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POROSITY GENERATION AND OPTIMIZATION OF SILICON-BASED 

ANODES FOR HIGH ENERGY DENSITY LITHIUM ION BATTERIES 

SUMMARY 

Energy storage systems are widely used to regulate energy grids and to rehabilitate 

the energy quality taken from grid by increasing grid realibility. However, at present 

as a result of the clean energy tendency, developments of the energy storage systems 

have come to forefront to be able to use for electric/hybrid vehicles and renewable 

energy sources. Thus, renewable energy sources such as wind energy and solar 

energy which are not sustainable will be stored when they are available. Then, this 

stored energy can be used when the energy sources has interruption. This will make 

it charming by providing the high realibility for renewable sources.    

Energy storage technologies are in transformation that power (watt) and energy 

(watt-hour) can be provided separetly while it is not possible to produce them enough 

at the same time. Supercapacitors can provide high power only for seconds and fuel 

cells can store limited energy in peak powers. This is a big challenge for the modern 

advanced technologies (smart phones, wearable computer, electrical vehicles etc.)  

which need high energy and power. Lithium ion batteries (LIB) are the very 

promising solution for the high energy and power applications. Because LIBs have 

high energy and power density and light weight when it is compared to any another 

rechargable batteries. These properties are the reason to use LIBs in mobile phones, 

laptops, digital camera/video camera and, other electronic equipments. The other 

advantages of LIBs, when it is compared to lead acid and metal hydride batteries, are 

high energy efficiency, no memory effect, and relatively long cycle life. 

Lithium ion batteries are the energy storage systems which have widely application 

range. From consumer electronic like; smart phones, tablets, portable computers etc. 

to electric vehicle, from aerospace applications to military usage, they can be used as 

an essential equipment in social and political area. So, it has been critical field with a 

big competition as a result of the importance of the indigenization. Today, nearly all 

the lithium ion batteries used in consumer electronics, have been produced in Asia 

and for the electrical vehicles, new technologies are needed. The Unites States of 

America has been planned to be one of the leader as an electrical vehicle producer 

with considering the importance of being the local LIBs procuder is critical and they 

needed long-term plans to be in that competitive market and to be successful. In our 

country, a couple of universities, institutes and business firms has started to study on 

LIBs technologies.  

The main components of lithium ion batteries are electrolyte, which provides a 

transferring medium for charged structures such as ions; anode, that is oxidized 

during the electrochemical reaction, gives electrons to the external circuit, and 

cathode that is reduced during the electrochemical reaction and takes electrons from 

external circuit. LiPF6 salt is dissolved in organic solvents such as ethylene 

carbonate, diethyl carbonate and/or dimethyl carbonate and it is the most widely used 

electrolyte which is commercially available, however there are intense studies on 
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solid electrolytes or polymer electrolytes. The cathode materials are metal oxide 

structures that can react with lithium reversibly to form a host-guest compound. The 

most important examples that have been commercialized among these structures are 

lithium cobalt oxide (LCO), lithium iron phosphate (LFP) and nickel manganese 

cobalt (NMC) composites. At present, graphite is commercially used anode material 

while silicon, tin, and germanium are widely studied. The theoretical capacities are 

4200 mAh/g, 1600 mAh/g, and 999 mAh/g, respectively. The fact that graphite 

anode active material is currently the most widely used and commercialized product, 

however, its limited energy density makes high-capacity silicon (Si) based materials 

as an alternative. 

Present commercial anodes are graphite for LIBs. But limited energy density of 

graphite makes high capacity Si based materials an alternative electrode material. 

When the theoretical capacity of graphite, 372 mAh/g, is compared to Si based anode 

electrodes, 4200 mAh/g, it seen that Si based anodes have 11 times higher capacity 

than graphite. However, Si based anodes have some challenges which need to be 

overcome. The most important one is the volume change of Si (300% volume 

change) at the charge and discharge steps. As the result of this volumetric change, 

anode material has cracks, electrical conductivity is failed, ionic transfer, and the 

capacity decreases.  

The problem of silicon has been tried to solve by developing silicon based 

composites, synthesizing porous silicon structures, studying polymer binder 

solutions, or by developing various production methods. Here, prospective solutions 

were presented with optimized and developed methods for silicon based anode active 

materials and by using these methods with various polymer binders. 

Firstly, the calendaring process, which is an important step in anode production, was 

carried out for different anode porosity percentages and the most suitable ratio was 

tried to be found. For the c-SiO/PFM composition, 15% calendering was found as the 

most suitable ratio and it also studied with the Si/PAA and Si/nPAA compositions, 

which is a different material and polymer composition. Structural and 

electrochemical analyses of the obtained anodes are made and the presented 

contribution is explained. Pycnometry was also used to show the electrode density 

and pore volume change after calendering process.  

Secondly, porous Si based anode was produced by a developed method. Here the 

main purpose is; to use the Si-based anodes for long cycles with high columbic 

efficiency. Today, the capacity of commercially available carbon-based anodes is not 

sufficient for our daily applications (mobile phones and computers) and for electric 

vehicles which are planned to have widespread use in the future. For this reason, it is 

necessary to develop high specific capacity and high energy density anodes. Here, on 

the other hand, it is desired to provide an anode design which can meet these 

requirements. The c-SiO/PFM composition is desired to be rendered porous form by 

adding and removing different ratios of the salt to the structure. These porosites, 

which are created in the anode structure, prevent the deterioration of the integrity of 

the structure by allowing the volumetric expansion which happens when the lithium 

enters into the silicon structure. Thus, more stable electrode results can be obtained 

over longer cycles, even though the high loading active material is coated. In the 

completed study, the optimum salt rate added and removed from the electrode 

structure was determined as 30% by weight and the study was also carried out for the 

Si/PPy anode composition. For the characterization of the porous electrode, SEM, 

EDS, AFM, pycnometry and mercury porosimeter were used. 
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As a result of calendering optimization, the optimum calendering ratio was found as 

15%.The c-SiO/PFM anode composition reached a loading capacity of 3,5 mAh/cm2 

and a specific capacity of 1250 mAh/g after 100 cycles with 15% calendering. When 

the same calendaring ratio was applied to the Si/PAA and Si/nPAA anodes, the 

electrodes exhibited a stable cycle performance and gave a specific capacity of 511 

and 1370 mAh/g at the end of the 100th cycle, respectively. Pycnometry results for 

c-SiO electrode showed increasing electrode density while pore volume was 

decreasing after increasing calendaring ratio. 

In the porosity formation study we conducted, c-SiO/PFM anode working with 10% 

NaCl gave 3 mAh/cm2 loading capacity and a specific capacity of 1000 mAh/g after 

100 cycles. The c-SiO/PFM anode operated with 30% NaCl gave 4 mAh/cm2 loading 

capacity and a specific capacity of 750 mAh/g at 100 cycles. The method was also 

applied to the Si/PPy anode composition using 30% NaCl. With the Si/PPy anode 

operating with 30% NaCl, it was reached a specific capacity of 1100 mAh/g at 100 

cycles. Structure characterization results also confirmed the porous electrode 

formation. Under SEM top view and cross section analysis, pores were observed. 

EDS analysis showed the presence of Cu particles on the electrode surface after 

washing. AFM results indicated higher roughness value (Ra) after porosity 

generation. Results of pycnometry and mercury porosimeter were also claimed 

increasing pore volume and porosity after electrode washing process which provided 

pores on the electrode structure. 

Considering the studies and results presented in this thesis, it is understood that the 

generated method and performed optimization from this thesis can shed light to 

commercial usage of Si based materials for lithium ion battery applications. 
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YÜKSEK ENERJİ YOĞUNLUKLU LİTYUM İYON BATARYALAR İÇİN 

SİLİSYUM BAZLI ANOTLARIN OPTİMİZASYONU VE POROZİTE 

OLUŞTURMA METODU 

ÖZET 

Enerji depolama sistemleri; enerji şebekelerini düzenlemek, şebeke güvenilirliğini 

artırarak şebekeden alınan elektrik enerjisinin kalitesini iyileştirmek için yaygın 

olarak kullanılmaktadır. Ancak temiz enerjiye yönelim nedeniyle günümüzde, 

elektrikli ya da hibrit elektrikli araçlar ile yenilenebilir enerji kaynakları ve bu 

sistemlerde kullanılacak enerji depolama sistemlerinin geliştirilmesi ön plana 

çıkmıştır. Bu sayede rüzgâr ve güneş gibi sürekli olarak yararlanma imkanı olmayan 

yenilenebilir kaynaklardan bu kaynakların mevcut olduğu zamanlarda üretilecek 

enerjinin depolanarak, kaynakların kesintiye uğradığı zamanlarda kullanılmasına 

olanak sağlayacak; böylece yenilenebilir enerjinin güvenilirliğini artırarak, 

kullanımını cazip hale getirecektir.   

Günümüzde, enerji depolama teknolojileri ise bir dönüşüm halinde olup, güç (watt) 

ya da enerji (watt-saat) kolay sağlanabilirken bunların her ikisini birlikte elde etmek 

mümkün olamamaktadır. Süperkapasitörler, sadece birkaç saniyelik yüksek 

miktarlarda güç sağlayabilmekte ve yakıt hücreleri pik güçlerde sınırlı olmak şartıyla 

yüksek miktarda enerji depolayabilir. Bunlar birçok, yüksek miktarda güç ve enerji 

gerektiren, modern ileri teknolojiler (akıllı telefonlar, giysi bilgisayarlar, elektrikli 

araçlar gibi) için önemli sorundur. Lityum iyon bataryalar (LIB) günümüzde, yüksek 

güç ve enerji uygulamaları için en iyi çözümlerdir. Çünkü LIBlar yüksek enerji ve 

güç yoğunlukları ile diğer şarj edilebilir pillere göre daha hafif ve daha küçüktür. Bu 

özellikleri, cep telefonları, dizüstü bilgisayarlar, dijital kameralar/video kameralar ve 

taşınabilir diğer elektronik cihazlarda büyük ölçüde neden kullanıldığını 

açıklamaktadır. LIB’ların diğer avantajları ise, kurşun asit ve metal hidrür bataryalar 

ile kıyaslandığında, yüksek enerji verimi, hafıza etkisi olmaması ve kısmen uzun 

çevrim ömrüne sahip olmalarıdır. 

LIB’lar kullanım alanı spektrumu çok geniş olan enerji depolama sistemleridir. Cep 

telefonları, tabletler, taşınabilir bilgisayarlar gibi tüketici elektroniğinden, elektrikli 

araçlara, uçak-uzay uygulamalarından askeri uygulamalara, sosyal ve politik birçok 

alanda önemli bir ekipman olmaktadır. Bu nedenle yerlileşmesine önemle bakılan 

stratejik bir konu olması nedeniyle de dünyada büyük rekabetin olduğu bir saha 

haline gelmiştir. Bugün, tüketici elektroniğinde kullanılan lityum iyon bataryaların 

yaklaşık %90’ı Asya’da üretilmekte ve geleceğin elektrikli araçları için ilave 

teknolojilere gerek duyulmaktadır. Amerika Birleşik Devletleri, elektrikli araç 

üretiminde başı çekenlerden olmayı planlaması sebebiyle, yerli bir lityum iyon 

batarya üreticisinin kritik olduğunu dikkate almış ve rekabetçi bir pazar içinde 

yeralabilmek ve başarılı olabilmek için uzun dönemli planlara ihtiyaç duymuştur. 

Ülkemizde de, az sayıda olmakla birlikte, üniversiteler, araştırma kurumları ve ticari 

firmalar, lityum iyon batarya teknolojileri üzerine çalışmalar yapmaya başlamıştır.  
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Lityum iyon bataryaların ana bileşenleri, dış devreye elektron sağlayan ve 

elektrokimyasal reaksiyon sırasında yükseltgenen anot, dış devreden elektron kabul 

eden ve elektrokimyasal reaksiyon sırasında indirgenen katot ve iyon gibi yüklü 

yapıların transferini sağlayan bir ortam olan elektrolittir. Etilen karbonat, dietil 

karbonat ve/veya dimetil karbonat gibi organik çözücülerde çözünmüş LiPF6 tuzu 

ticari olarak en yaygın kullanılan elektrolit olmakla birlikte, katı elektrolit ya da 

polimer elektrolitler üzerinde yoğun çalışmalar bulunmaktadır. Katot malzemeleri, 

lityumla konak-konuk bileşiği oluşturmak üzere tersinir tepkime verebilen metal 

oksit yapılardır. Bu yapılar arasında ticarileşmiş olan en önemli örnekleri lityum 

kobalt oksit (LCO), lityum demir fosfat (LFP) ve nikel mangan kobalt (NMC) 

kompozitleridir. Anot aktif malzemeleri ise hali hazırda ticari olarak kullanılan grafit 

olmakla birlikte silisyum, kalay ve germanyum üzerinde çokça çalışılan 

malzemelerdir. Teorik kapasiteleri ise sırasıyla 4200 mAh/g, 1600 mAh/g, 999 

mAh/g’dır. Günümüzün en yaygın kullanılan ve ticarileşmiş neredeyse tek ürünü 

olan grafit anot aktif malzemesi enerji yoğunluğunun sınırlı olması, yüksek kapasite 

gösteren silisyum (Si) bazlı malzemeleri alternatif hale getirmektedir. Si bazlı negatif 

elektrotlar, 372mAh/g teorik kapasiteye sahip grafit anotlarla kıyaslandığında, 

yaklaşık olarak teorik kapasitesi 4200mAh/g olup 11 kat fazla kapasite sağlayarak ön 

plana çıkmıştır. Ancak Si bazlı anot malzemelerinin de aşılması gereken bazı 

sorunları bulunmaktadır. Bunların en önemlisi Si atomlarının şarj-deşarj sırasında Li 

atomları ile reaksiyonu sonucu hacimce sübvanse edilemez bir şekilde değişmesidir 

(%300 civarında genişleme görülmektedir.) Bu hacimsel değişiklik sonucunda anot 

malzemesinde çatlaklar oluşmakta, elektriksel iletkenlik kaybedilmekle beraber, iyon 

transferindeki azalma, kapasite kaybıyla sonuçlanmaktadır. Silisyumun sahip olduğu 

bu sorun, silisyum esaslı kompozitler geliştirilerek, gözenekli silisyum yapıları 

sentezleyerek, polimer bağlayıcı çözümleri üzerine çalışılarak ya da çeşitli üretim 

metotları geliştirilerek çözülmeye çalışılmaktadır. Bu çalışmada da silisyum bazlı 

anot aktif malzemeleri, optimize edilen ve geliştirilen yöntemler ile ve bu 

yöntemlerin çeşitli polimer bağlayıcılar kullanılarak çalıştırılmasına dayanılarak 

çözümler sunulmuştur. 

İlk olarak, anot üretiminde önemli bir adım olan haddeleme prosesi farklı anot 

porozitesi yüzdeleri için gerçekleştirilmiş olup, en uygun oran bulunmaya 

çalışılmıştır. c-SiO/PFM bileşimi için en uygun bulunan %15 haddeleme oranı farklı 

malzeme ve polimer bileşimi olan Si/PAA ve Si/nPAA bileşimleri ile de çalışılmıştır. 

Elde edilen anotların yapısal ve elektrokimyasal analizleri yapılarak, sunulan katkı 

açıklanmıştır. Ayrıca haddeleme sonrası elektrot yoğunluğu ve por hacminin 

değişimi piknometre ile gösterilmiştir. 

İkinci olarak ise geliştirilen bir yöntemle, poroz Si bazlı anot üretilmiştir. Buradaki 

ana amaç; Si bazlı anotların kapasitesini, uzun çevrim sayılarında, kulombik verimi 

yüksek olarak kullanabilmektir. Günümüzde ticari olarak kullanılan karbon bazlı 

anotların kapasitesi, günlük uygulamalarımız (cep telefonu ve bilgisayar) için ve 

gelecekte yaygın bir kullanımı olması planlanan elektrikli araçlar için yeterli değildir. 

Bu sebeple, yüksek enerji yoğunluğuna sahip ve yüksek spesifik kapasiteli anotlar 

geliştirilmesi gerekmektedir. Burada yapılmak istenen ise bu ihtiyaçları 

karşılayabilecek, anot tasarımlarını sağlamaktır. c-SiO/PFM bileşimi, farklı oranlarda 

tuzun yapıya eklenmesi ve uzaklaştırılması ile poroz hale getirilmek istenmiştir. Anot 

yapısında sağlanan bu poroziteler, lityumun silisyum yapısına girdiğinde sebep 

olduğu hacimsel genişlemeye izin vererek, yapının bütünlüğünün bozulmasını 

önlemektedir. Böylece fazla aktif malzeme yüklenmiş olmasına ragmen, daha uzun 

çevrimlerde, daha kararlı elektrot sonuçları elde edilebilinmiştir. Yapılan çalışmada 
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elektrot yapısına eklenip uzaklaştırılan en uygun tuz oranı ağırlıkça %30 olarak tespit 

edilmiş olup, çalışma Si/PPy anot bileşimi için de çalışılmıştır. Poroz elektrotların 

karakterizasyonu için SEM, EDS, AFM, piknometre and civalı porozimetre 

kullanılmıştır. 

Haddeleme optimizasyonun sonucu olarak, en uygun hadde oranı %15 olarak 

bulunmuştur. c-SiO/PFM anot bileşiminin %15 hadde ile 100 çevrim sonrası 3,5 

mAh/cm2 yükleme kapasitesine ve 1250mAh/g spesifik kapasiteye ulaşılmıştır. Aynı 

haddeleme oranı Si/PAA ve Si/nPAA anot bileşimleri için de uygulandığında stabil 

bir çevrim performansı gösteren elektrot 100. çevrim sonunda sırasıyla 511 ve 

1370mAh/g spesifik kapasite vermiştir. Piknometre sonuçları ise, artan haddeleme 

oranına bağlı olarak c-SiO elektrodun elektrot yoğunluğunun arttığını ancak por 

hacminin azaldığını göstermiştir. 

Porozite oluşturma çalışmasında, %10 NaCl ile çalışılan c-SiO/PFM anodu 100 

çevrim sonunda 3mAh/cm2 yükleme kapasitesi ve 1000 mAh/g spesifik kapasite 

sağlamıştır. %30 NaCl ile çalışılan c-SiO/PFM anodu ise 100 çevrim sonunda 

4mAh/cm2 yükleme kapasitesi ve 750 mAh/g spesifik kapasite sağlamıştır. Metot, 

%30 NaCl Si/PPy anot bileşimi için de uygulanmıştır. %30 NaCl ile çalışılan Si/PPy 

anodu ile 100 çevrim sonunda 1100 mAh/g spesifik kapasiteye ulaşılmıştır. Yapısal 

karakterizasyon sonuçları da poroz elektrot yapısını desteklemektedir. SEM üstten 

vey an kesit görüntüleri porların gözlenmesini sağlamıştır. EDS analizi ile yıkama 

sonrası elektrot yüzeyinde çöken Cu parçacıklarının tespitini sağlamıştır. AFM 

sonuçları, porosite oluşturduktan sonra daha yüksek pürüzlülük değeri (Ra) 

göstermiştir. Piknometre ve civalı porozimetre sonuçları ise elektrot yapısında 

porozite sağlayan elektrotun yıkanma sonrası artan por hacmini ve poroziteyi kanıtlar 

niteliktedir.  

Bu tezde ki çalışmalar ve sonuçları dikkate alındığında, geliştirilen metodun ve 

yapılan optimizasyonun, lityum iyon batarya uygulamalarında Si esaslı 

malzemelerinin kullanımasına ışık tutabileceği anlaşılmaktadır. 
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1. INTRODUCTION 

Energy production from renewable sources becomes more important because of not 

only fossil fuels depletion but also protecting the environment. Renewable energy 

sources like biomass, geothermal, hydropower, solar, wave and wind, have low 

environmental impact and widely available. When renewable energy sources are 

compared to fossil fuels, it is clearly seen that fossil fuels have made our life simple 

in terms of sustainability. Renewable energy sources are also needed to be 

sustainable for widespread utilization. Namely, renewable energies should be stored 

to be able to use it when energy is needed but not available.  

As well as the sustainability of renewable energy, energy storage is also significant 

öfor many applications such as consumer electronics and electric vehicles (EVs), 

which require high energy and power densities with longer cycle life. [1, 2]. This 

indicates that energy storage systems may have different characteristics according to 

application type and its requirements. 

There are many energy storage systems, such as mechanical, electrochemical, 

chemical, electrical and thermal energy storage systems as shown in Figure 1.1 [3]. 

Among these systems, lithium ion batteries (LIBs) as an electrochemical energy 

storage system will be focus of this study. 

 

Figure 1.1 : Classification of electrical energy storage systems according to energy 

form [3]. 
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Lithium-ion batteries are a popular type of rechargeable batteries used in portable 

electronics and electric or hybrid cars [4]. The LIBs have advantages with their 

excellent properties such as no memory effect, large voltage range, low self-

discharge and high energy density. However, the present LIBs have developments to 

increase the energy density, still several challenges are needed to be resolved prior to 

their applications in EVs [5]. These challenges include energy and power densities, 

cycle life, charge-discharge rates, safety and cost of LIBs [6]. Most of these 

challenges are related to electrode materials. Therefore, new material compositions 

with new electrode designs have the serious potential to improve the energy per 

weight and volume at reduced cost. Nowadays an important and good example has 

been announced by MIT Technology Rewiev that a startup company from US 

developed a cheaper and faster way to make lithium-ion batteries with their new 

production method [7]. The investments are being made also worldwide in the 

development of silicon-based anodes for Li-ion batteries. On 17 February 2009, the 

Green Car Congress [8] reported that a spin-off company from Imperial College 

London received additional funding of £10 million (US$14million) for its Silicon-

Based Anode Start-up project. However, the anodes for the most lithium ion batteries 

on the market are still carbon materials. Development of new high-capacity anode 

materials, such as Sn, Si, and alloy anodes, have been one of the major focus of the 

research in lithium-ion battery field. Although the chemical nature of all components 

is fixed, it still needs to fix following process parameters, which all have non-

accurately known, impact on lifetime and battery performance [9]:  

1. Particle size and distribution. 

 2. Relative amount of active material (AM), binder and conductive agent in the 

electrode.  

3. Amount of AM per cm2 current collector.  

4. Thickness and density of the electrode.  

5. Wettability process influencing active area. 

In the light of these parameters, density and pore distribution of electrodes were 

studied to increase the performance of battery for different applications 
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1.1 Purpose of Thesis 

As mentioned in the literature review section, silicon based materials have volume 

change problem during the charge/discharge processes. The drastic volume change of 

pure Si anode poses formidable challenges to build a thick electrode. Also, a high 

concentration of binder and conductive additive are typically required to achieve a 

satisfactory cycling performance but these inactive species (binder and carbon black) 

decrease the electrode level energy density to the extent that makes it less 

competitive than the state-of-the-art graphite electrode. A high-density lithium-ion 

battery leads to a high volumetric energy density, which is especially important for 

the application in portable electronic devices. The use of Si-containing anode such as 

Si/C, silicon oxide and silicon-containing alloy have intermediate capacities 

(800−1500 mAh/g) and volume changes (100− 150%); a high-loading electrode is 

easier to fabricate based on these materials due to the intrinsically smaller volume 

change. It is seen that there are significant studies to be able to find a sustainable 

solution for this problem regarding to cost, viable production methods, available 

materials, and high energy density. Starting with this target, in this thesis, our aim is 

to optimize available methods and to develop a new method to generate a highly 

porous electrode that can buffer the volume change of the individual c-SiO particles 

and help to maintain the mechanical integrity of the c-SiO electrode. The method 

developed here is expected to be compatible with the state-of-the-art lithium ion 

battery industrial fabrication processes and therefore holds great promise as a 

practical technique for boosting the electrochemical performance of lithium ion 

batteries without changing material systems. A simple, cheap, scalable, and versatile 

way is chosen to obtain c-SiO electrodes with high-porosity. The property gain in 

terms of electrochemical performance (high areal capacity with high current density) 

is demonstrated that a high-porosity is a key factor to improve the loading of c-SiO 

electrode. 

When the current literature was taken into account, it was seen that silicon-based 

anode materials had very low loading capacities as in mAh/cm2 or mg/cm2. Although 

silicon based materials have very high specific capacity, low loading capacities are a 

limitation to use silicon materials commercially. In this thesis, this limitation is on 

the focus and it is endeavoured to become the solution for this limitations. It is aimed 
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to use an easy, feasible and applicable method to develop high loading capacities for 

high energy and power density.  

Our studies in this work, which were focused on porosity and energy density of 

anode, can be classified for 2 purposes: 

1- Optimization of the anode porosity and electrode density with using 

calendering procedure is expected to result in a better contact in electrode 

matrix, decreasing the contact resistance. The volume fraction of porosity 

decreases as the electrode density increases providing the higher specific 

energy density which is desired in most consumer applications, because the 

current requirements are the reduction of device size. Therefore to increase 

the energy of lithium-ion cells, we focused on increasing the active materials’ 

volumetric energy density.  

2- Design to generate porosity in anodes that are desired to be rendered porous 

form by adding and removing different ratios of the salt to the structure. This 

process provides a porous anode structure. This architecture may offer unique 

benefits, such as pores for rapid ion transport. Moreover, it helps to maintain 

the volumetric change of anode and prevents the deterioration of the integrity 

of the anode structure even allowing the dense electrode formation. Thus, 

more stable electrode results can be obtained over longer cycles, even though 

the high loading active material is coated.  

As is seen aforementioned, two studies focus on the effect of electrode porosity 

change on cell perfromance according to applied methods for porosity. While one 

was decreasing the porosity to a optimum value, second was generating the 

enough porosity to provide available anode design for different applications. 

These studies were applied for both Si and SiO materials to have some 

understandings about these two favored materials which have different 

theoratical capacity, volume change ratio and electrochemical behavior in LIBs.
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2. LITHIUM ION BATTERIES 

2.1 Principle of Lithium Ion Batteries 

The working principle of a Li-ion cell can be explained as: Li ions move between the 

anode and cathode. During the discharge, Li ions deintercalate from the anode and 

intercalate into the cathode. Here chemical potential difference of Li ions between 

the two electrodes is resulted as electron leaving the anode simultaneously and 

flowing through the external circuit, which provides electrical energy to the load. If 

the process is on the opposite direction, charge step occurs. A brief overview of a 

lithium ion battery cell is shown in Figure 2.1. 

 

Figure 2.1 : The schematic and a brief overview of a lithium ion battery cell [10]. 

Li-ion cells should have thermodynamically stable configuration such a way that 

Goodenough et al. [11] explains it in an open-circuit energy diagram of an aqueous 

electrolyte systems. Figure 2.2 shows their study in a diagram. They define 

parameters μA and μC  as anode and cathode electrochemical potentials, respectively. 

If a passivation layer does not create a barrier to electron transfer from the anode to 

the electrolyte, μA above the lowest unoccupied molecular orbital (LUMO) will 

reduce the electrolyte. If a passivation layer does not block electron transfer from the 

electrolyte the highest occupied molecular orbital (HOMO) to the cathode, μC below 

the HOMO will oxidize the electrolyte. μA and μC need to be within the window of 

the electrolyte for thermodynamic stability. This force the open circuit voltage (OCV 

or VOC) of battery cell to being smaller than Eg : 

                                                 eVOC = μA - μC ≤ Eg                                                 (2.1) 
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where Eg is the energy difference of the electrolyte window and e is the magnitude 

of the electron charge. According to them, it must be designed as: (1) an anode’s 

electrochemical potential μA needs to match to the LUMO of the electrolyte and a 

cathode’s electrochemical potential μC needs to match to the HOMO of the 

electrolyte, (2) because of the electrode volume change during the charge/ discharge 

cycle, a stable passivating solid electrolyte interphase (SEI) layer needs to self heal 

itself and; the SEI layer must also permit a fast Li ion transfer between the electrode 

and the electrolyte without blocking electron transfer between the active particle and 

the current collector. 

 

Figure 2.2 : Open-circuit energy diagram of an aqueous electrolyte systems [11]. 

Since OCV is the difference between the anodic and cathodic Li ion chemical 

potentials, or between their electronic Fermi energy levels, higher OCV can 

theoretically be obtained by lowering the (de)lithiation potential of the anode. Given 

that Li metal has the most negative standard electrode potential among the metals, it 

can be applied as the anode with the lowest potential for Li secondary batteries. 

However, when the output voltage of the anode is lower than 1 V versus Li metal 

anode [12], the Fermi energy level of the anode will be lower than LUMO of organic 

electrolytic solutions, which makes the electrolytes decompose and solid electrolyte 

interphase (SEI) layers form. 

2.2 Anode Active Materials for LIBs  

An ideal anode material for LIBs can be specified as (1) to contain elements or 

compounds with low atomic or formula weights, to accommodate large amounts of 
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Li, to be cyclable, and to have stable, and reversible gravimetric (mAh/g) and 

volumetric (mAh/cm3) capacities, (2) to show a potential close to potential of Li 

metal and not to show large change in the potential with changes in the Li content, 

(3) not to be soluble in the solvents of the electrolyte and not to react chemically with 

the salt or solvents of the electrolyte, (4) to show good electronic and Li ionic 

conductivity, (5) to be cheap and environmentally friendly [13]. Additionaly, while 

developing new anode materials, structure, composition and morphology of anode 

materials should be in consideration which can be classified as insertion, alloying 

and conversion materials [14]. 

2.2.1  Insertion Based Anode Materials 

Insertion process of anode materials exists with the intercalation of Li+ at vacancies 

in the structure of electrode materials without destroying the crystal structure. 

However, minor modifications of the crystal structure can be occurred which is 

called as topotactic reaction. Three conditions are needed for this reaction. First one, 

the compound must be crystalline and there must be empty sites in the host structure. 

Empty sites can be in the form of isolated vacancies, 1D channels, 2D layers or 

channels in the 3D network. Second one, the host structure must contain a transition 

metal or rare earth metal. In the third condition, host structure can have unfavorable 

crystal structure and transition metals in low valency state resulting with no Li 

intercalation. Therefore, semiconducting or insulating metal oxides, transition metal 

ions, and 2D or 3D structures is needed for Li cycling [13].  

Insertion based process provides higher rate capability, safer battery operation and 

longer cyclic life [15, 16]. 

2.2.2  Alloying-Based Anode Materials  

Li can make alloys with metals/semimetals in this process with providing high 

capacity. For instance, alloy formation of lithium with silicon can deliver higher 

capacity values up to 8.5 Ah/cm or 4.2 Ah/g [17]. However, Li alloying – dealloying 

reactions involve large changes in the unit cell volume which is detrimental to the 

long-term Li cyclability. It is due to the electrochemical pulverization of the active 

material and loss of electrical contact between the particles and the current collector. 

In order to mitigate this problem; use of nanosize particles of the metals or oxides or 
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other compounds, incorporation of matrix elements, which are electrochemically 

active or inactive toward Li, starting crystal structure and morphology and lastly 

choice of the proper voltage range for Li cycling can be adapted. 

2.2.3  Conversion Reaction-Based Anode Materials 

Conversion reaction based process occurs when lithium reacts with transition metal 

compounds (MaXb, M: metal, X: O, S, F, P, N etc.) to form LiyX. Metals are reduced 

to their zero oxidation state and deliver excellent capacity values [18]. However, 

several issues related to conversion reactions remain poorly understood, including 

the voltage hysteresis during charge/discharge processes. The feature of the 

conversion systems is the wide gap between the charge and discharge voltages and 

this gap has a thermodynamic origin. Recently, researchers realized that it depends 

on the nature of the M−X chemical bonds in the starting material (ionic vs covalent) 

regarding to the material electronic behavior [19-22]. For instance, the insulating 

CoO material shows a much wider voltage hysteresis [23] than the metallic FeP 

material [21] at a comparable rate. 

2.3 Fabrication Process of Anode for LIBs 

Lithium ion cells are fabricated with the design of materials and electrochemical 

couples available as the specific to their applications in terms of voltage, state of 

charge use, lifetime needs, and safety. The selection of electrochemical couples and 

the design of the cell directly affect the power, energy ratios and available energy. 

Therefore, it is required to preserve the mechanical integrity of electrode over 

numerous charge and discharge cycles despite the mechanical stress that is 

introduced by volumetric changes of the active material and the electrical 

conductivity of electrode while providing a porous structure that is favorable for ion 

transport. For this purpose integration of the cells requires optimized electrode 

manufacturing. Electrodes are coated on a current collector foil as a slurry containing 

composite structure of active material, binders, and conductive additives. In this 

process it is important to be aware of control of colloidal chemistry, adhesion, and 

solidification to get a formation with sufficient porosity degree and compaction in 

the electrode that can affect battery performance [24]. Pore structure predominantly 

depends on the size and shape of the applied materials such as active material 
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particles and additives. While mechanical integrity is attributed cohesion between 

particles and the adhesion of particles to the current collector [25-27], electrical 

conductivity is governed by the distribution of carbon black throughout the film[28]. 

Since we focus on the anode performance in this study, it will be detailed in terms of 

slurry preparation, lamination and drying of electrode preparation processes. Anode 

sheets are typically prepared through mixing, solving and/or dispersing active 

materials and additives in a solvent, casting of a homogeneous wet film on the 

current collector and removing the solvent by convective drying [29]. 

For a well prepared electrode slurry, followed procedure can be taken into account: 

1- Dispersing the active material (AM)/carbon additive (CA) agglomerates, 

2- Reducing the size of AM/CA aggregates as possible as. 

3- To suppress the separation an agglomeration of AM, CA and a binder, 

arranging the most favorable composition. 

4- To prevent the material degradation in the mixing, keeping the most favorable 

structure and composition of the AM, CA and binder.  

Slurry can be prepared by different dispersing equipment showed in Figure 2.3. 

Slurry preparation step has the influence on electrode morphology and performance 

depending on the precursor slurry properties. On the other hand this process is able to 

modify the  structure  of  the  electrode  components  (AM,  CA  and  the binder). 

 

Figure 2.3 : Schematic drawings of dispersing machines [30]. 
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A homogeneous slurry preparation is followed by electrode lamination, which is 

resulted not only in the cheaper production but also in superior battery capacity and 

cycleability. Electrode lamination is the coating of the electrode slurry on the current 

collector foil. There are many different methods such as chemical vapor deposition, 

spray deposition, laser deposition, spin coating, doctor blade coating, slot die coating 

etc. for lamination process. This process should be resulted with an even electrode 

thickness, free of coating defects and highly productive (i.e., the coating speed 

should be high) [24]. The distribution of the materials in the electrode constitute 

importance during solvent evaporation, which induces film shrinkage [31, 32] and 

pore formation [33]. It is known that drying process is directly have an impact on 

adhesion [25, 27, 34, 35], conductivity [27, 28, 35], binder distribution [34, 36-39] 

and electrochemical cell performance [27, 34, 35]. Many studies have been published 

to provide better understanding of the film solidification mechanism and the 

development of drying profiles [34, 37, 40, 41]. 

2.4 Calendering Process of Anodes for LIBs 

Calendering process which is applied the electrode by pressure rollers used to form 

or smooth a sheet of material, has been considered to be a critical step in the 

production of high performance anodes [42]. Calendering is performed to change the 

pore structure of the electrode, which would thereby impact the electrochemical 

performance of the cell. Porosity and thickness of the electrode are decreased while 

the density of electrode is increased upon calendering. 

While thin-film, solid-state batteries deliver excellent capacity retention over 

thousands of cycles [43], they possess very low volumetric energy densities. On the 

other hand, the concept of the electrode thickness and porosity can have limitations 

on mass transfer of Li ions which is resulted by the capacity fading of the cell due to 

the overpotantial that can lead to lithium plating on anode [44]. Many developing 

applications require batteries with high volumetric energy and power. One of the 

progress in this direction is the calendaring of the electrode to increase the electrode 

density. In addition to the increasing electrode density, calendaring generally leads to 

improved coating adhesion, particle interaction and electrical conductivity. However, 

excessive calendering, can result in very low porosities and blockage of the Li+ 

diffusion. As it known, low porosity is also substantial for the electrode materials 
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which have the volume change problem during the lithiation-delithiation process to 

accommodate the volume change of electrode.  

Calendering process is affected by; 

- Compress ratio of rolls, 

- Surface of rolls, 

- Applied temperature during the calendering, 

- Calendering rate (m/s), 

- Porosity of electrode before calendering. 

2.5 Porosity Generation of Anodes for LIBs 

The chemical composition and pore structures of active material directly affect the 

formation of the SEI layer and the diffusion of lithium ions through the anode 

material which is a complex mechanism [45-47]. Moreover, changes in volume 

occurring during the lithiation-delithiation processes can cause cell failures with 

long-term use [48-51]. Significant efforts have been applied to overcome the 

drawbacks of anodes and to improve the cycling stability of the cell through the 

development of material nanostructures, the application of electrolyte additives, and 

novel binders [52, 53]. Among these approaches several studies have focused on 

being able to control the pore texture of the materials and/or electrode providing 

large spaces that accommodate volume changes at the electrodes to improve the 

electrochemical performance of batteries [46, 49, 54, 55]. For example, carbon 

porous texture can be as xerogels, cryogels, aerogels, nano or microspheres and 

silicon can be in the form of nanowires [56, 57], three-dimensional porous structures 

[58-60], and nanocomposites [61, 62]. Although significant electrode performance 

has been obtained by porous material development, it is not still cost effective for 

commercial mass production. Therefore recent studies have been also focused on the 

controlling and designing of the electrode structure as an effective strategy for 

decreasing the volume changes during the lithiation-delithiation processes. Jeong et 

al. [63] presented artificially porosity-controlled composite electrodes with using 

PMMA pored forming agent. PMMA-treated porous electrodes exhibited an 

additional submicron pore distribution and greater dimensional reversibility than the 

untreated electrodes. Lee et al. [55] generated porous Si-based electrode by using 
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polystyrene (PS) beads as pore-forming agent. The electrode slurry was prepared 

with PS beads and after coating electrodes were heat-treated to remove PS beads. 10, 

15, or 20 % PS beads were used in the slurry. They had increase in the electrode 

porosity for all compositions after heat treatment. The optimum results were obtained 

after 10% and %15 PS beads removal yielding 60.3 or 59.8 % of the initial capacity, 

respectively, after 100 cycles. Porosity measurement can be performed by imaging 

techniques and other techniques:  

Imaging Methods: Image processing is a new and convenient method which is able 

to determine the pore size, pore size distribution and porosity. D techniques that can 

be used include: optical light microscopy (OM), scanning electron microscopy 

(SEM) with energy dispersive X-ray spectroscopy (EDX), field emission scanning 

electron microscopy (FESEM), focused ion beam (FIB), transmission electron 

microscopy (TEM). The range of 3D techniques available include: atomic force 

microscopy (AFM) and X-ray tomography. 

- Optical Microscopy: Optical microscopy is a technique to viewa sample 

through the magnification of a lens with visible light. It is also known as a 

light microscope that provides a series of lenses to magnify images of small 

samples with visible light [64]. There are many types of optical microscopes 

such as: Transmitted Light Microscopy, Bright Field Microscopy, Dark Field 

Microscopy, Polarised Light Microscopy, Differential Interference Contrast 

Microscopy. 

- Scanning Electron Microscopy (SEM): Porosity can be measured by image 

analysis based on scanning electronmicroscopy incorporating digital image 

processing. The dimension, shape and the number of pores in the sample can 

be inspected by image processing analysis. It is performed by some 

mathematical morphology algorithms for a complete pore size distribution 

(PSD) curve for each sample. Here the important thing is to generate a 

porosity threshold image to perform accurate digital porosity measurements. 

The advantage of the SEM to get direct and detailed structural information 

including the shape and size of individual pore inside the sample.  The 

disadvantage of the SEM is underestimating the pore radius due to only 

working part of the pore [65]. 
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- Field Emission Scanning Electron Microscopy (FESEM): A FESEM is a 

microscope that works with electrons instead of light. These electrons are 

released by a field emission source. The object is scanned by electrons 

according to a zig-zag pattern. It is used used to visualize very small 

topographic details on the surface or entire or fractioned objects [66]. 

- Focused Ion Beam (FIB): It is similar to SEM but the difference is the beam 

scanning the sample is ion beam instead of electron beam. The high-

resolution ion beams are used and a field ionization source with a small 

effective source size on the order of 5 nm enables the beam to be tightly 

focused. As the metal ion source mostly Ga ions are used [67]. 

- Transmission Electron Microscopy (TEM): In this technique a beam of 

electrons is transmitted through an ultra thin sample, interacting with the it as 

it passes through. An image is focused onto an imaging device which is 

formed by the interaction of the electrons received from sample [68]. TEM 

provides high resolution imaging although it has operational difficulty such 

as high running cost, expertise requirement and difficult sample preparation 

[69]. 

- Atomic Force Microscopy (AFM): Atomic force microscopy (AFM) is a 

technique that provides images and other information from a wide variety of 

samples, at extremely high (nanometer) resolution. In Figure 2.4 the 

operation of AFM was given schematically.  The advantage of AFM 

compared to SEM and TEM is simple operation in almost any environment, 

such as aqueous solutions, but also other solvents, in air, vacuum, or other 

gases [70]. 

 

Figure 2.4 : Schematic of AFM operation. 
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- X-ray Tomography: In this technique, samples are with an X-ray beam 

which allows us, using an X photon detector, to record the adsorbed beam 

that has passed through the solid to the analyser. Image acquisition is 

repeated at different rotation angles and the different sections are then 

reconstructed using algorithms to form a three-dimensional image of the 

sample.X-ray Computed Tomography (CT) is a nondestructive technique 

which is used to visualize the interior features of solid objects, and to obtain 

digital information about their 3-D geometries and properties.  This method 

provides the knowledge on the micro-structure of sample such as pore size 

distribution, porosity and tortuosity of the porous network [65]. 

Other Methods:  Porosity measurements can also provided by numerical methods 

such as mercury intrusion porosimetry, thermoporometry, physisorption, nitrogen 

adsorption and BET analysis, dynamic vapour sorption and pycnometry [65].  

- Mercury Intrusion Porosimetry (MP): Mercury porosimetry (MP) is a 

powerful technique to explore the pores. In MP, the volume of liquid metal 

that penetrates a solid is measured as a function of applied pressure. Since 

mercury is a hydrophobic material for most materials (its contact angle is 

greater than 90°), an external pressure is applied to force it into the pores of a 

porous solid [65]. 

- Thermoporometry: This method works due to the melting temprerature of a 

liquid inside the porous material providing information on the pore-size 

distribution [65].  

- Physisorption: The principle of this technique is based on the measurement 

of amount adsorbed versus adsorptive pressure at constant temperature. It 

provides total surface area, mesopore and micropore volume and area, total 

pore volume, the distribution of pore volume and area by pore size, and 

surface energy distribution of a sample [65]. 

- Nitrogen Adsorption And BET Analysis: This method is generally used for 

the determination of adsorption isotherms of nitrogen at the temperature of 

liquid nitrogen (~77 K). The surface area of the sample is determined from 
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the measured monolayer capacity and knowledge of the cross-sectional area 

of the molecule being used as a probe. 

- Dynamic Vapour Sorption: Dynamic vapour sorption (DVS) is a 

gravimetric technique. It measures the speed and amount of a solvent that is 

absorbed by a sample. In this technique, the main application is to measure 

water sorption isotherms. The sample is exposed to a series of step changes in 

relative humidity and the mass change as a function of time is monitored [65]. 

- Pycnometry: The main approximation of the pycnometry for the estimation 

of the sample volume is the non–ideal gas behaviour and its adsorption on to 

the solid material [71]. It was demonstrated that helium can be as an ideal and 

non-adsorbing gas at room temperature (300 K) and low pressure (< 0.5 

MPa) for pycnometry measurements [72-74]. Figure 2.5 shows the schematic 

of helium pycnometer. 

 

Figure 2.5 : Schematic diagram of helium porosimeter apparatus. 
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3. LITERAURE REVIEW 

In the literature, various studies and strategies have been used to overcome the 

problem of silicon-based anodes. Some of these studies were summarized as silicon-

based anodes, Si/C anodes, Si alloys/Si composites, and SiOx based anodes. 

Silicon based anodes have been investigated by using; kind of silicon structure such 

as silicon nanotubes, silicon nanospheres, silicon flakes etc., porous silicon designs 

by introducing void space during synthesis to expand during lithiation with little or 

no change in the volume of the entire particle. Some of these silicon based anode 

studies were summarized in Table 3.1.  

Table 3.1 : Summary of literature for silicon based anodes. 

 Anode C-Rate Specific 

Capacity 

Cycle 

Number 

Year Reference 

Silicon 

Based 

Anodes 

3D porous bulk Si 1C 2800mAh/g 100 2008 [60] 

Si nanotube 1C 3200mAh/g 200 2009 [77] 

Si thin film 0.2C 2200mAh/g 120 2012 [78] 

Ag coated hollow 

porous Si 
500mA/g 3400mAh/g 100 2012 [79] 

3D porous Si-based 

multicomponent 
0.1C 1600mA/h 100 2012 [80] 

Si-SiO-SiO2 

multicomponent 
0.2C 1280mA/g 200 2012 [81] 

Si nanotubes 0.5C 1000mAh/g 90 2013 [82] 

Nanoporous Si 

network 
1C 1250mAh/g 200 2013 [83] 

Mesoporous Si 400mA/g 1444mAh/g 100 2013 [84] 

Monodisperse porous 

Si nanospheres 
1789mA/g 1500mAh/g 500 2015 [85] 

3D macroporous Si 1C 1058mAh/g 800 2016 [86] 

Nanoporous Si flakes 1C 1450mAh/g 100 2017 [87] 

Cu3Si-doped porous-

silicon 

0.5C 2000mAh/g 100 2017       [88] 

Si/C composite anodes have been intensively labored by academies and  industrial 

companies. Today, Panasonic produces Li-ion cells for Tesla consisting of 
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silicon/graphite composite anode [89]. Si/C composites have advantage of both 

silicon and carbon. Silicon provides high specific capacity. Carbon can work as a 

buffer for the volume expansion, can help increase and maintain electrical contact 

with surrounding conducting material, and can allow decent passage of lithium ions 

to flow to the silicon material [90]. In Table 3.2, different carbon structures and 

carbon applications to improve silicon anode performance were summarized. 

Table 3.2 : Summary of literature for Si/C anodes. 

 Anode C-Rate Specific 

Capacity 

Cycle 

Number 

Year Reference 

Si/C 

Anodes 

Mesoporous 

Si@carbon core-shell 

nanowire 

600mA

/g 
2750mAh/g 80 2008 [91] 

Porous Si/C 

composite 

180mA

/g 
660mAh/g 50 2009 [92] 

Carbon scaffold Si 0.05C 1280mAh/g 118 2010 [93] 

Self-supporting 

Si/RGO 

50mA/

g 
786mAh/g 300 2011 [94] 

Si NWs/graphene 

papers 

420mA

/g 
1400mAh/g 30 2012 [95] 

Nanoporous Si 

coated with C and 

RGO 

2000m

A/g 
1100mAh/g 600 2013 [96] 

Carbon encapsulated 

Si nanoparticle 
0.05C 950mAh/g 80 2014 [97] 

Si/mesoporous C 

composite 

2000m

A/g 
1480mAh/g 1000 2014 [98] 

Si/void/porous 

carbon composite 

80mA/

g 
980mAh/g 100 2014 [99] 

Hollow core-shell 

Si/C composite 

100mA

/g 
1340mAh/g 100 2014 [100] 

Peanut shell 

structured carbon 

coated porous Si 

188mA

/g 
1179mAh/g 120 2015 [101] 

3D interconnected 

porous Si/carbon 

200mA

/g 
1552mAh/g 200 2015 [102] 

Si-porous carbon 

layers and graphene 

layers (Si-C/G) 

200mA

/g 
760mAh/g 100 2015 [103] 

Si NPs/graphene 

composite 

500mA

/g 

>1200mAh/

g 
600 2016 [104] 

Si NPs/rGO-hybrid 
2100m

A/g 
1165mAh/g 100 2016 [105] 

SNPs@void@ mGra 
500mA

/g 
1287mAh/g 500 2016 [106] 

Carbon wrapped 

porous Si 

1000m

A/g 
1639mAh/g 200 2017 [107] 
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The volume expansion problem of silicon were also tried to suppress by Si Alloy and 

Si composite structures consisting of an inactive host matrix in which silicon is finely 

dispersed. This matrix accommodates the volume change in the Si active material, 

thereby preventing the pulverization of the anode. It is expected to have high 

mechanical strength to withstand the volume change of Si on cycling and high 

electronic conductivity to allow charge transfer reactions to take place [108]. Table 

3.3 shows some of Si Alloys/Si composites’ study as a summary. 

Table 3.3 : Summary of literature for Si Alloys/Si Composites. 

 Anode C-Rate Specific 

Capacity 

Cycle 

Number 

Year Reference 

Si Alloys/Si 

Composites 

Si film deposited 

on a nickel 

substrate 

2C 
2200mAh/

g 
750 2003 [109] 

Ag coated 3D 

porous Si 
0.2C 

2500mAh/

g 
100 2011 [110] 

Si/NiTi 
100m

A/g 
698mAh/g 50 2011 [111] 

Si/Ti4Ni4Si7 
100m

A/g 

1000mAh/

g 
50 2012 [112] 

Sn-coated Si NWs 0.1C 
1865mAh/

g 
100 2014 [113] 

Si@TiO2 

composite 
0.1C 804mAh/g 100 2014 [114] 

Si/FeSi2Ti 0.1C 620mAh/g 50 2014 [115] 

Cu coated porous 

Si 

200m

A/g 

1651mAh/

g 
150 2015 [116] 

Titanium-silicon 

alloy solid 

core/nanoporous 

silicon shell 

100m

A/g 
600mAh/g 100 2015 [117] 

Fe-Cu-Si ternary 

composite 

210m

Ah/g 

1261mAh/

g 
50 2016 [118] 

The oxide form of silicon has come out as the alternative to the silicon with 

advantage of the specific capacity and relatively improved cycling performance. 

Many approaches have been reported to prepare SiOx based materials, which include 

directly mixing SiOx with carbon (e.g., graphite) or surface carbon-coating using 

organic sources and metal coating or metal doping. Some of example studies were 

given in Table 3.4. 
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Table 3.4 : Summary of literature for SiOx based Anodes. 

SiOx Based 

Anodes 

 

Anode C-Rate Specific 

Capacity 

Cycle 

Number 

Year Reference 

Cr-coated 

SiOx/C 
0.1C 517mAh/g 100 2013 [119] 

Ball milled 

SiO2/C 
0.1 A/g 600mAh/g 100 2013 [120] 

Carbon-coated 

silicon 

monoxide 

60mA/g ~615mAh/g 100 2013 [121] 

Diamond-like 

carbon/Cr 

double-layer 

coating on 

silicon 

monoxide-

graphite 

0.5C 490mAh/g 50 2014 [122] 

Si oxide-coated 

graphite flake 

(SGF) 

2500mA/g 480mAh/g 500 2015 [123] 

F-SiO/H-rGO 120mA/g 744mAh/g 50 2015 [124] 

SiO2–carbon 

composite 
C/10 601mAh/g 100 2015 [125] 

Core-shell 

SiOx/C 
100mA/g 820mAh/g 100 2015 [126] 

Boron doped 

SiO 
0.5C 947mAh/g 100 2015 [127] 

Hollow porous 

SiO2 nanobelt 
100mA/g 1012mAh/g 100 2015 [128] 

SiO2@SnO2/rG

O 
100mA/g 600mAh/g 100 2016 [129] 

SiO/graphite/am

orphous carbon 
100mA/g 850mAh/g 100 2016 [130] 

SiOx/nitrogen-

doped carbon 

composite 

100mA/g 1514mAh/g 100 2016 [131] 

nano-

Si@SiOx/graphi

te 

100mA/g 1560mAh/g 70 2016 [132] 

Si@SiOx/Graph

ene hydrogel 
100mA/g 1640mAh/g 140 2016 [133] 

Ball milled SiOx 300mA/g 1184.8 100 2017 [134] 
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4. SILICON BASED ANODE MATERIALS FOR LIBs 

4.1 Mechanism of Silicon Based Anodes 

Commercial lithium-ion batteries contain graphite in the anode side, but any other 

anode active materials have recently come up as the promising anode materials such 

as Si possesses a theoretical capacity of 4200 mAh/g, while Sn has a theoretical 

capacity of 993 mAh/g. Especially, silicon material has the serious potential because 

it is the second most abundant element on the earth and has a theoretical capacity of 

3580 mAh/g at room temperature, almost 10 times the capacity of graphite (372 

mAh/g) [135].  

In terms of advantages and properties of silicon based materials, we will focus on 

mechanism and experimental results of these materials in this thesis.  

The voltage curve of silicon is given in Figure 4.1. A schematic phase diagram of 

silicon as a function of lithiation and the regions are shown in Figure 4.2. The region 

marked as I was determined by  Obrovac and Krause [136] as the potential at which 

x-Si is lithiated to be precisely 170 mV. Region II indicates the electrochemical 

feature of Li15Si4 formation is an extremely small voltage plateau during lithiation 

found near 50 mV vs Li. Region III identifys the electrochemical feature of Li15Si4 

delithiation is a large plateau near 0.45 V. 

 

Figure 4.1 : Voltage curve of bulk Si powder [135, 136]. 
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Region IV indicates the lithiation of a-Si in both Figure 4.1 and Figure 4.2 whereas 

Region V shows the delithiation of a-LixSi in Figure 4.2. 

 

Figure 4.2 : Schematic phase diagram as a function of lithiation. Roman numerals 

correspond to those in Figure 4.1 [136, 137]. 

However, despite its remarkable high capacity and the intensive research done in the 

field, there have been no widespread applications of Si or Sn alloy anodes in lithium-

ion cells, mostly due to the large volume change associate with lithiation and 

delithiation of the material. This volume change disrupts the integrity of electrode 

and induces excessive side reactions, leading to fast capacity fade. Because of the 

above mentioned problem, regardless of the high specific capacity obtained by most 

of the previous studies, Si normally could not reach an areal capacity above 

1.5mAh/cm2 for high C-rate. Thicker Si electrode with higher loading tends to have a 

more serious electrode disintegration problem; the areal capacity achieved by Si is 

even lower than graphite anode. Thus, more and more studies are devoted to increase 

the loading and specific capacities of Si anode.  

Other issue for degradation of silicon-based anodes is SEI quality which directly 

effect cell performance, rate capability, and cyclability of the battery [138, 139]. The 

SEI is a layer that forms on the surface of the electrode during the first lithiation. It 

forms because of electrolyte decomposition and can be like a barrier between the 

electrolyte and the electrode. This barrier intrinsically consumes the anode and 

electrolyte, leading to a low efficiency and it can adjust the distribution of Li ions 

from the bulk electrolyte to the anode resulting with Li dentrite problem [140]. 
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However, SEI formation prevents the electrode surface from further reacting with the 

electrolyte components [141]. An ideal SEI layer, should have high Li ionic 

conductivity, favorable thickness, and  high  elastic  strength to inhibit the  dendrite  

growth  on  Li  metal  anode [142]. 

Several attempts has recently turned to SiOx (0<x<2) as the anode active material for 

Li-ion batteries as an alternative to pure silicon. SiOx is also a promising material 

with the advantage of high abundance in the earth’s crust, low discharge potential, 

and high initial irreversible capacity and reversible capacity of 3744 mAh/g and 1961 

mAh/g, respectively [143-145]. In the past decades, silica is not generally considered 

to be electrochemically active for lithium storage until Gao et al. reported that 

commercial SiO2 nanoparticles could react with Li between 0.0 and 1.0 V (vs. 

Li/Li1) with a reversible capacity of 400 mAh/g [146]. One of the first studies on 

SiOx anode material aslo came from Yang et al. [147] that they tried to investigate 

the effect of silicon oxide powders with different oxygen contents on the 

electrochemical performance of the lithium ion cells. They found that a reversible 

capacity of SiOx drops with the increase in the oxygen content x (x < 1.1) but the 

cyclability increases. Miyachi et. al. [145] used X-ray photoelectron spectroscopy to 

determine the chemical structure and electrochemical reaction of SiO with Li. They 

explain that a silicon-oxide bond is generally twice as strong as a Si-Si bond is one 

reason for good cycle performance. The reactions exist between silica and Li ions 

were suggested first by Fu et. al. [148]. They suggested mechanism as:   

                       5SiO2+ 4Li+ + 4e            2Li2Si2O5 + Si                                          (4.1) 

                                    Si + xLi+ + xe            LixSi                                                 (4.2) 

According to reaction (4.1), they calculated the theoretical discharge capacity of SiO2 

of 357.3 mAh/g. This value is found to be less than the reversible discharge capacity 

of 465 mAh/g. Therefore, another contribution to reversible capacity may come from 

Si–Li alloy/ dealloying process as described in reaction (4.2). The reactions exist 

between silica and Li ions were suggested by Guo et. al [143]. as: 

                                    SiO2 + 4Li+ + 4e-                     2Li2O + Si                                 (4.3) 

                                 2SiO2 + 4Li+ + 4e                      Li4SiO4 + Si                                (4.4) 

                                         Si + xLi+ + xe-            LixSi                        (4.5) 
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Here, the reaction generated Li2O and Si (4.3) shows the largest reversible capacity 

of 1961 mAh/g. Because the SiO2 is completely converted to Si and stored Li ions in 

the next process, while inactive lithium silicate is generated via other reactions (4.4) 

and, (4.5). 

4.2 Advantage and Challenge of Silicon Based Anodes 

Several types of anode materials have been studied for LIBS in the literature. A 

comparison of different kind of anode materials is given in Table 4.1 [149]. Among 

these materials Si  has received great  attention  due  to  its  highest  theoretical  

capacity which is around 4200  mAh/g at  fully  lithiated  phase  (Li22Si5 or Li4.4Si). 

Si provides over 10 times increase in anode specific capacity when it is compared to 

conventional graphite anode. 

Table 4.1 : Comparison of different kind of anode materials for lithium-ion battery 

[149]. 

 

Although silicon's performance shows great potential for advanced lithium-ion 

batteries, there are some complications involving silicon's behavior. The problem is 

the volume change of silicon during lithiation-delithiation process, which is 

originated by massive quantity of lithium insertion into silicon. Since silicon has 

1.46Å atomic radius while Lithium has 2.05Å, this constrained structure results in a 

larger volume after lithiation. Deep silicon lithiation at room temperature appears as 

crystalline Li15Si4  at below 60mV versus Li/Li+ [90]. This crystalline phase turns to 

the amorphous LixSi phase during the delithiation resulting with partial irreversible 

charge [137]. Therefore, the cut-off voltage for anode charging is preferable to be 

above 70  mV  to avoid the formation of the irreversible Li15Si4 phase. 
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A  large  volume  change  of the silicon  during  cycling  is resulted with the loss  of 

mechanical  integrity,  cracking,  pulverization  and  the  delamination of  the  active 

particles from the current collector [150, 151]. This leads to the increase in internal 

resistance and decrease in charge and discharge current causing the large irreversible 

capacity loss for the first several charge and discharge cycles and capacity fade for 

prolonged cycles. 

The another issue for silicon anode is solid electrolyte interphase (SEI) layer which is 

form on the anode surface during the charge and discharge cycles due to electrolyte 

reduction and other surface reactions. The product of these reactions are basically a 

mixed layer of Li2CO3, lithium alkyl carbonates, lithium alkoxides and other salt. In 

Figure 4.3 an example for ethylene carbonate (EC) reduction was given [152]. 

 

Figure 4.3 : Reaction mechanisms for SEI formation. 

The properties of this layer such as thickness and stability plays an important role on 

the li-ion cell performance. SEI layer on the electrode/electrolyte interface can 

influence the kinetics of lithiation/delithiation and the interfacial stability of 

electrode. This layer can also help to protect the electrode surface from further 

reactions. 

SEI layer can be detected by FTIR, XPS, Raman spectroscopy, AES, NMR etc. 

These techiques give limited information about SEI. However, the results collected 

by each characterization technique are complementary to each other. 
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5. EXPERIMENTAL STUDIES 

Optimization of porous electrode microstructure is essentially significant for the 

improvement of high performance lithium-ion batteries (LIBs). In this thesis, two 

different approaches were performed to be able to optimize the porosity of anode. 

The first one is calendering process of the anode and the second one is the porosity 

generation on the anode by additive add/drop method. Here, our investigation was 

started with the carbon coated SiO (c-SiO) active material and PFM binder for both 

methods. Then these methods were proved with silicon active material and other 

binders. Silicon active material and PAA binder were used to show the workability 

of calendering method and silicon active material and PPy binder were used to show 

the workability of porosity generation method. The calendering experiments and 

porosity generation experiments were listed in Table 5.1 and Table 5.2, respectively. 

Table 5.1 : List of calendering experiments. 

Active Material Binder Calendering Ratio 

c-SiO PFM 10% 

c-SiO PFM 15% 

c-SiO PFM 20% 

Si PAA 15% 

Si nPAA 15% 

The carbon coated SiO (c-SiO) was used as the anode material purchased from 

Hydro-Québec. Si nanopowder which is 30-50nm was obtained from Nanostructured 

& Amorphous Materials, Inc. Poly(9,9-dioctylfluorene-co-fluorenone-co-methyl 

benzoic ester (PFM) and Poly(1-pyrenemethyl methacrylate) (PPy) were sythesized 

in Dr. Gao Liu’s group as the binder. PAA (Mw: 450,000) was purchased from 

Sigma Aldrich. Super P as the conductive additive was supplied from Gelon 

company. Celgard 2400 separator is obtained from Celgard. Lithium-ion electrolyte 

were purchased from BASF, including 1.2 M LiPF6 in ethylene carbonate, diethyl 

carbonate (EC/DEC=3/7 w/w) containing 30 wt% fluoroethylene carbonate (FEC). 
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Table 5.2 : List of porosity generation experiments. 

Active Material Binder Additive Ratio 

c-SiO PFM NaCl (90:10):10 

c-SiO PFM NaCl (90:10):30 

c-SiO PFM NaCl (90:10):60 

Si Ppy NaCl (90:10):30 

In Figure 5.1, the chemical structure of the PFM binder used in this work is given. 

 

Figure 5.1 : The chemical structure of the PFM binder [53]. 

In Figure 5.2, the chemical structure of the PPy binder used in this work is given. 

 

Figure 5.2 : The chemical structure of the PPy binder [153]. 

5.1 Fabrication of Anodes 

5.1.1  Calendering process of anodes 

In Figure 5.3, scheme shows that calendering makes a compact and effective 

electrode composed of the PFM binder and the bimodal size of carbon-coated SiO 

particles. 

 

Figure 5.3 : A scheme of calendering process. 
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The electrodes were used to assemble the coin cells. Figure 5.4 shows schematic of 

coin cell parts and assembly. 

 

Figure 5.4 : Schematic of coin cell parts and assembly [154]. 

Calculation of electrode porosities and densities: Take the electrode with 10% 

porosity reduction as example. This electrode has a loading of 2.94 mg c-SiO/cm2, a 

thickness of 30 µm. The c-SiO active material has a 10% carbon coating, meaning 

that this electrode has 0.294 mg carbon/cm2 and 2.65 mg c-SiO/cm2, and 0.327 mg 

PFM binder/cm2 (the electrode is composed of 10% binder and 90% active material). 

The densities of the individual components are 1.9 g/cm3 (carbon), 2.33 g/cm3 (SiO), 

and 1.75 g/cm3 (PFM polymer). Thus, the volume occupied by electrode materials is; 

 

With a thickness of 30 µm, the volume of the electrode is 3×10-3 cm3  

The porosity is calculated as; 

 

The electrode density is calculated as; 
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The calculated porosities are 51%, 47% and 43% for 10%, 15% and 20% porosity 

reduction, respectively. 

5.1.2  Calendering process of c-SiO/PFM composition 

The electrode slurries were prepared for four different anode coatings. The PFM 

polymers were dissolved in chlorobenzene. Then, c-SiO particles were added (weight 

ratio of c-SiO/PFM =90/10). Slurries were mixed by using homogenizers for 1 h, and 

then, coated on the copper foil by using a doctor blade. The doctor blade is set to a 

thickness of 150 μm to coat the electrode laminate. After electrodes dried, they were 

calendered as ~10, 15, and 20% of the electrode thickness in roll press at 70°C. In 

Figure 2.3, the schematic of calendering process is shown. The electrodes were cut as 

disk for coin cell assembling. They were placed in the glovebox overnight and 

further dried in the vacuum oven at 90 °C for 16 h to completely remove the water. 

5.1.2.1 Calendering process of Si/PAA and Si/nPAA compositions 

PAA polymer was dissolved in water. Then, silicon nanoparticles and Super P (SP) 

were added (weight ratio of Si nanoparticle/polymer/SP =75/15/10). For Si/nPAA 

electrode, polymers were dissolved in water and 1M NaOH were added in another 

bottle for nPAA preparation until pH is <7. Then, again, silicon nanoparticles and 

super P were added as the same ratio of first slurry. Slurries were mixed by using 

homogenizers for 1 h, and then, coated on the copper foil by using a doctor blade. 

After electrodes dried, they were calendered as ~15% of the electrode thickness in 

roll press at 70°C. The electrodes were calendered from 32-40μm to 27-34μm (The 

thickness of copper foil was not added which was 16μm). 

PAA which is a carboxyl-containing polymer is useful as thickeners and emulsifiers 

for aqueous mixtures when it is neutralized. Structure of PAA and nPAA and the 

reaction can be seen in Figure 5.5 (a-c). The neutralization step results in a 

thickening agent containing a mixture of neutralized carboxyl containing polymer 

and solvent. Because of these compositions absorb large quantities of water and 

because of their swelling properties, it is possible to get a viscous slurry, which helps 

to get a dense electrode coating on the copper foil [155]. 
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Figure 5.5 : Schematic of a) PAA and b) nPAA c) nPAA reaction. 

5.1.3  Porosity generation methods of anodes 

In this study, porosities were generated in the electrodes of LIBs by using and 

removing the additives. The electrode slurry was prepared as normal with addition of 

some additives and fabricated on the copper foil. The electrode laminate was dried, 

then washed in a solvent to to remove the additives from the electrode structure. The 

used solvent should be able to dissolve additives but not the polymer binder. When 

the additive was removed, porosities were generated from where the additives 

originally locate. The experiments were written step by step below: 

Additive type and size: In this study, NaCl was used which is cheap and easily 

accessible. The NaCl which was originally 0.5-1mm was ball-milled in different 

times (20, 30 and 40 minutes) to optimize the size. 

Salt content in the slurry: In this study used slurry content is; 

active material:binder:salt= 9:1:10%(active material+binder)  

active material:binder:salt= 9:1:30%(active material+binder) 

active material:binder:salt= 9:1:60%(active material+binder) 

5.1.3.1 Porosity generation method with c-SiO/PFM composition 

- Slurry with 10% NaCl addition: 1.8g c-SiO active material, 0.2g PFM binder and 

0.2g 30-minute ball milled salt in 5g chlorobenzen to make slurry in homoginizer for 

1h. Then the slurry was coated on copper foil with adjusting doctor blade to 150μm 

thickness. Then the electrode was washed in water:methanol (1:1 wt%) solution to 

remove the NaCl. It was washed for a half day, 1 day and 2 days. The optimum time 

was selected as 1 day based on the following calculations: 
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Calculation 1- 200mg NaCl was used in total 2200mg slurry. Electrode weight was 

26.9 and copper foil weight was 21.58mg. NaCl content in the slurry was calculated 

as: 

 

Electrode weight was 26.9 mg before washing and it was 26.4 mg after washing. 

26.9 – 26.4 = 0.5mg 

According to calculations there was 0.48mg NaCl in the electrode. It was observed 

that 2.5mg was removed. This difference can be the reason of solved Cu particles 

that will be explained in EDS results. 

Calculation 2- Another calculation to obtain the remaining NaCl content was 

performed with conducting the Mohr method. After electrode was washed, this 

washing solution was titrated by 0.1N AgNO3 solution. 5% K2CrO4 solution was 

prepared and 1 ml K2CrO4 solution was added to 10 ml NaCl solution. 0.1N AgNO3 

was started to drop to the NaCl solution. Since NaCl content is very limited in the 

solution, it was directly turned to the red-brown precipitation. This consumed AgNO3 

volume was noted as 0.08ml. NaCl content was calculated as: 

1ml 0.1N AgNO3 = 0.00585g NaCl 

0.08ml AgNO3 x 5.85mg NaCl = 0.468mg NaCl 

Calculation 1 and 2 shows consistency for the removed NaCl content. 

- Slurry with 30% NaCl addition: 1.8g c-SiO active material, 0.2g PFM binder 

and 0.6g 30-minute ball milled salt in 5g chlorobenzen to make slurry in 

homoginizer for 1h. Then the slurry was coated on copper foil with adjusting 

doctor blade to 250μm thickness. The electrode was pounched to pieces as 

1.6cm2 and dried. Then the electrode was washed in water:methanol (1:1 wt%) 

solution to remove the NaCl. Same calculations were performed to obtain 

removed NaCl content: 
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Calculation 1- 600mg NaCl was used in total 2600mg slurry. Electrode weight was 

32.3 and copper foil weight was 21.58mg. So NaCl content in the slurry was 

calculated as: 

 

Electrode weight was 32.3mg before washing and it was 29.8mg after washing. 

32.3 – 29.8 = 2.5mg 

According to calculations there was 2.47mg NaCl in the electrode. It was observed 

that 2.5mg was removed. This difference can be the reason of solved Cu particles 

that will be explained in EDS results. 

Calculation 2-According to Mohr method the consumed AgNO3 volume was noted 

as 0.42ml. NaCl content was calculated as: 

1mL 0.1N AgNO3 = 0.00585g NaCl 

0.42ml AgNO3 x 5.85mg NaCl = 2.457mg NaCl 

Calculation 1 and 2 shows consistency for the removed NaCl content. 

- Slurry with 60% NaCl addition: 1.8g c-SiO active material, 0.2g PFM binder 

and 1.2g 30-minute ball milled salt in 5g chlorobenzen to make slurry in 

homoginizer for 1h. Then the slurry was coated on copper foil with adjusting 

doctor blade to 250μm thickness. The electrode was pounched to pieces as 

1.6cm2 and dried in vacuum oven for 16h at 90°C. Same calculations were 

performed to obtain removed NaCl content: 

Calculation 1- 1200mg NaCl was used in total 3200mg slurry. Electrode weight 

was 33.2 and copper foil weight was 21.58mg. So NaCl content in the slurry was 

calculated as: 

 

Electrode weight was 33.2mg before washing and it was 28.85mg after washing. 
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33.20 – 28.35 = 4.85mg 

According to calculations there was 4.35mg NaCl in the electrode. It was observed 

that 2.5mg was removed. This difference can be the reason of solved Cu particles 

that will be explained in EDS results. 

Calculation 2- According to Mohr method the consumed AgNO3 volume was noted 

as 0.75ml. NaCl content was calculated as: 

1ml 0.1N AgNO3 = 0.00585g NaCl 

0.75ml AgNO3 x 5.85mg NaCl = 4.38mg NaCl 

Calculation 1 and 2 shows consistency for the removed NaCl content. 

Table 5.3 shows the result of removed NaCl calculations in the summary. 

Table 5.3 : The removed NaCl content (mg). 

NaCl Content wt% NaCl content (mg) 

The removed NaCl 

content according 

to electrode weight 

difference between 

before and after 

washing (mg) 

The removed NaCl 

content according 

to Mohr Method 

(mg) 

10% NaCl 0.48 0.500 0.468 

30% NaCl 2.47 2.500 2.457 

60% NaCl 4.35 4.850 4.380 

5.1.3.2 Porosity generation method with Si/PPy composition 

Si was used with PPy binder. PPy was dissolved in NMP. The weight ratio of Si 

nanoparticle/polymer/additive =9:1:30%. NaCl was used as the additive again. 

5.2 Assembling of Coin Cells 

The electrodes were used to assemble the coin cells. As a counter electrode, the Li 

metal was used. 70µl, 1.2M lithium hexafluorophosphate (LiPF6) in ethylene 

carbonate (EC), diethyl carbonate (DEC) (EC/DEC = 3:7 by weight), and 30% by 

weight of fluoroethylene carbonate (FEC) was used as the electrolyte. The 

performance of the assembled 2325 or 2032 coin cells was evaluated with Maccor 

Series 4000 Battery Test system in a thermal chamber at 30°C or Neware Battery 

Test system. 
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5.3 Electrochemical Tests 

5.3.1  Calendered electrodes 

The cut-off voltage of cell testing was between 1.2 V and 0.01V, assuming a 

theoretical value of 1,000 mAh/g for c-SiO and 4200 mAh/g for silicon. They were 

tested at C/25 for 2 cycles and at C/10 for further cycles. Electrochemical Impedance 

Spectroscopy (EIS) were conducted on a VMP galvanostat/potentiostat (Bio-Logic). 

Cells were cycled at C/10 for 1 cycle, the cell was brought to half lithiation at the 

2nd cycle and rested for 4 hours before EIS measurement. 

5.3.2  Porous electrodes 

The cut-off voltage of cell testing was between 1.0 V and 0.01V, assuming a 

theoretical value of 1,000 mAh/g for c-SiO and 4200 mAh/g for Si. They were tested 

at C/25 for 2 cycles and at C/10 for further cycles. Electrochemical Impedance 

Spectroscopy (EIS) were conducted on a VMP galvanostat/potentiostat (Bio-Logic). 

Cells were cycled at C/10 for 1 cycle, the cell was brought to half lithiation at the 2nd 

cycle and rested for 4 hours before EIS measurement. 

5.4 Characterization of Anodes Before and After Cycling 

A JSM-7500F scanning electron microscope (SEM) was used to characterize the 

morphology of the electrode surface. ZEISS EVO LS15 scanning electron 

microscope (SEM) was used for cross section images and EDS-EDX measurements. 

Atomic force microscopy (AFM) was used for surface roughness. Micromeritics - 

Accupyc2 1340 Helium pycnometer and Micromeritics - Autopore 4 mercury 

porosimeter were used porosity measurement. Synchrotron X-ray Tomography was 

performed to further characterize the improved porous c-SiO electrode structure. 
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6. RESULTS AND DISCUSSIONS 

6.1 Characterization Results of Materials 

Characterization of c-SiO powder 

Figure 6.1a shows the characterization of the pristine c-SiO particles, particle size 

analysis via light scattering of the particles dispersed in water indicates a bimodal 

distribution of the particle size, with a smaller particle diameter of ∼ 1.5 μm, and 

bigger particle diameter of ∼ 12 μm. Figure 6.1b shows the SEM image of the 

pristine c-SiO particles, which also reflects this biomodal particle size. 

 

 

Figure 6.1 : a) particle size analysis via light scattering for the c-SiO pristine 

particles, embedded is the SEM image of the particles with a scale bar of 1 μ m. b) 

SEM image of c-SiO particles. c) XRD result od c-SiO powder. 
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Figure 6.1 c) shows the XRD patterns of carbon coated SiO. The wide peaks at about 

22° and 43° are attributed to the carbon layer coated on SiO [156]. The peaks at 

around 28°, 36°, 47°, 56°, 60°, 69°, 88°, 95° and 107° were analysed by X’Pert 

HighScore Plus programme as SiO. 

Characterization of Si nano powder 

Si nanopowder was characterized by particle nanosizer and TEM (Figure 6.2). TEM 

image indicates that silicon nanoparticle has the diameter between 25-50nm while 

particle size distrubition shows the average particle diameter as 103.8nm. This 

difference can be explained  with the agglomeration of silicon nanoparticles in water 

during the measurement. 

  

Figure 6.2 : Particle size distribution and TEM image of Si nano particle. 

6.2 Characterization Results of Anodes Before Cycling 

6.2.1  Characterization results of calendered c-SiO/PFM anodes 

10% Calendering of c-SiO/PFM anodes 

Figure 6.3 shows the surface SEM images of c-SiO/PFM uncalendered electrodes 

and Figure 6.4 shows the surface SEM images of 10% calendered c-SiO/PFM 

electrodes. According to calculation in Section 5.1.1, the uncalendered electrode has 

ca. 60% porosity and after 10% calendering, it becomes around 51% porosity. The 

particles sizes based on the SEM images indicate that the particles are not broken 

during calendering process. 
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Figure 6.3 : SEM images of uncalendered anodes at different magnifications. 

  

  

Figure 6.4 : SEM images of 10% calendered anodes at different magnifications. 

15% Calendering of c-SiO/PFM anodes 

Figure 6.5 shows the surface SEM images of uncalendered c-SiO/PFM electrodes 

and Figure 6.6 shows the surface SEM images of 15% calendered c-SiO/PFM 

electrodes. According to calculation in Section 5.1.1, the uncalendered electrode has 

ca. 62% porosity and after 15% calendering, it becomes around 47% porosity. The 

particles sizes based on the SEM images indicate that the particles are not broken 

during high-pressure calendering process. When the uncalendered electrode, with 

∼62% porosity and calendered electrode with 47% porosity is compared, it is seen 

that the number of empty spaces (pores) is reduced after calendering. Singh et al. 

showed the similar result [44] that electrodes were well compacted and pores were 
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shrinked after calendering. The morphology of the electrodes indicates that electrode 

porosities are successfully decreased while maintaining the c-SiO particles intact, 

which may lead to an improved electrochemical performance. 

  

  

Figure 6.5 : SEM images of uncalendered anodes. 

  

  

Figure 6.6 : SEM images of 15% calendered anodes. 

20% Calendering of c-SiO/PFM anodes 

Figure 6.7 shows the surface SEM images of uncalendered c-SiO/PFM electrodes 

and Figure 6.8 shows the surface SEM images of 20% calendered c-SiO/PFM 

electrodes. According to calculation in Section 5.1.1, the uncalendered electrode 

has ca. 63% porosity and after 20% calendering, it becomes around 43% 

porosity. The particles sizes based on the SEM images indicate that the particles 

are not broken during high-pressure calendering process. Here, it is seen that 
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after calendering, pores were decreased which provides an integrated anode 

structure and it may lead to an effect on electrochemical performance.  

     

   

Figure 6.7 : SEM images of uncalendered anodes. 

  

  

Figure 6.8 : SEM images of 20% calendered anodes. 

To further understand the electrode density and porosity of electrodes after 

calendering, pycnometry measurements were performed. The measurements were 

carried out with the electrode which were coated on copper foil. Table 6.1 shows the 

results from pycnometer measurements. With the increasing calender ratio, 

electrodes have higher densities which is consistent with the view of SEM images of 

after calendaring of electrodes. This can be attributed to the decreasing pore volume 

and increasing active material density after calendering. Pore volumes were 
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decreased with increasing calendering ratio. This is because of the applied compress 

which provides compactness. 

Table 6.1 : Summary of results for density and pore volume of calendered 

electrodes. 

Sample 
Density 

(g/cm3) 

Pore volume 

(cm3/g) 

Uncalendered electrode 3.17 0.63 

10% calendered electrode 3.36 0.57 

15% calendered electrode 4.03 0.48 

20% calendered electrode 4.79 0.43 

6.2.2  Characterization results of calendered Si/PAA and Si/nPAA anodes 

The calendering process was also applied for Si material to understand the effect of 

particle intact and dense electrode feature on electrochemical performance of the 

cell. Figure 6.9 shows the SEM images of Si/PAA and Si/nPAA electrode surface. 

The spherical structure of silicon nanoparticals can be seen clearly. SEM images 

show that the surface is smoother on Si/PAA electrode than Si/nPAA electrode 

surface which is rough. This is attributed to the pores created after neutralization 

[158]. 

              

Figure 6.9 : SEM images of Si/PAA  (top) and Si/nPAA electrodes before cycling 

(each row from left to right 40K, 100K and 200K magnification. 

6.2.3  Characterization results of porous c-SiO/PFM anodes 

In this study, NaCl was used which is cheap and easily accessible. The NaCl which 

was originally 0.5-1mm in size was ball-milled in different times (20, 30 and 40 
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minutes) to optimize the size. In Figure 6.10, SEM images of different sized NaCl 

related to ball milling time are given. 30 minute ball milled NaCl seems in 

homogeneous size distribution which are between 5-20 μm selected as the additive. 

 

Figure 6.10 : SEM images of NaCl a) non-milled b) 20 minute milled c) 30 minute 

milled d) 40 minute milled. 

          

Figure 6.11 : Cross section SEM of c-SiO electrodes with 30% salt before (top) and 

after washing (bottom). 
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Characterization results of electrodes before and after washing: 

To get a homogeneous electrode coating is important for the electrochemical 

performance of the electrode for commercial use to obtain the exact energy density. 

On the cross section SEM of electrode (Figure 6.11), the coatings are clearly 

identified as well as the copper current collector. The thickness of electrode coating 

and copper foil is identified. The thickness of electrode before washing is ~55µm and 

the thickness of electrode after washing changes between ~56µm while copper foil 

has the thickness between 13-17µm. 

In Figure 6.12, 6.14 and 6.16, the SEM images of c-SiO/PFM electrodes are given 

before NaCl washing. After porosity generation using the sacrificial NaCl method, 

more pores are shown in the electrode (6.13, 6.15 and 6.17). Some of the high-

loading Si anode studies in the literature only demonstrate cell cycling at small 

charge/discharge rates. For the most of the practical applications practical cycling 

experiments should be at higher rates. The rate capabilities of LIBs can be improved 

by constructing the porous electrodes conveniently, and now it is discussed the 

advantage and benefit of our technique from this perspective. 

From dimensional analysis, the characteristic time for lithium ion diffusion through 

an electrode material (τeq) is determined by the following relation (6.1)  

D

L
eq

2

  (6.1) 

where L is the diffusion length and D is the diffusion coefficient. To decrease the 

diffusion time and improve the rate capability of the cell, one can either decrease the 

diffusion length (by using electrode material particles with smaller dimensions) or 

increase the diffusion coefficient (by developing a better lithium ion conductor) 

[157]. 

The former approach avoids changes in the battery chemistry and has a larger effect 

on the diffusion time due to the exponent of the diffusion length. The use of 

nanomaterial particles can effectively decrease the diffusion length, although a good 

electrode architecture with optimized porous structure is important to utilize this 

nano- or microactive material particles [158]. 
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Figure 6.12 : SEM images of c-SiO electrodes with 10% salt before washing. 

  

  

Figure 6.13 : SEM images of c-SiO electrodes with 10% salt after washing. 
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Figure 6.14 : SEM images of c-SiO electrodes with 30% salt before washing. 

  

  

Figure 6.15 : SEM images of c-SiO electrodes with 30% salt after washing. 
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Figure 6.16 : SEM images of c-SiO electrodes with 60% salt before washing. 

  

  

Figure 6.17 : SEM images of c-SiO electrodes with 60% salt after washing. 

In order to generate porosity, a dissolvable material, i. e. NaCl, was used during the 

preparation of anodes. Electrodes were then washed to remove the NaCl additive to 

get porous structure. To further understand the electrode surface after washing, EDS 

mapping and EDX dot-analysis were performed.  In Figure 6.18, c-SiO electrodes 

were shown with 30% NaCl salt before washing. In EDX spectrum, Na and Cl peaks 



48 

were detected which had 5-10 µm diameter under SEM image. According to EDS 

mapping, well dispersed Na and Cl were also observed. 

In Figure 6.19, c-SiO electrodes were shown with 30% NaCl salt after washing. 

When SEM images of after washing electrodes (Figure 6.13, 6.15 and 6.17) were 

analysed, nanocubes structured materials on the electrode surface were analysed. In 

EDX spectrum, these nanocube structured materials revealed Cu, O, C and Si 

contents. According to EDS mapping, there are Cu particles on the surface of the 

washed electrode. This detected Cu/CuO nanocubes structures’ shape are consistent 

with the literature [159, 160]. Cu/CuO nanocubes arise from copper current collector 

which is solved during the washing process of electrode.  

 

 

 

Figure 6.18 : EDS mapping and EDX of c-SiO electrodes with 30% NaCl salt before 

washing. 
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Figure 6.19 :  EDS mapping and EDX of c-SiO electrodes with 30% NaCl salt after 

washing. 

The 2D and 3D profile images with a small area of 10µm × 10µm are observed with 

AFM in Figure 6.20 for c-SiO electrodes with 30% NaCl before washing and in 

Figure 6.21 for c-SiO electrodes after washing, respectively. From the AFM images, 

we can see that the rough structures on the copper surfaces changes depending on the 

porosity. In Table 6.2, Ra values of electrodes were given. The roughness of the 

electrode which has porosity after washing is 215 nm while electrode before washing 

has 144nm roughness. 
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Table 6.2 : Roughness (Ra) data of samples. 

Sample Ra (nm) 

Electrode before washing 144 

Electrode after washing 215 

Copper foil 20 

 

Figure 6.20 : AFM images ofc -SiO electrodes with 30% NaCl salt before washing 

 

Figure 6.21 : AFM images of -SiO electrodes with 30% NaCl salt after washing. 

Pycnometer measurements of c-SiO electrodes with 30% NaCl were performed to 

show pores volume change. In Table 6.3, results of pycnometry measurement were 

given with the pore volume of electrodes. In our study pore volume is increasing 

after NaCL removal which provides the pores on the anode structure. 
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Table 6.3 : Pycnometry measurement results of electrodes. 

Sample 
Pore volume 

(cm3/g) 

Electrode before washing 0.57 

Electrode after washing 0.84 

The porosity of the washed electrodes were calculated according to calculation given 

in Section 5.1.1 that c-SiO electrode with 30%NaCl had the porosity ~60% before 

washing and 66% porosity after washing the electrode. The mercury porosimeter 

analysis was performed to evaluate the porosity values with a measurement 

technique. Table 6.4 includes the summary of experimental data from mercury 

intrusion porosimetry. It was seen that before and after washing the electrode, it has 

the porosity of ~58% and and ~63%, respectively. These values are very close to 

calculated porosities that can be small difference comes from error of weight, 

thickness, area or density measurements. For the porosity calculation from mercury 

intrusion porosimetry, it was benefitted from reference [63]. 

Table 6.4 : The summary of experimental data from mercury intrusion porosimetry. 

 non-porous 

electrode 

porous electrode 

(1)Volume of Hg intrusion per unit weight 

of electrode (ml g-1) 

0.5507 0.6407 

(2)Weight of electrode per unit area (g cm-2) 0.0159 0.0152 

(3)Volume of Hg intrusion per unit area of 

electrode (ml cm-2), (1)x(2) 

0.0087 0.0097 

(4)Density of composite film in electrode (g 

cm-3) 

1.06 0.99 

(5)Apparent volume of composite film per 

unit area (ml cm-2) (2)/(4) 

0.015 0.01535 

(6)Porosity (%), (3)/(5)x100 58.3742 63.4293 

To further characterize the improved porosity on c-SiO electrode structure, 

synchrotron X-ray microtomography was performed on electrode samples. 

Computed microtomography provides qualitative and quantitative 3D information 

[161, 162] about the morphology and transport phenomena in battery and fuel cell 
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materials, which traditional cross-section SEM could not achieve. In this work, the 

pores formed from the normal slurry preparation/lamination process are visualized in 

the volume rendering shown in Figure 6.22 b, c. These pores are important for 

electrolyte soaking and lithium ion transport, but at sizes of 1−10 μm they are not 

able to accommodate the 50− 100% volume changes of the c-SiO particles during 

lithiation/ delithiation. The extra pores generated by sacrificial NaCl particles at sizes 

of 10−100 μm (Figure 6.22 e,f) buffer the volume changes at the particle level, 

thereby enabling the improved electrochemical performance shown in Figure 6.39- 

Figure 6.42. 

 

Figure 6.22 : Tomographically reconstructed cross-section and volume rendering of 

(a−c) the control c-SiO/PFM electrode and (d−f) the c-SiO/PFM electrode with 

porosity generation. The pores induced by NaCl are marked with arrows in the cross-

section. 

6.2.4  Characterization results of porous Si/PPy anode 

The proof of the porosity generation method was performed by different anode active 

material such as silicon different polymer binder such as PPy. For this combination 

carbon black weren’t used as the conductive additive since the PPy binder is 

conductive. In Figure 6.23 and Figure 6.24, the SEM images show the Si/PPy 

electrode before and after salt washing, respectively. Spherical silicon nanoparticles 

are very clear for both cases.  
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Figure 6.23 : SEM images of Si/PPy electrodes with 30% salt before washing. 

  

  

Figure 6.24 : SEM images of Si/PPy electrodes with 30% salt after washing. 

In Figure 6.23, because the salt was dispersed on the anode structure, it is not 

distinguisable although silicon is nanoparticle and salt is micron-sized particle. So 

after washing the electrode and removal most of the NaCl, 1-5 micron-sized pores 

can be seen obviously in Figure 6.24. The density of pores and the size of the pores 

can be substantial for the electrochemical performance of the cells. 
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6.3 Electrochemical Test Results of c-SiO/PFM Anodes 

As shown in Figure 6.25 the areal capacity is inversely related to the cycling 

performance while the specific capacities given in Figure 6.26 decrease when the 

mass loading increases. With c-SiO loadings below 2.5 mg/cm2, a stable cycling 

performance with desired specific capacities (>1000 mAh/g) is obtained. As the c-

SiO area loading reaches as high as 3.39 mg/cm2, the cycling performance exhibits 

obvious capacity decay. This phenomenon is observed in all lithium-ion battery 

electrodes, but it is especially pronounced in the Si-based electrodes [165, 166]. As 

the loading and thickness increase, both the ion-transport distance and tortuosity of 

the pores in the composite electrode increase. Thus, lithium ion diffusion is inhibited. 

To further increase the areal capacity of the c-SiO/PFM system, the electrodes with 

the high loading (∼3 mg c-SiO/ cm2) are compressed into smaller porosities, as an 

attempt to increase electronic conductivity and facilitate the lithium ion diffusion by 

decreasing the ion transport distance [167-169]. As a typical micrometer-size 

particle-based electrode, the fabricated c-SiO/PFM has porosities in the range of 60% 

∼ 65%. All the porosities were calculated by assuming that the weight fractions and 

density of each material were not changed by the fabrication process. During the 

calendering process, a section of electrode laminate was fed through the gap of the 

milling machine to compress the electrode to a desired thickness corresponding to 

the desired electrode porosity [170]. The electrodes are calendered into 51%, 47%, 

and 43% porosities, in order to investigate the relation between porosity and the 

electrochemical performance. 

 

Figure 6.25 : The change of areal capacity with the number of cycles as a function of 

c-SiO loading at C/10 (100 mA/g). 



55 

 

Figure 6.26 : The specific capacity with the number of cycles as a function of the c-

SiO loading at C/10 (100 mA/g). 

6.3.1  Electrochemical test results of calendered c-SiO/PFM anodes 

The areal capacities and specific capacities are shown with half cell configuration in 

Figures 6.27 and 6.28. A 47% porosity is determined to deliver the best cell cycling 

performance, with a high Coulombic efficiency (CE, Figure 6.29). Electrodes with 

51% porosity may still have too much porosity: the charge transport path is not 

improved to an ideal case, although the performance is indeed improved compared to 

the uncalendered electrode. The electrodes with 43% porosity, on the other hand, are 

overcompressed. The specific capacities (800−1000 mAh/g) of c-SiO correspond to a 

volume change of ∼100% during lithiation and delithiation. Therefore, moderate 

high porosity is still necessary on the electrode level to accommodate this large 

volume change. When overcompressed, the critical connections for electron transport 

such as particle/binder/particle connection, and binder adhesion on to the particle 

surface and current collector are also likely to be weakened, and the ion transport 

pathways become narrower to limit fast ion transport. It is likely that the 

particle/binder/particle connection is damaged during overcalendering. Binder 

adhesion on to the particle surface and current collector are also likely to be affected 

when too much compression is applied on the electrode.  

 

Figure 6.27 : Areal capacity of the c-SiO/PFM electrode after it was calendered into 

the different porosities. 
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Figure 6.28 : Specific capacity of the c-SiO/PFM electrode after it was calendered 

into different porosities. 

The galvanostatic voltage profiles are shown in Figure 6.30 (1st cycle) and Figure 

6.31 (50th cycle). The voltage curves basically overlap with each other in the first 

cycle, indicating that the different electrode porosities do not take effect in the first 

lithiation/delithiation cycle. However, the voltage curves at the 50th cycle in Figure 

6.31 correlate well with the cycling performance, with 47% porosity showing the 

lowest overpotential. With 47% porosity, the Coulombic efficiency (CE) of the cell is 

as high as 99.76% at the 50th cycle, compared to the CEs of electrodes with other 

porosities (99.33% for uncalendered sample, 99.45% for 51% porosity and 99.45% 

for 43% porosity, all at 50th cycle). 

 

Figure 6.29 : Coulombic efficiency of the c-SiO/PFM electrode after it was 

calendered into different porosities, the cells were cycled at C/10 (100 mA/g). 

High CE is critical for the long-term stable cycling of the anode electrode and better 

capacity retention at the full cell level [163, 164]. Besides the formation of SEI [165], 

lithium reacts and converts silicon oxide to silicate, which contributes to the large 

first cycle irreversible capacity [166]. A prelithiation strategy was used in a previous 

report to successfully solve this problem [167]. Note that the optimum electrode 

porosity has an electrode density of ∼1.2 g/cm3 while delivering a high areal 

capacity of 3.5 mAh/ cm2, which is a high-density electrode compared to most 

literature reports with similar high loading.  
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Figure 6.30 : Voltage profiles of the 1st cycle of the c-SiO/PFM electrode after it 

was calendered into different porosities. 

 

Figure 6.31 : Voltage profiles of the 50th cycle of the c-SiO/PFM electrode after it 

was calendered into different porosities. 

The rate performance at C/2 and 1C rates in Figure 6.32 reveals that both 47% and 

51% porosities improve the electrochemical performance of the c-SiO/PFM 

electrode. Either uncalendered electrode (63% porosity) or overcalendered (43% 

porosity) impairs the rate performance.  

 

Figure 6.32 : Rate performance of the c-SiO/PFM electrode after it was calendered 

into different porosities. 

The impedance of the half cells based on electrodes with different porosities is shown 

in Figure 6.33. The sample cells initially went through a formation cycle at C/10, and 

the impedance was measured at half lithiation, since the voltage of the cell was 

relatively stable at that stage. The electron conduction of a half cell can be separated 
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into two different ranges. Long-range conduction describes the process where the 

electrons move from the current collector through the bulk electrode laminate, which 

is inversely proportional to the high frequency intercept of the impedance sweep. 

Typically, long-range conductivity corresponding to high frequency impedance is not 

a limiting parameter for the electrode impedance. Short-range conduction 

corresponding to low frequency impedance describes the process is a limiting factor, 

which charge transfer at the electrode/electrolyte interface happens. After it was 

compressed into a more compact electrode architecture, the charge transfer 

impedance becomes lower compared to the uncalendered electrodes. This can be 

explained with that the pressure applied during calendering results in a better contact 

between the electrode matrix and the copper foil, decreasing the contact resistance 

and also better binding and conduction between the particles. These two effects 

decrease the overall cell impedance of electrodes after calendaring [9]. 

 

Figure 6.33 : The cell impedance based on the c-SiO/PFM electrode after it was 

calendered into different porosities. 

6.3.2  Electrochemical test results of calendered Si/PAA anodes 

Here, the effect of calendering on performance of Si/PAA and Si/nPAA electrodes 

was also investigated. Although Si/PAA and Si/nPAA cells showed 3120 mAh/g and 

2561 mAh/g first cycle capacities, their capacities were 115 and 862mAh/g after 100 

cycles, respectively. Si/PAA cell had a drastic capacity fading, however, Si/nPAA 

cell still had 512 mAh/g specific capacity after 250 cycles. Cycling performance of 

the electrodes were given in Figure 6.34. 
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Figure 6.34 : The specific capacity of the Si/PAA and Si/nPAA. 

Electrode performance of Si electrode was improved after the usage of nPAA. This 

results attributed to ionized groups which were identified by FTIR of nPAA 

improved the electrolyte swelling properties of the polymer. The improvement of 

swelling can be explained with the investigation of Boisvert et.al [168] that they 

showed the effective charge number increased when PAA was neutralized. In Figure 

6.35a, FTIR spectra identify C-H bonds at around 1360 cm-1 and 1450 cm-1 for PAA. 

After neutralization of PAA, stretching frequencies of the carboxylate ion (COO-) 

were identified at 1400 and 1560. This indicated that the carboxylate functional 

groups of the nPAA were fully ionized. That result is very consistent with the study 

of Kirwan et. al [169] that they studied with PAA at different pH values. In the light 

of FTIR datas, the electrolyte swelling test was conducted in 1.2 M LiPF6 which is in 

EC/DEC = 3:7 by weight, and 30% by FEC by weight. The polymer films were 

immersed to electrolyte for a week and got data periodically. In Figure 6.35b, it can 

be clearly seen that nPAA has 2.46% electrolyte uptake performance when PAA has 

0.28%. 

    

Figure 6.35 : a) FTIR peaks of PAA and nPAA b) Electrolyte swelling results of 

PAA and nPAA. 

Since the calendering result of the c-SiO/PFM was found that 15% calendering is 

electrochemically the best result, Si/PAA electrode was also calendered as 15%. In 
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Figure 6.36, cycling data of calendered electrodes were given. When we compare the 

calendered electrodes data with uncalendered electrodes data (Figure 6.34), it is 

clearly seen that, after calendering the data are more stable because of more 

homogeneous and smoother electrode structure. The calendered Si/PAA electrode 

had 3492 mAh/g first cycle specific capacity when it is 511mAh/g after 100 cycles. 

In case of calendered Si/nPAA electrode, the specific capacities are 2409 and 1370 

mAh/g at the first cycle and 100th cycle, respectively. As a result of observation, it 

was understood that electrodes are formed more homogeneous and smoother after 

calendering process. If porous structures are not in optimum size, volume change 

would cause breaks on electrode structure during lithiation-delithiation processes. 

Therefore, this design provided a better porosity condition as keeping the electrode 

structure integrity and resulted by higher specific capacity. 

 

Figure 6.36 : The specific capacity of the calendered Si/PAA and Si/nPAA. 

One of the challenges with Si electrodes is to increase the mass loading of 

electrode. It is a necessity for electric vehicles and consumer electronics to increase 

the areal mass loading (mg/cm2) of electrode. It is generally below 0.3 mg/cm2 [170]. 

In this study, we achieved the areal mass loading between 0.63 -0.71mg/cm2 for 

Si/PAA electrode and 0.9-1.0 mg/cm2 for Si/nPAA electrode. Figure 6.37 shows the 

discharge−charge profiles of the Si/PAA and Si/nPAA electrodes before and after 

calendering process for the first and the 100th cycle at C/10 between 0.01–2.5V. The 

initial delithiation and lithiation capacities of Si/PAA are 3492 mAh/g and 

2418 mAh/g with a Coulombic efficiency (CE) of 66.41%. The irreversible capacity 

loss can be attributed to the formation of SEI layer and the irreversible reaction. 

Columbic efficiency at the first cycle was improved from 66.41 to 70.14 after 

neutralization. This result becomes more remarkable after calendering process. This 

is due to the Columbic efficiency at the first cycle increased from 69.25 to 74.76 
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after neutralization and calendering. This study shows that modification of PAA with 

neutralization and calendering process further enhanced the electrochemical 

performance of silicon anode. This result is very consistent with the literature studies 

[171-174] which were tried to develop electrochemical performance of silicon with 

different kind of modifications of PAA. 

 

Figure 6.37 : Voltage profile of cells a) Si/PAA and b)Si/nPAA and Calendered c) 

Si/PAA and d) Si/nPAA. 

In order to obtain information on the electrochemical reactions of the Si/nPAA and 

calendered Si/nPAA samples, cyclic voltammetry (CV) was performed in the 

potential range between 0.1 and 1.2V at a scan rate of 0.05 mV/s and electrochemical 

impedance spectroscopy (EIS) was performed between 100 kHz and 10mHz. In 

Figure 6.38a) and 6.38b), it is clearly seen that the first cycle curves of both sample 

are quite different from the subsequent ones. It is difficult to observe SEI peak which 

is consistent with voltage curves in Figure 6.37. This can be attributed to very thin 

SEI formation on Si anode surface. The first cycle peaks at the anodic side of both 

uncalendered and calendered electrodes showed the crystalline peak at around 0.6V 

where the uncalendered has an additionally amorphous peak at around 0.47V [175]. 

This can be explained the effect of particle interaction after calendering that delays 

the conversion of crystalline structure to amorphous. In Figure 6.38a), for following 

cycles, lithiation produced the sharp peaks at 0.1V in cathodic sweep and there are 

two peaks at 0.35 and 0.48V at the anodic sweep could be assigned to delithiation 

process of LixSi [176]. In Figure 6.38b), at the 1st cycle there is a main cathodic peak 

at around 0.1V, corresponding to the lithiation reaction of Si to form LixSi alloy, 
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while the two anodic peaks are at 0.33 and 0.50 V. During the following cycles, the 

same peaks are observed. 

 

Figure 6.38 : Cyclic voltammograms of (a) Si/nPAA and (b) calendered Si/nPAA 

and Electrochemical impedance spectra of (c) Si/nPAA and (d) calendered Si/nPAA. 

In Figure 6.38c) and 6.38d) the typical Nyquist plots (Zre vs. −Zim) of Si/nPAA and 

calendered Si/nPAA were compared. They were in half cells at open circuit voltage 

state and after 4 cycles at the delithiation state. The semicircles can be assigned to 

the charge transfer impedance of the electrodes. In the high-frequency and medium 

frequency regions, the semicircles are assigned to the SEI and impedance of the 

interfacial charge-transfer, respectively. The low frequency region is referred to the 

impedance of Li ion diffusion. As shown, both samples demonstrated similar 

impedance before cycling start which had very close semicircles in high frequency 

region. After 4 cycles, both uncalendered Si/nPAA sample and calendered Si/nPAA 

sample had three semicircles shown with frequencies as 2500Hz, 10Hz and 250mHz 

for uncalendered sample and shown with frequencies as 400Hz, 250mHz and 

40mHz, respectively. While EIS curves of uncalendered Si/nPAA exhibit three 

semicircles for the high-to-intermediate frequency region, calendered Si/nPAA 

sample has additional 3rd semicircle at lower frequency. This can be explained more 

stable SEI layer after calendering process that increases the electrode structure 

integrity providing the higher electron transfer. This is also consistent with cycling 

performance of calendered Si/nPAA electrochemical performance which has higher 

performance. It is also observed that, the semicircle of calendered Si/nPAA samples 

was smaller than uncalendered Si/nPAA samples in the high frequency region that 
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can be assigned to electrical conductivity [177] and higher charge transfer resistance 

after calendering process. 

6.3.3  Electrochemical test results of porous c-SiO/PFM anodes 

To demonstrate the capability of our high-porosity Si-based anode toward this 

practical application, a high loading c-SiO/PFM anode with porosity generated by 

10, 30 and 60 wt% NaCl was cycled at C/10 for 2 cycles as a formation step, and at 

C/3 long-term cycling was then performed. Note that the electrode was only 

composed of active material and polymer binder without any carbon conductive 

additives. Figure 6.39 and Figure 6.40 shows the influence of adding 10% NaCl on 

the electrochemical performance of c-SiO anode. Black-red (3.00 mg c-SiO/cm2) and 

green-blue (3.39 mg c-SiO/cm2) curves correspond to electrodes with similar 

loadings and show the influence of including 10wt% ball-milled NaCl. The control 

sample with 3.39 mg c-SiO/ cm2 exhibits gradual capacity decay over cycling (green-

blue curve). After porosity generation, 10% NaCl is enough to generate sufficient 

internal porosity to stabilize the cycling performance, allowing an areal capacity of 

above 3 mAh/cm2 to be maintained over 100 cycles at a C/10 rate (0.3 mA/cm2). 

 

Figure 6.39 : Areal capacity of the c-SiO/PFM electrodes with 10 % NaCl and 

without NaCl. 

 

Figure 6.40 : Specific capacity of the c-SiO/PFM electrodes with 10% NaCl and 

without NaCl. 



64 

Figure 6.41 and Figure 6.42 shows the influence of adding 30% NaCl on the 

electrochemical performance of c-SiO anode. Black-red (5.26 mg c-SiO/cm2) and 

green-blue (4.89 mg c-SiO/cm2) curves have similar c-SiO loadings and show the 

influence of 30wt% NaCl. The control sample with active material loading as high as 

4.89 mg c-SiO/cm2 almost shows cell failure after a couple of cycles at C/10 (green-

blue curve). A larger amount of NaCl (30 wt %) is added to generate more internal 

porosity to accommodate the volume expansion of the active material particles and 

facilitate lithium ion transport, allowing an areal capacity of above 4 mAh/cm2 to be 

maintained over the first 30 cycles at a C/10 rate (0.49 mA/cm2). Note that the 

relatively noisy data are common for the high-loading cells in this work, presumably 

due to the evolution of electrical contact during cell cycling. 

 

Figure 6.41 : Areal capacity of the c-SiO/PFM electrodes with 30 % NaCl and 

without NaCl. 

 

Figure 6.42 : Specific capacity of the c-SiO/PFM electrodes with 30% NaCl and 

without NaCl. 

The voltage curves for the improvement of electrodes with a high material loading 

were shown in Figure 6.43 and in Figure 6.44 for 10%NaCl at 1st and 100th cycle 

respectively. The voltage curves of 30%NaCl sample were also given in Figure 6.45 

and in Figure 6.46 at 1st and 100th cycle, respectively. The effect of porosity 

generation is quite clear even for the first cycle, permitting access to almost 

theoretical lithiation (1900 mAh/g) and delithiation (1100 mAh/g) capacities of the c-
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SiO anode. A higher porosity should facilitate lithium ion transport and increase 

exposure of c-SiO active material particles to electrolyte solution [111]. Both factors 

may contribute to the successful recovery of the full capacities of the active c-SiO 

materials. A porous lithium-ion electrode can be described macroscopically by two 

important parameters, electrode tortuosity (τ) and electrode porosity (ε). High 

tortuosity can hinder the rate of ion transport through the porous electrode network. 

Bruggeman relation describes the relationship between tortuosity and porosity [178]. 

                                                                                                                   (6.2) 

The relation (6.2) suggests that increased porosity is associated with decreased 

tortuosity. Both changes should facilitate lithium ion transport during cell operation, 

promoting the enhanced material loading and stabilized cycling performance seen in 

Figure 6.39-Figure 6.42. The major electrochemical parameters of the cells are only 

meaningful to compare electrodes with similar loadings. Incorporating 10 wt % NaCl 

probably does not generate enough porosity to significantly modify the initial cycling 

performance of the c-SiO electrode, as the capacity decay at this loading (∼3 mg c-

SiO/ cm2) only occurs after 10 cycles. Control sample and the samples with 10% 

NaCl show only minor differences in performance initially, although the electrode 

with 10% NaCl shows higher Coulombic effciency (CE) and capacity retention over 

the rest of the cycling process. At an active material loading as high as ∼5 mg c-

SiO/cm2, the sample with 30wt % NaCl shows a large difference even at the first 

cycle. The charge capacity is improved to 1189 mAh/g from a value of 535.6 mAh/g 

in control sample of 30% NaCl, presumably due to the improved access of lithium 

ion to the active material particles. Although it starts with a high capacity, the 

modified electrode is able to retain ∼60% of its initial capacity, compared to ∼30% 

for the control sample. 

 

Figure 6.43 : 1st cycle voltage curves of samples with 10% NaCl and without NaCl. 
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Figure 6.44 : 100th cycle voltage curves of samples with 10% NaCl and without 

NaCl. 

 

Figure 6.45 : 1st cycle voltage curves of samples with 30% NaCl and without NaCl. 

 

Figure 6.46 : 100th cycle voltage curves of samples with 30% NaCl and without 

NaCl. 

The study also was conducted for 60wt% NaCl. Figure 6.47 shows the cycling 

performance of the c-SiO/PFM electrode with 60wt% NaCl. It is seen that there is a 

serious capacity fade after a few cycles as the specific capacity was around 

230mAh/g after 100 cycles. When it is compared to electrode with 30wt% NaCl 

design, it was around 750mAh/g after 100 cycles.  In this design, it was probably 

generated too much porosity, which was, resulted the integrity loss of anode 

structure. This result is very consistent with the SEM image of cycled electrode 

which has cracks on the surface (Figure 6.55). The voltage profile in Figure 6.48 also 

shows the first cycle performance which has 58% CE. 
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Figure 6.47 : Cycling performance of the c-SiO/PFM electrodes with 60% NaCl. 

 

Figure 6.48 : 1st cycle voltage curves of c-SiO/PFM electrodes with 60% NaCl. 

As shown in Figure 6.49a an areal capacity of 3 mAh/cm2 was still maintained at this 

high current density (1.7 mA/cm2). According to literature, this is one of the highest 

reported areal loadings for a Si-based anode at such a high charge/discharge rate. 

Note that the electrode was only composed of active material and polymer binder 

without any carbon conductive additives. Impedance data from the half cells based 

on electrodes with or without NaCl is shown in Figure 6.49b The sample cells 

initially went through a formation cycle at C/10, and impedance was measured at 

half lithiation; at this stage, cell potentials were relatively stable. There are two 

different ranges of the electron conduction in a lithium-ion half cell. Long-range 

conduction describes the process by which the electrons move from the current 

collector through the bulk electrode laminate, which is inversely proportional to the 

high-frequency intercept of the impedance sweep. Typically, long-range conductivity 

corresponding to high frequency impedance is not a limiting parameter for the 

electrode impedance. However, short-range conduction corresponding to low-

frequency impedance describes the process by which charge transfer at the electrode/ 

electrolyte interface happens, which is a limiting factor. With a higher internal 

porosity, the charge transfer impedance becomes smaller compared to that of the 

control electrodes. After washing of c-SiO/PFM electrodes with 30% NaCl, it shows 
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obviously the lowest interface resistance and surface charge transfer resistance, as 

compared to that of the control sample, which means faster Li intercalation kinetics. 

Here, there can be also effect of Cu particles on the electrode surface shown in SEM 

images (Figure 6.13, 6.15 and 6.17) and EDS mapping (Figure 6.19). Various studies 

in the literature have been performed with Cu and CuxO [179-184] that provides 

several advantages as: 

- Improving the modulus, strength, and hardness of the electrodes due to the 

reinforcing effect that provides to maintain the structure integrity of the 

electrodes, leading to enhanced cyclic performance. 

- Acting as  buffer  medium  to  absorb  mechanical  stress  caused  by  the  

volumetric  change  of  the  silicon nanoparticles  because  copper  possess  

excellent  mechanical  strength  and  ductile  ability. 

- Helping to build electronic transportation path along with increasing cycles due 

to their outstanding electron conductivity. 

In our study, greater cycling performance was obtained with both 10%NaCl and 30% 

NaCl addition/removing process, which provided porous anode structure. The 

precipitated copper particles could also support the structure integrity with 

maintaining the ductility. The other advantage of copper particles could be the 

electron conductivity which decreases charge transfer impedance of the porous 

electrode compared to the control sample. 

 

Figure 6.49 : (a)Cycling performance of the c-SiO/PFM electrodes with porosity 

generation, C/10 for the first two cycles then C/3 (1.7 mA/cm2). (b) Cell impedance 

of the c-SiO/PFM half cells with or without porosity generation using 30 wt % NaCl. 

6.3.4  Electrochemical test results of porous Si/PPy anodes 

Porosity generation method was performed with Si/PPy electrode design to compare 

it to c-SiO/PFM. The best result for c-SiO/PFM design was the case of 30% NaCl 
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addition. Here, this design was used. The mass loading of the electrode is 1 mg 

Si/cm2. Figure 6.50 shows the cycling performance of Si/PPy electrode with 30wt% 

NaCl. The first cycle specific capacity is 4168 mAh/g and after 100 cycles it is 2134 

mAh/g. The first cycle coulombic efficiency of the electrode is 70%. The cycling 

performance of the electrode seems stable after a few cycle. In consideration of the 

high mass loading for silicon active material, this stability can be explained with the 

generated pores that may provide enough volume for Silicon expansion during the 

lithiation process. This helps to keep the anode structure together and use the 

electrode for higher for cycles. 

 

Figure 6.50 : Specific capacity of the Si/PPy electrodes with 30% NaCl and without 

NaCl. 

The voltage curves of Si/PPy electrodes with 30% NaCl and without NaCl were 

shown in Figure 6.51 and in Figure 6.52 at 1st and 50th cycle, respectively. Porosity 

generated Si/PPy electrode shows 4168 mAh/g and 2941 mAh/g 1st cycle discharge 

and charge capacity, respectively while Si/PPy electrode without NaCl has 2782 

mAh/g and 2170 mAh/g 1st cycle discharge and charge capacity, respectively. At 50th 

cycle it is obviously seen that, porosity generated Si/PPy electrode showed 2239 

mAh/g delithiation capacity which was improved from 1543 mAh/g of control 

sample capacity. 

 

Figure 6.51 : 1st cycle voltage curves of Si/PPy samples with 30% NaCl and without 

NaCl. 
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Figure 6.52 : 100th  cycle voltage curves of Si/PPy samples with 30% NaCl and 

without NaCl. 

6.4 Characterization Results of Anodes After Cycling 

6.4.1  Characterization results of calendered c-SiO/PFM anodes after cycling 

In Figure 6.53, SEM images of 15% calendered c-SiO/PFM electrodes after 50 

cycles were given. When the SEM images of cycled electrodes were compared to 

Figure 6.6, it is seen that cycled electrode have more cohesive appearance.  This can 

be explained the volume change of silicon oxide particles after cycling that fill the 

empty spaces. 

 

Figure 6.53 : SEM images of 15% calendered c-SiO electrodes after 50 cycles. 
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6.4.2  Characterization results of porous c-SiO/PFM anodes after cycling 

In Figure 6.54, SEM images of c-SiO/PFM anodes with 30% NaCl process after 50 

cycles were given.  Although SiO particles had volume change, the pulverization and 

peeling off of the electrode materials, which are often observed in silicon electrodes 

after cycling, are not observed. Because there is not seen any cracks on the electrode 

structure and that means, porosities generated by our method can well accommodate 

the volume change of the c-SiO. 

 

Figure 6.54 : SEM images of c-SiO electrodes with 30wt% salt process after 50 

cycles. 

 

Figure 6.55 : SEM images of c-SiO electrodes with 60wt% salt process after 50 

cycles. 
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In Figure 6.55 SEM images of c-SiO/PFM anodes with 60% NaCl process after 50 

cycles were shown. Afer 50 cycles, the cracks are seen clearly. It is very consistent 

with the cycling data shown in Figure 6.47, which shows very poor cycling 

performance.
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7. CONCLUSION AND RECOMMENDATION  

Silicon is one of the most promising candidates as an anode active material because 

of its high theoretical capacity (more than 3579 mAh/g at room temperature) and low 

average discharge potential (∼0.5 V vs Li/Li+). Furthermore, Si is the second most 

abundant element on earth and it is an environmentally benign material.  

Unfortunately, huge volume expansion (300% at full lithiation of Si) due to the 

lithium ion diffusion during the lithiation/delithiation process causes drastic capacity 

fade because of the high internal stresses, loss of electrical contact and the formation 

of non-electronic and ionic conductive passivation film between the anode surface 

and electrolyte.  

In this thesis, solutions have been presented for problems of silicon based anode 

materials. High loading anodes are very important for high energy density batteries. 

However, because of the silicon based materials problem, it is not possible to provide 

a high loading anode. Here, the calendering ratio of the Si-based anodes were 

optimized and porosity genearation method which allows to get a high-loading 

electrode with good cycling performance was developed. The studies in this thesis 

were concluded as: 

1) As a result of calendering optimization, which is the first part of our thesis 

work, the optimum calendering ratio was found as 15%.  

2) Pycnometer measurement showed decreasing pore volume from 0.63cm3/g to 

0.57, 0.48 and 0.43 cm3/g for 10%, 15% and 20% calendering, respectively. 

The electrode density was also increased by calendering from 3.17 g/cm3 to 

3.36, 4.03 and 4.79 cm3/g for 10%, 15% and 20% calendering, respectively. 

3) The c-SiO/PFM anode composition reached a loading capacity of 3.5 

mAh/cm2 and a specific capacity of 1250 mAh/g after 100 cycles with 15% 

calendering.  

4) When the same calendering ratio was applied to the Si/PAA and Si/nPAA 

anode combinations, the electrode exhibited a stable cycle performance and 
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gave a specific capacity of 511 and 1370 mAh/g at the end of the 100th cycle, 

respectively. 

5) In the second part of the thesis, in the porosity formation study we conducted, 

c-SiO/PFM anode working with 10% NaCl gave 3 mAh/cm2 loading capacity 

and a specific capacity of 1000 mAh/g after 100 cycles.  

6) The c-SiO/PFM anode operated with 30% NaCl gave 4 mAh/cm2 loading 

capacity and a specific capacity of 750 mAh/g at 100 cycles.  

7) Characterizations of electrodes before and after porosity generation were 

proved the generated porosities. SEM images demonstrated pores, AFM 

results showed higher Ra value after porosity generation and results of 

pycnometry and mercury porosimetry showed increased pore volume and 

porosity. 

8) EDS mapping and EDX dot analysis showed Cu particles on the electrode 

surface arised from dissolution of copper current collector during the washing 

process. 

9) The method was also applied to the Si/PPy anode composition using 30% 

NaCl. 

10) With the Si/PPy anode operating with 30% NaCl, it was reached a specific 

capacity of 1100 mAh/g at 100 cycles. 

When these results were compared to studies in the literature, it makes results and 

contribution of this thesis much remarkable.  The studies in this thesis provide an 

easy, feasible and applicable methods to be able to use silicon based anodes which 

have a large advantage as the anode material. For example, Fang et.al.[113] 

performed a good study with SiO2&Si nanoparticles/carbon composite films that the 

specific capacity of 1200mAh/g was achieved. But this was achieved when the areal 

capacity was 0.46mAh/cm2. In another study, Takezawa et. al. [114] used three 

different oxygen containing SiOx material which x is 0.17, 0.68 and 1.02. They 

reached the maximum areal capacity of 2 mAh/cm2 with SiO1.02 sample after 30 

cycles. Marinaro et.al [115] was also studied areal capacity of Si/C composite. They 

reached 3.25 mAh/cm2 areal capacity with the 900 mAh/g specific capacity. There so 

many examples to show the areal capacities and compare our results. As far as is 

known, the results of this thesis reach a very high mass loading and areal capacity for 
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silicon based materials. The another advantages of our results are using easy, cheap 

and applicable method and it is not required to change a present commercial system. 

In the light of results from this study, the suggestions to develop new generation 

anode materials and anode production methods for lithium ion batteries were given 

below:  

1) To develop further methods for pore sizes, 

2) To generate pores on the anode under more control to specify the pores 

accommodation, 

3) Further characterization of anode structure before and after cycling, 

4) To study the effect of starting porosity, thickness, material loading and 

AM/binder composition in detail.  

5) Applicability of the method for other type batteries such as sodium ions, 

magnesium ions, aluminum ions. 
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