40-60%

porosity, and pore sizes lower than 1 micron. Table 2.5 gives a general comparison of

commercial microporous separators.

Table 2.5 : Comparison between commercial microporous separators [44].

Proverties Celgard Celgard Celgard  Celgard Asahi
P 2730 2400 2320 2325 Hipore
Structure Single layer Single layer  Trilayer  Trilayer  Single layer
Composition PE PP PP/PE/PP PP“;E/P PE
Thickness 20 25 20 25 25
(nm)
Porosity (%) 43 40 42 42 40
Melting
temperature 135 165 135/165  135/165 138
(°C)
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3. ANODE ACTIVE MATERIALS

Metallic lithium was the first anode material used in lithium-ion batteries due to its
very high theoretical capacity. However, safety concerns led to the discontinuation of
its use in battery applications, leading the way for the rise of graphite as a preferred
material. Graphite was first utilized as an anode by Sony in commercial batteries in
1991, and its adoption grew rapidly thereafter.

Over time, research has expanded to include various carbon-based materials, metal
oxides, lithium titanate, and more recently, silicon-based anodes [45]. Today, while
graphite remains the primary anode material used commercially, lithium titanate is
also employed depending on the specific application. Additionally, a mixture of
graphite and silicon has recently found its way into commercial applications (Figure
3.1).

Table 3.1 and Figure 3.2 compare anode active materials [46]. Metallic lithium and
silicon gain attention for their high theoretical capacities, while graphite anodes step
forward with a low working potential against lithium. Lithium titanate anodes find

applications with low volumetric change, hence their high safety.
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@
19805 Hard and soft carbon

Graphite anodes
in Sony batteries

©1970s

Metallic lithium
anodes

Figure 3.1 : Historical development of anode active materials.
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Table 3.1 : General comparison of anode active materials [46].

. Lithium : Lithium .

Materials metal Graphite Titanate Silicon

Theoretical capacity (mAh/g) 3862 372 175 3579
Theoretical Energy Density
(mAh/cm?) 2047 837 613 9786
Volumetric change (%) 100 12 1 320
Density (g/cmq) 0.53 2.25 35 2.33
Working potential (vs.

Li*/Li) 0 0.05 1.6 0.4

Lithiated structure Li LiCs LizTisO12 Lis.4Si

2.5

2.0

Titanigm Oxides
1.5 ¢ RH-Silicon

Oxides (MO,)

1.0

Phosphides (MP,) Silicon (Si)

Potential (V) vs Li/Li+

MS

Porous Carb Alloys ( Ge, Sn, Sb, etc...
Graphite Lithium
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Capacity (mAh/g)

Figure 3.2 : Voltage capacity diagram of common anode active materials [47].

0.5

3.1 Lithium Metal

Due to its high theoretical capacity (3862 mAh/g), lithium metal is a great candidate
for anode active material in lithium ion batteries. The redox reaction as dissolution and
deposition of lithium takes place during the charge and discharge steps and given in
Equation 3.1 below [48]:
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xLi & xLit + xe~ (3.1)

However, having only one electron on its outer shell makes lithium highly reactive and
thermodynamically unstable [49]. Additionally, its nonporous and flat surface results
in high local current densities caused by the electric field lines perpendicular to its
surface, which leads to forming dendrites, an unstable SEI layer, and electrolyte
decomposition [50,51]. All these undesired side reactions, studied by Tikekar et al.

[52] in Figure 3.3, raise safety concerns about metallic anodes.

Stage | Stage Il Stage Il

Surface inhomogeneities
nucleate dendrites, Dendrite growth
consuming more electrolyte

Electrolyte components react with Li
to form the passivation layer (SEI)

Dendritic Li metal s

Passivated Li Li with deposition nuclei
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Li nuclei form, and grow SEI forms around the nuclei,
conduction pathways by fracturing the SEI around them consuming more electrolyte
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Figure 3.3 : Schematic drawing of lithium metal failure mechanisms [52].

Lithium metal reacts with almost all types of electrolytes, including solid electrolytes.
Tasaki et al. [53] conducted ab initio calculations to investigate the reactivity of lithium
metal in the presence of various electrolytes and additions (e.g., ethylene carbonate,
vinylene carbonate, propylene carbonate, vinyl ethylene carbonate). According to their
calculations, electrolytes and additives undergo exothermic and spontaneous reactions
in the presence of lithium. Later, many studies confirmed these reaction products as
Li>O, LiF, LiOH, Li.COs3, (CH2,0CO2Li)2, CH30CO,Li, CH2=CH3 [54,55].

Another problem with lithium metal anodes is volume changes during the charge and
discharge steps. The volume changes (about 100%) observed during cycling could
severely affect lithium metal anodes and cause pulverization, hence capacity loss.
Lithium ions leave the metal surface during charging by passing through the SEI layer
and dissolving in the electrolyte. During cathodic polarization with a stable SEI layer,

these ions migrate and deposit uniformly back to the metal surface. However, when
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the SEI layer loses its integrity, these lithium ions can deposit on the metal surface
unevenly, resulting in dendrite formation. Later, fresh lithium ions react with
electrolytes to form a new layer of SEI, which will fracture again in the following
cycles. As shown in Figure 3.4, this cycle of constantly losing lithium ions and

consuming electrolytes leads to capacity fade and stability problems [56].
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Figure 3.4 : Schematic presentation of SEI fracture and irregular Li deposition of
surface [57].

Some strategies to overcome these problems could be summarized as modification of
lithium, obtaining a stable SEI layer, and developing new electrolytes for lithium metal
anodes. The high local current densities on the lithium metal surface cause non-
uniform lithium nucleation and significant volume changes. Therefore, surface
modification of lithium metal is a promising method. Zhu et al. [58] coated lithium
metal surfaces with polydimethylsiloxane (PDMS) by sol-gel method. Later, the
nanoporous surface is improved by acid treatment to improve ion diffusibility. Their
results show good stability of lithium metal anodes with around 95% Coulombic
efficiency after 200 cycles. In another study, Sun et al. [59] investigated the effect of
nano-scale organic-inorganic coating on the electrochemical stability of lithium metal
anodes. They claim the hybrid organic-inorganic coating provides high stability and

uniform lithium deposition on the metal surface with around 98% Coulombic
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efficiency after 350 cycles. With a similar aim, Chen et al. [60] synthesized flower-
shaped lithium nitrate (LisN) coated lithium metal anodes using the facile plasma
activation method. The robust LisN protective layer helped to block electrolyte and
lithium metal contact. It provided good capacity retention as 96% and higher specific
capacity at a 5C rate compared to pristine lithium metal anode. Chen et al. [61] coated
the lithium metal surface with an Al2Os layer using atomic layer deposition in another
research. The authors report that Al.Os coating has helped reduce electrolyte

consumption and improved the anode's Coulombic efficiency.

Designing 3D composite electrodes is another promising way to control volume
exchange and inhibit dendrite formation in Li anode half cells. Metal, lithium, and
carbon-based materials are the most commonly used hosts for lithium deposition. Zhu
et al. [62] produced a unique anode design (CuFG@L.i) with graphene-nested copper
foam as a lithium host. This design uses graphene to create micron-sized cages within
the copper foam used as a lithium deposition matrix. The anode provided high
Coulombic efficiency (98%) for 200 cycles at 1 mA/cm? current load. In another study,
Liu et al. [63] used N-doped graphitic carbon foams (NGCFs) to promote uniform Li
nucleation in lithium metal anodes. The resulting 3D carbon-based design provided a
high Coulombic efficiency of 99.6% over 300 cycles.

In addition to electrode design, a distinct effort is made to design electrolytes for more
stable lithium metal anodes. Numerous studies about both liquid and solid electrolytes
could be found in the literature [64,65]. When liquid electrolytes are used, the SEI
layer is formed, and it contains many organic and inorganic components as a result of
the decomposition of the electrolyte. While the organic components, such as
polyolefins, decrease the electrical conductivity but increase flexibility, the inorganic
components, such as LiF and Li.COs, provide relatively better lithium ion conductivity
[66]. An ideal mixture of organic and inorganic components is necessary for optimum

Li metal anode performance for protective SEI design.

Very recently, gel and solid electrolytes have gained remarkable interest in eliminating
the stability problems of liquid electrolytes. Gel electrolytes could have poly(methyl
methacrylate)-PMMA, polyvinylidene fluoride-PVDF, and poly(vinylidene fluoride-
cohexafluoropropylene) (PVDF-HFP) based matrixes [66]. Today, gel electrolytes
provide a wide working potential window, good compatibility with anode and cathode

active materials, and moderate ionic conductivity. Along with these advantages,
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further improvements are needed to find a balance between mechanical strength and
ionic conductivity [67].

Solid electrolytes are the newest members of the electrolyte family and can be
categorized as solid polymer and solid ceramic electrolytes. PEO (Poly(Ethylene

Oxide)) for polymer electrolytes, perovskite, and sulfides for ceramic electrolytes [66].

3.2 Carbon-Based Anode Active Materials

Carbon-based anode active materials gain attention due to their low density, structural
and chemical stability, high abundance, and low cost. Based on their structure, they
can be divided into two groups: graphitic and non-graphitic carbon. Graphitic carbons
are crystalline materials that exhibit a long-range order in 3D. On the other hand, non-
graphitic carbons are amorphous materials and could be described as hard and soft
carbon. While soft carbons can be transformed into graphitic materials by high
temperature processes, the same procedure is not possible for hard carbons [68].
Schematic representations of carbon-based materials and their electrochemical
properties are presented in Figure 3.5 and Table 3.2, respectively. As seen in Figure
3.5, graphite exhibits a layered structure composed of many graphene layers, while

soft and hard carbons consist of a larger fraction of less ordered layers.

Carbon-based anode active materials
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Figure 3.5 : Schematic drawing of carbon-based anode active material structures.
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Table 3.2 : Comparison of the electrochemical properties of carbon-based anode
active materials [68].

Materials Graphite Hard Soft Carbon
Carbon
Natural graphite, Resin, Pitch,
Raw material pitch, petroleum pitch, petroleum
coke biomass coke
Theoretical capacity (mAh/g) 372 500-700 372
Density (g/cm?®) ~2.2 1.4-1.8 ~2.2
Interlayer distance (nm) ~0.335 0.37-0.42 0.34-0.37
Initial Coulo(r;)t;lc efficiency Very good Poor Very good
Volume change (%) ~10 ~1 1-10
Cost Low High Medium
Common application areas Li-ion batteries ~ -/N&/K-ion Na/K-ion
PP batteries batteries

3.2.1 Graphite

Graphite is the most commonly used commercial anode active material. The lithium
storage capability of graphite has been known since 1975. However, using propylene
carbonate (PC) electrolytes results in failure due to the exfoliation of graphite
electrodes. In 1983, Yazami and Touzain incorporated graphite anodes using solid
polymer electrolytes. Later, in the 1990s, Dahn et al. successfully achieved the
reversible intercalation in graphite anodes when ethylene carbonate (EC) was used due
to stable SEI layer formation. In 1991, Sony introduced the first commercial lithium
ion battery using PC electrolyte and coke anode. A more suitable EC/DMC (dimethyl
carbonate) electrolyte and graphite anode combination was developed by Guyomard
and Tarascon in 1993 and is still used in many commercial lithium ion batteries today
[69]. A summary of graphite anode developments is presented in Figure 3.6.

Graphite consists of sp? hybridized graphene layers connected by Van der Waals
forces. These layers could be stacked in hexagonal ABAB form (thermodynamically
stable form) or rhombohedral ABCABC stacking [70]. The weak van der Waals forces
allow reversible intercalation of secondary species such as Li*. The resulting LiCs
alloy, the highest lithium content at room temperature conditions, leads to 372 mAh/g
theoretical and 850 mAh/cm?® volumetric capacities of graphite anodes [69]. The

insertion of lithium ions into the layered structure increases the interlayer distance
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between graphene layers from 3.35 A to 3.70 A, which accounts for around 10%

volumetric change [71].

High irreversibility with PC electrolyte and organic solvents
1970

Lithium — graphite intercalation compounds
1976

Electrochemical intercalation with solid polymer electrolyte
1983

Electrochemical mntercalationin EC Liquid electrolyte

Commercial LIB using graphite anode and EC/DMC electrolyte

Aqueous slurry processing

Graphite-Si10x Composite electrodes

Figure 3.6 : Developments in graphite anodes.

The lithium intercalation into graphite occurs between 0.01 and 0.25 V vs. Li/Li*
according to Equation 3.2 below. The reversibility of intercalation reactions is highly
related to the stable SEI layer formed on graphite anodes. Many organic carbonate-
based electrolytes decompose around 0.8 V vs. Li/Li*. Outside of the electrochemical
stability window of an electrolyte, intercalation of solvent ions and electrolyte
decomposition on the graphite surface at low potentials result in exfoliation of

graphene layers and lead to capacity fade [72].
Ce + xLi™ + xe™ - Li,Cq (3.2)

The voltage capacity curve of graphite is presented in Figure 3.7. The voltage plateau
around 0.2 V vs. Li/Li" is seen. This plateau provides the majority of the graphite’s

capacity.
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Figure 3.7 : A typical capacity voltage curve of graphite [73].

The energy density of a battery is a function of both the specific capacity and the
working potential of active materials. Therefore, graphite's low working potential
creates an advantage over other anode active materials. Among other anodes, it has the
second lowest working potential (0.2 V vs. Li/Li") after lithium metal. On the other
hand, the rate capability of graphite anodes remains a challenge. High rates cause the
risk of lithium plating on the electrode surface and lead to safety risks. Many studies
relate the rate capability of graphite anodes with their particle size and morphology
[74,75]. Therefore, modifying the electrode properties could enhance the
electrochemical performance. A significant drawback of graphite anode is irreversible
capacity loss during the first cycle, which results from the lithium consumption during
electrolyte decomposition. Different strategies, such as graphite surface modification
or electrolyte additives, are being explored to promote the growth of a more stable SEI

layer to improve capacity retention.

As studied by Kim et al. [76], one approach involves etching the graphite surface with
KOH to create pores and increase active sites for lithium intercalation. The modified
surface helped to achieve higher specific capacity and better rate performance. In
another study, Hai et al. [77] embraced ion implantation for nitrogen doping to
improve the electrochemical performance of graphite anodes. They reported a 29%
increase in volumetric capacity for nitrogen-doped graphite anodes due to increased
lattice distance and defects. Additionally, many studies show that electrolyte additives
improve cycling performances by deactivating defective sites and helping build a

stable SEI layer on electrode surfaces [78-80].
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The graphite used in lithium ion batteries could be classified as natural graphite (NG)
and synthetic graphite (SG). Both are polycrystalline materials that consist of an
enormous number of single-crystalline domains [81]. While a more oriented structure
is seen in natural graphite, it is more random in synthetic graphite. For comparison,

SEM images of natural and synthetic graphite are presented in Figure 3.8.

| N e e N "

Figure 3.8 : SEM images of natural graphite (NG) after processing and synthetic

graphite (SG) [69].

The production processes for natural and synthetic graphite have some distinct
differences. The production of natural graphite begins with mining and flotation,
which helps to remove impurities such as silicon (Si), sulfur (S), potassium (K), and
nitrogen (N), achieving a purity level of 95%. Following this, the spheroidization
process is employed to produce micron-sized spherical graphite particles. Finally,
either acid leaching or high temperature processing is used to reduce the impurity level
to below 500 ppm. Additionally, the surface of the graphite particles is coated with
carbon to enhance their electrochemical performance. An overview of the general steps

involved in the natural graphite production route can be seen in Figure 3.9.

Graphite Ore Beneficiation =P Spheroidization f=§|  Refining —p Cart?on Natural graphite
coating anode

Figure 3.9 : Natural graphite anode production flow chart.

On the other hand, synthetic graphite is produced in three main steps. First, precursors
such as coal are calcined around 800-1200 °C to obtain soft carbon, followed by
grinding and sorting depending on particle sizes. Later, a second heat treatment step,

around 2500 °C, is applied for graphitization. In the final step, particles are coated with
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carbon to improve electrochemical properties [82]. The production flow chart is

Calcination ; L
800-1200 °C —PGoft Ca1boD" Grinding

4— Graphitization |4 Sorting

presented in Figure 3.10.

Synthetic
Graphite

Carbon
coating

Figure 3.10 : Synthetic graphite anode production flow chart.

The world’s graphite reserves and productions are presented in Tables 3.3 and 3.4.
Among all countries, China has the highest annual graphite production. In recent years,
increased pollution has led China to shut down many factories and has directly
influenced the graphite market. Although the large graphite reserves are located in
Tiirkiye, the amorphous nature of ores makes them challenging to use in battery
production. Since 2004, graphite has been listed in the European Union’s critical raw
material list [83]. Considering the increased demand for electric vehicles, a natural
graphite supply shortage is expected by 2026 [84]. Therefore, finding alternative anode

active materials to substitute graphite has increased importance.

Table 3.3 : World graphite reserves by country, 2022 [85].

Country Million tonnes Percentage of total
Tirkiye 90 27.3
Brazil 74 22.4
China 52 15.8
Madagascar 26 7.9
Mozambique 25 7.6
Tanzania 18 55
India 8 24
Uzbekistan 7.6 2.3
Canada 59 1.8
Mexico 3.1 0.9
Other countries 20.4 6.2
Total 330 100%
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Table 3.4 : World graphite production by country, 2022 [85].

Country Thousand tonnes Percentage of total
China 850 65.6
Mozambique 170 13.1
Madagascar 110 8.5
Brazil 87 6.7
Russia 15 1.2
Canada 13 1
Norway 10 0.8
India 8.3 0.6
North Korea 8.1 0.6
Ukraine 3 0.2
Other countries 21.6 1.6
Total 1296 100%

3.2.2 Hard carbon

Hard carbons, also known as non-graphitizable carbon-based materials, could be
associated with a structure consisting of large fractions of curved graphene sheets,
which are arranged randomly. Even at ultrahigh temperatures such as 3000 °C, these
layers cannot be rearranged to form an ordered graphitic structure [68]. This property
is assigned to cross-linking and covalent bonds of C-O-C. During pyrolysis, hard
carbon precursors such as resin or pitch form rigid bonds, defects, and micropores that
inhibit the growth of ordered graphene sheets to form graphite structure. Because of
these, hard carbon structure is generally rich in pores, defects, and edges with only a
small range of graphite domains. Different structural models proposed for hard carbons

are presented in Figure 3.11.
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Figure 3.11 : Proposed hard carbon structures in literature [68].
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The disordered and porous structure of hard carbons benefits lithium diffusion and
creates active sites for charge transfer reactions. These result in high charge and rate
capacity and good performance at low temperatures. Two lithiation mechanisms are
proposed for hard carbons. In the model proposed by Sato et al. [86], Li* ions are
located at ionic and covalent sites on the carbon structure. There, Li, covalent
molecules with saturated LiC are formed, which results in high energy density. In
another model, Besenhard et al. [73] proposed that Li* ions react with graphitic sites
and cavities, which results in a high reversible capacity to hard carbons. A schematic
presentation of lithium storage in hard carbons is presented in Figure 3.12. Lithium
adsorption occurs at defective sites; here, lithium ions occupy pore sites and

intercalation reactions occur in graphitic domains.
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Figure 3.12 : Lithium storage mechanism of hard carbons [87,88].

Winter et al. [73] investigated the voltage capacity curves of carbon-based materials.
In Figure 3.13, the intercalation of lithium ions starts at 0.8 V vs. Li/Li*, and there is
no distinct plateau; rather, a visible slope is seen. The slope is found to be related to
the heterogeneous structure of hard carbons, which have graphitic and disordered

domains.
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Figure 3.13 : A typical capacity voltage curve of hard carbon [73].
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According to the study conducted by Yang et al. [89], a high slope seen at high voltages
Is related to surface adsorption, resulting in a high diffusion coefficient. At lower
voltages, insertion instead of adsorption becomes the dominant reaction for lithium

storage (see Figure 3.14).
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Figure 3.14 : Change in the diffusion coefficient and specific capacity according to
voltage [89].
The electrochemical performance of hard carbons is highly affected by the precursor.
Despite their high price, resin-based hard carbons are seen to deliver the best
electrochemical performance due to their pore structures and surface chemistries.
Therefore, research is mainly focused on synthesizing the desired structure with
improved electrical conductivity. Qian et al. [90] synthesized P-doped resin-based
hard carbon anodes using phosphoric acid and resin. The synthesized anode delivered
1294 mAh/g specific capacity with 60% initial Coulombic efficiency. Pitch is another
precursor used in hard carbon synthesis at more reasonable prices than resin. The coal
tar pitch (CTP) is mainly used for hard carbon synthesis due to its easy-to-graphitize
structure. Guo et al. [91] produced CTP-based hard carbon anodes with 829 mAh/g

initial charge capacity using oxidation and carbonization processes.

3.2.3 Soft carbon

Soft carbons exhibit similar properties to both graphite and hard carbons. While they
possess a larger fraction of graphitic domains than hard carbons, they still do not fully
consist of long-range 3D order. Soft carbons could be produced by heat treatment of
carbonaceous materials at high temperatures, such as pitch and petroleum coke. The
carbonization process takes place in three steps: pyrolysis, carbonization, and
graphitization. During pyrolysis, carbonaceous materials decompose, and volatile

components such as CO, CO, H20, and CH4 are removed as gaseous products [92].
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When the decomposed material possesses a semifluid state, the graphitization process

occurs easily at high temperatures (1000-2000 °C) and forms soft carbons.

A structural comparison of graphite, soft, and hard carbons is studied by Adams et al.
[93], and the results are presented in Figure 3.15. Further investigation of the carbon
structure by Raman spectroscopy shows that all samples have D and G bands
representing ordered and disordered structures. Contrarily, the 2D band is only seen in
graphite, indicating the lower number of stacked graphene layers in hard and soft
carbons. XRD patterns further confirm the disordered structure. A single peak is seen
in the graphite sample, while amorphous structures associated with broad peaks are

observed in hard and soft carbon spectra.
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Figure 3.15 : Structural comparison between graphite, soft and hard carbons [93].

The lithiation mechanisms of soft carbons are found to be similar to those of hard
carbons. The intercalation of lithium ions starts at 1 V vs Li/Li*, with no visible
plateau. The voltage and specific capacity show a linear change, which results in lower

specific capacity (see Figure 3.16).

N 15 P

i 0.9/ /LI* release

> 0.6 Li* uptake

£ 0.3]

§ %0100 " 300 500 700

Specific capacity (mAh g')

Figure 3.16 : A typical capacity voltage curve of soft carbon [73].
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So far, different precursors have been used to produce anode-active materials. Kim et
al. [94] prepared pitch-based anode active materials and investigated the effect of pitch
crystallinity and softening point on the electrochemical performance. The samples
delivered 300-350 mAh/g specific capacity with 70-78% initial Coulombic efficiency.
According to their results, pitch with a high softening point resulted in an increased
crystallinity, and it delivered better capacity and rate performance. In another study,
Ko et al. [95] synthesized anode active materials using petrochemical waste, namely
pyrolysis fuel oil (PFO). PTO-based soft carbon anode delivered 366 mAh/g reversible
capacity with 99% capacity retention over 100 cycles. Soft carbon gained popularity
with its high capacity retention. By combining silicon anodes with soft carbons, high

energy density anodes exhibiting good retention could be achieved [96].

3.3 Lithium Titanate (LisTisO12)

Lithium titanate (LTO), first reported by Jonker in 1956, finds its place in practical
battery applications due to its high safety and cycle stability [97]. The high working
voltage of these anodes (around 1.55 vs. Li/Li*) lies inside the stability window of
most electrolytes, therefore minimizing the SEI layer formation. The flat reaction
plateau caused by a two-phase lithiation/delithiation mechanism and almost no volume
change provides cycle stability with a long life [98]. Although its merits, low electrical
conductivity (around 10 to 10" S/cm) and lithium diffusion coefficient (about 10

to 1012 cm?/s) limits the rate performance of LTO anodes [99].

The lithiation reactions of LTO are given in Equation 3.3. The galvanostatic curve is
presented in Figure 3.17. Its theoretical capacity is calculated as 175 mAh/g using
Equation 3.3 [97]. The lithiation reaction of LTO is believed to be a two-phase
mechanism. During discharge, lithium ions insert 16c octahedral sites in the crystal
structure; the same reaction occurs for lithium ions present in 8a sites. In conclusion,
16c¢ sites are equally filled by lithium ions inserted from outside and transferred from
8a sites [100].

Li Tis0,, + 3Li* + 3¢~ © Li;Tis0;, (3.3)
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Figure 3.17 : Two-phase lithiation of LTO anodes presented in voltage capacity
curve [97].

The resulting LizOsLi12 phase can host more lithium ions in empty 8a sites. However,
to provide cycling stability, the cut-off voltage for discharge is often selected as 1 V.
The study conducted by Huang et al. [101] proves the intercalation of more lithium
ions when LTO anodes are further discharged to 0.5 V. Another study by Yao et al.
[102] shows discharging LTO to near 0 V results in higher reversible capacities around
250 mAh/g. The lithium insertion and extraction from the spinel LTO crystal structure

are shown in Figure 3.18.
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Figure 3.18 : Spinel LTO crystal structure with lithium insertion a) at 3V b)
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The cycle performance of LTO anodes can be improved by different strategies such as
nanostructuring, coating, and doping. Generally, spinel LTO is produced by the solid-
state reaction of TiO2 and a lithium source such as LiOH or Li>COs at high
temperatures (above 800 °C) for a long period (12-24 hours) [104]. Although the long
reaction time provides high purity, the particles produced are usually large in size and
low in surface area. The particle size of LTO could be decreased to shorten the lithium
diffusion path and improve the electrochemical performance of LTO anodes.
Venkateswarlu et al. [105] synthesized LisTisO12 particles with 39 nm particle size and
high purity using titanium isopropoxide and lithium acetate. The particles delivered
255 and 142 discharge and charge capacities, respectively, at 0.1 C rate between 0.01-
1.75 V. In another study, Khomane et al. [106] produced CTAB (Cetyl Dimethyl Ethyl
Ammonium  Bromide)-assisted LisTisO12 nanoparticles and tested their
electrochemical performance. Their results show that CTAB-assisted LTO delivered
174 mAh/g at 0.2 C rate, while the sample produced without CTAB provided only 140
mAh/g specific capacity. Another way to shorten the lithium diffusion path is to
introduce porosity into the structure. Lin et al. [107] produced porous LTO using LiCl
and TiCls as precursors. Oxalic acid is used for pore formation. The synthesized active
materials delivered 167 mAh/g at 0.5 C and 133 mAh/g at 1 C rate with high capacity
retention over 200 cycles. Surface coating over LTO particles is highly preferred for
improving electrical conductivity. Carbon coating is the most common method using

various precursors, including glucose, starch, super P, and sucrose.

Hu et al. [108] investigated the best carbon source for LTO@C anodes. According to
their results, PAA is found to provide the best electrochemical performance. The
LTO@C (3.5 wt% C) anodes delivered 168, 143, and 132 mAh/g at 0.2, 8, and 10 C
rates, respectively. Huang et al. [109] studied the surface modification of LTO with
Ag particles by thermal decomposition of AgNOs. The 5 wt.% Ag resulted in the
highest reversible capacity as 182 mAh/g in the potential range of 0.5 — 2.5 V. Similar
to surface modification, metal ions are also used for doping to enhance the electrical
conductivity of LTO anodes. Moreover, further improvement using electrolyte
modifications is possible. LiPFg is the most commonly used lithium salt in EC/DMC
or EC/EMC electrolytes. A combination of different additives and solvents could be

beneficial for increasing thermal stability, safety, and working potential. For example,
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sulfone-based electrolytes could be a more suitable alternative for LTO anodes due to
their stability at high voltages [110].

3.4 Silicon-based Anode Active Materials

The first investigation of Li-Si alloys was conducted by Axel et al. in the 1960s
[111,112]. Later, in the 1970s, the reversibility of the Li-Si system was shown by
Sharma et al. [113]. In the late 1990s, Bourderau et al. [114] and Li et al. [115]
developed the first silicon thin films and nanoparticles for lithium ion batteries,
respectively. Wilson et al. [116] used CVD to produce nanosilicon-dispersed carbon
anodes (up to 11 at. % Si). In the following years, different morphologies, such as
nanowires [117], hollow nanospheres [118], and yolk/shell designs [119], are proposed
to improve the capacity retention of silicon anodes. Recently, new binders and
electrolytes have been under research to improve the performance of silicon anodes
[120]. The historical developments in silicon anodes are shown in Figure 3.19. A more
detailed investigation of silicon-based anode active materials is presented in Section 4
under the title “SiOx (0<x<2) Anodes”.

1.2pm { O

Sithin g 16 SVGr

film 13 mixture '¥
1960s 1976 ® » »
Intermediate ~ Demonstration of 1,9,-.98 l??’ zqos 2004 2908 2?" 20::]2
Li-Si phases: * the reversibility of
Lij3Si; Li;Si,  Li/Si system '°
Liy,Sig 112 ; T 7 3
2 Pyrolytic Si/C  Si NPs M Si thin film V7 Si NWs 19 Hollow Yolk-

ita 13 nanospheres 7 shell >
composite o0 S S S

4
Voo

o ey, G- @

b1 v :
Binder-free — Cu/Si/Ge

: high silicon  Ant-nest-like nanowire ~Double carbon Silicon nanolayer
S‘u.bnang-smcd content flexible bulk porous  arrays shells coated Si embedded
i anode ¥ silicon 2 anode?!  NPs* graphite *!

2021 2020 2019 2018 2017 2016 2013
SiMPsin  Electrolyte for Elastic gel lonically High clastic ~ Graphene — Self
ASSB#  LiF-rich SE1** polymer conductive binder 3¢ cages on hgalmg

electrolyte  self-healing SiMPs ¥ Binder 3%
38

& bindcir-‘7 a - (=
ﬁ © ‘ 7% o @

Figure 3.19 : A brief history of silicon-based anodes [120].
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3.5 Other Materials

Many metals or alloys exhibit lithium storage by intercalation, alloying, or conversion
reactions. Titanium oxide, tin, zinc, manganese, iron, cobalt, nickel, molybdenum-
based materials, and MXenes are studied in the literature. Among intercalation type
anodes, titanium oxide anodes gain attention with their low toxicity, high cycle life,
and low volume changes (around 2-3%). They have a higher theoretical capacity (335
mAh/g) in comparison to LTO anodes (175 mAh/g) [121]. However, low electrical
conductivity and poor rate performance of titanium oxide anode active materials need
further improvements. Various strategies, including nanostructuring, doping, and
constructing 3D structures with a high surface area, are suggested to enhance the

electrochemical performance of titanium oxide anodes [121].

A new type of anode active material, such as 2D transition metal carbide and
carbonitrides, namely MXenes, has been under detailed research since 2011.
Generally, MXenes are produced by selective etching of the A layer from MAX
phases, where M is a transition metal (Ti, V, and Nb), A is an A group element, and X
is either carbon or nitrogen [122]. The high electrical conductivity and layered
structure of MXene materials make them good candidates for energy storage
applications. Ti.C-based MXene (Ti3C2Tx) is the most studied anode, first reported by
Naguib et al. [123] in 2012. The material delivered 225 and 80 mAh/g at C/25 and 3C
rates, respectively. Recent reports indicate that the electrochemical performance of
MXene materials requires enhancement through the adjustment of production

parameters.

Alloying-type anodes provide high specific capacities due to alloying/dealloying
reactions with lithium. Tin (Sn) anodes draw interest with their high theoretical
capacity of 994 mAh/g when Lis.4Sn alloy is formed. Unfortunately, similar to silicon
anodes, high volumetric changes (up to 300%) cause mechanical instability and poor
capacity retention [124]. Synthesizing nanostructures or forming composites are
proposed to solve this problem [125].

Many transition metal oxides, selenides, phosphides, nitrides, sulfides, and fluorides
exhibit conversion type lithiation. Among them, iron oxides (hematite and magnetite)
have low cost, high availability, and reversibility of conversion reactions. The

theoretical capacities of hematite and magnetite are 926 and 1007 mAh/g, respectively
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[126,127]. Xu et al. [128] synthesized mesoporous Fe.O3 and FesO4 microspheres to
improve their electrochemical performance. The mesoporous structure is preferred to
shorten the lithium diffusion path and increase the electroactive surface area. The
synthesized magnetite and hematite anodes delivered 1307 and 1453 mAh/g initial
discharge capacity at 0.2 C rate.
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4. Si AND SiOx (0=<x<2) ANODES

The inadequate performance and expected supply problems of graphite, the safety risks
of metallic lithium, and the low energy density of lithium titanate anodes draw
attention to silicon-based anodes. Silicon’s high abundance in the earth’s crust, low
toxicity, and low prices make it a great candidate for anode active material to be used
in lithium ion batteries. In Table 4.1, a brief comparison of silicon-based anode active
materials is given. While silicon has the highest theoretical capacity, its extreme
volumetric changes (up to 300 %) during cycling create major problems with capacity
retention. The increased O/Si ratio provides structural stability to the active material
by compromising its capacity.

Table 4.1 : Silicon-based anode active materials [3].

Materials Si SiO SiOx SiO2
Theoretical capacity (mAh/g) 3579 2600 1965-3579 1965
Volumetric exchange (%) 300 150 100-300 100
Initial Coulombic efficiency (%) 100 68.7 52.4-100 52.4

4.1 Silicon

Silicon remains one of the main substitutes for graphite in anode materials due to its
high abundance in the earth’s crust, low cost, and low toxicity. It delivers high specific
capacity by forming multiple alloys with lithium, which allows it to achieve high

electrochemical performance with low electrode thickness and weight [129,130].

The lithiation mechanism of silicon has been studied extensively due to the potential
use of Li-Si molten salt electrolytes at high working temperatures (> 400 °C) and
lithium ion batteries as anode active materials at room temperature. Many studies have
investigated the Li-Si phases formed at room and high temperature conditions [131-
133]. They conclude that equilibrium intermetallic compounds such as Li12Si7, Li7Sis,
Li13Sis, and Li22Sis are formed at higher temperatures, resulting in a stepped voltage

profile (Figure 4.2). On the other hand, metastable amorphous LixSi phases are
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observed at room temperature. Because the development of equilibrium phases is
kinetically inhibited, solid-state amorphization takes place, resulting in the production
of the amorphous phases, which have a lower Gibbs free energy than the reactants
[134]. Therefore, LixSi (0<x<3.75) alloys are formed at room temperature, leading to
a plateau in voltage profile below 0.1 V, leading to the theoretical capacity of 3598
mANh/g after full lithiation [135].
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Figure 4.1 : Lithiation mechanism of silicon powder at room temperature (solid line)
and 415 °C (dashed line) [136].

During the discharge step, between 50 mV - 2 V, the voltage plateau could be ascribed
to lithiation reactions of crystalline silicon and the formation of amorphous LixSi as
given in Equation 4.1 [137,138]. When the voltage decreases further than 50 mV, the
amorphous LixSi converts to crystalline LixSi, as presented in Equation 4.2 [139]. In
delithiation, a voltage plateau around 0.4 V depicts the reversible reactions given in
Equation 4.3. First, the crystalline LiisSis is converted to an amorphous phase. Then,
lithium ions are extracted to form amorphous silicon. After cycles, the reactions only

occur between amorphous Li1sSis and silicon atoms [140].
Si (crystalline) + xLi* + xe™ - Li,Si (amorphous) (4.1)
4Li,Si (amorphous) + (15 — 4x)Li* + (15 — 4x)e™ - LiysSis(crystalline) (4.2)
Li,sSi, (crystalline) < 15Li* + 15e~ + 4Si (amorphous) 4.3)

Unfortunately, the high capacity in the first cycles was only preserved for a few more

cycles. The high number of lithium ions forming silicon alloys causes high volumetric
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changes (up to 300 % at full lithiation) during these cycles [141]. Therefore, the
significant expansion and shrinkage of silicon particles results in pulverization and
active material loss. In the meantime, newly-created Si particle surfaces help to
continue cycling, and demolition of the SEI layer has occurred, as shown in Figure
4.3. Consequently, poor rate performance and low Coulombic efficiency limit the use
of pure silicon anodes in lithium ion batteries [142].
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Figure 4.2 : Common failure mechanisms of silicon anodes [143].

To overcome these problems, different strategies are proposed, such as decreasing
particle size, increasing porosity, metal doping, composite formation, and carbon
coating [139,144,145]. Silicon particles having a diameter below 150 nm are found to
maintain their structural stability during repeated cycles. These particles can endure
mechanical stress caused by volumetric changes, providing better capacity retention
[136]. Different geometries, such as nanowires, could provide the same effect as small

particles do, which helps to buffer the volumetric changes.

Thin film production methods are also used to produce Si anodes with different
geometries and compositions. Polat et al. [146] synthesized compositionally graded
Si-Cu helical arrays and achieved 1228 mAh/g specific capacity at 0.1 A/g current load
at the 100th cycle. The Cu-rich layer improves the adhesion, while helices help
accommodate volumetric expansion in cycling. Chan et al. [117] synthesized silicon
nanowires with a diameter of around 90 nm to be used as lithium ion battery anode

active material and achieved 3193 mAh/g specific capacity at C/20 current load with
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73 % initial Coulombic efficiency. The lithium storage capacity of nanowires was
found to be stable after 10 cycles, proving the strategy's efficiency. However, the
synthesis of nano-scale particles by PVD (physical vapor deposition) is relatively
expensive. Therefore, the production of micron-scale porous powders is proposed to
improve cycle life and rate capability of silicon anodes by buffering volume exchange
and shortening the lithium ion diffusion path [147]. Pathak et al. [148] synthesized
nano-porous silicon by selective leaching of aluminum from hypereutectic Al-Si alloy.
They achieved around 1000 mAh/g specific capacity after 300 cycles at C/3 current
load, proving the porous structure's efficiency. In another study, Jia et al. [149]
produced spherical micron sized porous silicon anodes using magnesiothermic
reduction of silica pomegranate structure. The anode active materials delivered 1467
mANh/g reversible capacity at 2.6 A/g current load with good rate capability. Core/shell
designs are another path for achieving a porous structure. The space between the core
and shell helps to alleviate the volume changes and to form a more controlled SEI layer
on active materials. While many studies are focusing on different core/shell structures,

Si/C composition could be marked as the most studied chemistry [150-152].

Low electrical conductivity is another reason behind the limited rate performance of
silicon anodes. Metal doping and carbon coating are efficient methods to improve
conductivity. Zhang et al. [153] produced Cu-doped silicon anodes using the
hydrothermal method and ball milling. The Cu/CusSi alloy aims to increase electrical
conductivity and strengthen the structure of the Si/Cu/CusSi/C composite. The
amorphous carbon layer is added to inhibit particle agglomeration and side reactions.
The active material delivered 984 mAh/g reversible capacity at 0.5 C current load after
500 cycles. Nulu et al. [154] investigated the effect of nickel and manganese doping
on the electrochemical performance of silicon nanoparticles. Their results show that
Mn and Ni doping improves the electrical conductivity and creates ionic channels to
accelerate lithium ion diffusion. The Mn and Ni-doped Si nanoparticles provided 2324

and 2561 mAh/g specific capacity at 200 mA/g current load after 100 cycles.

The carbon coating method is commonly used as another way of improving silicon
anodes's electrical conductivity. It helps to provide a more stable surface, promote
electron transfer, and provide a barrier layer on silicon particles. Qi et al. [155] studied
the adequate carbon layer thickness for improved electrochemical performance of

silicon nanoparticles. Carbon coating thickness (2-30 layers) and deposition time in
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the CVD process are investigated. The optimum C coating thickness of Si/C composite
is around 1 nm (2-3 layers) for inhibiting unstable SEI layer formation and extreme
volume change. When used as anode active material, it provided 3019 and 1647 mAh/g

specific capacities at 0.2 and 5 A/g current loads, respectively.

4.2 Silicon Monoxide - SiO

SiO anodes draw attention with lower volumetric changes compared to pure silicon
anodes. C. F. Mabery published the first SiO reports in 1887 [156]. Commercial SiO
is obtained by heating the mixture of silica and silicon at high temperatures and
condensing the gaseous SiO vapor [157]. While there are many debates, Hohl et al.
[158] proposed an interface cluster mixing (ICM) model shown in Figure 4.4. Here,
black regions are silicon clusters, white areas are SiO> clusters, and grey interfaces are
suboxide transition areas. SiO structure is thermodynamically unstable and tends to

disassociate to SiO» and Si.

Figure 4.3 : ICM model of amorphous SiO [158].

The lithiation mechanism of SiO could be classified as conversion reactions (SiO and
Li*) and alloying reactions (Si and Li*) [159]. In the first reaction step, lithium oxide
and lithium silicates are formed. Many of the lithium silicates formed in this step are
electrochemically inactive, which results in low Coulombic efficiency. In the second
step, lithiation reactions in newly generated silicon take place. The reactions could be
summarized in Equation 4.4-4.9 [160,161]:

Si0 + 2Li* + 2e™ - Li,0 + Si (4.4)
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4Si0 + 4Li* + 4e~ > Li,Si0, + 3Si (4.5)

3500 + 2Li* + 2e~ — Li,Si0s + 2Si (4.6)
7Si0 + 6Li* + 66~ = LigSi,0, + 5Si (4.7)
55i0 + 2Li* + 2e~ © Li,Si,05 + 3Si (4.8)

Si +xLit + xe”™ & Li,Si (4.9

The crystal structure of lithium silicates as a result of lithiation reactions of SiO is
presented in Figure 4.5a. Jung et al. [162] claim the silicon-rich core of SiO transforms
into electrochemically active LixSi alloy, while the surrounding silicon suboxide
transforms into electrochemically inactive lithium silicates and lithium oxide during
lithiation as seen in Figure 4.5b. This outer matrix mainly comprises lithium silicates,
while lithium oxide only constitutes a minority. According to their calculations, they
speculate that the formation of the Li>O phase is thermodynamically more favorable.
However, Kinetic limitations inhibit the transformation of lithium silicates into lithium
oxide. Another remarkable outcome of their study is the comparison of lithium
diffusion coefficients of various lithium silicates and lithium oxide. Lithium ions seem
to diffuse faster in lithium oxide rather than lithium silicates which may lead Li>O to
work as a fast lithium diffusion path.

Studies show that the lithiation products of SiO are highly related to reaction rate and
lithiation depth. Lee et al. [159] asserted that the irreversible capacity loss rises with
the increased depth of lithiation. Even though electrochemically inactive components
such as lithium silicates and lithium oxide serve as buffers during cycling, they result
in low initial Coulombic efficiency and volume expansion of around 150%, causing
pulverization of SiO anodes. To overcome these problems, strategies such as doping,
carbon coating, and synthesis of nano-scale and porous electrodes are proposed. Yang
et al. [163] synthesized porous SiO/Ni composite anodes and tested their
electrochemical performance. They claimed that increased porosity helps to buffer
volume changes of SiO anodes, while nickel deposition improves electrical
conductivity. With a different approach, Park et al. [164] produced mesoporous SiO
anodes via mechanochemical oxidizing followed by acid etching methods using Si and
ZnO powders. The use of micron-sized silicon powder as a precursor resulted in higher

reversible capacity than nano-sized Si precursors.
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Figure 4.4 : a) Crystal structure of various lithium silicates and lithium oxide b)
Schematic drawing of lithiated SiO structure and lithium diffusion coefficients of
lithium silicates and lithium oxide [162].

In 2017, Woo et al. [165] conducted a detailed study on doping to enhance the
electrochemical performance of SiO anodes by comparing boron doping and carbon
coating. Here, assumptions were that the carbon coating lowers the internal resistance
by providing electrical conductive pathways while the boron-doping increases
electrochemical activity by creating lithium ion pathways within the material. Their
results show that boron-doping improves the lithium diffusion kinetics and provides
better long term stability than carbon coating. Miyachi et al. also [166] investigated
the effect of different dopants, namely nickel, iron, and titanium. The initial discharge
capacities are found to be 1556, 1335, 1270, and 1260 mAh/g for Ni-doped, Fe-doped,
Ti-doped, and pristine SiO anodes, respectively. They claim that metal doping may
form amorphous silicon, amorphous silica, and metal-rich domains. In this structure,
metal doping works as an electron transporter, hence eases the lithium diffusion

reactions.
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4.3 Silicon Suboxide - SiOx (0<x<2)

Non-stoichiometric SiOx anodes gained popularity in recent years for their high
theoretical capacity (2680 mAh/g) and capacity retention [167]. Similar to SiO, the
structure of SiOx has been a topic of recent years. Detailed characterizations conducted
by Hirata et al. [168] helped deconstruct the SiOx structure. They found that the silicon
suboxide and silica surround the silicon core, as seen in Figure 4.6 [169].
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Figure 4.5 : Atomic array of a) silicon b) silicon suboxide c) silica d) The proposed
atomic model of SiO e) ratio among the Si-clusters [168].

Moon [170] conducted density functional studies to investigate the oxygen content in
silicon anode lithiation products. The Li-Si-O phase diagram presented in Figure 4.7
shows that the Li-Si system mainly consists of stable crystalline alloys such as LiSi,
Li12Si7, Li13Sis, and LiisSia. Lithiation reaction products of silica could also be Li20,
Li4SiOa, Li2SiOs3, Li2Si20s, etc.
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Li,Si, LiySi, LiySi,

Figure 4.6 : Li-Si-O ternary phase diagram [170].

Lithium oxide and silica formation are observed during the lithiation reactions of SiOx,
similar to SiO and SiO». The formation of Li.O and some of the lithium silicate phases
are irreversible reactions. In the first step, lithium oxide, lithium silicates, and newly
generated silicon are formed. In the second step, lithiation reactions occur between the
generated silicon and reversible lithium silicates. The sum of reactions is presented in
Equation 4.10-4.14 [171-173].

Si0, + 2xLi*t + 2xe~ — xLi,0 + Si (4.10)

Si0, + xLi* + xe™ > (x/4) Li,Si0, + (1 — x/4)Si (4.11)

SiO, + (6x/7)Li* + (6x/7)e” » (x/7) LigSi, 0, + (1 — 2x/7)Si (4.12)
Si0, + (2x/5)Li* + (2x/5)e~ & (x/5)Li,Si,05 + (1 — 2x/5) Si  (4.13)
Si +xLit +xe~ & Li,Si (4.14)

Yu et al. [173] investigated the phases during discharge and charge reactions via ex-
situ High-Resolution Transmission Electron Microscopy (HRTEM). When the voltage
is decreased to 0.4 V, Li2Si,Os and LieSi>O7 phases are formed. Further decrease of
voltage to 0.15 V resulted in the formation of LisSiOs. Finally, at 0 V, LixSi alloy
generates. During charging, when the voltage rises to 2 V, reversible Li2Si2Os alloy is

no longer detected; only irreversible LisSiO4 and LisSi.O7 alloys are found.

The electrochemical performance of these materials is directly related to their oxygen
content. Lower oxygen ratios (0<x<1) lead to higher specific capacity, while higher

silicon content results in lower capacity retention. Although silicon provides high
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capacity, its volume changes cause less cycling stability. On the other hand, higher
oxygen ratios (1<x<2) lead to lower specific capacity but better retention due to the
formation of higher amounts of Li>O phase [174]. Li>O acts as a buffer for volume
changes but causes low Coulombic efficiency by consuming lithium ions and
electrolytes [175]. The structural evolution of LixSiOy3 is presented in Figure 4.8 by
Chou et al. [176] using density functional theory calculations. As the lithium content
increases, Si-O-Si bonds start to break, and O atoms are covered with lithium atoms.
The intensity of Si-O and Si-Li peaks are decreased, while Si-Li and Li-O peaks are
increased. The formation of lithium oxide and lithium silicates is claimed to be directly
related to the oxygen content of these anodes. Tang et al. [177] systematically studied
the electrochemical performance of SiOx/C anodes (x = 0.61, 0.71, 0.81, and 0.95)
with varying O/Si ratios. The oxygen ratio is controlled by the magnesiothermic
reduction process. The highest initial discharge capacity is obtained in the sample
SiOg61/C with 2526 mAh/g. In the following cycles, the capacity of SiOgei/C
decreased gradually. Samples with higher oxygen ratios performed higher cycling
stability. It can be concluded that higher SiO2 content and carbon shell can buffer the
volume expansion of SiOx anodes by forming lithium silicates. Thus, cycle life is

improved.

Figure 4.7 : Structural changes with increasing lithium content fromx =0to 4 in
amorphous LixSiOy3 [176].

Like all Si-based anodes, SiOx anodes suffer from volumetric changes, poor electrical

conductivity, and low Coulombic efficiency. Solving these problems could help SiOx
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to be used as a high energy density anode in commercial lithium ion batteries. Dressler
and Dahn [8] used an oxidizing ball milling method for producing SiOx anode active
materials from crystalline silicon powder. While the process is effective for obtaining
SiOx anodes, the high surface area of the powders resulted in irreversible capacity loss
due to SEI layer formation. Introducing porosity to SiOx anode active materials for
alleviating volume expansion is studied by Yu et al. [173]. Micron-sized SiO powders
are heat treated, milled, and etched with NaOH to obtain a porous SiOx structure. Only
heat treated samples exhibit low electrochemical performance due to the increased
amount of SiO», which inhibits lithium diffusion. Ball milling after heat treatment
allows exposing the active silicon surfaces within the silica matrix. Finally, increased
porosity resulted in better rate performance (890 mAh/g at 1 C current load) and
capacity retention by buffering the volume changes and allowing faster lithium
diffusion thanks to electrolyte-filled pores. The synthesis of porous SiOx/C (p-SiOx/C)
anodes with optimum carbon coating was studied by Sun et al. [178]. Anode active
material is obtained via zincothermic reduction of silicon-containing precursors
(mixture of APTES ((3-Aminopropyl) triethoxysilane) and terephthalaldehyde (TA))
followed by carbonization. The authors claim that the carbon layer obtained by
carbonization of organics present in the host material provides a more uniform coating
than physical mixing with carbon sources. The p-SiOx/C anode active materials
exhibited a discharge capacity of 2002 mAh/g at 0.1 A/g current load. The XPS
analysis on the SEI layer formed on cycled p-SiOx/C electrodes reveals that the major
components are Li2O, Li»COs, LiF, and RCOxLi. A 3D porous Al-doped Si/SiOx anode
active material is synthesized by Wang et al. [179] using chemical etching of Al-Si
alloys. An orthogonal experimental design including three parameters (acid
concentration, reaction time, and temperature) is proposed to optimize the chemical
etching process. In 3D particle morphology, primary silicon particles act as cores that
are interconnected by eutectic silicon rods. These rods grow out from the cores, and
the structures account for 82 % of the pore volume. This design alleviates volume

expansions, and the residual aluminium enhances electrical conductivity.

Im et al. [180] developed a sandwich design as P-doped SiOx/Si/SiOx to improve
reversible capacity. The phosphorus doping improves electrical conductivity; the SiOx
layers limit the interface area between the electrolyte and Si layer to provide higher

SEI layer stability. The proposed anode delivered 3534 mAh/g initial discharge
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capacity with 90% initial Coulombic efficiency, indicating a successful strategy. In
another study, Kwon et al. [181] investigated the effect of vanadium and aluminum
doping to improve the electrical conductivity of SiOx/C anode active materials. They
claim vanadium doping provides around two times higher electrical conductivity (up
to 1.4e S/m) and lithium diffusion coefficient than aluminum doping. The superiority
of vanadium doping is explained by having more electrons in outer shells that act as
charge carriers. The homogeneous distribution of vanadium ions and carbon coating
of V-doped SiOx@C anodes resulted in 910 mAh/g specific capacity at 1 A/g current
load. In another study, Ma et al. [182] produced self-standing N-doped SiOx/C films
as anode active materials using electrospinning and carbonization methods with TEOS
and PVP as starting materials. The 3D carbon network structure is believed to provide
good rate capability with 488 mAh/g specific capacity at 0.6 A/g current load after 200
cycles. Also, eliminating the need to use a binder and current collector eases the
adaptation of these anodes in lithium-ion batteries. Xie et al. [183] investigated the C,
N, and P co-doped SiOx anodes and their rate performance. Graphite and citric acid
are carbon sources, while phytic acid and melamine are P and N sources, respectively.
Authors believe carbon provides structural stability at high current rates, while P and
N-doping lower charge transfer resistance, resulting in enhanced rate capability. 20 %
phytic acid addition resulted in the best electrochemical performance as 1089 mAh/g
specific capacity at 0.2 A/g current load. Moreover, 370 mAh/g reversible capacity is
achieved at 5 A/g current load. The above studies prove the beneficial effects of
introducing porosity, doping, and carbon coating on the specific capacity and rate

performance of SiOx anodes.

4.4 Silicon Dioxide (Silica) - SiO2

In early studies, silica is considered inactive to react with lithium due to the strong
covalent bond between silicon and oxygen atoms [184]. Commonly, it is only used for
buffering volume changes. However, Gao et al. [185] later proved the electrochemical
activity of silica in the voltage range of 0 — 1 V vs. Li/Li*. They obtained around 400
mANh/g specific capacity using silica powders with 7 nm particle size. Since then, many
studies have been conducted to enhance the electrochemical performance of silica

anodes.

54



Similar to all silicon-derived anodes, silica goes through a two-step lithiation process.
In the first step, electrochemically active lithium silicates and metallic silicon are
formed along with inactive lithium silicates and lithium oxide. In the second step,
metallic silicon is reacted with lithium to generate LixSi. The lithiation reactions are
given in Equations 4.15-4.19 below [186,187]:

5Si0, + 4Li* + 4e~ & 2Li,Si,0s + Si (4.15)
3Si0, + 4Li* + 4e~ > 2Li,Si0; + Si (4.16)
2Si0, + 4Li* + 4e~ — Li,SiO, + Si (4.17)
SiO, + 4Lit + 4e~ - 2Li,0 + Si (4.18)
Si + xLi* + xe” & Li,Si (4.19)

Lener et al. [188] conducted DFT studies to further investigate the products of silica
lithiation reactions. The calculations show that Li>Si>Os and Li>SiO3z phases are more
likely to be formed at higher voltages at room temperature. They added that lithium

silicate structures are more stable than lithium oxide.

The electrochemical performance of silica is highly affected by particle size. Guo et
al. [189] claimed that larger SiO> particles form LisSiO4, while smaller particles tend
to form Li.O. Liang et al. [190] obtained nano and micron-scale SiO. powders by ball
milling desert sand and tested the effect of milling time (36-108 h) on their
electrochemical performance. According to their results, there is a direct relation
between milling time and initial discharge capacity. However, the best cycling stability
IS seen in the sample milled for 72 hours. The results show that higher milling time
leads to smaller particles, which exhibit better performance. Additionally, inactive
silica present in the anode is inadequate for buffering all volume changes that occur in
cycling, causing capacity loss in later cycles. Many studies report that nano-scale silica
performs better than bulk particles for shortening lithium diffusion path. Han et al.
[191] investigated the ways to improve the performance of micron-scale SiO; by
thermal prelithiation. They claim prelithiated micron-scale silica particles outperform
the nano silica anodes in terms of specific capacity and retention. In another study,
Lepoivre et al. [192] studied various prelithiation methods, namely controlled short-
circuit, plating, and potentiostatic discharge, to increase the reversible capacity of

Si/SiO2 anodes. Authors speculate that the prelithiation process helps to crack the SiO-
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shell and reduce SiO> to metallic silicon, which increases the electroactivity of the
electrode.

Another design strategy to overcome the low electrical conductivity of silica anodes is
producing hollow structures. Yan et al. [193] synthesized silica hollow cubes in nano-
size using a hard template method. They claim the hollow structure helps to alleviate
the volume changes and shorten the diffusion path during charge and discharge
reactions. The hollow structure provided 919 mAh/g reversible capacity. In another
study, Yu et al. [194] obtained hollow SiO spheres using a hydrothermal method using
TEOS (Tetraethyl orthosilicate) as the starting material. Cao et al. [195] combined
hollow silica spheres with a porous carbon matrix to provide fast lithium ion
transportation with increased electrical conductivity. The anode delivered 910 mAh/g

specific capacity at 200 mA/g current load after 150 cycles.

The low electrical conductivity of silica anodes makes it necessary to create composite
structures with more conductive materials. Carbon coating is the facile method among
the others to increase the conductivity of silica anodes. Liu et al. [196] produced
SiO2@C hollow spheres using TEOS (Tetraethyl orthosilicate) and PAA (Poly(acrylic
acid)) precursors. The highest specific capacity is obtained as 649 mAh/g after 150
cycles containing 67 wt.% SiO2, while SiO2 hollow spheres only deliver 90 mAh/g.
Lv et al. [197] produced amorphous SiO>@C anode active materials using the sol-gel
method followed by milling and heat treatment. They claim that the amorphous SiO>
anodes exhibit better electrochemical performance than the SiO. powders with nano-
crystalline domains. The ball milled amorphous SiO./C anodes delivered the best

specific capacity of 600 mAh/g.

To conclude, research indicates that silicon-based anode active materials are a strong
candidate to replace graphite for their high abundance, environmental friendliness, and
electrochemical performance. Although the use of pure silicon anode is limited due to
its irreversible capacity loss caused by high volumetric changes, silicon oxides-based
anode (0<x<2) active materials promise hope. Anode active materials with desired
electrochemical performances could be obtained by tailoring the oxygen content and

morphological properties.
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5. WASTE-DERIVED ANODE ACTIVE MATERIALS

In recent years, increased energy demand and the significant effects of climate change
have led governments to take necessary precautions. For example, the European
Union’s Green Deal aims to make Europe a climate-neutral continent, and the Fit for
55 package seeks to reduce greenhouse gas emissions by 55% until 2030 [198,199].
These policies support the growth of the electric vehicle (EV) market and promote a
cleaner transportation system. In electric vehicles, lithium ion batteries are the key
components. Therefore, the raw materials used in the production of these batteries have
a direct impact on the EV market. Currently, 90% of global graphite mining has been
done in China (Figure 5.1); this makes the rest of the world open to possible supply

chain problems and limitations, enhancing the importance of the circular economy.
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Figure 5.1 : Global battery supply chain according to countries [200].

The circular economy and the limited and geographically localized reserves of battery
raw materials have led researchers to investigate alternative production routes for
active materials using existing waste rather than ores. Motivated by this, many studies
are conducted using both industrial and organic wastes. Table 5.1 presents a brief list

of inorganic wastes used in anode active material synthesis.
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5.1 Organic Wastes

The globally increased production rate leads many industries to recycle their defective
and end-of-life products to increase self-sufficiency. Therefore, the use of industrial
wastes in anode active material synthesis could be interrupted due to industrial
recycling demands for lowering production costs. Organic wastes, on the other hand,
are usually discarded and deposited on large lands to compost piles. Deposition of
these organic wastes in landfills results in the creation of methane gas, pollution, and
an economic burden. Instead, a zero-waste policy could use these wastes to produce

high-value battery active materials.

Another significant advantage of organic wastes is their porous nature, which results
in high surface area and pore volume. Additionally, the high carbon content of organic
materials eases the formation of composite structures with homogeneous elemental
distribution. Due to all these reasons, the production of active materials using organic
wastes has high research value and gained importance in recent years. Table 5.2 shows
various organic wastes incorporated into battery active material synthesis. While many
organic wastes could be used for carbon-based battery materials, their limited capacity
has led researchers to focus on more diverse and rich wastes in terms of elemental
composition. In this context, rice husk is a great candidate for containing around 20
wt.% silica.
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Table 5.1 : Industrial waste-derived anode active materials.

Synthesized anode

1st discharge

Capacity

Authors foeste tUEg e active material capacity retention Ref.
Nas:Iz?lr et Automobile tire Pyrolysis Carbon 545 mAh/g @ 0.1 C 71% [201]
Veldevi et Automobile tire Chemical activation Turbostratic carbon 1420 mAh/g @ 50 81% [202]
al. Pyrolysis mA/g
Shilpa et al. Automobile tire Pyroly§|s . Activated carbon 880 mAN/g @ 50 80% [203]
Surface activation mA/g
Ding et al. Bicycle tire HCl-assisted carbonization Honeycomb-shaped 533 mANh/g @ 100 61% [204]
carbon mA/g
Bao et al. Si wafer slicing Spray d_ry_lng Nano Si with 1007 mAh/g @ 450 98% [205]
sludge Ball milling graphene mA/g
Kasukabe et Si wafer sawdust Beads milling C-coated Si 1200 mAh/g @ 1 A/g 98% [206]
al. nanoflakes
. . Chemical treatments (oxide
Wang et al. S'. wafer_dlamond and organic layer removal, C-coated micron Si 1096 mAh/g @ 100 46.5% [207]
wire cutting waste : ) mA/g
acid leaching)
Sreenaravan Photovoltaic and Wet grinding Spherical Si-C
y semiconductor-grade Surface coating P . 1600 mAh/g @ 0.1 C 75.7 % [208]
an et al. . composite
Si scrap Heat treatment
Si sludge from Si NH4F treatment . 2886 mAh/g 0
Wang et al. wafer cutting Calcination Porous Si @ 1A/ 4% [209]
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Table 5.1 (continued) : Industrial waste-derived anode active materials.

Authors Waste type Process Synt_he5|zed an_ode 1%t discharge capacity Capac_lty Ref.
active material retention
Crystalline Si solar Ball milling . 2427 mAh/g 0
Zhang et al. panel Molten salt treatment Porous Si @ 1A/ 91.5% [210]
Sim et al. Photovoltaic waste Leaching Si 1745 mAh/g@ 1 C 62.3% [211]
Chun et al. Iron slag Magnesiothermic reduction C-coated rgiesoporous 1521 mAh/g @ 1 A/g 97% [212]
Spent carbon anode
Yang et al. of aluminium Alkali fusion method Carbon 991.8mAh/g@ 1C - [213]
reduction cell
Hydrometallurgical
. processes (leaching, (1) Zinc oxide (2) 1183 mAh/g 0
Karahan Electric daur;:tfurnace cementation, distillation, (2) Zinc ferrite (3) 1950 mAh/g gg gg;’ [214]
chemical precipitation) (3) Nanocomposite @ 50 mA/g 0
Calcination
Karahan EAF dust Pyrolysis C-coated EAF dust 1000 rrrLA'\AP\]//g @50 60% [215]
Gulcan et EAF Flue dust Mechanical activation C-coated EAF dust 1470 mAh/g @ 50 50% [216]
al. Pyrolysis mA/g
Caoetal. Al-Si Alloy Selective leaching Spongy Si@C 1909 mAh/g @ 0.05C 84% [217]
Liu et al. Ti blast furnace slag Acid leaching Porous micro Si/Si-Ti 2202 mAh/g @ 500 50.7% [218]

Aluminothermic reduction

alloy

mA/g
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Table 5.1 (continued) : Industrial waste-derived anode active materials.

Synthesized anode

1st discharge

Capacity

Authors praste s fpocess active material capacity retention Ref.
Hou et al. Ve_rrr_ucullte as _ Exfolla_tlon _ Si/C composite 2581 mAh/g @ 100 26% [219]
mining waste Aluminothermic reduction mA/g

Lietal. Glass bottles Magnesiothermic reduction C-coated Si 1420 mAh/g @ 0.5C 97% [220]
Ehi-

Eromosele PET bottles lonothermal synthesis Activated carbon 460 mg%;g@ 100 98% [221]
etal.

Sun et al. PET Solvothermal treatment Micron PET particles 200 mﬁ%}g@ 100 35.2% [222]

Villagébmez LDPE and HDPE Solvothermal treatment Amorphous carbon 230 and 350 mAh/g [223]

-Salas et al. plastic bags Carbonization chips @0.2C
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Table 5.2 : Organic waste-derived anode active materials.

Synthesized anode

15t discharge

Capacity

Authors WabP* procesy active material capacity retention Ref.
Liuetal Rice husk A.‘Cid Ieaghing . Si nanoparticles 2790 mAh/g @ 0.1 C 86% [19]
' Magnesiothermic reduction ‘
Lietal. Rice husk AI_kaI| tréatment Porous carbon 1280 mAh/g @ 0.2 C 39% [13]
Acid precipitation
) Rice husk Carbonization . 2500 mAh/g @ 100 0
Liuetal. Coffee ground Magnesiothermic reduction SI@SIOJC mA/g 56% [20]
Zhao et al. Rice husk Zincothermic reduction Si/C composite 2000 mAh/g @ 1 A/g 63% [21]
Agarkar et Sugarcane bagasse Ch_emlcal activation Porous active carbon 1465 mAh/g @ 100 52% [224]
al. Microwave heating mA/g
Zheng et al. Duckweed Carbonization N-doped porous C 2407 mr’:ﬂ//g @ 100 47% [225]
Sankar et al. Green tea Chemical activation Spher_lcal Mesoporous 781 mAh/g @ 100 69% [226]
activated carbon mA/g
Carbonization Graphitic 706 mAh/g @ 100 0
Sekar et al. Green tea Chemical activation carbon nanoflakes mA/g 56% [227]
Hernandez- . - . .
Rentero et Cherry pit Chemical activation Disordered activated 910 mAh/g @ C/3 3504 [228]
al. Pyrolysis carbon
Yuetal, Corn straw Carbonization Porous carbon 1275 mAh/g @ 0.2 C 42% [229]

Chemical activation

nanospheres
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Table 5.2 (continued) : Organic waste-derived anode active materials.

. o A .
Authors Waste type Process Synt_h esized an'ode 1 dlsch_arge Capac_lty Ref.
active material capacity retention
. Hollow structured 578 mAh/g @ 0
Cheng et al. Cotton Pyrolysis carbon 100mA/g 58.8% [230]
Jagc;rille et Cotton Pyrolysis 2D carbon fiber 450 mAh/g @ 0.5C 88% [231]
Muruganant Mango peel Carbonization Porous hard carbon 801 mAh/g @ 100 78% [232]
ham et al. mA/g
- . Pyrolysis . 2063 mAh/g @ 100 0
Salimi et al. Leather shavings Acid leaching Biochar mA/g 38% [233]
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5.1.1 Rice husk as a valuable organic waste

In 2022-2023, global rice production was estimated to exceed 500 million tonnes, with
approximately 20% of this weight consisting of rice husk. Given these production
figures, finding value in this by-product is crucial. Some potential applications for rice
husk include its use as absorbents, fillers in concrete and cement, insulation materials

in the steel and refractory industries, rubber fillers, and in energy applications [234].

Bazargan et al. [235] characterize the chemical composition of raw rice husks as
approximately 32% cellulose, 18% hemicellulose, 28% lignin, 17% silica, and 5%
moisture. Mussato and Teixeira [236] describe the structure of rice husks as a complex
arrangement where cellulose forms the structural framework, hemicellulose encases it,

and lignin adds further support (Figure 5.2).

OOgO0000000000000R00000000000000000— LisNN
)'#'\n iy = {\ ) = j‘r-‘},ﬂ I
— HEMICELLULOSE

7—» CELLULOSE

Figure 5.2 : Rice husk structure with cellulose, hemicellulose, and lignin [236].

The organic content of rice husk corresponds to 80% of the total weight. Inorganic
materials comprise the remainder of 20 wt.%, mainly silica and other minor impurities
such as potassium, calcium, and iron. Patel et al. [237] reported that while the majority
of silica in rice husk is present as free amorphous silica, some silicon may be bonded
with monosaccharides. Supporting this, Toda et al. [238] reported homogeneous

elemental distribution within the rice husk ash using EDX elemental mapping.

An essential characteristic of rice husk is its naturally porous structure. A study by
Araque et al. [239] examined the microstructural properties of rice husk. As seen in
Figure 5.3, they reported that the outer layer called the epidermis, consists of convex
cells with a symmetrical arrangement. These cells are separated by grooves, with
silicon particles scattered across the surface. In contrast, the inner layer typically
comprises thin-walled cells and small pores. This inner layer provides structural

support and resilience, protecting the seed from strain.
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Figure 5.3 : SEM images of rice husk a) Outer layer b) Inner layer [239].

All the inherited properties and high abundance of rice husk make it an excellent
candidate for energy applications. Upon reviewing the literature, pyrolysis and wet
chemical methods emerged as the most commonly utilized techniques for synthesizing
active materials from rice husk in lithium ion battery applications. The two processes

are discussed in detail below.

5.1.1.1 The wet chemical method

The wet chemical method is a commercially available process for producing silica
particles. Here, sodium silicate solution is used as a starting material, and the
neutralization of the sodium silicate solution with acid addition is used to produce
silica particles. This process can easily be adapted to use rice husk as a starting
material. It involves calcination of rice husk to obtain ash, leaching this ash in NaOH
solution to obtain sodium silicate solution, and precipitating silica by adding sulphuric
acid until neutral pH. The chemical reactions regarding dissolution and precipitation
are given in Equations 5.1 - 5.3 [6,240,241].

SiO2 (rice husk ash) + 2NaOH = NaxSiOs + H20 (5.1)
NazSiO3 + H2SO04 + H20 = Si(OH)4 + NazSO4 (5.2)
Si(OH)4 = SiO2 + H20 (5.3

In the first step, rice husk dissolves in sodium hydroxide solution to form sodium
silicate solution, also known as water glass. Sodium silicate is a complex solution with
components (water, negatively charged silicate species, and sodium ions) under a

dynamic equilibrium [240]. The critical characteristics of sodium silicate solutions are
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SiO2 concentration and SiO2/Na20 ratio. The colored area marked in Figure 5.4 shows
the stable sodium silicate region within the suitable solubility and viscosity limits of
the ternary Na>O-SiO.-H.O phase diagram. The commercial sodium silicate solutions
also fall within this marked area, with a SiO2/Na,O molar ratio (Rm) of 1.6 - 3.75.
Moreover, the optimum ratio for colloidal and finely divided silica particles is
considered to be 3.25 [241]. While sodium silicate glasses, quartz sand, and vitreous
silica could be used to obtain sodium silicate solution, in recent years, the
incorporation of by-products such as rice husks or waste glasses has been studied to
decrease the process's carbon footprint. The sodium silicate solutions derived from rice
husk ash demonstrated similar properties to commercial alternatives [242,243].
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Figure 5.4 : Ternary Na;O-SiO2-H20 phase diagram [240].

Like amorphous solids, silicate structures in aqueous solutions also have (SiOs)*
tetrahedral units. They bond at their corners by sharing one oxygen atom, known as
bridging oxygen (BO), which forms various networks, including chains, rings, and
three-dimensional structures. Sodium ions, on the other hand, break Si-O-Si bonds and
create non-bridging oxygens (NBO). Research using NMR and Raman spectroscopies
has demonstrated that the silicate groups in sodium silicate solutions possess
significantly different chemical structures. Knight et al. [244] conducted the most
extensive research on this topic. They identified 48 different structures, which are

believed to correspond to 85% of the silicon species in the silicate solutions. Here,
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researchers used “Q-units” or “Q"™ to define silicate species, where Q represents a
silicon atom coordinated by four bonds, while n represents the number of silicon atoms
connected through an oxygen atom. Q° represents a monomeric silicate tetrahedron in
this context, while Q* indicates a silicon atom bonded to four other silicon atoms.
Silicate structures with bridging and non-bridging oxygens and Q units are presented
in Figure 5.5.
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Figure 5.5 : Silicate structures a) Bridging (BO) and non-bridging oxygens (NBO)
b) Q units [240].

The complex distribution of Q units in silicate solutions is believed to be affected by
two reactions: the acid-base equilibria (Equation 5.4) and the polymerization-

depolymerization equilibria (Equations 5.5 and 5.6) as below [245]:
The Acid-Base Equilibria
= Si-OH + H20« = Si-O- + H30+ (5.4)
The Polymerization-Depolymerization Equilibria
= Si—-OH + OH-Si+ = Si-0-Si =+ H20 (5.5)
or
= Si—OH + = Si-0O- & = Si-0-Si =+ OH- (5.6)

The polymerization reactions mainly involve the condensation of silanol groups and
the dominance of the above reactions. Therefore, the connectivity of silicon atoms
depends on many parameters: solution concentration, silica-to-sodium oxide ratio
(SiO2/Na20), pH, and temperature could be given to name a few [246]. Based on the

literature findings, the effects of the parameters on Q units are discussed below.
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The composition of the solution, specifically the SiO2/NaO ratio in silicate solutions,
Is a crucial parameter that influences the distribution of Q units. A detailed
examination revealed that the complexity and quantity of silica species increase with
higher silica concentrations. When the ratio (Rw) is above 1.5, Q3 species become more
dominant. Additionally, for Rm values greater than 3.5, cross-linked Q* species, which
have Q3 surface units, are more prevalent. This is because monosilicic acid is only
stable in an aqueous solution if its concentration is below 100 ppm. At higher silicic

acid concentrations, higher molecules, such as oligomers, are formed [246].

The pH level is a crucial factor influencing the quantity of Q units in sodium silicate
solutions. When the pH decreases, Q3 and Q* units are encouraged to be formed instead
of Q' and Q2. In simpler terms, as the pH drops, oligomers with higher order and larger
particle sizes are generated. Additionally, the gelation process begins as the pH
continues to decrease (around pH=10). Contrarily, increasing the pH causes the
breaking of Si-O-Si bonds by OH" ions, thus leading to the depolymerization of silicate

species into smaller, more reactive, and more ionic forms [240].

Research also indicates that higher temperatures, while less significant than other
factors, promote depolymerization reactions, producing monomers rather than larger
particles. The effect of the parameters on the Q" distribution is briefly shown in Figure
5.6.
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Figure 5.6 : Q" distribution according to temperature, pH, Rwm, and solution
concentration [240].

Q* the most compact Q unit in silicate solutions, is only found in high-concentration

solutions where the Rm value exceeds 2. In these solutions, colloidal silica is the major
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component, with particle sizes ranging from 1 to 1000 nm. The core of the colloidal
silica particles consists of Q* units, while Q® groups are present on the surface. At high
solution concentrations or Rwm values, silicate particles tend to aggregate into fractal
structures, forming a gel. While the existence of colloidal silica in high concentration
solutions is acknowledged, the precise critical concentration necessary for forming
these particles remains unknown. A schematic representation of different silicate
species in sodium silicate solution is given in Figure 5.7. The gray-colored sphere

symbolizes a colloidal silica particle.

Na*'@
Si @
3 OH
° o
°.9 '@
o0 o
° °
° ° ®-e
® @
° o
° °
o
°.
o % o
® °
°
e "0
° @® <

Figure 5.7 : Representation of silicate species in sodium silicate solution [240].

ller [241] proposed a theory suggesting that silica polymerization occurs due to
electrostatic forces between silicic acid monomers. According to him, polymerization

occurs in three stages:

1. The polymerization of Si(OH)s monomers into oligomers, followed by the

formation of particles,
2. The growth of these particles,

3. The aggregation of particles into branched chains and networks, which
ultimately create a gel structure that extends throughout the liquid medium.

In the first stage, 3D particles form in the solution. These particles later grow due to
reactions between reactive SiOH surface groups, driven by the Ostwald ripening
effect. When cations are present—such as in a neutralized sodium silicate solution

mixed with acid, particularly at lower pH values—the charge repulsion between the
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negatively charged silicate particles decreases. This reduction allows the particles to
aggregate and form a gel structure, as illustrated in Figure 5.8. The growth of silica
aggregates is expected to be anisotropic due to the random distribution of the surface

reactive groups [247].
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Figure 5.8 : Growth mechanism of silica particles [240].

Schlomach and Kind [248] investigated the aggregation in semi-batch acid
precipitation of silica and how the various parameters affect particle size. Their
experimental results showed that primary particles quickly aggregate at the beginning
of the precipitation process. Over time, contrary to what is expected, smaller secondary
particles are not seen in the particle size analysis. This phenomenon can be explained
by aggregated particles, which have a large surface area and directly absorb the newly
formed primary particles, preventing the formation of secondary particles. In another
study, Gorrepati et al. [249] investigated the effect of acid molarity, pH, and salt
addition on silica precipitation. Particle formation was observed to accelerate
exponentially as acid molarity increased. Furthermore, all salt additives were found to
enhance the formation and growth of particles. Notably, AlICIs; was the additive with
the most significant effect due to increased ionic strength. A study conducted by
Baldyga et al. [250] investigated the pH-dependent aggregation problem during the
precipitation of amorphous silica. The results showed that at low pH values, such as
3.5, particles tend to form aggregates over extended periods compared to higher pH
values, such as 9.3 and 10.5. Consistent with previous research, Baldyga et al. also
found that adding NaCl increases the mean particle diameter at all temperatures. This
occurs due to the higher concentration of Na* cations, which enhances the electrostatic

attraction between the particles.

Hessein et al. [251] utilized rice husk ash to prepare a sodium silicate solution for silica
precipitation in their study. They employed sulfuric acid to adjust the pH to 7 during
precipitation. Additionally, they added sodium dodecyl sulfate (SDS), an anionic
surfactant, to control the size of the precipitated silica particles. The optimal
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concentration of SDS was 200 ppm, along with 30% NazSiOz and 4% H2SO4, resulting
in spherical particles with an average size of 18 nm.

Likewise, Al-Abboodi et al. [252] used rice shell ash to generate a sodium silicate
solution, which was subsequently utilized to produce silica nanoparticles. Their
findings indicated that increasing the concentration of NaOH solution from 1M to 2M
led to a slight increase in the mean particle size of SiO2, from 13 nm to 16 nm.

In addition to the parameters mentioned above, some researchers have explored using
different alcohols as co-solvents to improve the sphericity of silica particles.
Dominguez et al. [253] investigated the effects of short-chain polar co-solvents
(ethanol, methanol, propanol, and acetone) on silica particle morphology. They found
that adding ethanol and propanol leads to the formation of spherical particles due to
their lower surface tension and the negative variation in surface free energy. This
allows the particles to grow freely in an isotropic environment, resulting in a spherical
shape. In contrast, adding methanol and acetone does not decrease surface free energy
as effectively as ethanol or propanol. This is because methanol and acetone have a
higher tendency to form hydrogen bonds and exhibit strong polar characteristics. As a
result, silica particles grow under non-isotropic conditions, leading to non-spherical
morphologies, such as elliptical or cylindrical shapes. Unlike earlier studies, Godoi et
al. [254] and Jung et al. [255] used alcohol as a precipitating agent in sodium silicate
solutions. They suggested that the chain lengths of alcohol influence particle
morphologies. Similarly, Harris et al. [256] concluded that the type of alcohol solvent
has a greater effect on particle size than the dispersion of particle sizes.

Wen et al. [257] conducted a systematic study on this topic, investigating the effects
of sodium silicate concentration, surfactants, and ethanol addition on silica particle
yield and morphology. Their results indicated that higher sodium silicate molarity
leads to the formation of larger particles with more irregular shapes. Lower
concentrations produce less silicic acid, making the growth process more dominant
than nucleation. They found that a mixture of anionic and non-ionic surfactants
provides optimal stability with minimal aggregation. Lastly, they noted that adding
ethanol helps prevent agglomeration by forming hydrogen bonds, inhibiting the
creation of Si-O-Si structures.
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In summary, silica production from sodium silicate solutions is a complex process
influenced by several factors. One of the most critical elements is the SiO2/NaO ratio,
which significantly impacts the final product by controlling polymerization reactions
and regulating the growth of silica particles. Thus, optimizing this ratio is essential for

managing the size and development of the silica particles.

Additionally, process yield and the sphericity of the resulting particles can be
improved through calcination and the addition of alcohol. Finally, using more
sustainable sources, such as rice husk ash, to produce sodium silicate solutions can

help reduce the carbon footprint of this process.

5.1.1.2 Pyrolysis

Pyrolysis is a thermal decomposition process that occurs in the absence of oxygen.
When biomass is converted through pyrolysis, it produces biochar with a high surface
area, various functional groups, and excellent adsorption qualities [258]. These
characteristics make biochar suitable for various applications, including waste
management, energy production, soil enhancement, and pollutant removal. Most
research has focused on utilizing biochar's strong surface sorption and ion exchange
capabilities to remove contaminants. However, biochar also has significant potential
as a green battery active material due to its high carbon content and abundance.

Although the temperature-related transformation mechanism of biomass-derived
biochar has yet to be clearly discovered, different researchers have presented theories.
Among these, the dynamic molecular structure proposed by Keiluweit et al. [259] is
one of the most widely accepted theories for applying to all plant-derived biochars. In
this study, Keiluweit et al. examined the mechanism of biochar formation using wood
and grass based on temperature. They classified the reactions involved in biochar
formation into four distinct stages (Figure 5.9). According to the model, only
dehydration reactions occur at lower temperatures, and the material's main structure
remains unchanged. In the next stage, the material experiences depolymerization
reactions, leading to the production of volatile compounds. The resulting material,
transition chars, has an amorphous center structure within a crystalline matrix. As the
temperature increases, intermediate compounds with polyaromatic units are formed,
enriching the stable aromatic lignin residues. Also, the loss of less heat-resistant

compounds in the biochar results in a decreased char yield. Additionally, the
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depolymerization of cellulose is almost completed, and the resulting structure is a
highly amorphous carbon phase. In the third stage, X-ray diffraction (XRD) patterns
reveal the formation of graphene sheets within turbostratic carbon crystallites. The
main structure remains amorphous, but the lateral growth of graphene-like sheets leads
to a sharp increase in pore sizes. The graphitic crystallites are denser at this stage than
the original amorphous carbon matrix. Consequently, the transformation of amorphous
carbon into graphitic crystallites results in nanopores smaller than 2 nm. The final stage
is called turbostratic chars, which consist of turbostratic crystallites containing
nanopores. A long-range order of these turbostratic crystallites forms at higher
temperatures, indicating an increase in crystalline structure. Bourke et al. [260]
investigated the differences between biochar and graphite, concluding that the primary
distinctions include higher heteroatom content, enhanced electrical conductivity, and

increased surface area.

unaltered plant transiton =~ amorphous composite
material char char char

A 1.0 |
amorphous !
c lignin
8 pyrogenic
a ] amorphous carbon
B : |
a crystalline i
© cellulose ! turbostratic
2 i crystallites
< | Ty
o
)
=
E amorphous
& hemicellulose pore space
0 >
B 100
Bash
N \ O volatile matter
E char yield \ B non-volatile matter (fixed C)
0 B T U
T T~
100°C ——— Charring Intensity ———> 700°C

Figure 5.9 : Dynamic molecular structure of biomass-derived biochar formation
stages and characteristics [259].

Like many biomass, rice husk consists of three main biopolymers as building blocks:
cellulose, hemicellulose, and lignin. The weight percentage of these biopolymers and
other components in rice husk is approximately 25-30 wt.% cellulose, 18-21 wt.%
hemicellulose, 25-30 wt.% lignin, 15-20 wt.% silica, and 10-15 wt.% moisture



[261,262]. The molecular structure of cellulose, hemicellulose, and lignin is presented
in Figure 5.10.
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Figure 5.10 : Molecular structures a) Cellulose b) Hemicellulose c) Lignin [92].

During pyrolysis of rice husk, silica remains in the structure while the organic
components break down, producing various gaseous by-products. Collard and Blin
[263] studied the thermal conversion of cellulose, hemicellulose, and lignin, which are
the basic building blocks of organic structures. They classified the reactions occurring
during pyrolysis into primary and secondary reactions. During primary reactions,
chemical bonds in the polymers break, releasing volatile chemicals while the residue
matrix undergoes rearrangement. As seen in Figure 5.11, the three main pathways in
primary reactions can be characterized as char formation, depolymerization, and
fragmentation. Here, char formation occurs by intermolecular rearrangements of
biopolymers, resulting in a higher stability residue. In this pathway, benzene rings are
formed, leading to polycyclic structures with the release of water or incondensable gas.
The second pathway is depolymerization. In this step, bonds between the monomer
units are broken, which reduces the degree of polymerization of the chains, ultimately
producing volatile molecules. Finally, fragmentation involves linking numerous
covalent bonds within the polymer, including those in the monomer units. This process
results in the formation of non-condensable gases and a variety of small organic

compounds that can condense at room temperature.
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When the volatile compounds formed due to the primary reactions are unstable under
the reactor's temperature conditions, they can undergo secondary reactions, such as
cracking or recombination. Cracking reactions involve breaking chemical bonds
within the volatile compounds, forming lower molecular weight (MW) molecules.
Recombination or recondensation reactions, on the other hand, combine volatile
compounds to form a higher molecular weight (MW) molecule, which may become
non-volatile under the reactor's temperature conditions. During these reactions,
maintaining pyrolysis temperatures below 500 °C and slow heating rates promotes
char formation, while temperatures above 600 °C and higher heating rates enhance the
production of CHs4, CO, and H. gases [264,265].

A closer examination of how the heating rate affects the pyrolysis process made it clear
that only low-energy chemical bonds can be broken at slower heating rates. As a result,
the rearrangement reactions lead to the formation of a more stable biochar structure.
At high heating rates, various types of chemical bonds break simultaneously, releasing
volatile gases before any rearrangement reactions can occur. Additionally, smaller

particle sizes enhance the efficiency of volatile gas formation.
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Figure 5.11 : Primary reactions of biomass pyrolysis [263].

Similarly, pyrolysis mechanisms of cellulose, hemicellulose, and lignin are studied by
Chen et al. [92], and the generated volatiles are investigated via FTIR analysis.
According to their study, the volatile gases, mainly CO, CHa, and H», produced during

pyrolysis were derived from the decomposition of hemicellulose, cellulose, and lignin,
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in that order, reflecting their thermal stability. Additionally, when examining the
biochars created through the pyrolysis at different temperatures, it was observed that
most surface functional groups disappeared at temperatures above 600 °C for all
samples. Additionally, similar FTIR spectra were obtained above this temperature.
Furthermore, XRD patterns indicated that graphitization began in the biochars

pyrolyzed above 500 °C for all materials.

Chen et al. [92] proposed possible decomposition mechanisms for cellulose,
hemicellulose, and lignin by considering the thermal decompositions and generated
products. They claimed that cellulose primarily degrades at low temperatures (below
300 °C) by breaking hydrogen bonds between the molecules and dehydrating hydroxyl
groups. As the temperature rises, some pyran rings decompose, and oligosaccharides,
acids, ketones, COz, CO, and other products are formed. Above 500 °C, intense
deoxygenation reactions result in removing oxygen-containing functional groups,
increasing CO gas production. Simultaneously, the continued dehydration of
oligomers leads to the rapid formation of a benzene ring structure. These reactions
result in biochar formation with a highly disordered cross-linked structure. Between
600 and 800 °C, the aromatic ring structure of biochar transforms into a

macromolecular carbon structure, increasing its graphitization.

During the thermal decomposition of hemicellulose at low temperatures (below 250
°C), unstable carbohydrate chains are removed, and reactions such as dehydroxylation
and decarboxylation occur. These processes lead to the formation of carbon dioxide
(CO2) gas. As the temperature increases above 400 °C, aromatic cyclization reactions
form a ring structure. When the temperature surpasses 600 °C, condensation reactions

produce a fused ring structure, which releases hydrogen (H2) and methane (CH4) gases.

The decomposition of lignin primarily occurs through free radical reactions. At
temperatures between 200 and 300 °C, the cleavage of side chain bonds in lignin takes
place, forming carbon monoxide (CO) and carbon dioxide (CO2) gases. As the
temperature increases, aromatic hydrocarbons and methane (CH4) gas are produced.
At temperatures above 500 °C, the aromatic ring structures open, leading to
condensation reactions and the release of hydrogen H., CO, and CO: gases.
Subsequently, more fused ring structures are formed at temperatures between 600 and
800 °C.
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The study by Claoston et al. [266] investigates the effect of pyrolysis temperature on
the physicochemical properties of rice husk. They conducted pyrolysis at three
different temperatures: 350, 500, and 600°C. The results indicated that as the
temperature increased, the porosity, ash content, and electrical conductivity of the rice
husk biochar also increased. This increase in porosity is attributed to the volatilization
of organic compounds, which creates new pores, and the breakdown of micropores,
resulting in larger and more open pore structures. Conversely, carbon, hydrogen, and
nitrogen content decreased in samples that were pyrolyzed at higher temperatures. The
authors noted that the reduction in carbon content is due to diminishing carbonization
reactions at elevated temperatures. Hidayat et al. [267] reported similar results,
observing a decreasing trend in carbon content with increased temperature. According
to the XRF analysis results, they also showed that silica is the main inorganic content

of rice husk-derived biochar.

The morphological changes observed during pyrolysis processes at higher
temperatures (700-900°C) were studied by Gao et al. [268]. Scanning electron
microscopy (SEM) images reveal significant structural collapse due to melting when
pyrolysis is conducted at 900°C, forming closed pores. The authors noted that the
volatiles produced during pyrolysis can escape freely from the naturally porous raw
material at lower temperatures. However, at temperatures exceeding 900°C, more
volatiles become trapped within the structure, causing substantial collapse and
decreased surface area and porosity. Gao et al. also explored the impact of temperature
on graphitization. The higher intensity ratio (Ip/lc) from Raman spectra indicates that
increased pyrolysis temperatures enhance graphitization. Morin et al. [269] obtained
similar results in their study of beech bark pellets and beech stick chars. They
attributed the Ip/lg ratio increase to a rise in the concentration of aromatic rings,
particularly those with at least six fused benzene rings, which arise from
dehydrogenation reactions. They concluded that higher pyrolysis temperatures lead to

a greater number of aromatic rings within each ordered cluster.

Phuong et al. [270] investigated the effects of pyrolysis temperature and heating rate
on biochar yield and its properties. They selected three different pyrolysis temperatures
(350, 450, and 550 °C) and two heating rates (10 and 50 °C/min) for their study. The
results indicated that increasing the pyrolysis temperature led to a higher carbon

content, while higher heating rates increased the surface area for rice husk biochars.
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The increase in volatile production at higher heating rates may explain these findings.
The study by Collard et al. [263] provides a theoretical background for this
phenomenon. Higher temperatures and heating rates lead to larger amounts of volatile
compounds, such as CH4, CO, and Hz, due to cellulose, hemicellulose, and lignin
decomposition, the main components of rice husk and other biomass. A common
characteristic of these generated gases is their reducing nature. These reducing gases
are naturally produced during the pyrolysis of rice husk and can partially reduce the
silica present in the biochar, resulting in SiOx. SiOx has a higher theoretical capacity
and reactivity than silica, making it a promising candidate for use as an anode active

material in lithium ion batteries.

Researchers have employed induction heating during pyrolysis to achieve higher
heating rates. Tsai et al. [271] utilized a laboratory-scale fast pyrolysis system with
induction heating to examine biochar and bio-oil derived from rice husk. Their
investigation focused on the effects of heating rate, pyrolysis temperature, holding
time, and particle size on the char yield and chemical composition. While induction
heating has been used in previous pyrolysis studies, similar to Tsai et al.’s, these
studies typically concentrate on the yield of biochar or bio-oil. To the best of our
knowledge, pyrolysis of rice husk via induction heating and using this biochar as an
anode active material in lithium ion batteries has not been studied yet. The fast heating
rates achieved through induction heating will facilitate the generation of higher
amounts of reducing gases during pyrolysis, which can be utilized to partially reduce
silica to SiOx. The end product will be a natural nanocomposite composed of carbon
and SiOx. This method could be used to produce high value-added anode active

materials using organic wastes quickly and without harmful chemicals.

A detailed examination of research on rice husk-derived biochars and precipitated

silica particles as anode active materials is presented in the literature review.
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6. EXPERIMENTAL STUDIES

In this thesis, rice husk-derived anode active materials are synthesized, and the
experimental studies are conducted in two different sets. In the first set of experiments,
submicron SiO. particles are synthesized using rice husk via leaching and
precipitation. The effect of calcination on precipitation efficiency, the solid-to-liquid
ratio on precipitated particle size, and the ethanol addition on particle morphology are
investigated. The samples are characterized and tested for their electrochemical
performance. In the second set of experiments, a biochar composite consisting of SiOx
and C is produced via fast pyrolysis of rice husk. Fast heating is embraced to promote
the generation of reducing gases. The effect of pyrolysis temperature and atmosphere
on the carbon content of biochar and the valence state of silicon is investigated. The
optimized sample is ball milled to reduce particle size. Finally, the electrochemical

performances of biochar active materials are investigated.

6.1 Characterization of Pristine Rice Husk

The rice husk used in experiments is purchased from a local mill in Corum, Tiirkiye.
Rice husk is ball milled at 800 rpm for 15 minutes in a stainless steel jar with stainless
steel balls, taking the ball: powder ratio of 10:1. This powder is used in all experiments
without further purification. In Figure 6.1, images of pristine rice husk and rice husk
powder are given. In Figure 6.2, SEM images of pristine rice husk and elemental
mapping results show that rice husk is composed of uniformly distributed C, O, and
Sii.

Figure 6.1 : Images of pristine rice husk rice husk powder obtained after ball
milling.
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Figure 6.2 : SEM image of pristine rice husk a) inner shell b) outer shell ¢c) EDS
mapping of outer shell.

In Figure 6.3, SEM images of rice husk powder and EDS analysis results taken from
analysis spots are given in Table 6.1. The average of the elemental results of three
analysis points shows that the rice husk powder contains an average of 58% carbon,
32% oxygen, and 9% silicon.

»

Figure 6.3 : SEM image of ball-milled rice husk powder.
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Table 6.1 : EDS analysis results of rice husk powder.

Elements  Analysis 1 (wt.%)  Analysis 2 (wt.%) Analysis 3 (wt.%0)

C 45.9 50.3 78.9
@) 40.7 39.9 171
Si 13.3 9.8 4.1

The thermal characterization of pristine rice husk powder is made by
thermogravimetric analysis (TGA) between 25-900 °C in the air atmosphere with a 5
°C/min heating rate by using PerkinElmer TGA 4000, and the result is given in Figure
6.4. A weight loss of approximately 10% until 200 °C is ascribed to the removal of
physically bonded water. A significant loss of 54% until 450 °C is observed and related
to the decomposition of hemicellulose and cellulose. Later, at higher temperatures, a
progressive weight loss until 900 °C is detected and attributed to the decomposition of
lignin in the structure. TGA result shows that most organic components could be

removed by heat treating rice husk at 600 °C.
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Figure 6.4 : TGA result of pristine rice husk powder.
To investigate the inorganic content, the rice husk powder is heat treated at 600 °C,
and the elemental composition of the ash is determined by X-ray fluorescence (XRF)

analysis (Bruker S8 Tiger) and presented in Table 6.2. The rice husk ash is mainly
Si0O2 (87 wt.%) with minor amounts of impurities such as K20, CaO, Fe203, and MgO.
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Table 6.2 : Chemical analysis of rice husk ash.

Oxides SiO2 KO CaO CI SO3; P05 MnO Fe:03 MgO NiO Rest

wt% 8790 559 164 129 101 069 0.67 0.65 028 019 0.09

6.2 Submicron SiO2 Anode Active Material Synthesis

In the first set of experiments, pristine rice husk powder and rice husk ash are used for
the leaching process. To prepare the ash, rice husk powder is calcined at 600 °C for 3
hours to remove organic compounds. The resulting white powder, known as rice husk
ash (RHA), is then added to a 2M NaOH solution. This mixture is subjected to
continuous stirring at 80 °C for 3 hours to facilitate the leaching process. Afterward,

the sodium silicate solution is obtained through filtration.

Next, 2.5M H>SO; is added to the sodium silicate solution until the pH reaches 7,
causing the formation of white precipitates. These precipitated particles are collected
using centrifugation and washed with ethanol and deionized (DI) water at least three

times. Finally, the precipitate is again calcined at 600 °C for 3 hours.

To see the effect of calcination on precipitation efficiency, the solid/liquid ratio on
precipitated particle size, and ethanol addition on particle morphology, six samples in
four sets are synthesized (see Table 6.3). The process flow chart and images of process

products are given in Figures 6.5 and 6.6, respectively.

Table 6.3 : Experimental design of submicron SiO; particle synthesis.

Sample Code Calcination Solid/liquid ratio  Ethanol/water ratio
PS-1 - -
1/10
PS-2 -
PS-3 600 °C — 3 hours -
1/20
PS-4 12 11 21
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Figure 6.5 : The process flow chart of submicron SiO- particle synthesis.

Figure 6.6 : Images of a) Pregnant leach solution b) Filtered sodium silicate solution
c) Precipitated gel d) Dried precipitate.

6.3 Production of Nanocomposite Biochar Anode Active Materials Containing

SiOx and C via Fast Pyrolysis

In the second set, rice husk powder is pyrolyzed in an induction furnace via fast heating
(>50 °C/min) under a controlled atmosphere to obtain biochar. Fast heating is
embraced to promote the generation of reducing gases during pyrolysis. The duration
is set to 90 minutes. For process optimization, rice husk powder is pyrolyzed at various
temperatures (700-750-800 °C) under argon (Ar) or varigon (95% Ar + 5% Hy)
atmospheres. The sample with the highest carbon content was later ball-milled to
obtain a smaller particle size with a more homogeneous elemental distribution. The
experimental parameters are given in Table 6.4. The process flow chart of biochar
production and sample images taken after pyrolysis is shown in Figures 6.7 and 6.8,
respectively.
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Table 6.4 : Pyrolysis conditions of nanocomposite biochars.

Sample Code Tem[ierature Du_ration Atmosphere Milling a]_‘ter
(°C) (minutes) Pyrolysis
800-Ar 800
750-Ar 750 Argon
700-Ar 90 )
700-Ar-H 700 Varigon
700-Ar-M Argon 800 r:pm -12
ours
e S G — S G
Ly s e L, eirctenic npedaes

. Spectroscopy

Figure 6.7 : The process flow chart of nanocomposite biochar production.

Figure 6.8 : Synthesized biochars a)700-Ar b)700-Ar-H c)750-Ar d)800-Ar.

6.4 Characterizations

6.4.1 Structural, chemical and morphological characterizations of powders

The structural characterizations of synthesized active materials are conducted via
Fourier transform infrared spectroscopy — attenuated total reflectance (ATR-FTIR,
Perkin Elmer UATR Two), X-Ray diffraction (Bruker D2 Phaser, using Cu-Ka in

26=10-90°), and Raman spectroscopy (Renishaw inVia, 532 nm laser wavelength).
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The amount of carbon present in the active materials is determined by carbon/sulphur
analyzer (Eltra). The binding energies of Si, C, and O are determined by XPS
spectrometer (Thermo Scientific K-Alpha).

Particle morphologies are investigated by scanning electron microscopy (SEM, Zeiss
Gemini 500). The electrode morphologies of fresh and cycled cells are investigated by
ex-situ SEM images. After 200 cycles, cells are disassembled in a glove box, and
electrodes are washed with Dimethyl carbonate (DMC) solution several times. The
same images are taken from fresh electrodes for comparison. Particle sizes are
measured by dispersing samples in deionized water using Malvern Panalytical Zeta
Ultra. Diffraction patterns and bright/dark field images are collected using high-

resolution transmission electron microscopy (HR-TEM, Jeol Jem 2100).

6.4.2 Electrochemical characterizations

A slurry is prepared for electrochemical characterizations by dispersing active
materials synthesized, poly(vinylidene fluoride), and carbon black in N-Methyl-
Pyrrolidone (NMP) with a 60:25:15 ratio. The slurry is coated on copper foil with a
wet thickness of 50 um. The coated electrodes are dried in a vacuum oven at 70 °C for
4 hours, followed by 120 °C overnight. Dry electrodes are rolled to 30 um thickness
and punched in 12 mm diameter (Figure 6.9). To investigate the effect of slurry
composition on electrochemical performance, two slurry compositions, 60:25:15 and

80:10:10, were prepared for the sample optimized.

-

. u:.ll' '-W w”’“

Figure 6.9 : Dry electrodes.

Coin cells (CR2032) are assembled in an argon-filled glove box (MBraun Labmaster)

using metallic lithium as the counter electrode, Celgard 2400 as the separator, and
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EC:DMC (v:v 50/50) solution containing 1M LiPFe as the electrolyte, as shown in
Figure 6.10. Additionally, 10 v.% FEC is used as electrolyte addition in the sample

optimized.

Figure 6.10 : Half cell assembly in glove box.

Prior to galvanostatic tests, the half cells are cycled between 2mV-2V vs. Li/Li* with
a current density of 10 mA/g with 48 h holding at the cut-off voltages for 5 cycles to
promote the growth of a stable SEI layer. Following the conditioning step, current
density is increased to 50 mA/g, and cells are cycled between the same voltage window
for 200 cycles. Some half cells are cycled in the same voltage window with a current
density of 50 mAh/g without holding at cut-off voltages to investigate the effect of

formation on the cell performances.

The reaction mechanism is investigated by cyclic voltammetry analysis between 2 mV
- 3V with a scan rate of 0.1 mV/s. The energy storage mechanism is examined in detail
by cyclic voltammetry analysis at varying scan rates. The contribution of capacitive

and diffusion behaviors in lithium storage is investigated by Equation 6.1 given below:
i(v) = kv + kyvt/? (6.1)
i(v)/ v/? = ki v'/? + k, (6.2)

In the above equations, v is the scan rate, i is the maximum current measured at a
selected voltage value, and ki and ko are diffusion and capacitive constants,
respectively. The kiv reveals the portion of the surface-controlled pseudocapacitive
process, while kav*2 corresponds to the diffusion-controlled intercalation processes.

The kg value is determined from the slope of the Equation 6.2.

Impedance values are measured after 1% and 3" discharge steps by electrochemical
impedance spectroscopy using Gamry Interface 1000 Potentiostat between 102 — 10°
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Hz with 5 mV perturbation potential. For discharging before EIS measurements, the
cells are discharged to 2 mV at 50 mA/g current load and held at this voltage for 2
hours to ensure stabilization. The Gamry Echem Analyst software is used to model the
EIS data.
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7. RESULTS AND DISCUSSION

7.1 Submicron SiO2 Anode Active Materials

This section studies the relations between the calcination and precipitation efficiency,
solid-to-liquid ratio and particle size, ethanol addition and particle morphology. The
process is optimized to achieve the minimum particle size to decrease the lithium

diffusion path and improve electrochemical performance.

7.1.1 Structural characterizations

The structure of the synthesized particles is characterized by FTIR spectroscopy. As
seen in Figure 7.1, all samples exhibit similar spectra. Three characteristic bands for
silica are present in each sample, located around 450, 800, and 1060 cm™, confirming
the SiO; structure. These bands correspond to the bending of Si-O bonds, as well as
the symmetric and asymmetric stretching vibrations of Si-O-Si bonds, respectively
[272]. When ethanol is added to the sodium silicate solution to synthesize PS-4
samples, a slight red shift in the Si-O band around 450 cm™ is observed. This shift to
lower wavenumbers may be attributed to the reduced stability of Si-O bonds caused
by decreased solution polarity. Moreover, the absence of additional organic or
inorganic bands confirms the high purity of the synthesized silica particles. According
to Sankar et al. [273], most unwanted inorganic phases are eliminated during the post-

precipitation heat treatment step, resulting in highly pure silica powder.

The X-ray diffraction (XRD) patterns of the synthesized submicron SiO; particles are
presented in Figure 7.2. All samples exhibit an amorphous structure, as indicated by
the amorphous halo observed around 23°. Despite washing all samples three times
with deionized (DI) water and ethanol after precipitation, a small peak around 34° was
detected in some samples. This peak is attributed to the untransformed sodium silicate
phase (ICDS card no: 01-1007). Kim et al. [274] noted that residual sodium silicate

can be removed by washing the samples with diluted acetic acid.
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Figure 7.1 : FTIR spectra of submicron SiO2 anode active materials.
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Figure 7.2 : XRD patterns of SiO> anode active materials.

7.1.2 Morphological characterizations

90

Figure 7.3 displays the measured particle sizes for various samples. During the
production of the PS-1 and PS-2 samples, rice husk powder and its ash were utilized
in the leaching stage, respectively. Although both samples exhibited large sizes, the
size distribution in the PS-2 sample was more narrow. Additionally, rice husk powder
contains only 20% silica by weight, which results in a lower yield during precipitation.
Considering these factors, it was determined that using rice husk ash in the leaching
process is more advantageous. Notably, PS-3 exhibited the smallest particle size and

the narrowest size distribution among all the samples. The results suggest that using



rice husk ash for leaching at a solid-to-liquid ratio of 1:20 produces the smallest
particle size. A lower solid-to-liquid ratio corresponds to a decreased SiO2/Na.O ratio.
This outcome is expected, as the SiO2/NazO ratio is a key factor influencing the
complexity of silica units (Q") in sodium silicate solutions, ultimately affecting the

final particle size.

Moreover, ethanol addition to sodium silicate solution led to an increase in particle
size and a wider distribution. This broader distribution arises from the miscibility of
sodium silicate in ethanol, which increases sodium silicate concentration in water,
causing local supersaturation, as explained by Cui et al. [275]. Supporting our results,
they observed that as the amount of ethanol increased, the distribution and particle

sizes also enlarged.
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Figure 7.3 : Particle size measurements of submicron SiO. anode active materials.

The morphologies of the particles were further examined using scanning electron
microscopy. As shown in Figure 7.4, agglomerated particles with angular shapes were
observed. The PS-3 sample displayed smaller, rod-like particles (see Fig. 7.4c). During
the formation of silica particles, monomeric silicic acid undergoes polymerization
reactions to convert into oligomeric silicic acid. This process leads to the formation of
primary particles ranging in size from 20 to 50 nm [276]. Subsequently, these primary
particles begin to aggregate, resulting in larger particles. Although the concentration
of the sodium silicate solution used in the PS-3 sample is similar to that of commercial
solutions, it may be too high, potentially causing particle agglomeration and non-

isotropic growth. To prevent this agglomeration issue, using solutions with lower
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concentrations or addition of surfactants could be beneficial. This approach would
further contribute to reducing particle sizes.

Dominguez et al. [253] claimed that using ethanol in a sodium silicate solution as a
co-solvent could promote the formation of more spherical particles due to its lower
surface tension, which results in isotopic growth. However, agglomeration was more

dominant than particle globularization due to decreased viscosity in our results.

For further analyses, only the PS-4-1/2 sample was used due to its smaller particle size
among the ethanol-added samples (PS-4).

Figure 7.4 : SEM images of synthesized active materials a) PS-1 b) PS-2 c) PS-3 d)
PS-4-1/2.

7.1.3 Electrochemical characterizations

The electrochemical performance of synthesized submicron SiO. anode active
materials was evaluated through galvanostatic tests. Figures 7.5-7.8 illustrate that the
charge-discharge curves display a small shoulder around 0.7 V and a voltage plateau
below 0.2 V, indicating the formation of a solid electrolyte interphase (SEI) layer and
lithium storage, respectively [277]. The first discharge capacities recorded for samples
PS-1, PS-2, PS-3, and PS-4-1/2 are 356, 205, 503, and 265 mAh/g, respectively. The
PS-3 sample with the smallest particle size demonstrated the highest initial discharge

capacity. However, the low lithium diffusion coefficient and electrical conductivity of
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silica are believed to contribute to the reduced specific capacity of the samples [278].
The smaller particle size may improve capacity by shortening the lithium diffusion
pathway. Additionally, all samples showed a sudden drop in capacity after the first
cycle, which may be linked to the formation of irreversible phases during the lithiation
reactions of SiO» [278].
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Figure 7.5 : Voltage-capacity curve of PS-1.
2,00
| i 1st cycle
1.75 “ —— 5th cycle
| —— 10th cycle
—— 20th cycle
o —— 50th cycle
o ] —— 100th cycle
g ¥ | —— 200th cycle
S 1,004
=
= ]
> 0,754
0,50
0,25
000 : .

0 25 50 75 I 1(')0 ' 155 I 150 ' 1;5 ' 200 I 255 ' 250
Capacity (mAh/g)
Figure 7.6 : Voltage-capacity curve of PS-2.
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Figure 7.8 : Voltage-capacity curve of PS-4-1/2.

The capacity retention of the anode active materials is evaluated through their cycle
performance, as shown in Figure 7.9. Among the samples, PS-3 exhibits the highest
reversible capacity after 200 cycles. The initial Coulombic efficiency (CE) for all
samples is approximately 70%. However, in subsequent cycles, the CE increases to
nearly 100%. Similar to galvanostatic tests, the low initial CE is attributed to the

formation of irreversible phases and the growth of the solid electrolyte interphase (SEI)

[278].
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Figure 7.9 : Capacity retention of submicron SiO2 anode active materials.

The lithiation mechanisms of submicron SiO, anode materials have been further
examined using cyclic voltammetry (CV) analyses. The CV curves are illustrated in
Figures 7.10-7.13. The anodic peak around 0.1 V can be assigned to delithiation, while
the peak at approximately 1.2 V corresponds to the conversion of Li>Si2Os to SiO»
[279]. The cathodic peak near 0.7 V is attributed to the formation of the solid
electrolyte interphase (SEI) layer, while the cathodic peak below 0.4 V is associated
with lithiation reactions. Overall, low current values are observed in all samples,
indicating the low activity of SiO2 anode materials, which is a result of their low
electrical conductivity and low lithium mobility [280]. The reduction in peak currents

after the first cycle is believed to arise from the formation of inactive components.
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Figure 7.10 : Cyclic voltammetry curve of PS-1.
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Figure 7.11 : Cyclic voltammetry curve of PS-2.

0,00003
] — 1st cycle
—— 2nd cycle
0,00002 —— 3rd cycle
1 —— 4th cycle
0,00001
| ——d
0,00000 -
]
-0,00001
-0,00002
-0,00003
-0,00004
4
-0,00005 +
. PS-3
_0‘00006 1 1 T T 1 T T
0,0 05 1,0 15 20 25 30
Voltage (V)

Figure 7.12 : Cyclic voltammetry curve of PS-3.
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Figure 7.13 : Cyclic voltammetry curve of PS-4-1/2.
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The impedance spectra of submicron SiO, anode active materials and equivalent
circuit used in modeling are given in Figures 7.14-7.18. All samples exhibited a
depressed semicircle with Warburg diffusion. The circuit consists of a solution
resistance, constant phase element and resistance of SEI layer and charge transfer
reactions followed by Warburg impedance. In all samples, charge transfer and SEI
resistance values are increased after cycling, indicating increased resistance due to the
growth of a stable SEI layer and the formation of lithium silicates, which decreases the
electrical conductivity. In coherence with galvanostatic results, the lowest SEI and
charge transfer resistance values are observed in the sample with the smallest particle
size, namely PS-3. Smaller particles are believed to ease Li* diffusion in silica by

shortening the diffusion path, resulting in lower impedance values [278].
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Figure 7.14 : Impedance spectra of PS-1.
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Figure 7.15 : Impedance spectra of PS-2.
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Figure 7.17 : Impedance spectra of PS-4-1/2.
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7.2 Nanocomposite Biochar Anode Active Materials Containing SiOx and C via
Fast Pyrolysis

This section describes the synthesis of nanocomposite biochar anode active materials

from rice husk powder using a fast pyrolysis method with induction heating. In this
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process, the organic content of the rice husk is converted into carbon and reducing
gases through decomposition. The fast heating promotes the formation of these
reducing gases, which are then used to partially reduce silica to SiOx. Formation of
SiOx resulted in an increase in capacity due to improved electron transport. In the
resulting nanocomposite, carbon enhances electrical conductivity, while SiOx serves
as the electroactive material. Therefore, the process is optimized to preserve the
maximum amount of carbon in the biochar. The effect of pyrolysis
atmosphere/temperature and milling on the electrochemical performance of SiOx

anode active materials is investigated.

7.2.1 Structural characterizations

The IR spectra given in Figure 7.19 reveal the Si-O and C-related bonds in all samples.
In general, similar spectra are observed for all synthesized nanocomposite biochars.
The broad peak observed at 1055 cm™? is associated with asymmetric and symmetric
stretching of Si-O-C and Si-O-Si bonds, the broad hump around 800 cm™ is attributed
to Si-O-Si stretching mode, while two peaks at 418 and 505 cm™ are related with Si-
O bending mode [7,281,282]. Functional groups are similar in samples pyrolyzed at
700-750-800 °C, only with increased peak intensities at higher temperatures. The
partially reducing atmosphere (Ar-H) did not majorly affect the functional groups.
According to Keiluweit et al. [259], most functional groups are lost, resulting in similar

spectra at biomass pyrolyzed at 600 °C and above temperatures.
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Figure 7.19 : IR spectra of nanocomposite biochars.
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Carbon structure is investigated in detail via Raman spectroscopy (Figure 7.20). Two
characteristic peaks, namely D and G bands, at 1340 and 1575 cm™ are observed in all
samples. The D band is related to the disordered or defective type of carbon, while the
G band is related to ordered graphitic carbon. No peak is detected in pristine rice husk
samples, but distinct D and G bands are seen in all pyrolyzed samples. This shows the
successful transformation of the rice husk into nanocomposite biochar. The
graphitization ratio of samples (Io/lg ratio) is calculated and found as 0.87, 0.89, 0.81,
0.84, and 0.96 for 700-Ar-M, 700-Ar-H, 700-Ar, 750-Ar, and 800-Ar samples,
respectively. As expected, milling after pyrolysis increased the Ip/lg ratio by creating
defects in the sample [23]. Higher Ip/lc ratios observed at increased pyrolysis
temperatures could be explained by the increment in aromatic ring concentrations
containing a minimum of six fused benzene rings. The change in the Ip/lg ratios as a
result of pyrolysis temperature is investigated by Morin et al. [269] using beech bark
pellet and beech stick chars. Higher Ip/lc ratios could be explained by the increased
number of aromatic rings due to the dehydrogenation of hydroaromatics. Similarly,
higher graphitization degrees are obtained by Gao et al. [268] using rice husk biochars.
Higher graphitization is expected to increase electrical conductivity, hence improved

electrochemical performance [283].
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Figure 7.20 : Raman spectra of nanocomposite biochars.

XRD patterns presented in Figure 7.21 reveal that all samples exhibit an amorphous
structure. The broad peak around 23° is associated with amorphous SiOx and carbon.

When the pyrolysis temperature is raised to 800 °C, crystallization of amorphous
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phases and formation of cristobalite (ICDS:98-003-3086) is detected [284].
Additionally, a small bump around 43° is attributed to graphitic carbon.
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Figure 7.21 : XRD patterns of nanocomposite biochars.
7.2.2 Chemical characterizations

The carbon preserved in the biochar structure after pyrolysis is determined by
carbon/sulfur analysis, and results are given in Table 7.1. According to the results, the
highest carbon is detected in the sample pyrolyzed at 700 °C under an argon
atmosphere, similar to the results obtained in other studies [267]. The weight
measurements after pyrolysis are found to be in coherence with this result. Conducting
pyrolysis at a partially reducing atmosphere (Ar-H) leads to higher carbon loss, as

expected.

Table 7.1 : Carbon content of biochars.

Sample Code Carbon content (wt.%) Weight loss during pyrolysis (%)

700-Ar-H 37.3 71.4
700-Ar 41.3 66.8
750-Ar 325 72.6
800-Ar 20.5 78.6

XPS analysis was conducted on the sample with the maximum carbon content (700-
Ar) to investigate the Si-O bonding under the existence of C in the material. The XPS
spectrum of the 700-Ar sample shown in Figure 7.22 exhibits O 1s, C 1s, Si 2s, and Si
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2p peaks at 533, 285, 154, and 103 eV, respectively. The O 1s spectrum (Figure 7.23)
shows three peaks: HO-C=0 at 530.88 eV, Si-O at 532.50 eV, and C=0 at 534.08 eV
[25]. In the C 1s spectrum (Figure 7.24), five peaks are observed as O-C=0 at 287.68
eV, O-C-O at 286.28 eV, C-O at 285.08 eV, C-C sp® at 283.98 eV, and C-C sp? at
283.68 eV [285]. The deconvolution of the Si 2p spectrum (Figure 7.25) reveals three
peaks as Si?* at 103.08 eV, Si** at 103.63 eV, and Si** at 105.13 eV, which indicates
the successful partial reduction of SiOz to SiOx by pyrolysis. The reducing gases such
as CO and H2 are released during pyrolysis upon the decomposition of rice husk
powder, resulting in the reduction of SiO, [25]. The formation of SiOx phases is
expected to improve the electrochemical performance because of its higher theoretical

capacity than SiO, anodes [286].
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Figure 7.22 : XPS spectra of the 700-Ar.
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Figure 7.23 : O 1s spectra of the 700-Ar.
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Figure 7.24 : C 1s spectra of the 700-Avr.
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Figure 7.25 : Si 2p spectra of the 700-Ar.
7.2.3 Morphological characterizations

Scanning electron microscopy (SEM) images of the sample surfaces reveal micron-
sized particles with heterogeneous morphology (Figure 7.26). It is known that
pyrolysis temperatures exceeding 800 °C can lead to melting and fragmentation as
volatile components exit the structure, resulting in porosities [268,283]. Temperatures
reaching up to 900 °C can cause the formation of closed pores due to collapsing and
melting processes. Additionally, according to Wang et al. [287], reducing atmospheres
such as hydrogen (H2) lead to an increased pore volume compared to inert atmospheres
during pyrolysis. Furthermore, the 700-Ar-M sample, which ball-milled after

pyrolysis, is tend to agglomerate more due to increased surface area.
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Figure 7.26 : SEM images of nanocomposite biochars a) 700-Ar b) 700-Ar-H c)
750-Ar d) 800-Ar e) 700-Ar-M.

HR-TEM images (Figures 7.27 and 7.28) show that in both 700-Ar and 700-Ar-H

samples, dark-colored silicon-rich particles are homogeneously distributed on the

light-colored carbon matrix. The SAED patterns further prove the amorphous nature

of both samples, in coherence with XRD analyses. EDS analyses given in Tables 7.2

and 7.3 show that the samples mainly consisted of Si, C, and O with the addition of

minor impurities (e.g., Ca, K, etc.) originating from pristine rice husk powder.
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Figure 7.27 : TEM images and SAED patterns of 700-Ar a,b) Bright field images c)
SAED pattern.

Table 7.2 : EDS analysis results of 700-Ar.

Elements Analysis 1 (at.%) Analysis 2 (at.%)
C 34.3 91.5
O 46.1 5.7
Si 19.0 24
K 0.6 0.2
Ca - 0.1

Figure 7.28 : TEM images and SAED patterns of 700-Ar-H a,b) Bright field images
c) SAED pattern.

Table 7.3 : EDS analysis result of 700-Ar-H.

Elements Analysis 1 (at.%0)
C 74.1
0] 18.3
Si 7.5
K 0.1
Ca -
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After electrode production, electrochemical tests are conducted. Later, the sample that
delivered the best electrochemical performance (700-Ar) is investigated by ex-situ
SEM. Figure 7.29 shows that the SEI layer formed during cycling is well-connected
to the electrode and homogeneous. The coating thickness is confirmed by cross-section
SEM images and found to be 2.5 and 10 microns in fresh and cycled samples,
respectively (Figures 7.29 a,b). Additionally, surface images given in Figure 7.29c
prove that the nanocomposite anode active materials are well-adherent with conductive
carbon chains. After cycling, a continuous SEI layer holds the structure together by
creating a network with few cracks due to volume exchange in discharge/charge steps
(Figure 7.29d).

Figure 7.29 : Post-mortem SEM images of 700-Ar electrode a,c) before cycling b,d)
after cycling.

7.2.4 Electrochemical characterizations

The voltage-capacity curves of samples in Figures 7.30-7.34 show that all samples
have higher specific capacity than graphite anodes in the first discharge step. A small
shoulder around 0.7 V is attributed to SEI layer formation, while the voltage plateau
below 0.2 V is ascribed to lithiation reactions. Sample 700-Ar, which has the highest
carbon content, delivered the best electrochemical performance with 1366, 800, 340,
and 275 mAh/g specific capacity in the 1st, 5th, 100th, and 200th cycles. The enhanced
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electrochemical performance is related to the carbon present in the structure, which
improves the electrical properties by providing conductive pathways. Conducting
pyrolysis at higher temperatures and partially reducing atmospheres leads to more
carbon loss and lower specific capacities due to poor conductivity [279]. As seen in
Figure 7.35, the initial Coulombic efficiencies (CE) of all samples are about 65% and
rapidly increased to 95% in the later cycles. The formation of irreversible phases and
growth of the SEI layer is linked with the low initial CE [3].

Jo et al. [288] produced composite anode active material by mixing synthetic SiOx and
graphite powder. It delivered 440 mAh/g specific capacity in the first discharge,
followed by a rapid capacity drop after the 50th cycle. In our study, higher specific
capacities are achieved by using organic rice husk compared to synthetic SiOx powder
as a starting material. In another study, Lee et al. [289] produced SiOx/C anodes by
NaCl-assisted mechanical milling and calcination of rice husks. The catalytic
graphitization provided by NaCl is tested. The results showed that the addition of NaCl
promoted graphitization and resulted in 915 mAh/g of first discharge capacity at 50
mA/g of current load. In this study, superior discharge capacities are achieved without

additives.
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Figure 7.30 : Voltage-capacity curve of the 700-Ar.
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Figure 7.31 : Voltage-capacity curve of the 700-Ar-H.
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Figure 7.32 : Voltage-capacity curve of the 700-Ar-M.
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Figure 7.33 : Voltage-capacity curve of the 750-Avr.
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Figure 7.34 : Voltage-capacity curve of the 800-Ar.
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Figure 7.35 : Capacity retention of nanocomposite biochars.

Cyclic voltammetry analysis results are shown in Figures 7.36-7.40. In coherence with
galvanostatic test results, higher peak currents are measured in sample 700-Ar, proving
that the sample is more electrochemically active. The anodic peak around 0.5 V could
be attributed to a delithiation reaction. The weak peak around 1.15 V could also be
assigned to transformation of the Li>Si.Os phase to SiO2 [279]. In the cathodic region,
the peaks below 0.4 V and 0.7 V could be related to lithiation and SEI formation,
respectively. Supporting the galvanostatic tests, the decreased currents after the first
cycle could be explained by the irreversible reactions of SEI layer growth and the

formation of electrochemically inactive phases such as LiSiO4 and Li2O [290].
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Figure 7.36 : Cyclic voltammetry curve of the 700-Ar.
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Figure 7.37 : Cyclic voltammetry curve of the 700-Ar-H.
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Figure 7.38 : Cyclic voltammetry curve of the 700-Ar-M.
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Figure 7.40 : Cyclic voltammetry curve of the 800-Ar.

The electrochemical impedance of synthesized anode active materials and the
equivalent circuit are given in Figures 7.41-7.46. In all samples, a depressed semicircle
with Warburg diffusion is observed. The circuit consists of a solution resistance,
constant phase element and resistance of SEI layer and charge transfer reactions,
followed by Warburg impedance. The lowest impedance values are obtained in the
700-Ar sample, which preserves the maximum carbon in the structure. Higher
resistance values are observed in all samples after cycling. This could be related to the
growth of the SEI layer [278,291].
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Figure 7.41 : Impedance spectra of 700-Ar sample.
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Figure 7.42 : Impedance spectra of 700-Ar-H sample.
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Figure 7.43 : Impedance spectra of 700-Ar-M sample.
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Figure 7.44 : Impedance spectra of 750-Ar sample.
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Figure 7.45 : Impedance spectra of 800-Ar sample.
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Figure 7.46 : Equivalent circuit.

The energy storage mechanism is detailed by cyclic voltammetry analysis at varying
scan rates for the sample with the best electrochemical performance (700-Ar). CV
curves are well-preserved at increased scan rates, as seen in Figure 7.47. The peak

current values and the square root of scan rates are plotted and fitted to calculate the
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ki value in Equation 2 (Figure 7.48). As seen in Figure 7.49, at low scan rates, the
reactions are found to be diffusion-dominated. At the same time, the capacitive
contribution is measured to increase at higher scan rates, which indicates the good
capacitive behavior of the 700-Ar sample. Although lithiation reactions are diffusion-
dominated in active materials, the high capacitive contribution is expected to lead to
better capacity retention at high current loads [292,293].
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Figure 7.47 : Cyclic voltammetry curves of the 700-Ar at different scan rates from
0.1to 10 mV/s.
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Figure 7.49 : Diffusion and capacitive contribution ratios of the 700-Ar at different
scan rates.

The rate test of the 700-Ar given in Figure 7.50, indicates the positive effect of
increased capacitive contribution on the specific capacity at high current loads. Here,
the pre-conditioned half-cells (described as formation in the experimental section) are
subjected to rate test using current loads ranging from 50 to 800 mA/g. Although there
was some capacity loss as the current load increased, the sample still exhibited an
average capacity of 110 mAh/g at a current load of 800 mA/g. When the current load
was decreased to 50 mA/g after the rate test, the capacity stabilized around 140 mAh/g.
This capacity loss suggests that high current loads lead to permanent deformations in
the structure. Techniques such as doping effectively improve the performance rate of
SiOx anodes by improving electrical conductivity [25,285].

700

700-Ar
600
1 50 mA/g
S 500
' "y
<é 1 \
= 400
2
E5)
8 ‘
& 300 - o
O \
p= 1 0.1 Alg
S 200 .
& lll.0.2 Alg 0.4 Alg 50 mA/g
EEEE, 08A/ mmmm
- EL LT T Fhidad- ™
0 v T v T T T v T v T g T
0 5 10 15 20 25 30

Cycle number

Figure 7.50 : Rate test of the 700-Ar.
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Optimizing the electrode production and conducting electrochemical tests are just as
crucial as process optimization for achieving the best electrochemical performance
from active materials. With this reason, various slurry compositions were prepared,
and galvanostatic tests were performed using the 700-Ar sample, demonstrating the
best performance. To evaluate this performance, the standard slurry composition of
60:25:15 (active material: carbon: binder) is compared with an alternative composition
of 80:10:10, as illustrated in Figure 7.51. The results clearly show that the 60:25:15
slurry composition outperforms the 80:10:10 composition. Orozco-Gallo et al. [294]
claim that the carbon ratio in the slurry significantly affects the cycle performance of
the anode active materials and leads to higher specific capacities. Additionally, they
emphasize that the binder ratio is crucial for achieving more homogeneous electrodes
with strong adhesion, particularly for active materials with flake-like morphologies
due to their high surface area. Our results support the outcomes of Orozco-Gallo, as
an increased carbon content leads to higher specific capacities due to improved
electrical conductivity.
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Figure 7.51 : Cycle performance of 700-Ar with different slurry compositions
(Active material : carbon : binder).

A stable SEI layer is crucial for stable electrochemical performance, especially for
active materials with working voltages lower than the electrolyte decomposition
(approximately 1 V), such as SiOx [295]. The most commonly used methods in the
literature to create a stable and homogeneous SEI layer are electrolyte additives and

electrochemical activation via constant current-constant voltage (CC/CV) sequences
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(referred as formation). Here, the constant current step is a standard galvanostatic
charge-discharge procedure with a low current load to promote the growth of a
compositionally and morphologically homogeneous SEI layer, while constant voltage
step provides potentiostatic holding steps at cut-off voltages which give sufficient time
for lithiation/delithiation reactions [296]. Ren et al. [296] describe how the constant
current/constant voltage (CC/CV) procedure facilitates the restructuring of electrode
materials through the migration of lithium within the particles, leading to enhanced
electrochemical performance. While this method can achieve higher specific
capacities, it still experiences irreversible capacity loss during the initial cycles. This
loss is attributed to a significant amount of lithium being trapped in the solid electrolyte
interphase (SEI) layer and the formation of inactive components. Moreover, the study
conducted by Liu et al. [297] shows that using the CC/CV protocol results in a denser
and more stable SEI layer with higher inorganic content. This results in lower lithium
consumption and higher cycle stability. Similar to the outcomes of Ren et al., the 700-
Ar sample achieves higher specific capacities when electrochemical activation is

applied (Figure 7.52). However, both samples still show a significant capacity loss.
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Figure 7.52 : Effect of formation on the cycle performance of the 700-Ar.

To further improve the cycle performance, half cells were cycled using various lower
cut-off voltages (2-100 mV), and the results are shown in Figure 7.53. Since lithiation
reactions occur at low voltages in silica-based active materials, increasing the lower
cut-off voltage is expected to decrease the specific capacities. Conversely, discharging
to excessively low voltages can lead to electrode degradation [297]. Therefore, it is
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essential to find a balance between these two factors. According to the results, the
highest initial capacity is achieved when cells are discharged to 2 mV, while the lowest
one belongs to 100 mV. However, when the long-term stability of the cells is
compared, a slightly higher specific capacity is achieved when the lower cut-off

voltage is set to 10 mV.
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Figure 7.53 : Effect of lower cut-off voltage on the cycle performance of the 700-Ar.

Finally, the effect of electrolyte additives on the capacity retention is investigated.
Fluoroethylene carbonate (FEC) is a well-known additive that promotes the formation
of a stable LiF-rich SEI layer with high ionic conductivity [298]. The stable SEI layer
inhibits further LiFPs decomposition at low voltages, thus helping to increase capacity
retention and Coulombic efficiency. However, studies in the literature indicate that
adding insufficient or excessive amounts of FEC may lead to more damaging results
[299,300]. Therefore, it is essential to optimize the FEC quantity. Figure 7.54 presents
the cycle performances of the cells with and without the FEC addition. As seen from
the figure, cycle stability and capacity retention increases with FEC addition, similar
to the results of Jaumann et al. [301]. Furthermore, they noted that only a slight
increase in specific capacity was observed in the FEC-doped samples compared to the
undoped sample. The primary benefit of FEC doping was its ability to enhance cycling
stability by forming a dense solid electrolyte interphase (SEI) film and improving

lithium ion conductivity.
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Figure 7.54 : Effect of FEC addition on the cycle performance of the 700-Ar.
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8. CONCLUSION

This thesis focuses on utilizing rice husk, which contains the highest silica content
among organic wastes, to produce anode active materials as a substitute for graphite.
Although silica has low electrochemical performance due to its poor electrical
conductivity, two strategies have been proposed to enhance its performance. The first
strategy involves decreasing the particle size to shorten the lithium diffusion path. The
second strategy proposes designing composites with materials that have high electrical

conductivity.

In the first set of experiments, submicron silica particles are synthesized via leaching
and precipitation of rice husk. In the second set, for the first time in the literature, fast
pyrolysis by induction heating is conducted to produce nanocomposite biochars
containing SiOx and C. Here, high heating rates are embraced to promote the
generation of reducing gases such as CHs, CO, and Ha. These gases partially reduce
silica to SiOx during pyrolysis, and the resulting active material exhibits enhanced
electrochemical performance, while retained carbon in the structure improves the
electrical conductivity. After synthesis, all samples are characterized for their
chemical, structural, and morphological properties. Finally, their electrochemical
performances are evaluated using galvanostatic tests, cyclic voltammetry, and

electrochemical impedance spectroscopy. The results are summarized as follows:

1. In the first set, silica particles are successfully synthesized using rice husk via
leaching and precipitation. Process parameters such as calcination prior to
leaching, solid-to-liquid ratio, and ethanol addition as co-solvent are optimized to

obtain the smallest particle sizes.

2. FTIR analysis showed that all samples have Si-O bonds, namely Si-O bending,
Si-O-Si symmetric, and asymmetric stretching bonds, proving the silica structure.
XRD analyses revealed that samples exhibit an amorphous nature with a small
amount of retained sodium silicate phase. SEM images showed that irregular-
shaped particles are agglomerated. Additionally, rice husk resulted in a lower

precipitation efficiency than rice husk ash due to its low silica content.
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3. The effect of changing process parameters is mainly seen in particle size analysis
results. According to these results, a decreased solid-to-liquid ratio, which also
means a low SiO2/Na2O ratio, produces smaller particles due to being the key
parameter for controlling particle size through polymerization and particle growth
reactions. A higher SiO2/Na2O ratio promotes the polymerization reactions, thus
the growth of particles. The ethanol addition as a co-solvent resulted in an
increased particle size. This is believed to be caused by the immiscibility of
sodium silicate in ethanol, which causes local supersaturation. Moreover, as the
ethanol amount increases, the particle size distribution shifts from monodisperse
to polydisperse. A sodium silicate solution with a lower SiO2/Na.O ratio could be
beneficial for observing the globulization of particles with ethanol addition due to
the decreased surface tension of the solution, which promotes isotropic growth.
Among all samples, calcination of rice husk powder at 600 °C for 3 hours before
leaching, with a solid-to-liquid leaching ratio of 1/20 and no ethanol addition,

resulted in the smallest particle size.

4. Cyclic voltammetry analysis results show that all samples exhibit a shoulder
around 0.7 V and a plateau below 0.2 V, which indicate the formation of the SEI
layer and lithium storage reactions, respectively. For electrochemical
performance, PS-3, as the sample with the smallest particle size, has the lowest
impedance values, and it delivers the highest specific capacities of 503, 167, and
145 mAh/g in the 1st, 100th, and 200th cycles. A shorter lithium diffusion path
could explain the enhanced electrochemical performance. The sudden capacity
drop after the first cycle, seen in all samples, could be explained by the formation

of the SEI layer and irreversible lithium silicates.

5. Inthe second set, nanocomposite biochars containing SiOx and C are successfully
synthesized by fast pyrolysis of rice husk via induction heating. Fast heating is
embraced to promote the generation of reducing gases such as CH4, CO, and H>
during pyrolysis due to the decomposition of organic content in rice husk. These
gases are used to partially reduce SiO2 to SiOx and improve electrochemical
performance. Additionally, the carbon preserved in the structure after pyrolysis is
intended to improve electrical conductivity. Therefore, the pyrolysis process was
optimized to have the maximum amount of carbon by changing the pyrolysis
temperature (700-750-800 °C) and atmosphere (Ar-Varigon). For further

122



10.

improvement, the sample with the highest carbon content is milled to achieve
smaller particle sizes with a more homogeneous elemental distribution. Finally,
the effect of slurry composition, electrochemical activation, discharge cut-off
voltage, and electrolyte addition are investigated to enhance electrochemical

performance.

FTIR analysis results show that all samples have Si-O bending, Si-O-Si, and Si-
O-C bonds regardless of pyrolysis temperature and atmosphere, proving the
synthesis of silica. All samples exhibit an amorphous nature below 800 °C
according to the XRD patterns. Above that temperature, silica starts to crystallize
and form the cristobalite phase. Additionally, a slight bump around 43° is seen in
all samples, which could indicate the graphitic carbon. SEM images of pyrolyzed
samples show particles with irregular sizes and morphologies. Additionally,
milling after pyrolysis helps to form more rounded morphologies with smaller
particles.

The carbon structures investigated via Raman spectroscopy reveal that all samples
have D and G bands representing the defective and graphitic carbon structures.
The graphitization ratio calculated by Ip/lc shows a rising trend with increased
pyrolysis temperatures, which the increase in aromatic ring concentrations could
explain. Additionally, ball milling after pyrolysis increases the Ip/lg ratio by

introducing defects into the structure during the high-energy milling process.

The carbon-sulphur analysis reveals that the highest amount of carbon (41.3 wt.%)
is preserved when pyrolysis is conducted at 700 °C under the argon atmosphere.
Higher pyrolysis temperatures and partially reducing atmospheres have led to a

higher amount of carbon loss.

XPS analysis conducted on the sample with the highest amount of carbon (700-
Ar) shows that the Si 2p spectrum exhibits three peaks in order of their intensities:
Si*2, Si*3, and Si**. This result shows that pyrolysis of rice husk leads to the

successful partial reduction of silica and the formation of SiOx.

TEM images and EDS analyses of pyrolyzed samples at 700 °C under argon and
partially reducing atmospheres (Ar-H) show that dark-colored Si-rich particles are
homogeneously distributed on the light-colored carbon matrix in both samples.
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Cyclic voltammetry curves of pyrolyzed samples exhibit a shoulder around 0.7 V
and a voltage plateau below 0.2 V, ascribed to SEI formation and lithiation
reactions, respectively. The sample with the highest carbon content (700-Ar)
delivers the best electrochemical performance as 1366, 800, 340, and 275 mAh/g
specific capacities in the 1st, 5th, 100th, and 200th cycles. The results prove that
samples deliver higher specific capacities as the carbon content increases. The
sudden capacity drop after the first cycle seen in all samples could be explained

by the formation of the SEI layer and irreversible lithium silicates.

Post-mortem cross-section SEM images of cycled and fresh 700-Ar samples show
that the coating thickness increased from 2.5 to 10 microns after cycling.
Additionally, active materials and conductive carbon chains are well-adherent in
fresh and cycled electrodes. The continuous SEI layer is believed to hold the
structure together by creating a network with few cracks due to volume exchanges
during discharge/charge steps.

Electrochemical impedance spectroscopy analysis results support the
galvanostatic test results, showing that the sample with the highest carbon content
has the smallest impedance values, indicating improved electrical conductivity.
When pyrolysis atmospheres are compared at the same temperature, it is seen that
partially reducing atmospheres lead to higher impedance values. On the other
hand, milling after pyrolysis slightly decreases impedance values, which could be

explained by the decreased particle size.

The cyclic voltammetry curves taken at varying scan rates show that the energy
storage mechanism of the 700-Ar sample is mainly diffusion-controlled with an

increased capacitive contribution at higher scan rates.

The rate test of the 700-Ar sample shows the beneficial effects of capacitive
contribution at higher current loads. The sample delivered 110 mAh/g specific
capacity at a current load of 800 mA/g. When the current load is decreased to its
initial values, a certain capacity loss is observed, which suggests that high current

loads lead to permanent deformations in the structure.

Optimization of the slurry composition showed that preparing the SiO,/C
electrodes with the 60:25:15 ratio (active material:carbon:binder) leads to

increased specific capacities compared to the 80:10:10 ratio due to its higher
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carbon content. The increased binder ratio is also expected to result in a more
homogeneous electrode.

The electrochemical activation method, referred to as formation in the
experimental section, resulted in increased capacities by promoting the growth of
a more homogeneous SEI layer during charging/discharging with low currents as
well as increased lithiation/delithiation ratio with 48h holding at cut-off voltages.

FEC addition to the electrolyte resulted in higher capacity retention due to the
increased stability of the SEI layer due to the deposition of components such as

LiF, which stabilizes the surface without blocking the Li* ions.

To conclude, rice husk-derived anode active materials are successfully
synthesized using precipitation and fast pyrolysis. Compared to precipitation, the
fast pyrolysis method enables the production of nanocomposite biochars
containing SiOx and C in a short time, enabling fast and energy-efficient synthesis.
This study is significant because it has the potential for scalability and commercial
application. The optimized biochar delivers competitive specific capacities to
graphite and could be a candidate for substitution. Further electrochemical

performances could be obtained by doping.
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