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RESUME 

Pour une utilisation fiable des ressources energetiques renouvelables en tant que principales 

sources d'energie, de bons systemes de stockage d'energie jouent un role de premier plan. Le 

passage du combustible fossile a l'energie verte depend fondamentalement du developpement de 

systemes performants de stockage d'energie electrochimique qui peuvent stocker une quantite 

elevee d'energie et la delivrer ou la recuperer en quelques secondes/minutes. Les principales 

technologies de stockage d'energie electrochimiques qui retiennent une grande attention et qui, 

pourtant sont en sous-developpement aujourd'hui pour diverses applications sont Jes 

supercondensateurs et les batteries au lithium-ion. Cependant, pour que ces technologies aient 

une chance reelle de mise en reuvre, en vue de remplacer !'utilisation des combustibles fossiles 

dans le parcours energetique actuel, elles devraient posseder une plus grande densite d'energie et 

de puissance, un cycle de vie plus long, avec un cout abordable et une securite amelioree que 

l'etat actuel. Cela pose toujours des defis materiels et, pour Jes decennies ecoulees, la principale 

voie pour atteindre ces objectifs a ete de rechercher ce type de materiau ou des materiaux 

composites pour preparer de nouvelles electrodes avec une capacite superieure a celle des 

materiaux traditionnels tout en maintenant la duree de vie requise. Par consequent, !'electrode a 
base de carbone et Jes anodes a base de silicium pour Jes supercondensateurs et les batteries au 

lithium-ion, respectivement, sont consideres comme d'excellents candidats en tenant compte de 

diverses caracteristiques. Neanmoins, !es electrodes a base de carbone ne fournissent toujours 

pas la capacite requise et !es anodes de silicium sont caracterisees par une desintegration rapide 

en capacite avec le temps de cyclage, bien que de nombreuses conceptions structurelles aient ete 

proposees pour attenuer ces problemes. Par consequent, ii devient evident que la qualite des 

interfaces electrode-electrolyte et la capacite du chimiste a concevoir la formulation d'electrodes 

performantes a la demande en abordant simultanement plusieurs problemes est la principale voie 

a suivre pour atteindre les objectifs ultimes a l'egard de ces materiaux d'electrode en depit des 

approches vastes et sporadiques. 

Par consequent, l'objectif de cette these est de concevo1r une approche et de developper de 

nouvelles electrodes composites a base de carbone et de silicium pour une application dans des 

condensateurs electrochimiques a double couche et dans les electrodes de batterie au lithium-ion, 
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respectivement, en utilisant la combinaison de la chimie du diazonium et celle de la 

polymerisation radicalaire. L'approche permet d'obtenir une direction pour trouver des solutions 

pour plusieurs facettes plutot qu'un probleme specifique dans Jes materiaux d'electrode 

respectifs. Les methodes utilisees nous permettent de preparer des materiaux d'electrodes sur 

lesquels des macromolecules organiques sont liees de fa<;on covalente, qui peuvent avoir 

directement ou indirectement de multiples fonctions telles que !'auto-adherence des particules qui 

peuvent ameliorer l'efficacite d'adherence, permettre une meilleure accommodation des 

contraintes mecaniques provoquees par la desintegration de la matrice d'electrode composite, 

adapter les changements de volume du materiau actif pendant le cyclage avec une homogeneite 

amelioree et une fixation covalente du composant adhesif, fonctionnant comme une interface 

artificielle solide-electrolyte ( en agissant comme couche protectrice et evite le contact direct 

entre le materiau actif et !'electrolyte) et permet d'eviter !'utilisation des additifs, sert de couche 

de passivation pour la surface du silicium tres reactif, simplifiant ainsi le traitement et le 

stockage de telles electrodes, augmente la proportion du materiau actif tout en minimisant le 

rapport des composants electrochimiquement inactifs et permettant finalement d'obtenir une 

anode de silicium avec une amelioration des performances electrochimiques. On constate 

egalement que !'utilisation d'une petite quantite de graphene comme additif conducteur avec le 

materiau actif modifie en silicium peut ameliorer considerablement la conductivite electronique, 

la cyclabilite et Jes proprietes mecaniques de ]'electrode composite correspondante. De meme, 

l'approche permet d'obtenir une electrode composite a base de carbone avec des performances 

electrochimiques ameliorees dans un electrolyte aqueux doux principalement en aidant a adapter 

)'interface electrode/electrolyte et a augmenter la mouillabilite du film d'electrode. Par 

consequent, cette option est une approche interessante et holistique pour la conception d'anode a 
base de silicium et des electrodes a base de carbone pour Jes batteries au lithium-ion et Jes 

supercondensateurs. 

Mots cles: stockage d'energie electrochimique, batterie au lithium-ion, supercondensateur, 

electrode, silicium, carbone, fonctionnalisation de surface, chimie du diazonium, polymerisation 

radicalaire, liant, additif conducteur, acide polyacrylique, graphene. 
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ABSTRACT 

For a reliable use of the renewable energy resources as primary sources of energy, good energy-

storage systems play the leading role. The transition from fossil fuel to green energy depends 

fundamentally on the development of advanced electrochemical energy storage systems that can 

store high amount of energy and deliver or take it in the seconds/minutes range. The principal 

electrochemical energy storage technologies that are gaining enormous attention and 

underdevelopment today for various applications are supercapacitors and lithium-ion batteries. 

However, for these technologies to have any realistic chance of upgrade in application towards 

the substitution of fossil fuels use in the current energy trail, they should possess higher energy 

and power density, cycle life, along with lower cost and improved safety than the current state of 

the art. This always brings material challenges and for the past decades the major route to 

achieve these goals has been to look for that material or combination of materials to pursue new 

electrodes with higher capacity than traditional materials, while maintaining the required cycle 

life. Hence, carbon based electrode and silicon-based anodes for supercapacitors and lithium-ion 

batteries, respectively, are regarded as excellent candidates in consideration of various features. 

Nevertheless, the carbon based electrodes are still not delivering the required high capacitance 

and the Si anodes are characterized by a fast decay in capacity with cycling though numerous 

structural designs has been proposed to alleviate the issues. Hence, currently it is becoming 

apparent that the quality of the electrode - electrolyte interfaces and the ability of the chemist to 

design formulation of better performing electrodes on request by simultaneously addressing 

multiple issues is the main way forward to achieve the ultimate goals with regard to these 

electrode materials in spite of the vast and sporadic approaches. 

Therefore, the objective of this thesis is to design an approach and develop new carbon and 

silicon based composite electrodes for application in electrochemical double layer capacitor and -

lithium-ion battery electrodes, respectively, using the combination of diazonium and surface 

initiated atom transfer radical polymerization chemistries. The approach enables a method for 

finding solutions for multiple facets rather than a specific issue in the respective electrode 

materials. The chemistries allows us to formulate electrode active materials on which organic 

macromolecules are covalently attached that can serve directly or indirectly multiple functions 

such as particle self-adhesion that can improve adhesion efficiency, better accommodation of the 
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mechanical stresses caused disintegration of the composite electrode matrix caused by the active. 

material volume changes during cycling with improved homogeneity and covalent attachment of 

the adhesive component, function as artificial solid-electrolyte interface (by serving as a 

protective layer and avoid the direct contact between active material and electrolyte) and avoid 

the use of electrolyte additives, serve as a passivation layer for the very reactive silicon surface 

simplifying the processing and storage of such electrodes, increase the proportion of the active 

material while minimizing the ratio of the electrochemically inactive components and ultimately 

enables to afford a silicon anode with an improved electrochemical performances is achieved. It 

is also observed that the use of small quantity of graphene as conductive additive with the 

modified silicon active material can drastically improve the electronic conductivity, cyclability 

and mechanical properties of the corresponding composite electrode. Likewise, the approach 

enables to afford a carbon-based composite electrode with improved electrochemically 

performance in a mild aqueous electrolyte mainly by aiding to tailor the electrode-electrolyte 

interface and increase the electrode film wettability . Therefore, interesting option and holistic 

approach to design silicon anodes and carbon based electrodes for lithium-ion batteries and 

supercapacitors is achieved. 

Key words: Electrochemical energy storage, lithium-ion battery, supercapacitor, electrode, 

silicon, carbon, surface functionalization, diazonium chemistry, atom transfer radical 

polymerization, binder, conducting additive, polyacrylic acid, graphene. 
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CHAPTER I 

INTRODUCTION 

Energy continues to be a key element to any sort of global development. However, due to the oil 

price volatility, depletion of fossil fuel resources, global warming and pollution, geopolitical 

tensions and growth in energy demand; effective use of fossil fuels or finding alternative but 

efficient sources have become much more important than at any time in history [H J_ This fact is 

strengthened considering the ever-increasing global population, which is expected to expand 

from 7 to 10 billion by 2050, and technological and economic advancements: energy demands 

are estimated to double from the current 14 TW to 28 TW in the same period [IJ_ With this in 

contention, under a business-as-usual scenario (no mitigation to reduce the use of fossil fuel 

combustion), it can dramatically create an adverse and nearly irremediable climate and 

ecological damages due to an audacious increase in the greenhouse gases (GHGs) emission, 

particularly concentration of atmospheric CO2 as it is primarily responsible for human-induced 

climate change [I J_ For instance a study suggests that a 600MW coal fired power plant could 

generate flue gases at a rate of 500 m3s-' , a significant constituent of it is CO2 C4l _ Coal-fired 

power plants generate more than 50% of the electricity in the United States and produce about 

40% of the country's CO2 emissions C4l and in Canada though there is an encouraging inclination 

towards renewable sources some provinces like Alberta (66.9%), Nova Scotia (58.2%), and 

Saskatchewan (54.8%) have come to still rely mainly on coal-fired generating stationscsJ_ 

Worldwide, the situation is similar. Coal is the lowest cost method of producing electric power 

and it is relatively abundant in large energy-consuming nations, such as China. For these reasons, 

it is clear that coal will continue to be used to produce a large percentage of the world's electric 

power. 

It is reported that the year 2016 experienced the highest annual global average land and ocean 

surface temperature since 1880 with an anomaly of 0.94 °C above the 20th century average (61. 

Annual record of average temperature has been broken in three years since 2014 in a row by the 

largest margin ever and the period 2001- 2010 was 0.217 °C warmer than that of the preceding 

decade (?,&J_ More specifically, each of the last three decades has been successively warmer at the 

earth's surface than any preceding decades since 1985[91. The fourth assessment report, prepared 

by the Intergovernmental Panel on Climate Change (IPCC), affirms that the global sea level has 
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risen on an average at the rate of 1.8 mm per year over the period of 1961 - 2003 and at the rate of 

3.1 mm per year over the period of 1993-2003 (IOJ_ Recently published, the fifth assessment 

report affirmed that over the period of 1901- 2010, global mean sea level has risen by 0.19 mm 

per year ranging from 0.17 to 0.21 mm [9l_ The same report further asserted that GHG emissions 

between 2000 and 2010 increased by 10 Gigatons Carbon dioxide (CO2) equivalent l111• All these 

reports actually are supported by data measured by Environment Canada in Alert, Nunavut, at 

the northern tip of Ellesmere Island, about 800 km from the North Pole. It is one of the three 

global atmospheric watch station, which is the world's most northerly site in an international 

network of monitoring stations coordinated by the world meteorological organization that 

provides better carbon source - sink estimates for North America l121• For instance Figure 1.la 

and b presents daily averaged carbon dioxide mixing ratios in parts per million (ppm) from 1975 

to 2008 and the most recent one from 2013 to 2017, respectively. The graphs indicate that CO2 in 

the global atmosphere has been rising rapidly since 1975. The concentration of CO2 in the 

atmosphere was about 300 ppm before the industrial era and has reached its all -time high of 

more than 405 ppm in 2016. With no alternative in sight for fossil fuels and the demand for 

energy only increasing, we could expect this number to reach catastrophic limits soon. 

Moreover, the associated global temperature increase due to CO2 emissions is projected to be 

somewhere between 1.4 to 5.8 °C by the start of the 22nd century, unless climate change policies 

are properly implemented ll 3J 4l_ In line with this the National Aeronautics and Space 

Administration (NASA) as well as Goddard Institute for Space Studies (GISS) surface 

temperature analysis recorded the average global Land-Ocean surface temperature changes for 

over 137 years (Figure 1.lc) [ISJ_ It clearly showed an exponential increase in the average surface 

temperature over the years; particularly the highest rise is recorded within the last 40 years. The 

relation between the two measurements made by the two centres are consistent with the 

Arrhenius equation that manifests the direct relation between change in temperature and 

concentration of CO2 (Equation 1.1) though it is an anciently (end of 19th century) established 

relation by Arrhenius [4l_ 

C b.T = f (log-) 
Co 

(Equation 1. 1) 
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Where t-. T - is the change in temperature, C - is the measured concentration and C0 - is the 

initial / reference concentration 

400 a) 
390 e 380 ,· 

C. 
_e 370 ; 

25 360 : ·.;; 
E 350 .... 
C 

340 
C U 330 

320 
1975 1980 

'· ... : ,_ : 
' - Tf9nd • 

1985 1990 1995 2000 2005 2010 
Year 

1.0 

- 0.8 u 
0 
- 0.6 >. -; e 0.4 
0 = "" 0.2 ... ... 
E o.o 
t: 
~-0.2 
E 

-0.4 

c) 

b 
410- ...... ---------------. 

390 __ ___...._ ________ ..._ _ ___, 

2013 2014 2015 2016 2017 2018 

Year 

• 

NASA· GJSS -0.6-----------------------1 
1880 1900 1920 1940 1960 1980 2000 2020 

Vear 

Figure 1.1. Atmospheric CO2 measured at Alert, Nunavut[ 121 between the years a) 1975-2010 

and b) 2013-2017. c) Past and future surface temperature analysis by NASA[' 5l_ 

Another equally alerting scenario is the recent report made by Oil Depletion Analysis Centre 

(ODAC) which confirms a fast depletion in the fossil fuel reserves accompanied by a decline in 

new discoveries and a fast rise in demand and rate of consumption, particularly in the last 3-4 

decades (Figure 1.2) [161 • 
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Figure 1.2. Growing gap between consumption and reserve in fossil fuel (161• 

Though these pervasive facts are clouded by disputes from politicians, because of the "it is easier 

not to know" attitude rather than scientific based arguments and the economic sensitivity of the 

issue, a big step forward seemed to be forthcoming. Currently, most world leaders and global 

organizations appeared to come to terms. The best exemplary case for this is the recent global 

agreement, also called the Paris agreement, signed by 141 countries within the United Nations 

Framework Convention on Climate Change (UNFCCC) dealing with greenhouse gases 

emissions mitigation, adaptation and finance adopted by consensus which already went into 

effect on 4 November 2016 [l 7J_ The aim of the convention can be described through the 

following two guiding principles: (a) Holding the increase in the global average temperature to 

well below 1.5 °C, recognizing that this would significantly reduce the risks and impacts of 

climate change and (b) Making finance flows consistent with a pathway towards low greenhouse 

gas emissions and climate-resilient development (l 7J_ In this regard Canada is a very citable 

nation with ambitious policy direction in GHGs regulation. The Government of Canada has 

contributing to reducing Canada' s GHG emissions through stringent regulations for the 

transportation and electricity sectors - two of the largest sources of GHG emissions in Canada. It 

has become a world leader in clean electricity generation by becoming the first major coal user to 

ban construction of traditional coal-fired electricity generation units. Another vital action plan is 

to have 2025 passenger and light track vehicles emitting only half as many GHGs as 2008 

models and 2018 heavy duty vehicles to reduce this by 23% cisJ_ 
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Therefore, considering the fast decline in the fossil fuel reserves and continued energy demands, 

which is needed to be achieved without increasing the CO2 emission, has made the development 

of advanced renewable energy technologies a global imperative. Though using renewable energy 

sources seems a promising option, there are serious concerns about their implementation, e.g. (i) 

capital cost and (ii) their intermittent nature in power production [l 9- 23 l_ There are several 

renewable energy sources, for example, wind, solar, tidal , biomass and geothermal, but these are 

all inherently intermittent and generally dispersed l211 relative to the isolated large-scale facilities 

that currently supply the vast majority of electrical energy. They cannot produce power steadily, 

since their power production rates change with seasons, months, days, hours, etc. Therefore, in 

order for the renewable energy resources to become completely reliable as primary sources of 

energy, good energy-storage systems play the leading role l24l . Essentially, energy from these 

renewable resources must be stored when an excess is produced and then released on demand. 

Unfortunately, we currently only have the capacity to store around I% of the energy consumed 

worldwide, most of which (98%) is through pumped-storage hydroelectricity [251 • Meaning that 

before shifting from a fossil-fuel economy to one based on renewable technologies, there is 

clearly a pressing need to significantly improve the ability to store energy. The other most 

strategic reason why it is compulsory to store energy [l6-l 9J is their use to support portable 

devices (e.g. , mobile electronics) and automotive systems (e.g. , electric vehicles) . Particularly, 

the latter are described to currently contribute to about 30% fossil fuel consumption and 25% of 

the global CO2 emission to the environment ruo.3 11 . Electrification or semi-electrification of 

those systems using energy storage systems will play a vital role to combat global warming. 

Hence, electric energy storage (EES) has emerged as a key technological challenge and current 

research activities range from the development of small on-chip devices to large grid-scale 

energy storage facilities l32
-

34l_ The ability to store and efficiently recover electricity generated by 

intermittent sources and the transition of our transportation fleet from hydrocarbon-fuelled to 

electric drive, depends fundamentally on the development of advanced EES systems with high 

energy and power densities l35l_ Electrical energy storage in a system can be defined as any 

installation or method, usually subject to independent control , with the help of which it is 

possible to store energy generated from a power system, keep it stored and use it for a system 

when necessary (361. According to this definition, energy storage may be used in a system in three 

different regimes: charge, storage and discharge. In each of these three regimes a balance 
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between power and energy in the system has to be maintained so the energy storage has to have 

the appropriate rated power and energy capacity. The energy density is a measure of the length 

of runtimes between charging and discharging cycles and the power density is the measure of the 

ability of the energy storage system to deliver high current or charge loads. The duration of each 

regime and storage efficiency are subject to system requirements. It is clear that these margins of 

system requirements are subjected to the function performed by the energy storage in a system. 

Therefore, different energy storage technologies coexist because their characteristics make them 

attractive to different applications. The common types of electric energy storage devices of 

research interest are electrochemical energy storage (ECES) devices which either directly or 

indirectly provides electrical energy storage via an electrical input and output [37,381. There are a 

number of types of ECES technologies known today, however, in this thesis the primary interest 

is to develop and design materials for supercapacitors/electrochemical double layer capacitors 

(EDLCs) and lithium-ion batteries (LIBs). These are regarded as the principal electrochemical 

energy storage technologies that are gaining enormous attention and underdevelopment today for 

various applications for different reasons as they are dissimilar in terms of operating principles 

and most other relevant characteristics [38- 401. In general, batteries have played the dominant role 

in ECES technologies for over a century, mainly because of their high energy density and 

moderate costs, while cycle lifetime and power density remain moderate. EDLCs store energy 

via potential-driven accumulation of ions to counterbalance the surface charge of a porous 

electrode, known as double layer formation. As this polarization process does not involve 

chemical reactions, charging and discharging of supercapacitors can occur in seconds or 

fractions of a second, enabling cycle lifetime of more than l 06 charge and discharge cycles (i.e. , 

>25 years) [39l_ However, only moderate energy densities are obtained from supercapacitors, 

which are approximately an order of magnitude lower than batteries [39
.4 tJ_ 

However, for these technologies to have any realistic chance of upgrade in application towards 

the substitution of fossil fuels use in the current transportation systems, for instance, hybrid 

electric vehicles (HEVs), plug-in hybrid electric vehicles (PHEVs), fully electric vehicles (EVs) 

as well as grid scale storage applications; require the technologies with even higher energy and 

power density, cycle life, along with lower cost and improved safety l30,
42

.4
3l_ One way to achieve 

these goals is to pursue the development of new electrode materials with higher specific capacity 

than traditional materials, while maintaining the required cycle life. High capacity materials can 
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increase energy content per weight and volume while reducing the cost per energy unit, although 

they also present new materials challenges. Hence, extensive research effort has been dedicated 

to optimizing the energy density of these technologies particularly in the last 2-3 decades. 

However, the slow progress achieved in the field is a manifestation of complexity of the task at 

hand [43l_ It has been more than 150 years since the lead battery has been discovered by Gaston 

Plante (1859); nonetheless, their energy density has only° increased by four or even five times 
[44,45) 

In the early l 990 ' s it was established that an ideal electrode material for ECES technologies is 

the one which has at least the following fundamental features: good electronic and ionic 

conductor, consisting of micrometric particle size with a structure capable of accommodating 

large ion adsorption in case of supercapacitor and insertion for LIB electrodes. These criteria of 

course limit the number of candidates especially for LIB-technology [421
• As a result many 

researchers had come to believe that these technologies had reached their limits. However, some 

alternatives to the conventional approach, both with regard to the material and the reaction 

mechanisms, were made in the early 2000s to remove existing technological barriers, and favour 

technological breakthroughs [43
,
461. 

Extensive research effort has also been dedicated to optimizing the energy density of 

supercapacitors, such as increasing the surface area or adding redox-reactive surface 

groups/metal oxide particles [4 l ,
47l_ Optimization of the pore size and pore size distribution of 

porous carbons in particular has been identified as a main strategies to improve the capacitance 

and hence the energy density of electrical double layer capacitor [48
•
491

. For electrode materials of 

LlBs, the arrival of nanomaterials enables to recover many materials previously neglected due to 

poor ionic or electric conductivity or to uncover new reaction mechanisms that did not require 

lacunar compounds such as alloying anodes [42
.431. One of the very interesting and most studied 

negative electrode materials since then is silicon (Si) anode [42
-
5 1

•521. The stoichiometry of the 

alloying / de-alloying reaction between Li and Si is proven to deliver high capacity. In general , 

the theoretical specific capacities of alloy anodes are 2-10 times higher than that of graphite and 

specifically Si is reported to show a capacity which is more than IO times of graphite [53
,
54l_ The 

other reported merit of the Si anode is its moderate operation potential versus lithium [55l_ In 

contrary to these benefits, however, it comes with some major challenges in terms of its cycling 
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stability. It is shown that the implementation of Si anode is associated with a large volume 

change (> 300%) and structural modifications during cycling, which often leads to pulverization 

of the active and generation of strong internal mechanical stresses and cracking of the particles, 

consequently a loss of electronic percolation and poor cycling stability within the electrode 

[53,55,561 . To avert these drawbacks of Si anode nanostructuring of the active material has been 

emerged as a tool to have a relative control on this phenomenon [57,581• Nanoparticles are in fact 

more resistant to fractures since the elastic energy that they store during deformation is not 

sufficient to initiate a fracture. In other words, for a nanoparticle, the volumetric strain relief 

required to initiate a fracture is not sufficient to counteract the surface energy associated with its 

propagation. Therefore, due to the strain relief provided by the nano-sizing of the particles, Si 

anode, combining nano-metric character and carbon coating, were created 1581 and it was 

marketed in 2011 (Si technology by PANASONIC). With regard to negative electrodes, this 

progress had certainly brought plenty of hope, but the solution is clearly not ideal if we consider 

the withdrawal PANASONIC Si technology from the market. The main issue for this withdrawal 

is still related to the electrodes stability during cycling 142•431 . Since this period, various research 

groups have tried to come up with projects to be able to optimize and obviate the problem 

associated with this electrode material. Most of the researches reported are still focused mainly 

on the active material structuring and the recent and mentionable achievements in this regard are 

those that attempt to create elegant "Yolk-shell" l59l or "pomegranate" architectures 1521 to 

optimize the Si electrode that are totally unrealistic from an applicative standpoint 1431. On top of 

that, recently, it is reported that with nanoparticle based Si electrodes though the active particles 

initiates the volume changes, the cracking and disconnection between the particles and/or the 

active material and current collector are the main causes for eventual electrode failure [60
---621• 

Here, what is often getting less attention is the fact that the electrodes are composites containing 

more components than the active material such as current collector, binders and conducting 

additives. The chemistry of interaction between each component and the mechanical features of 

these materials contributes significantly if not equally to the performance of the whole electrode 
160---621 . Specially, a more emphasis has to be given to these components when a composite battery 

electrode is formulated with active materials involving large volume and structural changes upon 

use, such as Si anode 163- 661 . In general , a common theme about the performance of ECES 

technologies is (1) dependence on the quality of the electrode-electrolyte interfaces and (2) 
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dependence on the ability of the chemist to design formulation of better performing electrodes on 

request [43l . 

Therefore, this thesis focuses mainly on a chemistry aimed at developing an approach to design 

new electrode materials formulation for electrochemical double layer capacitors and LIBs 

(particularly Si anode) through covalent attachment of molecules that can function as binding 

agents and beyond using a combination of diazonium chemistry and surface initiated-atom 

transfer radical polymerization (SI-ATRP) on the respective active materials. The approached is 

hypothesized to serve roles beyond adhesion between electrode components. It would help in 

enabling the fine tuning of electrode-electrolyte interfaces and designing better performing 

electrodes formulation with an ultimate goal having energy storage technologies with improved 

energy density, power density and cycling life. 

Hence, the thesis report is organized in the following chapters which include bibliographic 

reviews on the state of the art of both electrochemical energy storage technologies interest, 

theories and background information on the chemistries employed to design the approach and the 

doctoral research outputs. Accordingly, Chapter II provides detailed literature review on the 

fundamentals of the major chemistries employed throughout the study, recent progresses 

achieved in improving the electrochemical energy storage technologies such as supercapacitors 

and LIBs and the current state-of-the arts for the respective technologies. Chapter lII describes 

work on a newly developed multifunctional carbon electrode material for application in 

electrochemical double layer capacitors using a combination of diazonium and A TRP 

chemistries. Chapter IV reports on the use of the same approach to design a new Si anode for 

LIBs. Chapter V describes the substitution of the commonly used carbon black based conducting 

additives with a graphene material synthesized by electrochemical exfoliation of natural graphite. 

Chapter VI presents the additional attributes of the covalent attachment of binding like molecules 

on the mechanical and adhesion properties of a Si composite electrode. And Chapter VII gives a 

concise summary of insights, future prospects and conclusions of the thesis work. 
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CHAPTER II 

LITERATURE REVIEW 

2. Electrochemical energy storage technologies 

Electrochemical energy storage (ECES) technologies together with materials development are 

currently playing leading roles in the global effort to tackle the challenges to sustain energy 

production and supply [46•48•67-691 . In particular, materials and technological innovations based on 

electrochemical reactions and capacitance are being increasingly recognized and utilized to 

develop rechargeable batteries and supercapacitors (also known as electrochemical capacitors), 

respectively, with high energy and power capability as well as long cycle life (3,48•691• The 

winning combination of high specific energy for extending driving ranges (the inherent 

material's chemistry) plus quick charging and higher specific power for acceleration ( all of it 

topped with a low tag price) is very challenging to get for devices such as batteries and 

supercapacitors [70l. Although each alone are still unsatisfactory, according to commercial views 

that have been formed on consumption of fossil fuels , in the past two decades there have seen 

significant progresses in both rechargeable battery (particularly lithium-ion batteries LIBs) and 

supercapacitor (SC) performance. Currently, these two technologies are considered to be real 

candidates for use in electrification of transport systems l67•68•71 •72l_ 
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Figure 2.1. The Ragone plot. (Reproduced with data obtained from various authors r2o,33 ,39,67,13J). 
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The current performance status of the different electrochemical energy storage technologies can 

be compared by the Ragone plot, which is a plot of the storage devices' energy density versus 

power density, giving an insight into their operational range. Hence, lithium-ion batteries can 

store relatively high energy of - 150-200 Wh/kg but have low power density (< lkW/kg), whereas 

electrochemical capacitors (ECs) have much higher power capabilities (10 kW /kg) but are 

limited by their low energy densities ( <l O Wh/kg) (Figure 2.1 ). Nonetheless, the plot also 

manifested that these technologies are closing the gap to their target applications for the next 

electrified vehicles. Therefore, it is evident that improving the performance of these energy 

storage technologies is the key challenge for the 21 st century science. Consequently, currently 

new or enriched materials development that can improve these technologies receives enormous 

global research interest. To highlight state of the art, fundamental features and progresses 

achieved by these technologies, some detailed discussions are made in the subsequent sections. 

2.1. Electrochemical capacitors 

Electrochemical capacitors (ECs), also known as supercapacitors or ultracapacitors, are power 

devices that can be fully charged/discharged in the second timescale. Consequently, a much 

higher power delivery or uptake can be achieved for shorter times (few seconds), but their energy 

density is lower than that in batteries [411
. They have had an important role in complementing or 

replacing batteries in the energy storage field, such as for uninterruptible power supplies (back-

up supplies used to protect against power disruption) and load-levelling l74 l_ A good example for 

this is their implementation in the Airbus A380 jumbo-jet for emergency door opening and 

electric braking assistance, and starter-generators recently introduced by Citroen and Peugeot 

have placed them as reliable ECES systems [75 l . 

To describe the fundamental characteristics and mechanism of energy storage in ECs, consider a 

conventional capacitor that consists of two conducting electrodes separated by an insulating 

dielectric material. When a voltage is applied to the capacitor, opposite charges accumulate on 

the surfaces of each electrode. The charges are kept separated by the dielectric, thus producing 

an electric field that allows the capacitor to store energy [761. A schematic representation of a 

conventional capacitor is illustrated in Figure 2.2. The capacitance C (F) of the capacitor is 

defined as the ratio of stored charge Q (As) to the applied voltage V (v) (Equation 2.1) [761: 
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C = g 
V 

(Equation 2.1) 

For a conventional capacitor, C is directly proportional to the surface area S (m2) of each 

electrode and inversely proportional to the distance D (m) between the electrodes (Equation 

2.2.) : 

(Equation 2.2) 

The product of the first two factors ( EoEr) is a constant of proportionality where Eo is the dielectric 

constant (or "permittivity") of free space (co = 8.854· 10- 12 Fm·') and Er is the dielectric constant 

of the insulating material between the electrodes [761• 

Conducti e Plates 

Figure 2.2. Schematic representation of a conventional capacitor. 

The two primary parameters to characterize ECES systems are their energy and power density . 

For either measure, the value can be calculated as a quantity per unit mass or per unit volume. 

The energy (E) stored in a capacitor is directly proportional to its capacitance and given by 

Equation 2.3 [49,761 : 

E = ~CV 2 
2 

or E = ~QV 
2 

(Equation 2.3) 

In general, the power (P) is the energy expended per unit time. To determine P for a capacitor, 

though, one must consider that capacitors are generally represented as a circuit in series with an 

external " load" resistance. In addition to this, the internal components of the capacitor ( eg. 

current collectors, electrodes, and dielectric material) also contribute to the resistance, which is 

measured in aggregate by a quantity known as the equivalent series resistance (ESR). The 

voltage during discharge is determined by these resistances and the maximum power P max for a 

capacitor is given by Equation 2.4 [49,761. 

V 2 
Pmax = 4R 

(Equation 2.4) 
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Electrochemical capacitors (ECs) are governed by the same basic principles as conventional 

capacitors. Several types of ECs can be distinguished, depending on the charge storage 

mechanism as well as the active materials used. However, electrochemical double layer 

capacitors (EDLCs) are the most common devices at present, which uses electrodes mainly from 

carbon-based active materials with high surface area and electrolytes l49
,
77l_ Their main energy 

storage mechanism arises from the reversible electrostatic accumulation of ions from the 

electrolyte on the surface of the porous carbon. Various theoretical models have been developed 

to describe the nature of such electrode/electrolyte interfaces. According to the description by the 

Helmholtz model 1781, polarization of an electrode of surface area S results in charge separation 

and ions of opposite sign diffuse through the electrolyte to form a condensed layer, called a 

double layer (DL), with a thickness (D) of a few nanometers in a plane parallel to the electrode 

surface ensuring charge neutrality. The potential in the vicinity of the electrode then decreases 

when the distanced between the ions and the electrode increases (Figure 2.3a). This simplified 

Helmholtz double-layer can be regarded as an electrical capacitor of capacitance CH defined by 

Equation 2.5: 

(Equation 2.5) 

where, c:0 is defined above, c:,. the relative permittivity of the dielectric electrolyte, and D is the 

effective thickness of the DL. Considering the very large SSA of porous carbon electrodes (up to 

3000 m2/g) and a DL in the range of < I nm, the resulting capacitance of the DL will be much 

higher than the flat plate capacitors 1791. 
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Figure 2.2. (a) Helmholtz, (b) Gouy-Chapman, and (c) Stern model of the electrical double layer 

formed at a positively charged electrode in an aqueous electrolyte. The electrical 

potential , q>, decreases when transitioning from the electrode, q>e, to the bulk 

electrolyte infinite away from the electrode surface, <p 5 • The Stern plane marks the 

distance of closest approach of the ions to the charged surface. Note the absence of 

charges/ions in the Stern layer. The diffuse layer starts in the range of 10 - 100 nm 

from the electrode surface. (Reproduced with permission from [791). 

Since the Helmholtz model does not take into account several factors such as the diffusion of 

ions in the solution and the interaction between the dipole moment of the solvent and the 

electrode, Gouy and Chapman proposed a diffuse model of the electrical DL in which the 

potential decreases exponentially from the electrode surface to the fluid bulk (Figure 2.2b) [SOJ. 

However, the Gouy-Chapman model is insufficient for highly charged double-layers, and in 

1924, Stern [761 suggested a model combining the Helmholtz and Gouy-Chapman models by 

accounting for the motion of the ionic species in the diffuse layer and the accumulation of ions 

close to the electrode surface (Figure 2.2c ). These two layers are equivalent to two capacitors in 

series, CH (Helmholtz layer) and C0 (diffuse layer), and the total capacitance of the electrode 

(CoL) is given by Equation 2.6 [79l: 
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(Equation 2.6) 

An electrical double-layer capacitor (EDLC) consists of two porous carbon, generally activated 

carbon (AC), electrodes in direct contact with the current collector and separated by a porous 

film impregnated with an electrolyte solution (Figure 2.3). When an electric potential difference 

is applied between the electrodes, the negative charge carriers, electrons, in the negatively 

polarized electrode are balanced by positive cations at the electrode/electrolyte interface, while 

the holes stored at the positively polarized electrode are electrically balanced by anions. Hence, a 

supercapacitor consisting of two electrodes is equivalent to two capacitors in series (Figure 2.3) 

and the resulting capacitance (C) can then be expressed according to Equation 2.7 [49l: 

1 
C 

(Equation 2. 7) 

where C+, c_, and C are the capacitance (Farad = Coulomb/Volt) of the positive electrode, the 

negative electrode, and of the resulting device, respectively. 

+ -

C 
R s 

R 
Figure 2.3. Representation of the charged state of a symmetric electrical double-layer capacitor 

using porous electrodes and of the corresponding equivalent circuit. R denotes 

resistors, C denotes capacitors. (Reproduced with permission from (791) . 
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As a result of the electrostatic charge storage, there is no faradaic (redox) reaction at EDLC 

electrodes. In ideal EDLCs a characteristic response for a linear change in potential is a constant 

current, as compared to a battery material, which exhibits faradaic redox peaks (Figure 2.4) (811 . 

This major difference from batteries means that there is no limitation by the electrochemical 

kinetics through a polarization resistance. In addition, this surface storage mechanism allows 

very fast energy uptake and delivery, and better power performance. The absence of faradaic 

reactions also eliminates the electrode structural changes that batteries show during 

charge/discharge cycles. EDLCs can sustain millions of cycles whereas batteries survive a few 

thousand at best. However, as a consequence of the electrostatic surface charging mechanism, 

these devices suffer from a limited energy density . This explains why today's EDLC research is 

largely focused on increasing their energy performance into the ranges of batteries (821 . 

a) b) 

_.. 

Potential (V) 

Figure 2.4. A typical current - potential profile (cyclic voltammograms) that distinguishes a 

capacitor material where the response to a linear change in potential is a constant 

current, as compared to a battery material, which exhibits faradaic redox peaks. 

(Reproduced with permission from [811). 

2.1.1. Carbon as electrode material in EDLCs 

Carbon is one of the most abundantly available and structurally diverse materials, and most 

present-day EDLCs employ porous carbons as the active electrode material. Abundantly 
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available organic materials, including food waste [831, are a particularly attractive natural resource 

for the production of carbon materials. Activated carbons (ACs), such as those derived from 

coconut shells or charcoal, are the most common commercially used porous carbons [4 l,77J_ 

Carbon electrode materials generally have higher specific surface area (SSA), lower cost, and 

more established fabrication techniques than other materials [4 l,77,84- 871. They are also known for 

their high electrical conductivity, good corrosion resistance, high temperature stability, and 

tuneable porous structures [851. There are different forms of carbon materials that can be used to 

store charge in EDLC electrodes but as they can be produced from natural precursors and ease of 

possessing a higher surface area than other carbon based materials, AC is the most commonly 

used electrode material in commercial cells. ACs utilize a complex porous structure composed of 

differently sized micropores (< 2 nm wide), mesopores (2 - 50 nm), and macropores (>50 nm) to 

achieve their high surface areas [79l_ Theoretically, according to Equation 2.5 , a direct 

dependence in capacitance on electrode specific surface area is expected; however, empirical 

evidence suggests otherwise. According to Barbieri et al. l881 and Inagaki et al. (891, not all of the 

high surface area contributes to the capacitance of the device and the capacitance tend to saturate 
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Figure 2.5. Gravimetric capacitance versus BET surface area (S8 ET ). (Reproduced with 

permission from (881) . 
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-when the SSA reaches beyond 1500 m2 g- 1 (Figure 2.5). In the case of ACs much of the SSA is 

contributed by micropores and the capacitance saturation mainly attributed to the fact that the 

inaccessibility of these small pores by solvated ions of the electrolyte for charge storage. In 

contrary to this Simon et al. l39l also showed that these pore structures can also be accessible by 

the ions of the electrolyte as they can be de-shielded from their solvation layer. However, there 

are also other associated disadvantages to introducing too much porosity to the electrode. In fact, 

a high surface area or large pore volume limits high power or energy density, and a very large 

porosity directly translates to low volumetric density resulting in moderate to low volumetric 

power and energy performance l901 . The performance of the device is a function of various 

factors such as the carbon structure including pore shape, surface functional groups, and 

electrical conductivity l79l_ Moreover, the ESR (R in Equation 2.4), a variable which determines 

the maximum power attainable by a capacitor, mainly depends on: (i) the electronic resistance of 

the electrodes, (ii) the resistance between the electrodes and the current collectors, (iii) the 

electrolyte resistance, (iv) the ionic resistance of the ions moving in small pores, and (v) the ionic 

resistance of ions moving through the separator [79,901. Therefore, an increase in SSA could also 

increase contact resistance and hence can have negative effect on the device performance unlike 

the theoretical assumption. Therefore, rather than focusing only on maximizing electrode 

porosity, tuning the accessibility of available pores through enhancing the AC wettability with 

the electrolyte of interest (some information on EC electrolytes is given on Appendix A) can 

ease ion percolation and charge storage, by tailoring electrode/electrolyte interface and currently 

regarded as a very interesting approach l86•91 •92 l. 

2.2. Lithium - ion batteries 

Since three decades, LIBs have been amongst the most promising chemical~electrical energy 

converters (rechargeable or secondary sources) for power electronic devices such as cellular 

phones, laptop computers and camera In 1992, the commercial success of LIBs based on carbon, 

a non-aqueous electrolyte, and lithium cobalt oxide (LiCoO2) offered great promise as being the 

first rechargeable battery technology for personal electronics of the future l93 l_ LIBs have better 

ability to balance capacity with charge/discharge rate compared to Ni- Cd or Ni-

metal hydride counterparts l94l_ Figure 2.6a highlights the relationship between specific and 

volumetric energy density for the common rechargeable battery technologies which shows the 
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fundamental reasons to the preference of LIBs. The general goal for battery development is to 

increase energy and power densities, while minimizing volumetric and mass constraints 

(i.e. move to the upper right of Figure 2.6a). Portable electronics (eg. cellular phones, 

laptops, etc.) are an excellent example where consumer demand imposes both smaller and lighter 

batteries that require minimal time to charge, but without compromising talk time or usable 

battery life. Such a balance between energy density and rate has propelled lithium-ion 

technology to the forefront. The fact that lithium is the lightest metal element, giving it a high 

gravimetric density, and lithium being the most electropositive metal, with -3.04 V versus 

standard hydrogen electrode, facilitates an electrochemical storage system with high energy 

density [95•961• 

Today, this technology is started to be applied to green transportation systems such as electric 

vehicles (EVs) or hybrid EVs (HEVs) [97,981. The increase in the demand of such highly 

functionalized applications always includes higher power density, higher energy density, 

excellent charge-discharge cycling performance, and more safety. Therefore, currently, the LIB 

technology is under a continued evolution in performance and leading to a massive increased 

share in the market [99l . Figure 2.6b shows this increase over the past years including forecast for 

the next few coming years hinting at a volume of sales of about 20 billion$ in 2020 [97
,981 . In 

order for LIBs to complete the passage into electric vehicles and larger stationary storage 

systems, the technology of LIB has to be improved. For a commercialisation, the cost and safety 

is an increasingly important issue. Other important factors are cyclability, increased energy and 

power density , as well as improving its operating temperature range (96
,
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Figure 2.6. a) Diagram companng the rechargeable battery technologies as a function of 

volumetric and specific energy densities. The arrows indicate the direction of 

development to reduce battery size and weight. (Figure data adapted from [94,96- 98l). 

b) LIB past and future sales.(Reproduced with permission from [99l). 

2.3. Li-ion battery working principle 

The LIB technology is a general term for a fami ly of secondary battery cells that depend on the 

transportation of lithium ions between a positive and a negative electrode into which lithium ions 

can be inserted and extracted as the battery is charged and discharged. Electrons flow between 

the electrodes in an external connection closing the circuit as shown on Figure 2.7 [37,46•94 l. 
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Figure 2.7. Schematic illustrating the mechanism of operation for a LIB including the movement 

of ions between electrodes ( solid lines) and the electron transport through the 

complete electrical circuit (dashed lines) during charge (blue) and discharge (red) 

states ( Reproduced with permission from [1021 ). 

In most current LIBs, electrodes consist of nano to micrometer sized active electrode material 

particles, taking part in the electrochemical reaction, mixed together with electrochemically 

inactive conductive additives and binder material [IOJJ_ The active material in the positive 

electrode is generally a transition metal oxide (LiMOx), where the insertion/extraction of lithium 

ions during charge and discharge correlates with the change of oxidation state of the transition 

metal and hence with the electrode and battery capacity as well [3,461 • Graphite/carbon and 

Li4 Ti5O 12 are also commonly used negative electrode materials. The porous, composite electrode 

film is tape-casted onto a metallic foil (aluminum for positive and copper for negative electrodes) 

functioning as the current collector [' 02•1031 . The positive and negative electrodes are soaked in 

electrolyte containing a lithium salt and sandwiched together with a porous polymer separator in 

between. A standard electrolyte is LiPF6 in an organic solvent mixture of ethylene carbonate 

(EC), diethylene carbonate (DEC) and dimethyl carbonate (DMC). The electrode and separator 

thicknesses are in the order of ten to a hundred micrometers, and a battery cell consequently 

consist of multiple layers stacked or wound to form a useful device. In vehicles, requiring high 

energy and power, multiple cells are connected in a larger battery pack [95,1001 . 
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Therefore, a typical LIB cell can be represented as f95l: 

(anode)Cn II mo! L- 1 LiPF6-EC+DEC+DMCI LiMOx (cathode) 

where C stands for a carbonaceous material and M is a transition metal. The general 

electrochemical reactions that can occur on both cathodic and anodic compartments can be 

represented as f95-' 031: 

Charge 
Cathodic reaction : LiMOx - ye-

Discharge 

Charge 
Anodic reaction : Cn + yLt + ye-:::::;;;;===~ 

Discharge 

Cell reaction : LiMOx + Cn 
Charge 

Discharge 

Scheme 2.1. General electrode and cell reactions in a LIB. 

y e 
0 

; y ao 

(A) 

(B) 

Hence, LIBs store electrical energy in the form of chemical energy and through electrochemical 

reversible Faradaic (redox) reactions they can deliver (discharge) or store (charge) energy. 

Electrochemical reaction 
Chemical energy Electrical energy 

(LIBs) 

From a user perspective, the operational performance of a cell is given by the energy (E) it can 

store or provide, which is the product of the cell voltage .1V and the amount of available charge 

( C = It) , where I is the amount of current generated due to the faradaic electrochemical reaction 

and t is the time; (Equation 2.8), and the rate at which this energy can be provided or accepted, 

i.e. its power (P) capabilities (Equation 2.9) r95.ioo.io31_ 

E(Wh) = C .1V (Equation 2.8) 

E P (W) = I .1V = -
t 

(Equation 2.9) 
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To enhance the energy storage performance of a battery the energy and power density of the 

system needs to be maximized. As shown in the above equation and in Figure 2.8, the energy 

density is essentially a function of the cell voltage and its capacity. The cell voltage is 

determined by the compatibility of the whole system, including the anode, cathode, and 

electrolyte. In particular, the difference in chemical potential between the anode (µA) and the 

cathode (µc) is termed the working voltage, also known as the open circuit voltage, Voe 

(Equation 2.10.) [95 •961. 

Capacity (Ah) 

Figure 2.8. A simplified illustration of the variation in battery capacity with respect to potential 

during discharge [95l. 

V, _ µA-µC 
OC - n (Equation 2.10) 

where n is the magnitude of the electronic charge. However, the working voltage is limited by 

the electrochemical window of the electrolyte. As illustrated in Figure 2.9, this window is 

determined by the energy gap (Eg) from the highest occupied molecular orbital (HOMO) to the 

lowest unoccupied molecular orbital (LUMO) of the electrolyte. The anode and cathode must be 

selected such that the µA of the anode lies below the LUMO and the µc of the cathode is located 

above the HOMO; otherwise, the electrolyte will undergo side reactions, which can cause a 

battery failure. 
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Figure 2.9. Relative energies of the electrolyte window, Eg, and the relationship between 

electrochemical potentials of electrodes and the HOMO or LUMO of the electrolyte 
[97] 

The battery capacity is defined as the amount of charge that can be obtained via its discharging 

processes under the working potential window of the components. The theoretical capacity of 

each separate electrode in a battery can be derived from the Faraday's law of electrolysis using 

the amount of electron exchanged during the electrochemical reaction, the mass of the active 

material in the composite and its molecular weight as (Equation 2.11) [95, 1041 : 

C(Ah) = 26.8 n~ 
M.Wt 

(Equation 2.11) 

The total battery capacity is: 

(Equation 2.12) 

where, C is the theoretical capacity (Ah), m mass of active material (g), M. Wt is the molecular 

weight of the active material , n the number of electron involved in the reaction. 

For a LIB, the number of electrons is correlated with the number of Li-ions accommodated in the 

host lattice. The equations imply that smaller M.Wt and accommodation of more electrons per 

formula unit can produce a higher capacity in theory. Accordingly, the available energy of a 

battery will mostly depend on the basic electrochemical reactions and the type of active material 
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used as electrodes which essentially infer that theoretically it would be an inherent property of 

those materials. However, in practice only a fraction of the theoretical energy of the battery is 

achieved [95,ioo,ioiJ_ This is due to the need for binders, conducting additives, electrolyte, 

separators, current collectors and casings. This suggests that the electrode design, electrolyte 

conductivity and separator characteristics are among the major factors that would influence the 

charge transfer reaction, diffusion rates and magnitude of energy loss. Hence, all these 

components are shown to heavily affect the energy or rate capability of a cell [35l. 

In a LIB electrochemical charge/discharge reactions, three different kinetics play a major role for 

the overall polarisation, which can be seen in Figure 2.10 l100,1041 . Firstly, the activation 

polarisation is related to the kinetics if the charge-transfer reactions taking place at the 

electrode/electrolyte interface. The ohmic polarisation can be attributed to the resistance of the 

individual cell components and to the resistance due to contact problems between the cell 

components. Lastly, the concentration polarisation is due to mass transport limitations during cell 

operations [I04,1051. Figure 2.10 also illustrates the current-voltage characteristics on discharge, a 

common electrochemical technique to determine the cell capacity, the effect of the discharge-

charge rate and general information on the state of the battery. 
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Figure 2.10. Typical discharge curve of a battery, showing the influence of the various types of 

polarization. 
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The losses that can be seen in Figure 2.10 are to be avoided when possible and certain guidelines 

(see below) are important for all batteries [IOO, I04J_ 

• An electrolyte with a lower conductivity will give a higher ohmic polarisation. 

• The electrolyte, including both salts and solvents, should be chemically stable within the 

cell range to avoid unwanted reactions with the electrode materials. 

• The activation polarisation can be reduced by increasing the rate of electrode reaction at 

both anode and cathode. A good electrode design can minimise the charge-transfer 

polarisation. 

• The cell should have adequate electrolyte transport to facilitate the mass transfer, and 

thus avoid building up excessive concentration polarisation. In most battery systems, the 

reactants must diffuse or be transported from/to the electrode surface. The 

electrode/electrolyte interface, separator properties and concentration of the reactants can 

influence the mass transfer. 

• The current collectors should be compatible with the electrode material and the 

electrolyte and not cause corrosion problems. 

• The reaction products should facilitate the reversible reactions during charge and 

discharge, as well as being mechanically and chemically stable with the electrolyte. 

Therefore, it is apparent that the energy and power capability of a LIB technology is contributed 

from various components making the whole of the device. As the primary interest of this thesis is 

on negative LIB electrode materials and binding additives used in the fabrication of such 

materials, some detailed discussions about these components are made in the subsequent 

sections. However, for having a comprehensive insight on the remaining major components of 

LIBs, additional information is given in Appendix B. 

2.4. Anode materials 

Since the early 1970s intercalation compounds have been considered as electrode materials for 

secondary lithium batteries most of the focus was on the use of lithium metal as the anode 

material because of the high specific capacity and very low standard potential of the metal. Cells 

with impressive performance were developed and some were commercialized, however, safety 

issues with lithium metal batterres [961 caused the industry for an instant shift to using lithium 

intercalation into carbonaceous anode materials instead l' 061. The safety issues with lithium metal 
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have been attributed to the changing morphology of lithium with uncontrollable dendrite 

formation and growth as a cell is cycled (96,1061. While the properties of lithium metal electrodes 

change with use, carbon electrodes offer stable morphology resulting in consistent safety 

properties over their useful life (95,1071 . The first LIB using graphite anode was marketed by Sony 

and since this time a wider variety of carbons have been used as anodes in LIBs and remains to 

be the current choice of anode materials in most LIBs due to its long cycle life, low and flat 

working potential, abundant material supply and relatively low cost [95,I03, 106- 1081. Many types of 

carbon materials are industrially available and the structure of the carbon greatly influences its 

electrochemical properties, including lithium intercalation capacity and potential. The basic 

building block for carbon materials is a planar sheet of carbon atoms arranged in a hexagonal 

array, as shown in Figure 2.11. These sheets can be stacked in two polymorphs and the most 

common type is the ABABAB stacking resulting in hexagonal graphite structure. In a less 

common polymorph, ABCABC stacking occurs, termed rhombohedral graphite [35l_ 
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Figure 2.11. The structure of hexagonal and rhombohedral graphite. (Reproduced with 

permission from [1071). 

However, the current commercial graphite anode cannot rheet the increasing demand on energy 

density , operation reliability and system integration arising from EVs and other energy storage 

applications. The most Li-enriched intercalation of graphite has a stoichiometry of LiC6, 

meaning one Li-ion per 6 carbon atoms intercalate, resulting in a low theoretical specific 
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capacity with an intercalation potential of 0.05 V vs. Li/Lt which is also very reductive. Hence, 

graphite anodes exhibit only a moderate intrinsic specific capacity (372 mA h t 1) and serious 

safety concerns due to lithium plating and further formation of lithium dendrites [I09, 11 01 . 

2.4.1. Formation of the SEI-Iayer 

The most common electrolyte contains the lithium salt LiPF6 in a mixed organic solvent (e.g. 

ethylene carbonate-dimethyl carbonate-diethyl carbonate, EC/DMC/DEC). For one of the 

common commercial LIB involving Li1-xC0O2/LixC electrode combinations, the redox process of 

the graphite anode evolves at around 0.05 V vs. Li/Li+, and that of the LiCoO2 cathode at about 4 

V. However, a commercially available electrolyte like LiPF6 in EC/DMC is only stable in the 

domain from 4.5 to about 0.8 V. As can be seen in Figure 2.12, the redox process of graphite 

takes place in a region where the electrolyte itself would decompose. Normally it would be 

concluded that the C/LiCoO2 battery is unstable in this electrolyte. However, the battery operates 

under kinetic stability (681 . Many carbonate solvents undergo a limited reaction to form a 

passivation film on the electrode surface. This film spatially separates the solvent from the 

electrolyte, yet it is ionically conductive, and thus allows passage of lithium ions. The 

passivation film, termed the solid electrolyte interphase (SEI), leads to an increased stability of 

the system (I07J_ Extensive research has been carried out on the SEI formation on the anode side, 

and it has been proven that the different solvents contribute differently to the SEI composition 

and formation 1951. As the SEI-layer is formed, lithium is incorporated into the passivation film. 

This process is irreversible, and thus followed by a noticeable loss of capacity, primarily in the 

first cycle (I07J_ On the cathode side, the formation of films through extensive cycling is known, 

but considerably less researched. Further investigations are needed to find electrolyte additives to 

improve SEI-layer, cathode protection and lithium salt stabilisation 11111. 
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Figure 2.12. Schematic comparison between (a) Ideal battery where potential VA - Ve< Eg, 

the voltage of the battery is equal to the energy difference V = Ve - VA; (b) 

Conventional graphite/LiCoO2 LIB where VA - Ve> Eg; this cell works 

through the formation of the SEI.(Reproduced with permission from [11 21) . 

2.4.2. Alloying anodes 

Currently the absence of alternative commercial anode materials is considered as one of the main 

restricting factor for the ambitious applications of LIBs. For instance most mass-producible EVs 

are limited to a relatively short traveling distance per charge ( ~ 160 km) due to limitations of 

energy density and also the cost of the battery system. To address this issue, the United States 

Advanced Battery Consortium (USABC) has put in place long-term goals for EV batteries to 

guide research in this area [5SJ. The energy density and specific energy requirements put forth for 

battery pack systems are 300 Wh L- 1 and 200 Wh kg" 1 at a C/3 discharge rate (a C/3 rate 

corresponds to complete discharge in three hours), and the battery is required to cycle 1000 times 

with a maximum of 20% capacity degradation. One way to achieve these goals is to pursue the 

development of new electrode materials with higher specific capacity than traditional materials, 

while maintaining the required cycle life. High capacity materials can increase energy content 

per weight and volume while reducing the cost per energy unit, although they also present new 

materials challenges. Thus, there has been a growing interest in developing alternative anode 

materials with high energy density, low cost, enhanced safety, high-energy density and long 

cycle life P 131 • Currently, lithium alloying anodes, mainly of the group IV elements of the 

periodic table are regarded as the best candidates for this purpose and are extensively under 

study. They are known for their high specific capacity and safety characteristics [57, 109•11 3•1141. 
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Table 2.1 compares the electrochemical properties of alloy anodes with the commonly known 

lithium metal, graphite and, Li4 Ti5O12 (L TO). 

Table 2.1. Comparison of the theoretical specific capacity, charge density, volume change and 

onset potential of various anode materials 11091 . 

Electrode Li C Li4Tis012 Si Sn Sb Al Mg Bi 

Densi ty (gcm·3) 0.53 2.25 3.5 2.33 7.29 6.7 2.7 1.3 9.78 

Lithiated Phase Li LiC6 Li1Tis01 2 Li44Si Li44Sn Li3Sb LiAI Li3Mg Li38i 

Theoretical Specific 3862 372 175 4200 994 660 993 3350 385 
Capacity (mAhg- 1) 

Theoretical Charge 2047 837 613 9786 7246 4422 2681 4355 3765 
Density (mAhcm-3) 

-------f 

Volume Change(%) 100 12 320 I 260 200 96 100 215 I 

-------· 
I 

Potential vs. Li (~V) 0 0.05 1.6 0.4 I 0.6 0.9 0.3 0.1 0.8 
I 

In general, the theoretical specific capacities of alloy anodes are 2-10 times higher than that of 

graphite and among them Si is reported to show a capacity which is more than 10 times that of 

graphite. The second merit of these alloy anodes is their moderate operation potential versus 

lithium. For example, a Si anode has an onset voltage of 0.3-0.4 V above Li/Lt. This moderate 

potential averts the safety concern of the lithium deposition as with graphite anodes ( ~0.05V vs. 

Li), as well as avoiding the energy penalty of battery cells assembled with a L TO anode (1 .5 V 
L·;L-+) [57,10J ,109J VS. I I . 

In the usual cathode and anode materials for commercial LIBs, both react with Li via an 

intercalation mechanism, Li ions or atoms reside in interstitial sites within the host lattice, and 

the insertion/extraction of Li results in only small strains and minimal irreversible structural 

changes in the host material. As a result, the intercalation mechanism can result in good capacity 

retention over many cycles, but the limited number of intercalation sites for Li ions within the 

host lattice restricts their capacity. In contrast, alloying anode materials such as Si , Ge, and Sn 

react with Li via a different mechanism. Li forms alloys with these materials, which involves 

breaking the bonds between host atoms, causing dramatic structural changes in the process 

(Figure 2. 13c ) 1115•11 61. Since the atomic framework of the host does not constrain the reaction, 

anode materials that form alloys can have much higher specific capacity than intercalation 
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electrode materials (Figure 2.13 a and b) [115- 1181 . For instance, the equilibrium Li-Si alloy with 

the highest Li concentration is the Li22Si5 phase, which is much more Li-rich than fully-lithiated 

graphite (LiC6 ) [I l 7l resulting in its high theoretical specific capacity. But in terms of the material 

structure the dense semi-metallic Si particles have to undergo a drastic " dilution" by a factor of 

more than 4 (4.4 Li+ Si Li44Si, a 440% rise in the number of atoms) [1131. 

a) b) 

Graphite 

c) 

Specific Capacity (mAh g·1 ) 

Figure 2.13. Crystal structures of (a) lithiated graphite P 17l, (b) lithium titanate (L TO) [1181 and 

( c) silicon during lithiation [1161 and ( d) their charge-discharge profiles at low 

rates, showing voltage hysteresis [119- 12 11 . (Reproduced with permission). 

The large number of Li atoms that can be inserted into these materials, however, causes extreme 

volume changes (>300% for full lithiation of Si) [122·1231 • The volumetric and structural changes 

during Li insertion and extraction usually result in rapid decay of the specific capacity with 

cycling due to mechanical fracture/decrepitation of particles and irreversible side reactions with 

the organic electrolyte that are exacerbated by volume changes [I l5- 11 8•122 •1231 . One mechanism by 

which fracture is thought to cause capacity decay is via the electrical isolation of fractured active 

material fragments [55, 1241. Preventing mechanical fracture and diminishing the significance of 
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side reactions m these alloying anode materials during electrochemical Li insertion and 

extraction is therefore essential for utilizing their high specific capacity for long-lasting, higher 

energy density LIBs. 

2.4.3. Silicon anode in LIBs 

Among the many candidate alloying anode materials, Si is considered as one of the most 

promising because of the exceptionally high specific capacity, its abundance in the earth's crust, 

and the benefits of a well-developed industrial infrastructure for manufacturing (1251. But 

mechanical degradation and rapid capacity decay have typically prevented good cycling 

performance and its commercial breakthrough for use in LIB technologies. To avert these 

inherent challenges on the application of Si anode for high energy density LIBs, there is a 

growing interest and extensive studies have been taken place for the last two decades which 

mainly involves structural features of Si, such as zero-dimension Si nanoparticles, one-

dimensional Si (Si nanowire, Si nanotube), two-dimensional Si (thick and thin Si film), and 

three-dimensional Si (three-dimensional continuous bulk Si). Another strategy comprises the 

modification of the Si material itself. It includes composition (Si modification) and hierarchical 

structure construction (core-shell, embedding, yolk-shell, etc.) (1101 . 

2.4.4. Challenges of silicon anode in LIBs 

As highlighted previously, the main challenges, widely reported for the implementation of Si 

anode, are caused by the large volume change(> 300%) during lithium insertion and extraction ( 

Table 2.1). To illustrate the magnitude of this expansion for Si, consider a bulk Si anode which 

transforms to pure Li 22Si5 phase during charging. The relative volume increase of electrode per 

Si atom in this phase can be expressed by the relation (Equation 2.1 3) (1261 : 

V cell 
Vsi (atom) = Nsi (Equation 2.13) 

where, Vcett and Ns; is the unit cell volume and number of Si atoms in the unit cell, respectively. 

The Si has a diamond cubic structure with 8 atoms per unit cell and a lattice parameter of 5.431 

(1261 • In contrast, Lh2Si5 has a more complex structure with a face centered cube containing 16 
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formula units fl 211• The lattice parameter of Li22Si5 unit cell is I 8.75 (1281. Hence, the volume of 

the electrode per Si atom of the elemental Si and Lii2Si5-phase can be calculated to be 20.02 and 

82.40 3 per Si atom, respectively. Therefore, the volume increases by more than 300% when the 

elemental Si phase transforms to the fully lithiated state of the Li22Si5 phase. This large volume 

expansion and contraction during lithium insertion/extraction induces large internal mechanical 

stresses [129•1301 . These stresses cause the cracking and pulverization of the Si anode as shown 

in Figure 2.14a, which leads to loss of contact between Si and conductive materials which 

connect the particles together in the electrode superstructure. In addition, most of the Si particles 

also lose contact with the current collector due to pulverization, resulting in poor electrical 

conductivity (1251 . 

a) Uthlation • After many cycles 

b) 

..... .... 
c) 

SI particles Binder Ctwrent rollecta • Uthiated SI SEJ 

Figure 2.14. Three different failure mechanisms of a Si anode : a) material volume change and 

pulverization, b) morphology change collapse of the entire electrode and c) 

continuous breaking and re-growth of the SEI layer. (Reproduced with permission 
from 11 251). 

Most importantly this swelling and shrinkage of the active material can induce an irreversible 

composite electrode morphology change. After a few cycles of discharging and charging, the 
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structure of the active material begins to crumble away and can no longer hold Lt ions 

effectively, so bulk Si breaks and drastically fades capacity [1311 . Figure 2.14b exhibits the 

schematic of morphological changes that can potentially occur in Si anodes during 

electrochemical cycling [1251. As this process occurs, the mechanically blended binder no longer 

holds the Si particles together in the pasted electrode geometry and also allows particles to 

delaminate from the metal foil current collector, which results in the beginning of the device 

capacity fade. As the process continues, the Si particles peel-off from the surface of the current 

collector substrate as the cycles continue and morphology of electrode surface is changed, which 

eventually leads to drastic capacity fade culminating in device end of life. 

2.4.5. Electrochemical lithiation of crystalline silicon anode 

To be able to find reliable mitigation for the abovementioned challenges, different research 

groups made fundamental studies on the lithiation/delithiation mechanism of the Li-Si system. 

Many Si electrodes that have been developed and tested utilize crystalline Si as the active 

material. In most of the reports it has been commonly demonstrated that the first lithiation of the 

crystalline Si results in significant irreversible capacity loss and substantial composite electrode 

fracture [58,132- 1391. When the mechanism of electrochemical lithiation of Si anodes has been 

investigated [58,134, l 36-
139l it was found that the reactions follow the equilibrium Li- Si phase 

diagram at high temperature, forming different compounds such as Li 12Si7, LhSi3, Li 13Si4, and 

Li22Si5 [140·1411. In addition, the reactions showed distinct voltage plateaus for each two-phase (Li 

and LiaSib) region and the volume changes depend on the extent of lithiation (Figure 2.15a and 

b) [1421. These reactions occurred at high temperature in the range of 415-470 °C (58,1421. 

However, Dahn et al. (Figure 2.15c and d) and several other groups [I l
9,140l showed through in 

situ X-ray diffraction phase studies and other techniques that, crystalline Si goes through a 

single-crystalline-to-amorphous phase transformation during the first lithiation and remains 

amorphous afterwards at room temperature. It was confirmed that a metastable Li 15Si4 phase was 

identified at potentials lower than 50 m V vs. Li/Lt at room temperature [ll 5l_ In addition, the 

Li1 5Si4 phase is unstable above 250 °C, where it decomposes into other crystalline phases [l 43l_ 
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Figure 2.15. a) Typical electrochemical lithiation curve at 415 °C ( dotted line) and galvanostatic 

charge/discharge at room temperature (solid line) (S&J, b) degree of lithiation and 

associated volume changes[ 1241, c) in situ XRD recorded for the first lithiation [' 421 

and d) in situ XRD recorded for the second lithiation [1421 for a Si anode. 

(Reproduced with permission from the cited publishers). 

Various methods including X-ray and nuclear magnetic resonance were performed to investigate 

the phase transition of Si particles at room temperature lithiation/delithiation [t t9, 142,t 44l, and the 

reaction mechanism was explained as follows: 

During Iithiation (alloying): 

Si (crystalline) + x Lt + xe· V>50 rnV 
LixSi (amorphous) 

Y<50 rnV 
(A) 

During delithiation ( de-alloying): 
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Li 15 Si4 (crystalline) or LixSi (amorphous) ---;•~ Si (amorphous) + yLi+ + ye (B) 

Scheme 2.2. The electrochemical lithiation/delithiation reaction mechanism for a Si anode at 

room temperature. 

Crystalline Si ( c-Si) becomes an amorphous LixSi alloy during the first discharge and eventually 

transformed to crystalline Li5Si4 in the two-phase region (Scheme 2.2 (A)). In contrast, the 

crystalline Li 15Si4 phase is transformed into amorphous Si (a-Si) after the first delithiation 

(Scheme 2.2 (B)) and such a drastic phase change potentially explains the huge structural 

changes and huge irreversible capacity losses witnessed during the first lithiation. However, the 

residual Li 15Si4 phase can be avoided if the potential of Si electrodes is held above 50 mV vs 

Li/Lt during cycling C142l. The two-phase region disappears during the second cycle and sloping 

voltage plateaus are observed, which indicates single-phase region (Figure 2.14d and Scheme 

2.2 (B)). Nonetheless, with repeated cycling, this reversible capacity faded drastically for most of 

the composite Si anodes reported. For example, Ryu et al. C145l studied micro-Si particles with 

average diameter of 10 µm as anodes in LIBs. They showed that high capacity was achieved on 

the first lithiation, but capacity quickly fades with number of cycles as shown in Figure 2.16. In 

the same experiment it was shown that the irreversible capacity loss during the first cycle was as 

high as 2090 mAh g- 1 and the Coulombic efficiency only around 36%. The capacity fade and 

large irreversible capacity for Si anodes were due to the large volume changes during the lithium 

insertion/extraction processes as described earlier. This data is a stark contrast to what is 

expected for LIBs, with Coulombic efficiencies of greater than 99% l 125l expected in commercial 

graphite based devices. 

2.0 

-::l 1.5 

;-1.0 -:. 
ftl 'ii 0.5 
> 
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0 

10 5 3 2 1 
dlscha'lfng (de-alloying) 

chargt,. (alloying) 

1 
1000 2000 3000 
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Figure 2.16. Galvanostatic charge/discharge profiles of a micro-Si powder anode.(Reproduced 
with permission from l145l_ 
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The causes of large first cycle irreversible capacity have been reported by different researchers 

and the major contributors can be summarized as follows: 

1. Loss of active material: Due to the large internal resistance and the isolation of Si particles, 

the delithiation reaction will not be completed, with some Li remaining in the Si particles. 

As a result, an irreversible capacity loss can be caused [1091• 

ii. Continuous formation of solid electrolyte interface (SEI) films: SEI stability at the 

interface between the silicon and the liquid electrolyte is another critical factor in achieving 

a long cycle life. This is very challenging, and has not been effectively addressed for 

materials undergoing large volume changes. Electrolyte decomposition occurs due to the 

low potential of the anode and forms a passivating SEI layer on the electrode surface during 

battery charging. However, the SEI formed in a Si anode can be broken as the structure 

expands and shrinks during lithiation/delithiation cycles. This re-exposes fresh silicon 

surface to the electrolyte and the SEI forms again, resulting in a continuous SEI formation 

and growth with each cycle. Such continued layer growth results in a degradation in battery 

performance through 159•
109

·
11 3

•
14

6- 1481 (a) the consumption of electrolyte and lithium ions, (b) 

the electrically insulating nature of a thick SEI, (c) the long lithium diffusion distance low 

diffusivity of L/ through the thick SEI, and ( d) electrode material degradation caused by 

mechanical stress from the thick SEI. The formation of a stable SEI is critical for realizing a 

long cycle life in si licon anodes. 

iii. Trapping of Lt in the host: Even though Li insertion/extraction in Si is generally 

reversible, some Li ions may be permanently trapped due to (a) slow Li release kinetics, (b) 

the formation of highly stable lithiated compounds or ( c) strong bonding with less 

coordinated atoms at defect sites. A high density of defects is expected at surface, interface 

or grain boundaries in Si particles due to the large volume change and the complicated 

structural transformation in the Li-insertion/extraction process. Li can be trapped 

irreversibly at these defect sites 1149•
150

1_ 

iv. Reaction with surface oxide layers: Because the Si surface is very reactive with oxygen or 

water, a passivation oxide layer is normally formed on the material surface during 

preparation. Li reacts irreversibly with many oxides to form LbO in the potential range of 

approximately 0.8- 1.6 V 11 50- 1521. Because of the low atomic weight of oxygen, even a small 

amount of oxide will lead to a large irreversible capacity loss. 
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In general, the major reasons for silicon anode 's poor overall electrochemical performance are 

well established and can be highlighted as: 

1. mechanical/electrical isolation in the Si electrode; 

11. capacity loss by reductive reaction in the components of the native layer (silicon oxide 

and silanol) during lithiation; 

n1. formation of solid electrolyte interphases (SEI) by reductive decomposition of the 

electrolyte solution; and 

1v. a continuous SEI-filming process on fresh Si surfaces following crack formation. 

2.4.6. Approaches used for performance improvement 

The fundamental understanding of the electrochemical lithiation/delithation mechanism of Si 

anodes and its accompanying issues leads to various attempts with the main target of reducing its 

fast capacity fade and the first cycle irreversible capacity. Most strategies have been developed 

towards designing methods to control or buffer the large volume changes and alleviate the 

electrolyte's side reactions. These approaches can be categorized in to the following broad 

classes (1101 ; i) operating voltage control, ii) particle size control and structuring, iii) use of 

artificial-SE! layers and electrolyte additives to avoid electrolyte degradation enhance SEI layer 

stability, iv) dispersing Si in a composite matrix and iv) the use of Si anodes with different 

binders. 

i) Operating voltage control 

Si anodes have much better cycle life when they are cycled within a limited voltage range as 

compared to the full voltage range (ll 5J 39l_ Cycling stability can be improved by restricting the 

upper or lower cut-off voltage, which reduces the amount of volume change and the extent of 

structural change. It has been suggested that the Iithiated amorphous Si is suddenly converted 

into crystalline Li 15Si4 below 50 m V, resulting in high internal stress and capacity fade [115
•
1531

. 

However, the shortcoming of voltage control is that it reduces anode capacity ri i o, i i 5.1 53l_ 
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ii) Particle size control 

Reducing the active particle size to the nanometer range ( <100 run) can significantly improve the 

cycling performance of alloy anodes [58•1251 . The improved cycling stability was attributed 

primarily to the ability of nanosized particles to accommodate large stress and strain without 

cracking. It is well known that as the grain size is decreased to nanometer scale, the yield and 

fracture strengths of Si particles increase dramatically because the motion and pile-ups of 

dislocations (responsible for the early cracking and fracture) are constrained or eliminated in 

nanosized grains or particles [58•
125

•1541 . This implies that nanocomposite anodes can sustain much 

higher stresses before pulverization. In fact, cracking has rarely been observed in nanosized Si 

anodes and as described by McDowell et al [581 , the critical breaking size for Si nanoparticle and 

nanowtres has been determined to be 150 run 

and 300 run, respectively. In addition, a smaller particle size decreases the electronic and ionic 

transport distance and reduces the stress or strain induced by inhomogeneous Li diffusion [I 09J_ 

And shorter diffusion paths could potentially increase in the power capability of the anode as the 

a'verage charging time can be correlated to the particle radius and diffusion coefficient as shown 

in equation 2.14 l42·55·58·155l_ 

T= (Equation 2.14) 

where, r = particle radius (cm), D= diffusion coefficient in cm2
• s·1 and 1 = average charging time 

(s). 

With this consideration vanous nanostructured Si anodes has been proposed such as Si 

nanowires (SiNWs) l50. l56-1601, Si nanotubes (SiNTs) [55•135·161•1621 and Si nanoparticles (SiNPs) 

l52·54- 56,59,125•138•163- 166l . Though it is manifested that the increased surface area and reduced size 

of the particles showed relatively improved electrochemical performance, particularly the former 

two structures are more or less halted shortly due to the requirements of high tech synthetic 

procedures and the adhesion strengths of such materials to the current collector are proved to be 

poor up on cycling 142·55·56•
125

·
165

•1671. However, SiNPs are regarded as the most promising 

nanoscale designs for the application of Si anode due to mainly the ease to combine with other 

matrices and presence of well-developed SiNP sector brings a lower production cost and hence, 
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currently, most of the Si anode studies mainly involves active materials of SiNPs [54
,
56

,
125

•
165

, 1681 • 

Nonetheless, it is worth keeping in mind that nanosized particles have many disadvantages such 

as large surface area and material management difficulties [42
'
52

' 1691. The existence of large 

surface areas decreases the electrode packing density and increases the side-reactions resulting in 

thick SEI formation, which may lead to poor cycling and short calendar life. One possible way to 

overcome these problems is to prepare anode composites comprised of various matrixes to avoid 

direct contact with the electrolytes [521 • 

iii) Si dispersed in matrices 

The main aim of dispersing active Si particles within a composite matrix (filler) is to use the host 

matrix to buffer the large volume change of the active particles and avoid direct contact between 

the active material and electrolyte [11 01. Carbonaceous materials are the most commonly reported 

matrices for such a purpose because of its softness and compliance, relatively low mass, good 

electronic conductivity, reasonable Li-insertion ability, small volume expansion. Several 

methods have been employed by different research groups to prepare Si/C composite anodes 

mainly including [I 09,11 01: 

a. Pyrolysis or chemical/thermal vapour deposition (CVD/TVD) 

b. Ball milling or mechanical milling 

c. Combination of pyrolysis/CVD/TVD and mechanical milling 

The major draw backs reported for these Si/C composite electrodes is the need to use high 

temperature preparation technique and when they are fabricated at moderate conditions they are 

reported to be unable to buffer the structural and morphological change of the electrodes. 

However, recent trends which are reported to show very promising Si/C anode electrochemical 

performance is through the preparation of composite electrodes having significant void space 

within or between particles, which can further accommodate volumetric expansion [1701
. Wu et 

al. [l 7 IJ engineered an empty space between Si nanoparticles by encapsulating them in hollow 

carbon tubes as shown in Figure 2.17a and b. The carbon coating was stabilized by designing an 

empty space inside the coating layer (Figure 2.17b ). This empty space allowed for the expansion 

and contraction of Si nanoparticles during lithiation and delithiation without any mechanical 
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constrain or tension imposed on the individual Si nanoparticles. Hence, the empty space 

prevented damage to the carbon layer during Si volume changes. This electrode exhibited 

improved capacity 90% capacity retention after 200 cycles as shown in Figure 2.17c [1711 . 

a) Lithiation Delithiation -_ ___,. ,y , 

Lithiation Delithiation 

• Silicon Q Carbon Coating • Lithiated Silicon 
c) 
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1400 soi 
" 200 0 o---------------....,....-------.--------170U 

0 SO 100 1SO 200 
Cycle Number 

Figure 2.17. Schematic representation of a) conventional carbon coating on Si particles, b) 

empty space carbon coating, and c) electrochemical performances of empty space 

carbon coated electrode at 1 A g- 1 current rate. (Reproduced with permission from 
[1 71]). 

Liu et al. [59l also reported a similar type of Si- C composite electrodes with a yolk- shell type 

structure. This group designed a Si@void@C electrode to buffer the excessive growth of SEI 

and thereby enhance the performance of LIBs utilizing this electrode structure [59l_ A 

conventional slurry coated Si nanoparticle electrode is shown in Figure 2.18a. The SEI on the 

surface of the Si nanoparticles separated and reformed on the Si surface during electrochemical 

cycling. However, the void space between each Si nanoparticle and the carbon coating layer 
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enabled the Si to expand without rupturing the carbon coating layer, which ensured a stable and 

thin SEI layer forming on the outer surface of the carbon as shown in Figure 2.18b. In addition, 

the volume change of the Si nanoparticles was accommodated by the void space and did not 

change the microstructure of the electrode. A schematic of an individual Si@void@C particle is 

presented in Figure 2.18c, showing that the Si nanoparticle expanded without breaking the 

carbon coating or disrupting the SEI layer on the outer surface. This electrode exhibited a 

significantly improved reversible capacity for of 2833 mAh g- 1for the first cycle at 0.1 C current 

rate and stabilized at :::::: 1500 mAh g- 1 for later cycles at 1 C current rate (Figure 2.18d) [59l . 
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Figure 2.18 a) Conventional slurry coated Si-nanoparticle electrode, b) Si@void@C electrode, 

c) magnified schematic of an individual Si@void@C particle, and d) 

electrochemical performance of a Si@void@C electrode at 1 C current rate. 

(Reproduced with permission from [591). 

With a similar trend Cui et al. [521 demonstrated a hierarchical structured Si- C composite 

electrode inspired by the structure of a pomegranate, as shown in Figure 2.19a. This electrode 

possessed high electrical conductivity due to the presence of conductive carbon, acted as a buffer 
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to SEI film formation on the outer surface of the Si nanoparticles, and retained the internal void 

space for Si expansion, as shown in Figure 2.19b. In addition, this electrode partially solved the 

dilemma of high surface area and low tap density caused by the nanoscale features, as shown in 

Figure 2.19c. The first cycle reversible capacity of this electrode was as high as 2350 mA h 

g- 1 at 0.05 C current rate and over 1160 mAh g- 1 after 1000 cycles at a current rate of 0.5 C, as 

shown in Figure 2.19d. In addition, this electrode exhibited a high a Coulombic efficiency of 

99%, attributed to the formation of a stable SEI l521 . 
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Figure 2.19. Schematic of pomegranate structured Si-C composite electrode: a) 3D view and b) 

simplified 2D cross-sectional view of one microparticle before and after lithiation. 

c) calculated specific SEI area and the number of primary nanoparticles in one 

pomegranate particle vs its diameter. d) comparison of electrochemical 

performance of a pomegranate structured electrode with other structured 

electrodes. (Reproduced with permission from l521). 

However, all these aesthetically structural engmeenng and electrochemical performance 

achievements are hardly scalable. Rather they are very good experiments to prove various 
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concepts on the functioning of nanostructured Si composite anodes (42,1551 . For the strategies 

discussed above the major drawbacks can be listed as follows: 

a. Nano-structuring and associated key issues related to the surface reaction kinetics and 

lowering of the electrodes tap density 

b. Very poor synthetic scalabilities of these strategies for large scale applications 

c. The need to use excess quantity of parasitic materials such as electrolyte additives, 

binders and conducting additives instead of the active material at the cost of cell capacity. 

Recently, graphene (Gr) is evolving as a promising candidate to host active Si nanoparticles 

among the various carbon materials because of its superior electrical conductivity, 

chemical/thermal stability, and excellent mechanical flexibility [172-' 73l_ Particularly, because of 

its structural features, special hierarchical Si/Gr composites through encapsulation of Si active 

materials can be constructed (Figure 2.20) [1251 . The graphene can provide skeleton support to 

buffer the mechanical stress and enhance lithium-ion transportation and electrochemical reaction 

as well. The first Si/Gr composite electrode is reported in 2010 by Chou et al. [l 73l since then 

several improvements in terms of electrochemical performance and more simplified fabrication 

techniques by such composite electrodes has been reported [174- 1761• More specifically the Si/Gr 

composite electrodes proved to demonstrate very good cyclability at very high current rate which 

often attributed to the achievement of high electrical conductivity of the electrodes. The unique 

mechanical and structural features of graphene enable researchers to fabricate self-supporting 

electrodes which can potentially avoid parasitic components of the LIB and enhance the overall 

energy density [166•177- 1851. 

Li' extraction 

+ 
Li inserted Si/Gr 

.,. 
Li extracted Si/Gr 

Figure 2.20. Simplified schematic illustration for the Si/Gr composite anode possible structural 

features during cycling. (Reproduced with permission from [1861). 
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In spite of all the aforementioned advances in the field of Si composite anodes in different 

matrixes, the weak interface between the matrix and Si still remains as the key issue for the rapid 

capacity fading . Some of the interesting concepts mentioned here attempted to mitigate the issue. 

However, most of the Si nanoparticles and their composite electrodes are vulnerable during 

electrochemical cycling, especially at high current rates due to significant mismatch of the 

induced strain in Si and carbon. 

iv. Use of electrolyte additives andformation of artificial-SE! layers 

A stable SEI is indispensable for a Si anode to afford extended charge/discharge cycles to protect 

electrolyte from continuous degradation and subsequent depletion. To avoid stress-induced 

fracture of the SEI layer and the resulting continuous SEI growth-formation, the mechanical 

properties of the SEI (e.g. flexibility upon expansion and contraction during cycling) are crucial 
11871. Since SEI is usually formed in situ by electrolyte decomposition, mostly during the first 

electrochemical cycle, its physicochemical properties depend on the electrolyte composition and 

electrode reactivity . Though the exact chemical composition of the SEI is not fully understood 

yet, the electrochemical reactions of EC and DMC solvents during the lithiation process were 

theoretically calculated by density function theory (DFT) and experimentally revealed 

by 1H, 19F, 7Li, and 13C solid-state nuclear magnetic resonance spectroscopy (ssNMR) [1881. The 

most abundant products were identified to be LhC03, ROC02Li, (ROC02Li)z. Such composition 

of the SEI layer does not have the desired quality when used for Si anodes. One approach to 

solve this problem is the use of electrolyte additives commonly fluoroethylene carbonate (FEC) 

l' 891 and vinylene carbonate (VC) l' 901 . Among the two FEC is the most effective additive 

reported for extended cycle life of Si anode. The addition of small concentration of FEC as a co-

solvent can suppress the continuous SEI formation by forming -Si-F and LiF species which have 

strong bonding energy l' 891 . Moreover, it is suggested that the FEC can undergo different 

reaction pathways to form polymeric species by generating HF to form VC and polymerizes 

through the double bond as shown in Appendix C (Scheme C.1.a) l' 871 or by the formation of a 

kinetically stable SEI comprising of predominately lithium fluoride and lithium oxide following 

a one-electron lithium-assisted reductive decomposition mechanism Appendix C (Scheme 
C.1.b) [191J_ 

It is also proposed that the effectiveness of FEC in improving the Coulombic efficiency and 

capacity retention is due to fluoride ion formation from reduction of the electrolyte, which leads 
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to the chemical attack of any silicon-oxide surface passivation layers. However, with this 

electrolyte additive, though it is relatively effective in improving the electrochemical 

performance of the electrode, the formation of excess fluoride is an issue of concern as it can 

potentially cause current collector corrosion and cathode dissolution. Moreover, these additives 

are known to be expensive entities and can incur significant cost [1921
. 

As a solution to these issues a recent trending approach is emerging with processes involving 

surface treatments of the electrode materials prior to cell assembly to form an SEI layer. It is 

representing a promising alternative towards a more stable SEI and minimizes electrolyte 

decomposition and cell thermal runaways [193
- 1961 . Hence, numerous methods of surface 

modification by molecular grafting have been proposed but the prominent and most studied 

approach is through the use of diazonium [197
•1981. The electrochemical performance of graphite 

based electrodes has been improved by the grafting of polysiloxane [1971, nitrophenyl [l
99l or 

lithium benzoate [200J multilayer films. Similar approaches have been attempted on silicon, using 

either diazonium chemistry for grafting carboxyphenyl groups C
20 1J, or silanization of native 

oxide or electrochemical treatment in an organomagnesium compound for grafting methyl 

terminated layers C
2021 • Additionally, molecular grafting represents an alternative for improving 

electronic conductivity of the electrodes by directly bonding the active material into a conductive 

matrix [2031 or by making use of the grafted layer as a precursor for a conductive carbon coating 

[2041 . Particularly, silicon offers significant possibilities for a direct covalent Si-C bonding, 

allowing for stable surface functionalization by their functional groups. Surface modification, or 

the so claimed artificial SEI, can be tailored on different aspects according to the grafted species. 

The chemical nature of the modified silicon surface can deeply affect the electrochemical 

processes in lithium-ion batteries by modifying the mechanisms of SEI formation , leading to 

layers with different chemical compositions, mechanical and passivation properties. 

For instance, Corte et al. [l 94l recently demonstrated that the grafting a molecular monolayer of 

carboxydecyl moieties (acid grafting) or poly(oxoethylene) (PEG) chains decreases the 

irreversible capacity drop and stabilizes the solid-electrolyte interphase (SEI) on a Si-H anode by 

serving as an artificial-SE! layer. In their work, in situ FTIR spectroscopy measurements have 

been used to observe the evolution of the SEI layer thickness with cycling the modified and 

unmodified electrodes using different electrolyte compositions (Figure 2.21). They have 
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confirmed that the acid grafting largely supressed the SEI growth. In this way, acid grafting 

decreases the amount of charge irreversibly consumed for the formation of a spontaneous SEI 

and stabilizes the SEI along the electrochemical cycles. 
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Figure 2.21. SEI thickness estimation during the first cycle for a-Si:H with different surface 

chemical states (as indicated in the frames) and in different electrolytes. Top panel 

(curves a to c) corresponds to. data recorded in 1 M LiC1O4 in PC, bottom panel 

(curves d to f) to data recorded in 1 M LiPF6 in PC:EC:3DMC. (Reproduced with 

permission from [1941). 

v. Use of different adhesive agents (binders) 

While a variety of Si nanostructures and composites have been demonstrated to resolve the 

aforementioned issues to a large extent, the selection of polymeric binder has also turned out to 

play a critical role in the battery performance l55•61 ·66·2051. Researchers have screened a series of 

polymers as binders for silicon nanoparticles. In 2003, Chen et al. l2061 demonstrated that the 

cycling performance of amorphous silicon alloy particles could be improved by replacing the 

traditional binder poly(vinylidene fluoride) (PVDF) with poly(vinylidene fluoride-

tetrafluoroethylene-propylene) (PVDF-TFE-PP). After that, in a report by Li et al. , the cycling 
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performance of silicon nanoparticles with binder sodium carboxymethyl cellulose (Na-CMC) 

was shown to be much better than the composite electrode of silicon nanoparticles with 

traditional binder PVDF (2061• The capacity of silicon nanoparticles with Na-CMC can be 

maintained at 1200 rnAh g - I at a rate of a C/28 for 70 cycles (2061. Magasinski et al.l661 also tried 

to evaluate the cycling performance of composite Si anodes with a series of binders, including 

pure poly(acrylic acid) (PAA), CMC, and PVDF. The results showed that PAA can help to better 

maintain the capacity of the electrode than those using Na-CMC and PVDF. The significant 

improvement in performance is mainly due to the fact that PAA has a large amount of carboxylic 

groups, which can help to adhere the active material to the current collector under stress. In 

2011 , alginate, a natural polysaccharide extracted from brown algae, was introduced by 

Kovalenko et al. l2071 as binder for silicon nanoparticles in LIBs. The capacity of silicon 

nanoparticles has been significantly improved by retaining a high capacity at a high rate and the 

capacity obtained by the composite anode was about two times that of silicon nanoparticles with 

Na-CMC binder. The dramatic improvement in electrochemical performance by using this binder 

is attributed to several reasons. The first reason is the weak interaction between the binder and 

the electrolyte. The second reason is that the binder is helpful to build a deformable and stable 

SEI. Overall , it is verified by many research groups that binders play a pivotal role in 

maintaining the structural integrity of a dynamic electrode such as a Si anode. Among various 

polymers tested so far, carboxymethyl cellulose (CMC) l2081 , poly(acrylic acid) (PAA), t209- 2111 

alginate l2071, sugar-based polymers (21 21, polyimide l21 31, and conductive polymers (2 141 have been 

found to show superior cycling performance. However, in spite of many efforts to further 

develop superior polymeric binders beyond these existing ones, there have been no systematic 

comparison studies yet to investigate various key parameters need to be considered in binder 

selection for a composite electrode. Rather, from a series of independent investigations, different 

features of binders such as crosslinking (2091, self-healing l2151 , stiff backbone [207•2081 , and 

adhesive interaction with Si [21 6- 2181 have been sporadically claimed to be important for stable 

cycling (Scheme 2.3). 
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Scheme 2.3. A summary of various binders recommended for Si anode by different authors and 

their interesting features. 

In an effort to identify the most critical property of the binder for Si anodes, Choi et al. [2191 

conducted a systematic study with a series of polymeric binders incorporating distinctive 

properties. They have classified the polymeric binders into three different categories (Figure 

2.22): (1) binders with no/weak interactions, i.e. , PVDF, between polymer chains and Si particles 

(Figure 2.22a), (2) binders which can react with the native silanol groups or initially covalently 

bond to the Si surface to undergo covalent crosslinking (Figure 2.22b ), and (3) self-healing 

polymeric binders (Figure 2.22c) featuring supramolecular interactions, in particular, ion-dipole 

interactions. The "self-healing" property refers to the capability of recovering binder-Si or 

binder-binder interactions for those who lost such interactions in the previous cycles due to large 

volume change of Si. To alter these properties of the binding polymer they synthesized a co-

polymer prepared from a combination of different monomers. The variation of the ratio of the 

monomers enhances one property while supressing another and enables modulations. Using these 

polymers/co-polymers, they were able to demonstrate critical binder parameters - namely, 

crosslinking, initial covalent attachment, stiffness, flexibility , and self-healing - in a systematic 

fashion. It is demonstrated that initial covalent attachment, binder crosslinking and self-healing 
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effect are the most critical for both high capacity and good cycling performance along with high 

initial Coulombic efficiency (ICE). 

a) Binders with no/weak interactions 
Serious 

r cracking 

b) Binders covalent attachment/cross-linking 
Network Polymer 

c) Binders with supramolecular interactions (Self-healing binder) 
Self-Healing 

: Copper Foil 

Figure 2.22. Simplified classification of polymeric: (a) binders with no/weak interactions, b) 

initially covalently bonded to the Si surface and can also undergo covalent 

crosslinking and c) self-healing polymeric binders. (Reproduced with permission 
from [2191). 

In general, given that all components in the electrochemical reactions are interdependent, it is 

possible to suggest that a successful strategy must address these concerns simultaneously. 

Particularly strategies based on surface modification of Si nanoparticles, with chemical or 

physical changes at the surface of electrode components, can improve many properties of the Si 

anode such as its interphase chemistry, conductivity, and mechanical integration in the composite 
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electrodes P08
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-
2231

• As outlined previously among the reported surface modification techniques 

for the ECES materials, diazonium chemistry has become a reliable route. It has also been used 

for more than a decade by various research groups to improve energy densities of these 

technologies by directly involving in their Faradaic reactions or surface tailoring of the materials. 

Another surface modification technique is using polymers and for the covalent attachment of 

polymers materials, surface initiated atom transfer radical polymerization (SI-ATRP) is starting 

to become a leading approach. In reflection to this and as the focal concept of the thesis is largely 

to use these chemistries, a comprehensive but brief discussion on the fundamentals and 

applications is made in the followi ng sections. 

2.5. Diazonium chemistry and its application for modification of ECES electrode 

materials 

2.5.1. The diazonium chemistry 

2.5.1.1. Generation of diazonium ions 

Diazonium compounds or diazonium salts are a group of organic compounds sharing a 

common functional group R-N2 + X- where R can be any organic residue such as alkyl or aryl and 

X- is an inorganic or organic counter-anion (224
-

2261
. The process of forming diazoniurn 

compounds is called "diazotization". The reaction was first reported by Griess in 1858, who 

subsequently discovered several reactions of this new class of compounds (2271
. The most 

common method for the preparation of diazonium salts is by treatment of aromatic amines 

with nitrous acid that generates a nitrosyl cation and this reaction can be referred as nitrosylation. 

Usually the nitrous acid is generated in situ from sodium nitrite and a mineral acid (Scheme 

2.4a). In aqueous solution, diazonium salts are unstable at temperature above 5 °C and pH < 2; 

the - W=N group tends to be lost as N2 gas. One can isolate diazonium compounds 

as tetrafluoroborate salts, which are stable at room temperature. Often, diazoniurn compounds 

are not isolated and once prepared, used immediately in further reactions [225
•
227

•
2281

• The nitrosyl 

cations can also be generated in organic media using tert-butylnitrite (t-BuNO) in acetonitri le 
1229

•
2301

. The proposed mechanism for the nitrosylation reaction in aqueous and organic media to 

generate the diazonium cation are shown in Scheme 2.4a and b, respectively. 
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Scheme 2.4. Mechanism for the diazotization reaction in: (a) aqueous (b) organic media where 

R- is an aryl group. 

2.5.2. Chemical modification of materials with diazonium grafting 

Currently, there is a growing demand for surface modification of materials as a great deal of their 

properties such as adhesive properties, wettability or protection against surface reactivity, 

expressed at the interface between the substrate and the outer environment requires a good 

control of surfaces. Accordingly, the use and exploitation of diazonium chemistry for such a 

purpose is becoming a popular approach for surface modification. 
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The interest in using aryl diazonium salts, for the chemical modification of different substrate 

surfaces, lies in their ease of preparation, rapid reduction, and strong aryl- substrate surface 

atoms covalent bonding. As a number of different groups can be attached to the aromatic ring of 

an amine it is possible to obtain surfaces bearing a wide variety of organic functionalities. Thus, 

the specific chemistry of the surface can be influenced by changing the nature of the functional 

groups of the grafted aryl moieties suitable for desired applications. For example, functionalities 

such as -COOH, -S03H, and -N(C2H5)2 can be used to perform ion exchange with metal 

complexes that can be further chemically reduced to generate metallic nanoparticles [23 11. 

Furthermore, the wettability of the modified surface could be influenced by grafting hydrophobic 

(-CF 3) or hydrophilic (-S03H) functionalities 1232·2331. Another interesting aspect of this surface 

grafting approach is that it usually maintains the properties of the bulk material r234l_ Therefore, 

scientists and industries are now using the diazonium chemistry method for synthesizing organic 

or composite layers so as to induce new surface properties for materials of various applications. 

One can graft these organic layers on a substrate by using diazonium cations through: (i) 

electrochemical induction, ii) photochemically under UV /visible light, (iii) with ultrasound 

assistance, (iv) using a reducing agent and spontaneous reduction of the diazonium cations r235l_ 

In addition, one could generate diazonium compounds in situ from the parent anilines. This in 

situ approach is very convenient, because it allows for modification of material surfaces without 

the need to isolate the diazonium salt r224J . 

The first report describing the modification of surfaces usmg aryl-diazonium salts has been 

reported by Delamar et al. 12361. The modification was accomplished by electrochemical reduction 

of ( 4-nitropheny 1 )diazonium tetrafluoroborate dissolved in acetonitrile on a glassy carbon 

electrode. The simplified reaction pathway of the grafting reaction is presented in Scheme 2.5. 

+ 
R 

Electrode surface Ary ldiazoniurn sa lt 

Scheme 2.5. Schematic representation for the electrochemical grafting of aryl groups by 

electrochemical reduction of a diazonium ion on a conductive electrode surface [235·2371. 
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A more detailed mechanism is also presented in Scheme 2.6. The reduction of the diazonium ion 

proceeds through a concerted mechanism in which an electron transfer and dinitrogen loss leads 

to the formation of an aryl radical [2381 . The resulting radical species react with the surface to 

form a covalent bond with active sites on the electrode (step b, Scheme 2.6). Another aspect of 

the grafting process by the diazonium ions is the possibility of forming polymers (multilayers) or 

the formation of azo or aryl coupling reactions [239- 2421 . Although the diazonium salt are not 

designed to polymerize (the reactive species formed after electron transfer are neutral and remain 

so after grafting), films significantly thicker than monolayers are often obtained [2421 . Indeed, 

radical species formed in the vicinity of the electrode can react with the previously grafted 

molecules (Scheme 2.6(a-d)). For instance, the multilayer formation has been confirmed by 

atomic force microscopy, scanning tunnelling microscopy and X-ray photoelectron spectroscopy 

of the surface of the modified electrodes [239- 245l_ In addition, X-ray photoelectron spectroscopy 

has also suggested that azo (-N=N-) coupling is another possible reaction route [2461 . 

(a) ~-0-1,_ R e- •0-;, R + N2 t or N2-o-;, R 
\\ II Electrode Su rface \\ II \\ II 

(b) 

(c} 

(d) 

R 

N=N-0-R 

\_ j R 

N=N-0-R 

R 

R 

R 

N=N-0-R 
R 

Scheme 2.6. (a) Radical species generated from a diazonium cation and (b-d) azo and aryl 

coupling reaction that could result in multilayer formation [234•2461 . 
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Nevertheless, a better control on this phenomenon and the grafted film composition can be 

achieved by proper selection of the reaction conditions such as the choice of the reactants and 

concentration of the diazonium ions [241
'
2471

. These recent results make electrografting a relevant 

candidate for surface modification on various conductive substrates. However, these methods, 

including photon or reductive agent induced grafting, have some major drawbacks in terms of 

application. Particularly they are not suited for grafting on colloidal suspension or powdered 

substrates in which most of ECES materials are prepared from. Therefore, many research groups 

are currently investigating the use of the spontaneous reduction of diazonium ions for grafting on 

various substrates to develop new electrodes for LIBs and electrochemical capacitors. 

2.5.3. Grafting by spontaneous reduction of diazonium ions 

Spontaneous or chemical reduction of diazonium ions occurs upon reaction with a suitable 

substrate. Simplicity, flexibility , and efficiency make this functionalization method very 

convenient for mass production. Moreover, it allows the surface functionalization of powdered 

and colloidal suspensions unlike the electrochemically induced modification. Compared to 

electrochemical grafting, this procedure provides a simpler and more versatile method for the 

elaboration of organic layers attached to the substrate. Its easy implementation is very attractive 

for industries, as indicated by the large number of patents issued to the Cabot Corporation for the 

modification of carbon black and the production of inks and toners [2331
• One potential drawback 

of the spontaneous method is the lower grafting rate and the limited number of moieties that can 

be grafted onto the surface compared to the electrochemical route that can achieve much thicker 

layers [2481 . 

The approach and mechanisms involved in this process have been discussed in detail elsewhere 

t234
,2351. Among the proposed mechanisms, the most likely relies on the reducing power of the 

substrate with respect to the diazonium ions. In line with this Palacin and coworkers l249l has 

studied the spontaneous reaction of diazonium salts on certain metal surfaces such as Ni and Au, 

in acetonitrile and evidenced the formation of metal-C interface bonds using X-ray photoelectron 

spectroscopy. The formation of a film on a gold substrate has been explained by grafting of aryl 

cations or radicals on the surface arising from de-diazoniation. Moreover, multilayers have also 

been observed and the growth of such films were explained by the possibility of the existence of 
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an azo coupling, radical addition, or cationic addition reactions on the grafted phenyl layer as 

proposed in the mechanisms shown in Scheme 2.7 t2501 . 

N02 

0 
N~N 

f ' N02 

N=N f 2 

Scheme 2.7. Proposed mechanism for the spontaneous grafting of diazonium salts on gold 

substrate l249l. 

However, this technique has been employed mainly for carbonaceous materials such as carbon 

black, activated carbon, highly ordered pyrolytic carbons, graphite and graphene as they have an 

inherent characteristic to spontaneously reduce an in situ generated diazonium ionl19s,2o1,251 - 257J_ 

Noticeably, various electrochemical and spectroscopic studies showed that the films grafted 

spontaneously on such material surfaces from acetonitrile and aqueous acid solutions of 

aryldiazonium salts have the same characteristics as those grafted electrochemically, but in 

general, the films are thinner and form more slowly by the spontaneous route l25s,259l_ 

Spontaneous grafting of organic layers on other substrates such as silicon using the diazonium 

chemistry has also been realized 1260,26 11 . The mechanism proposed for the spontaneous 

diazonium activation by a hydrogen-passivated Si (111) surface in the presence of 

tetrafluoroborate counter anions is shown in Scheme 2.8. 
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Scheme 2.8. Spontaneous grafting reaction mechanism for functionalization of hydrogenated 

silicon surface by reaction with aryldiazonium salts [26026 11 . 

The proposed mechanism involved the transfer of an electron from the surface at the open circuit 

potential to generate a diazenyl radical and then an aryl radical upon loss of nitrogen. The 

complementary oxidative process generates a proton, which eliminates as HBF 4• The radical 

generation process results in side products such as reduced aromatics (by aryl radical attack of 

the Si-H surface) and the formation of covalently bound multilayers. Infrared reflectance spectra 

revealed that the grafted organic molecules adopt a more upright orientation rather than lying 

down backbone parallel to the substrate surface [2601 . . The grafted layers were found to be stable 

upon exposure of the modified substrate to various cleaning or etching treatments and that could 
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be used as an indirect evidence of covalent bonding. Later, the covalent grafting of aryl 

molecules to hydride-passivated Si (100) surfaces (=Si-H) initiated by the in situ conversion of 

aryldiethyltriazenes into aryldiazonium salts using 2% HF has been also demonstrated [2621
. This 

approach has the advantage to carry out the entire process in air since any Si-oxide is 

continuously converted to the Si-H species in the presence of HF. The grafting on all poly-Si 

surfaces (doped and undoped) has also been recently reported [2631
. 

So far it has been shown that the spontaneous diazonium activation reaction offers an attractive 

route to highly passivating, robust monolayers and multilayers on many surfaces that allow for 

strong bonds between carbon and surface atoms. Carbon and silicon are not the only materials 

that have been functionalized by the diazonium chemistry [224
'
2251

. Furthermore, the use of 

diazonium chemistry was extended to various applications such as generating anchoring sites for 

macromolecules/polymers on different substrates. These layers could provide grafted initiators of 

various polymerization routes and prefabricated polymers. Their strong adhesion to substrates 

and the large choice of reactive groups makes diazonium chemistry a good strategy to attach 

macromolecules on surfaces [224
'
225

·
2272281

. Some illustrative works on the application of 

diazonium molecular grafting for the modification of materials used for electrochemical energy 

storage systems (ECs and LIBs) and their contribution on their performance enhancement is 

given in Appendix D. 

2.6. Atom transfer radical polymerization 

In the field of polymer synthesis free radical polymerization is the most commonly employed 

polymerization technique, accounting for approximately 50 % of the total polymer production. 

However, though free radical polymerization is a relatively simple procedure, pure block 

copolymers and other advanced polymer architectures cannot be produced due to the inherent 

reactivity of the radical, resulting in unavoidable termination and transfer reactions (2641
. Hence, 

during the last two decades, several new techniques have emerged that allow for controlled 

radical polymerization. Among these the most studied technique is the atom transfer radical 

polymerization (A TRP) [265
•
2661

. 
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The idea behind all the controlled radical polymerization techniques is to suppress radical 

termination and transfer reactions by keeping a very low concentration of radicals throughout the 

polymerization. Equilibrium is established between dormant, end-capped chains, unable to 

propagate or terminate, and the active species, Scheme 2.9. The equilibrium should be shifted 

towards the dormant species and the exchange between active and dormant species should be fast 

relative to propagation. 

Dormant species 

activation 

Active species 
deactivation 

U Monomer 

Scheme 2.9. General controlled radical polymerization mechanism 

2.6.1. The ATRP mechanism 

+ Capping agent 

Atom transfer radical polymerization was developed in 1995 independently by Wang and 

Matyjaszewski [75•2671 and Kato et al. [2681 as an expansion of transition metal catalyzed atom 

transfer radical addition also known as modified Kharasch addition reaction. The authors applied 

this technique to vinyl polymerization using soluble copper and ruthenium halide based catalysts, 

respectively, and showed formation of controlled molecular weight polymers with narrow 

molecular weight distribution. Since its discovery, A TRP has attracted significant attention due 

to its versatility and utility in synthesis of polymers with predictable molecular weights, low 

polydispersity indices, different architectures and specific functionalities l265•269•2701 . 

A general mechanism for A TRP is shown in Scheme 2.10. The radicals, or the active species, are 

generated through a reversible redox process catalyzed by a transition metal complex (Mtn -

Y/Ligand, where Y is a counter-ion) which undergoes a one electron oxidation with concomitant 

abstraction of a halogen atom, X, from a dormant species, R-X. This process occurs with a rate 

constant of activation, kact, and deactivation kdeact• Polymer chains grow by the addition of the 

intermediate radicals to monomers in a manner simi lar to a conventional radical polymerization, 

with the rate constant of propagation kp. Termination reactions (k1) also occur in ATRP, mainly 

through radical coupling and disproportionation but in a well-controlled ATRP, no more than a 

59 



few percent of the polymer chains undergo termination [265'2711 . Other side reactions may 

additionally limit the achievable molecular weights. Typically, no more than 5% of the total 

growing polymer chains terminate during the initial, short, non-stationary stage of the 

polymerization. This process generates oxidized metal complexes, X-Mt"+1Y, as persistent 

radicals to reduce the stationary concentration of growing radicals and thereby minimize the 

contribution of termi.nation r2121 . A successful ATRP will have not only a small contribution of 

tem1inated chains, but also a uniform growth of all the chains, which is accomplished through 

fast initiation and rapid reversible deactivation. 

+ 

R-R 
kt ,# , 

~ / + X·Mt0 +1Y/Ligand 
R-X Mt0 Y/Ligand 

kdeact w 
M 

Scheme 2.10. Transition-metal catalyzed ATRP l2651. 

This A TRP reaction equilibrium can be divided into three parts, as shown in Scheme 2.11 for 

copper mediated ATRP l273l_ 

Mt0 Y /Ligand ... - (Mt0 +ly/Ligandt + e (A) 

R-X + e ... 
-- + x· (B) 

... - X-Mt0 +ly/Ligand (C) 

R-X + Mt0 Y /Ligand 
... -- X-Mt0 + 1 Y /Ligand 

Scheme 2.11. The ATRP equilibrium for metal mediated ATRP f273l_ 

The dynamics of the ATRP equilibrium is very important for the polymerization outcome. As 

mentioned above, the exchange between dormant and active species should be fast relative to 

propagation. This ensures that all polymer chains grow at the same rate, leading to a narrow 

molecular weight distribution. A fast deactivation relative to termination is also important, 
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minimizing the amount of irreversible terminations. One way to increase the understanding of 

the ATRP process is to look into the different aspects of the ATRP equilibrium. Several of the 

parameters that govern the equilibrium have been investigated experimentally and theoretically 

by various research groups [265
•
273

- 2751 , i.e. the activation and deactivation rate constants (kact and 

~eact, respectively), the equilibrium constant (KATRP), the alkyl halide and catalysts reduction 

potentials and the halidophilicity of the mediator. Properties of the mediator and alkyl halide that 

will affect the magnitude of the equilibrium constant are the carbon-halide bond strength of the 

alkyl halide (C-CI > C-Br), the bond strength between the transition metal and the halogen atom 

(e.g. Cu-Br > Cu-Cl), the radical stability (3 ° > 2° > 1 °) and steric effects on alkyl halide, radical 

and metal complex. The carbon-halogen bond strength and radical stability affect the alkyl halide 

reduction potential, i.e. a more stable radical and/or a lower bond dissociation energy (weaker 

carbon-halogen bond) shifts equilibrium (B) in Scheme 2.11 towards the radical species and 

reduction potential of the R-X increases. The metal-halogen bond strength will affect the 

formation of the X-Mt n+1Y/Ligand complex (halidophilicity). Steric effects on the alkyl halide 

and the radical will affect the reduction potential of the R-X and steric effects on the metal 

complex will affect the reduction potential of the metal and equilibrium (C) as well l265
,
271

,
273l_ 

In general, at the end of a polymerization in truly living polymerization systems, the chain ends 

should be living, i.e. they should not be irreversibly terminated, but be able to be used for as 

macroinitiators for further polymerizations. In ATRP, this is realized by the reversible halogen 

end-capping. Thus, when the polymerization has reached completion, all polymer chains should 

(ideally) have a halogen atom at the chain end. They can then be utilized as macroinitiators 

(corresponding to the initial alkyl halide initiator) for producing block copolymers (or other 

advanced polymer architectures /276
•
2771

. 

2.6.2. The kinetics of A TRP 

The kinetics of A TRP depends strongly on the concentration of Mt'1/Ligand in addition to 

concentration of Mt"+1/Ligand [278
•
2791

. The polymerization rate is primarily controlled by the 

concentration of active radicals and monomer concentration l273 .2 75l . 

(Equation 2.15) 
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where [M] is the monomer concentration, [R0

] is the radical concentration and kp is the 

propagation/polymerization rate constant. Integration of this expression, assuming constant [R"], 

gives: 

(Equation 2.16) 

where kapp is the apparent rate constant and [M] 0 is the initial monomer concentration. In the 

ideal case, i.e. A TRP without termination reactions and constant [R"], a plot of ln([M] 0/[M]) (i .e. 

ln(l/(1- conversion)) versus time will give a straight line with the slope kapp· A non-linear plot 

indicates a significant degree of terminations, i.e., decreasing [R"] (2781 . 

The concentration of propagating radicals is established via equilibrium between the activation 

and deactivation steps. The equilibrium constant in A TRP is given by [2781 : 

K _ kact _ [R"][X-Mtn+iy] 
ATRP - kdeact - [MtnY][R-X] (Equation 2.17) 

Thus, the rate of polymerization can be determined by substituting [R0

] of Equation 2.16; 

d[M] [MtnY] 
(Rate)p = -- = kp[M]KATRP[R -X] [ n+l l dt X-Mt Y 

(Equation 2.18) 

This implies that, as far as the concentration of the active species can be held very low, the K ATRP 

will be very small and the rate of the polymerization reaction is first order with respect to the 

monomer, initiator and transition metal catalyst concentrations r273
-

275l_ 

As a multicomponent system, A TRP is composed of the monomer, an initiator with a 

transferable halogen, and a catalyst ( composed of a transition metal species with any suitable 

ligand). For a successful A TRP, other factor~, such as solvent and temperature, must also be 

taken into consideration. Some facts and details on these components of A TRP are also given in 

Appendix E. 

2.6.3. Surface initiated-A TRP and recent application on ECES electrodes 

The modification of surfaces with thin polymer films is widely used to tailor surface properties 

such as wettability , biocompatibility, corrosion resistance and friction. Such thin polymer films 

can be applied by depositing or spraying a polymeric coating from solution. Alternatively, 
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polymers with reactive end groups can be grafted onto surfaces, resulting in so-called polymer 

brushes. The advantage of polymer brushes over other surface modification methods ( e.g. self-

assembled monolayers) is their mechanical and chemical robustness, coupled with a high degree 

of synthetic flexibility towards the introduction of a variety of functional groups. One such a 

method recently and widely reported route is through surface initiated - ATRP 1228·280- 2851. 

However, this technique requires a specific design of a molecule initially grafted on the surface 

of the material of interest which can serve as a linker/coupling agent and polymerization initiator 

at the same time. Different linkers and/or initiators that can be used for such a purpose but 

grafting of diazonium salt based coupling/initiating molecules is becoming the leading candidate 
[228.280,281 .283 ,285] 

2.6.4. Aryl diazonium salts as A TRP initiators and coupling agents of macromolecules 

The interest in using aryl diazonium salts as A TRP initiators and coupling agents often lies in 

their ease of preparation, rapid reduction, large choice of reactive functional groups, and strong 

aryl- surface covalent bonding bind to the surface with energies in the 50- 250 kcal mor 1 range, a 

requisite for species to be considered as coupling agents 1286•2871 . Indeed, aryl diazonium salts are 

excellent alternatives to the traditional silanes and thiols as the former bind polymers mostly to 

ceramics whereas the latter are mainly restricted to the surface of gold though their 

chemisorption on other metals (Pd, Pt), alloys, oxides and quantum dots were also reported 12871. 

Recent theoretical computations indicate comparable aryl-Au(l 11) and thiol- Au(l 11) bond 

strengths (a maximum of 31 .8 and 28.4 kcal mor 1 
, respectively) 12871, experimental work by 

Shewchuk and McDermott 12881 provided direct evidence for enhanced stability of diazonium-

derived films over thiol monolayer analogues. In addition, thiols are prone to oxidative 

instability on noble metals via various routes 12891. 

Considering the number of recent reports, it seems that grafted aryl layers from diazonium 

compounds constitute a new and interesting class of coupling agents of polymers to surfaces. 

These layers could provide grafted initiators of various polymerization routes and prefabricated 

polymers 1228•
271

•
281

·2901 • There are various reports on the use of diazonium salts to surface-initiate 

atom transfer radical polymerizations (A TRP), or to graft macromolecules (synthetic polymers 
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and proteins) to surfaces and Table 2.2 summarizes selected examples obtained from the reports 

referred. 

Table 2.2. Summary of some examples reported on macromolecular grafting by ATRP on aryl 

layers. 

Structure of the coupling 

agent 

+N __F\___ 
BF-

2
~ Br 

N,-0-cooH 

Idealized grafted aryl layer 

CH(CH.1) -Br 

Br 

O CODC{CHa),DDCC(CH,>,-B< 

Resulting 

Platforms 

Au/PGMA 

Fe/PMMA,PBA 

PS 

MWCNT/PMMA 

SS stent/PMMA 

Graphene/PBA 

CB/PnBA 

CB/PtBA 

Potential 

Applications 

Patterned polymer 

brushes 

Surface coating 

Encapsulation of 

CNTs 

Drug-eluting stents 

Graphene/Polymer 

Composite 

Dispersion of 

carbon 

Ref. 

[29 1) 

(228] 

[281 ] 

[292] 

[293] 

[283] 

Among the different surface-initiated polymerization methods, atom transfer radical 

polymerization was combined to brominated grafted aryl layers to attach well defined thin films 

to metals, and to sp2 and sp3 carbon materials, from a variety of reactive and functional vinylic 

monomers. It was also applied to semiconductors [294l and gold [29 11 for preparing patterned 

polymer and block copolymer brushes, respectively. In these reports, the selected surface is first 

modified with a brominated diazonium salt ( either electro-reduced or in situ generated (2831) and 

then used as a macroinitiator for growing polymer chains from the bromine reactive sites and a 

general proposed mechanism for the aryl-initiator layer grafting and ATRP is given by 

Chehimi's group and shown in Scheme 2.12. 

It is shown by several groups that this synthetic approach provides a possibility to have a high 

grafting density of aryl groups which can lead to the formation of a stretched brush layer of 

controlled structure, with high grafting density, lateral homogeneity, and active end-chains. As a 

demonstration to these features Matrab et al. [2811 has shown the grafting of poly(methyl 
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methacrylate) (PMMA) and poly(styrene) on the surface of multiwall carbon nanotubes 

(MWCNTs) and the corresponding HRTEM images of the materials before and after surface 

modification (Figure 2.23) vividly manifested the surface anchoring of more than a nanometer 

thick polymer layers. 

... 
CJ 
$: ... = rJJ 

... 
CJ 
$: ... = rJJ 

... 
CJ 
$: ... = rJJ 

In situ generated diazonium salt 
(RI ) 

Br (R2) 

n 
t + 

CuBr/PMDETA CuBr2/PMDETA 

t i 
v, V 

v, Br (R4) 

H n i1 (R5) 

Y 1 = H. CH3 

+ 

... 
CJ + Br· $: ... = rJJ 

)l,. 11 (RJ) 

... 
CJ Y, $: ... = rJJ v, 

Y 2 = C6 H5• COOCH 3. COO(CH2)JCH3. COOC(CH3)J. .... 
Br 

Scheme 2.12. Idealized mechanism of vinylic polymer grafting via ATRP initiated by ary l 

diazonium-based initiators (Reproduced with permission from r224·28 11) . 
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Figure 2.23. HRTEM images of a) untreated MWCNT, b) MWCNT-PMMA, c) MWCNT-PS 

(Reproduced with permission from [2811). 

Matrab et al. [2811 also estimated the efficiency of the aryl groups to initiate the growth of 

polymer chains to be 9% (upper limit). Nevertheless, since aryl groups form grafted oligomers, 

calculations indicated that one brominated aryl chain out of two efficiently initiates 

ATRP[224•228 ,2951 . Since the diazonium salts also lead to a polyphenylene-like layer with partial 

efficiency in initiating ATRP, it is postulated that it is likely that the ATRP polymer chains and 

the buried aryl layer form a molecular tree anchored to the substrate through surface-aryl primary 

bonding as schematically depicted in Figure 2.24. Such possible branched structures have also 

been confirmed by Tessier and co-workers [2961. The variation of grafting thickness versus 

surface concentration of bromine has also been systematically studied by Iruthayara et al. [2711 

and a non-linear correlation is confirmed though an increase in the bromine concentration 

(particularly at very high concentrations) could lead to a higher polymer thickness. 

Polymer 

Ary\ layer 

--- Substrate 

Figure 2.24. Possible branched structure of the aryl layer/ A TRP homopolymer system anchored 

to the substrate through aryl-surface bonding. Filled circles stand for the aryl 
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2.6.4.1. 

groups and b) relationship between concentration of surface grafted halide and 

polymer thickness. (Reproduced with permission from r224l and (2971) 

Application of surface initiated-A TRP to tailor ECES electrode properties 

Recently, the use of surface initiated-A TRP to afford different properties of interest for ECES 

composite electrodes is becoming an emerging trend. It is shown that the properties of the 

different components of the ECES device can be regulated by grafting polymers on their 

respective surface. Yang et al. (2981 and Zhang et al. l299l have demonstrated the grafting of 

poly(N-vinylpyrrolidone) (PVP) on various carbon materials using surface initiated-A TRP. It 

was verified that the grafting of PVP on the carbons surface alters them to be highly hydrophilic 

and significantly improved the corresponding composite electrodes wettability in aqueous 

electrolytes. Hence, when these materials were characterized electrochemically as electrodes for 

EDLCs, a significant improvement in specific capacitance (F t') is achieved (Figure 2.25). 

Several other research groups have also shown possible anchoring of macromolecules on various 

material surfaces which can potentially be used as a component of electrodes in ECES devices 
[228,284,300- 303] 

Therefore, in this thesis we tried to design an approach to develop new carbon and silicon based 

composite electrodes for application in electrochemical double layer capacitor and lithium-ion 

battery anode electrodes using the combination of diazonium and surface initiated atom transfer 

radical polymerization chemistries. It is demonstrated that the approach can enable to address 

multiple facets for electrode materials. 
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Figure 2.25. Electrochemical performances of ordered mesoporous carbon (OMCs) and OMCs-

PVP composite electrodes: (a, b) cyclic voltammograms; (c) relationship between 

specific capacitance and current density; ( d) cyclability at the current density of 

0.5 A g- 1.(Reproduced with permission from [2991). 
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2.7. Thesis objectives 

The general objective of this thesis is to design methods for surface modification and 

fabrication of multifunctional composite electrode materials with improved 

electrochemical performances for electrochemical energy storage devices through the 

application of diazonium chemistry and surface initiated - atom transfer radical 

polymerization synthesis techniques. 

Specifically, the thesis aims at: 

I. Developing new electrode materials for carbon based electrochemical double layer 

capacitors in mild aqueous electrolyte. 

II . Developing new electrode formulation from nano-silicon powder for lithium-ion 

batteries. 

III. Evaluating the effect of covalent attachment of organic moieties on the 

electrochemical performance and formulation of composite electrodes for carbon 

based electrochemical capacitors electrodes and silicon anodes of lithium-ion 

batteries. 

IV. Assessing the impact of covalent attachment of binding additives on the surface of 

silicon material to the mechanical, storage and electrochemical properties of 

composite electrodes. 
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CHAPTER Ill 

DEVELOPMENT OF MUL Tl FUNCTIONAL CARBON ELECTRODE FOR 

ELECTROCHEMICAL DOUBLE LAYER CAPACITORS 

Introduction 

Traditionally, to improve the electrochemical performance of carbon based electrodes for 

electrochemical capacitors, a great deal of focus is often given to either maximizing the electrode 

surface area or grafting molecules which can provide relatively stable Faradic capacitance 

contributions. However, in this project a method to tune the accessibility of available pores of 

carbonaceous electrodes in a mild neutral aqueous electrolyte through enhancement of 

electrode's wettability with the electrolyte is designed. An enhanced wettability can ease ion 

percolation and charge storage, by tailoring electrode/electrolyte interface. Therefore, new 

electrode materials formulation are made through covalent attachment of organic moieties ( eg. 1-

(bromoethy l) benzene and polyacrylic acid) on the carbon surface using a combination of 

diazonium chemistry and surface initiated-atom transfer radical polymerization (SI-A TRP). The 

attached species can mainly serve two purposes: provide mechanical stability by favouring self-

adhesion of the particles, thus reducing the amount of the electrochemically inactive binder in 

the electrode formulation and provide better interaction of the electrode with the ions of the 

electrolyte by enhancing its wettability with an ultimate goal of having an electrode material for 

EDLCs that can improve their electrochemical performance. Moreover, taking the advantage of 

our laboratories' vast experience on modification of carbonaceous materials using diazonium 

chemistry, this project is used as a spring board and proves a concept for the overall procedure 

used for the other subsequent studies of other electrode materials. 

This chapter has been published as research article in Advanced Functional Materials, 2015 , 

25(43), pp. 6775-6785. Birhanu D. Assresahegn and Daniel Belanger are co-authors of this 

article. The Electronic Supplementary Information for this article is also included. 
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3. Article I : Multifunctional Carbon for Electrochemical Double Layer Capacitors 

Birhanu Desalegn Assresahegn and Daniel Belanger* 
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3.1. Abstract 

Multifunctional carbon materials are prepared for application as active electrode material in 

electrochemical capacitor displaying both charge storage and binder properties. The synthesis of 

the materials involves the functionalization of high surface area Black Pearls 2000 carbon black 

by covalent attachment of polyacrylic acid. The polyacrylic acid polymer is formed by atom 

transfer radical polymerization using 1-(bromoethy !)benzene groups initially bonded to the 

carbon by spontaneous grafting from the corresponding diazonium ions. The grafting of 1-

(bromoethy l)benzeneand polyacrylic acid is confirmed by thermogravimetric analysis, Fourier 

transform infrared spectroscopy, energy dispersive X-ray spectroscopy and nitrogen gas 

adsorption isotherm. The composite electrode films prepared from the modified carbon are more 

hydrophilic and have better wettability in aqueous electrolyte than the one prepared with the 

unmodified carbon. The modified electrodes also show a higher specific capacitance ( ca. 140 

F·g- 1) , a wider working potential window (1.5 V) and improved specific capacitance retention 

upon cycling (99.9% after 5000 cycles) in aqueous 0.65 M K2S04 electrolyte. Moreover, a 

relatively high specific capacitance (ca. 90 Fg- 1) is maintained at a scan rate of 1000 mvs-1 with 

the polyacrylic acid modified carbon electrode. 

3.2. Introduction 

Currently, there is a worldwide interest in the development of high-performance energy 

storage systems such as batteries and electrochemical capacitors_l 1- 5l This is due to their 
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technological importance and use in electronic devices and for the electrification of 

transportation_[l ,6- I IJ A key constituent of electrochemical capacitors and batteries is the 

composite electrode (anode and cathode), which commonly consists of an electroactive 

material, a carbon additive and a binder. These components are mixed to form a paste and 

eventually the composite film electrode (Scheme 3.l(a)). Each component has an 

important and specific role; the electroactive material provides charge storage properties, 

the carbon additive contributes to increase the conductivity of the usually low 

conductivity electroactive material and the binder ensures the integrity of the composite 

electrode. A minimum amount of the carbon additive and the binder should be used to 

avoid a detrimental decrease in energy density of the energy storage system. In practice, 

the fabrication of a composite electrode requires an optimization of the composition of 

each component. Approaches to facilitate the electrode fabrication are currently 

developed and include the elaboration of "binderless" electrode that involves the 

deposition of a thin film of the active electrode directly on a high-surface area current 

collector. [I 21 In spite of this, most of the current industrial electrode materials are based on 

a composite such as described above. 

(a) Traditional Approach 
Active material 

Binder (PVDF/PTFE) 

Conductive additive 

(b) New electrode formulation 

Active material covalently bonded 
with a binder like functionalities 

(Polyacrylic acid) 

Mixing 

Mechanically Mixed binder ... 1 ... v 
Binding Structure Electrode film 

Covalently attached binder 

I ... 
Binding Structure Electrode film 
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Scheme 3.1. Schematic representation of the: (a) traditional approach for the fabrication 

of a composite electrode and (b) the new electrode formulation based on bi-functional 

materials. 

Traditionally, a strong emphasis has been put on the development and optimization of the 

active material to enhance the electrochemical performance of energy storage devices,l' 3
-

151 while less attention was devoted to the electrochemically inactive components of the 

composite electrodes, such as the binder.[1 6
] Nonetheless, recent studies have shown that 

many important characteristics of a composite electrode, such as the stability and rate 

performance, are critically dependent on the formulation of the electrode and the binder' s 

properties.f 1
6-3 11 The chemical compatibility of the binder towards the solvents used to 

prepare the composite electrode is also a very important aspect to consider. Accordingly, 

there is a strong will to replace organic solvents by water processable materialsY 2
,
33l 

Binders that have been commonly used to elaborate composite electrodes include 

hydrophobic polymers such as poly(tetrafluoroethylene) (PTFE) and poly(vinylidene 

fluoride) (PVDFl 6· 19'27·34-361 as well as hydrophilic materials such as sodium salt of 

carboxymethyl cellulose (CMC) and polyacrylic acid (PAA).[16
-

24
·281 Interestingly, the 

latter two allow processing of electrodes with water rather than volatile organic solvents. 

Polyacrylic acid has recently received large attention because it provides a high 

concentration of carboxylic acid functional groups that gives superabsorbent properties 

and good wettability for the electrodes in protic electrolytes. It also imparts an ionized 

surface in water and variety of organic solvents that can facilitate the transport of ions 

from the electrolyteY2·33·37-4 1J Accordingly, polyacrylic acid has been used with MnO2 for 

electrochemical capacitor application[421 and also for Li-ion battery cathode[I 4,3oAo,43
-45J 

and anode[32•33,37- 39.46.47l_ In these cases, improved performance in terms of energy and 

power density as well as cyclability have been reported, using aqueous as well as organic 

electrolytes. 

In this work, we report an innovative approach to prepare an electrode material for 

electrochemical double layer capacitor application by chemically grafting a polyacrylic 

acid layer, which displays "binder" like properties, directly onto the surface of a highly 

74 



porous carbon material. Thus, the resulting material has both charge storage and binder 

properties. To demonstrate the proof of concept only an active electrode material was 

used without the conductive carbon additive (Scheme 3.l(b)). 

The modified carbon was prepared in a two-step process which consists in the covalent 

binding of a thin polymerization initiator layer by the diazonium chemistry (Scheme 

S3.1 , supporting informationi48
- 541 and further addition of polyacrylic acid on this grafted 

layer following the well-established atom transfer radical polymerization (A TRP) 

procedure (Scheme S3.2, supporting information)Y2
·
55

-
59l The resulting modified carbons 

were characterized by thermogravimetric analysis, Fourier transform infrared 

spectroscopy, energy dispersive X-ray spectroscopy and nitrogen gas adsorption 

isotherms. Finally, composite electrodes were prepared with these modified carbons and 

characterized by contact angle measurement and electrochemistry. 

3.3. Results and discussion 

3.3.1. Thermal analysis 

The different materials synthesized in this work were characterized by thermogravimetric 

analysis (TGA). Figure 3.l(a) shows the TGA curves for the pristine BP, BP-A1 and BP-

A1-PAA powders as well as for pristine polyacrylic acid (inset) . For the unmodified BP 

carbon, no significant weight change was observed between room temperature and 800 

°C when the experiment was performed under helium. On the other hand, the 1-

(bromoethyl)benzene modified BP (BP-A 1) showed a weight loss of about 1.5 ± 0.8 wt.% 

with an onset temperature of 200 °C that is attributed to the departure of the grafted 1-

(bromoethyl)benzene groups. The polyacrylic acid grafted BP (BP-A 1-PAA) showed an 

onset of weight loss at 300°C that accounts to 5.5 ± 0.5 wt.% and attributed to the 

departure of the chemically grafted species. The observation of an onset of mass loss at 

higher temperature than the pristine polyacrylic acid supports the covalent attachment of 

the polymer. The chemical grafting of polyacrylic acid was also investigated by varying 

the amount of the starting amine molecule and the tert-butyl acrylate monomer. Figure 
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3.l(b) shows an exponential increase of the loading of the initiator molecule A 1(from 1.5 

± 0.8 to 20.1 ± 3.1 wt.%) for a fivefold increase of the amount of the amine molecule and 

the monomer (see also sections 1-4, supporting information). 

The theoretical maximum surface coverage of 1-(bromoethyl) benzene molecules to form 

a monolayer on BP is estimated to 6.64 x 10-10 mo] cm-2 by assuming that all molecules 

are in parallel orientation with the substrate (see also Section 5, supporting information). 

Considering a specific surface area of 1500 m2 g- 1, the theoretical loading is expected to 

be 9.96 mmol g- 1 for monolayer coverage.[60'611 In our case, the highest loading of the 

grafted 1-(bromoethyl)benzene groups is ca. 10.9 mmol g- 1 (Table S3.3, supporting 

information) and represents a surface concentration of 4.4 x 10 13 molecules cm-2• This is 

consistent with multilayer formation of 1-(bromoethyl)benzene groups as is the case for 

the spontaneous covalent grafting of different organic molecules by the diazonium 

chemistry.[60'6 11 Since all the pores contributing to the total surface area of BP are not 

accessible for the covalent grafting of 1-(bromoethyl)benzene groups/ 601 the reported 

values above can be considered as lower limit. 
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Figure 3.1.(a) TGA profile for the pristine BP carbon, BP-A 1 and BP-A 1-PAA in the 

temperature range of 30 to 800°C and 5°C min- 1 heating rate under helium gas flow (Inset: 

TGA profile for polyacrylic acid, PAA). (b) Variation of the loading of the grafted 1-

(bromoethyl)benzene and polyacrylic acid on BP as a function of amount of the starting 

amine and corresponding monomer (see also Table S3.2 , supporting information, for 

complete experimental conditions of the grafting). 
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When these BP-A 1 powders are subsequently modified by ATRP, the total loading of 

polyacrylic acid on the carbon powder surface can be controlled by changing the reaction 

conditions and can reach up to 45.0 ± 0.5 wt%, as shown in Figure 3.l(b). The TGA 

curves for all the different modified carbons are presented in Figure S3.1 and S3.2 

(supporting information). 

3.3.2. FTIR characterization 

The surface functional groups present on the carbon before and after grafting were 

investigated by FTIR spectroscopy and representative spectra are shown in Figure 3.2. 

Figure 3.2 (a) shows a band at around 1080 cm- 1 that is associated with the aromatic C-H 

vibration of the BP carbon. The band is also observed for both BP-A 1 and BP-A 1-PAA at 

the same frequency , although its shape and width are different, (Figure 3.2 (b) and (c), 

respectively). This is consistent with the grafting of the surface A TRP initiator ( eg. 1-

(bromoethy l)benzene ). More compelling evidence for the grafting of 1-

(bromoethyl)benzene is demonstrated by the presence of the benzene (C=C) vibration 

bands at 1560 and I 620 cm- 1 and the bands at 2840 and 2930 cm- 1 due to the sp 2 and sp 3 

C- H stretching vibration of the alkyl groups of the initiator, respectively . Interestingly, 

the spectrum of BP-A 1 does not show the characteristic sharp band at 2258 cm- 1 for the 

N / group, which is a good indication that the A 1 diazonium ions have been reduced and 

the resulting aryl radical is grafted on the carbon powder surface. The BP-Ai-PAA 

spectra (Figure 3.2 (c)) contains the major vibration bands observed for the pristine 

polyacrylic acid (Figure 3.2 (d)) such as the C=O stretching vibration at 1720 cm- 1
, the 

carboxylic acid C- 0 stretching vibration at 1245 cm- 1 and 0 - H vibration band at around 

3250 cm- 1
, which confirms the presence of polyacrylic acid on the carbon black powder 

surface. 
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Figure 3.2. FTIR spectra for: (a) unmodified BP; (b) BP-A1 (1.5 wt.% grafted); (c) BP-

A1-PAA (5 wt.% grafted) and (d) pristine polyacrylic acid. 

3.3.3. Microstructural and composition analysis with scanning electron microscope (SEM) 

and energy-dispersive X-ray (EDX) spectroscopy 

Figure 3.3 shows SEM images of the pristine and the polyacrylic acid grafted BP carbon. 

The pristine carbon powder showed very scattered particles with an approximate average 

size of about 40 nm (Figure 3.3(a)). Obvious morphological changes are observed after 

grafting of polyacrylic acid (Figure 3.3(b)). The polyacrylic acid functionalized carbon 

particles tend to agglomerate and possess a spongy like morphology unlike the 

unmodified carbon particles. The difference might be due to the change on the surface 

property originating from the -COOH functionalities grafted on the surface. It is 

anticipated that the spongy like morphology will contribute to the binder like behavior of 

the material. The grafting of 1.5 wt.% of 1-(bromoethyl)benzene groups and 5 wt.% of 

polyacrylic acid also showed an approximate increase of 0.6 ± 0.1 nm and 2.7 ± 0.3 nm 

of the particle size, respectively (for the former see Figure S3.3, supporting information). 
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From the ca. 2.1 nm difference in the particle sizes between BP-A 1 and BP-A 1-PAA, the 

average number of acrylic acid monomer units attached to A 1 can be estimated. Knowing 

that the average C-C single bond length is 137 pm/621 a 2.1 nm thickness represents 15 

acrylic acid monomer units. The optimum loading of polyacrylic acid is unknown at the 

moment but it is most likely that a bifunctional carbon with a relatively low molecular 

weight of grafted polyacrylic acid is required to fully take advantage of the charge storage 

properties of the carbon with having a material with sufficient binder-like behaviour. 

From the 2.1 nm thickness of the grafted material, a loading of ca. 8.5 wt.% can also be 

roughly estimated which is reasonably in a good agreement with the value determined by 

TGA (see also Section 8, supporting information, for the calculations). 

Figure 3.3.(a) and (b) SEM image with x 45 ,000 magnification (c) and (d) EDX spectra 

for pristine BP and BP-A 1-PAA (5 wt.% grafted) carbon, respectively. 

The EDX spectra shown in Figure 3.3 (c) and (d) for both pristine BP carbon and the 

modified BP-A 1-PAA carbon can also give additional information about the grafting of 

the polyacrylic acid and (1-(bromoethyl)benzene) on the carbon surface (for the latter see 

Figure S3.4, supporting information). For the unmodified BP carbon spectra, the 
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expected strong peak for carbon and a relatively weak peak for oxygen are observed. In 

the spectra for the modified carbons, in addition to the C and O peaks, the presence of a 

significant bromine peak is due to the terminal atoin in the initiator organic molecule (eg. 

1-(bromoethyl)benzene) and the polyacrylic acid chains. This further confirms that the 

grafting and polymerization steps were successful. The bromine content of BP-A1 and 

BP-A 1-PAA samples reveals no significant difference. 

3.3.4. Adsorption isotherms and porosity analysis 

Nitrogen adsorption isotherms for the unmodified Black Pearls carbon and following its 

modification by 1-(bromoethyl)benzene and polyacrylic acid surface grafting are shown 

in Figure 3.4(a). Both unmodified and modified carbons depict mixed type I and type II 

isotherms for low and high relative pressure (P/P0 ) , respectively.C611 The BP carbon 

isotherms show that a large vo lume is adsorbed at low P/P0 , unlike the BP-A 1-PAA 

samples, characteristic of an extended microporous structure. In the intermediate P/P0 

range, between 0.1 and 0.8, a slightly sloped plateau is observed for all the materials, 

which is mainly due to a contribution from adsorption in the mesopores. The small 

hysteresis observed between the adsorption and desorption branches of the isotherms near 

the maximum relative pressure for the unmodified BP carbon is another characteristic of 

mesoporosity.C611 However, the hysteresis becomes more important upon polyacrylic acid 

grafting which again indicates that much of the surface area is contributed by the 

mesoporous structure for these materials. The grafting of organic groups mainly reduces 

the amount of adsorbed volume at the lower relative pressure region and significantly 

affects the microporous structure while the mechanical mixing of PTFE binder and the 

unmodified carbon exhibit a significant decrease in the adsorbed volume at lower relative 

pressure (microporous structure). 
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Figure 3.4.(a) Nitrogen adsorption isotherms;(b) pore size distribution and (c) cumulated 

surface area as a function of pore width of for the unmodified BP powder and different 

film compositions. 

Figure 3.4(b) shows that the pore size distribution of the pristine carbon mainly consists 

of micropores (<2 nm) and mesopores (mainly between 2 and 5 nm). A plot of the 

cumulated surface area as a function of the pore width (Figure 3.4(c)) also indicates that 

the major contribution to the surface area is from the pores with diameter smaller than 2 

nm even in the presence of the PTFE binder. Figure 3.4(b) and Table S 3.4 (supporting 

information) demonstrate that the grafting of polyacrylic acid on BP brings a significant 

loss of the BET surface area by blocking the micropores smaller than 1.2 nm while the 

mesoporous structure (between 2 to 4 nm) is much less affected. Furthermore, the 

mesopores that seem to emerge for the lowest loading of polyacrylic acid could perhaps 

be due to the treatment with trifluoroacetic acid during the hydrolysis procedure. It is also 
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evidenced that grafting of polyacrylic acid with a high loading of 25 wt.% significantly 

reduced the surface area of the carbon material to only 500 m2 g -I by blocking the 

micropores and to some extent the smaller mesopores (Table S3.4 , supporting 

information and Figure 3.4(b)). Interestingly, the pore texture of the BET surface area is 

much more affected for this material in comparison to the simple mixture of 75 wt. % BP 

+ 25 wt.% PTFE electrode film. The BET surface area of BP carbon decreased from 1500 

to 1300 m2 g- 1 for a composite film made with 10 wt.% of PTFE as shown in Table 

S3.4(supporting information). The latter is in good agreement with the value expected 

(1350 m2 g- 1) by taking into account the proportion of BP in the composite and assuming 

that PTFE binder does not significantly contribute to the surface area_[35J 

On the other hand, a significant discrepancy is noticed for the sample containing 25 wt.% 

of PTFE as the expected BET surface area is much larger (1125 m2 g- 1) than the 

experimental value. This demonstrates that the addition of PTFE is blocking the access of 

N2 molecules to the smaller micropores of BP carbon. A similar finding has been recently 

reported for the impact of different binders on the pore volume of porous carbonY61 

3.3.5. Contact angle measurements 

Static contact angle measurements were performed for films prepared with different 

carbon com positions to determine the change in their surface properties ( eg. 

hydrophilicity and hydrophobicity) accompanying polyacrylic acid grafting. Figure 3.5 

shows images of sessile droplets and the measured contact angle values for various BP-

A 1-PAA films and compared to those prepared using a PTFE binder. 

It can be clearly seen that the grafting of polyacrylic acid on BP carbon makes it more 

hydrophilic as demonstrated by the small contact angles measured. Increasing the 

polyacrylic acid content makes the modified film more hydrophilic . On the other hand, 

the addition of PTFE enhances the hydrophobicity of the resulting film. For the electrode 

film prepared from BP-A 1-PAA with 25 wt.% loading of grafted species, the solvent takes 

less than 30 s to dissipate through the material and an accurate contact angle value cannot 
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be taken (see Figure S3.5, supporting information). This hydrophilic property of the BP-

A 1-P AA film could be useful for its application as electrode in aqueous electrolyte based 

electrochemical capacitors. Since such a property could provide a superabsorbent, highly 

wettable and ionized material in protic solvents, it can improve accessibility of the pores 

and facilitates ion transport within the electrode [421 . This could potentially enhance the 

double layer charge storage behaviour of these materials relative to unmodified carbon 

based electrodes. 

+ 1 wt .% PTFE, 0 ~ 22° 
(14 wt.%), 0 - 14° (8 wt%), 0 - 1s 0 

9Owt.% BP + 94 W1.<o BP + 75 wt.% BP + 

10 wt.% PTFE. 8 - 43° 6 Wl .0, , PTFE,8 - 65° 25 wt . % PTFE, 8 - 77° 

Figure 3.5. Images of typical sessile droplets for the carbon films of various compositions 

together with the contact angle. 

3.3.6 Electrochemical characterization 

3.3.6.1. Composition of the electrodes 

In this work, film electrodes were successfully prepared from the BP-A 1-PAA powder 

with 5 wt.% polymer grafting by the addition of only 1 wt.% PTFE. This small amount of 

PTFE is needed to obtain a mechanically flexible composite film. Interestingly, a film 

could be prepared without PTFE and was tested as electrode material but found to be 

brittle and more susceptible to physical degradation. However, for the carbon powder 

grafted with higher loading of polyacrylic acid (eg. 25 wt.%), very good mechanically 
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• 
stable composite films were fabricated without the addition of PTFE. One thing worth 

noticing is that it was not possible to form a mechanically stable enough BP carbon 

composite film by mixing BP with pristine polyacrylic acid (eg. without grafting), even 

by the addition of ca. 25 wt.%, with the cold-rolling method. Thus, covalent grafting of 

the polyacrylic acid appeared to bring good mechanical stability and inter particles 

adhesion presumably via hydrogen bonding ·within the polyacrylic acid chains. 

Accordingly, several composite film electrodes were prepared with the pristine and 

polyacrylic acid grafted BP carbon with and without the PTFE binder and their 

electrochemical performance were evaluated. 

3.3.6.2. Electrochemical properties of the new materials 

The electrochemical properties of the composite film electrodes prepared with the 

unmodified and modified BP were characterized by cyclic voltammetry. Figure 3.6(a) 

shows their cyclic voltammogram in aqueous 0.65 M K2S04 electrolyte solution at a scan 

rate of 20 m V s- 1
• All cyclic voltammograms show a rectangular shape that is typical of a 

capacitive electrode material [63·641 • It also reveals a significant increase in the working 

potential range by about 500 mV for the composite film electrode with the polyacrylic 

acid grafting. This might be attributed to the change in the surface chemistry of the 

underlying carbon composite electrode upon the covalent attachment of the polyacrylic 

molecules that would alter the kinetics of the water reduction/oxidation reaction at its 

surface. 

The specific capacitances of various composite electrodes are reported in Table S3.5 

(supporting information). A significant improvement of the performance is noticed for the 

polyacrylic acid grafted BP film electrode in terms of specific capacitance (by about 45 

%). This enhanced performance is attributed mainly to the presence of the grafted 

polyacrylic acid, which possesses a high concentration of surface carboxylic functional 

groups. These can provide a more efficient transport of ions throughout the active layer 

and facilitate the accessibility of the available pores. The good electrochemical 

performance (both in potential window and specific capacitance) will enable the 
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composite electrode to provide a high energy and power density for an electrochemical 

capacitor. The similar specific capacitance observed for the composite electrode prepared 

from the BP carbon onto which only the polymerization initiator is grafted (BP-A 1) and 

the pristine carbon composite film electrode, both with the PTFE binder, clearly shows 

that polyacrylic acid grafting significantly contributes to the improvement of the specific 

capacitance. 

Figure 3.6 (b) shows the variation of the specific capacitance as a function of the scan 

rate for various electrodes. It is noteworthy that the BP-A 1-PAA electrode maintained a 

significantly higher specific capacitance at all scan rates and with a value of about 90 Fg- 1 

at 1000 m Vs- 1• The composite electrodes made from more or less the same proportion of 

BP carbon and PTFE showed a lower specific capacitance and rapid decline, below 50 

Fg- 1, at a scan rate of 1000 mvs- 1• The electrode prepared from the carbon grafted with 

the polymerization initiator (BP-A 1) only and PTFE binder also delivered a lower specific 

capacitance compared to BP-A 1-PAA at all scan rates. 
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Figure 3.6. (a) Cyclic voltammogram at 20 mv.s- 1 and (b) specific capacitance variation 

with scan rate for various composite film electrodes. (c) Capacity retention 

for 99% BP-A 1-PAA (5 wt.% grafted) + 1 wt.% PTFE after 5000 

charge/discharge cycles at 20 mv.s- 1in aqueous 0.65 M K2S04 electrolyte. 

Furthermore, the long time cycling stability of the 99% BP-A 1-PAA (5 wt.% grafted) + 1 

wt.% PTFE film electrode is very good with a 99.9 % capacity retention after 5000 

charge/discharge cycles, as shown in Figure 3.6 (c) indicating that there is minimal loss 

in the carbon particle to particle or current collector grid to carbon particle contact . 

The electrochemical performance of composite electrodes prepared by using BP-A 1-PAA 

with a 25 wt.% loading of grafted polyacrylic acid without PTFE was also compared to a 

75 wt.% BP + 25 wt.% PTFE electrode. Figure 3.7(a) demonstrates the superior 

performance of the BP-A 1-PAA electrode and its ability to maintain a higher specific 

capacitance, especially at high scan rates (rectangular voltammogram at 500 m Vs- 1) , 

compared to the electrode made with a PTFE binder of similar proportion (Figure 

3.7(b)). As it can be seen from Figure 3.7(c), a higher specific capacitance at all scan 

rates is obtained for the 100% BP-A 1-PAA (25 wt.% grafted) composite film electrode 

despite its lower BET surface area (Table S3.4, supporting information). 
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Figure 3.7. Cyclic voltammograms for a composite electrode fabricated with (a) 100% 

BP-A,-PAA (25 wt.% grafted) and (b) 75 wt.% BP + 25 wt.% PTFE at different scan 

rates. ( c) Variation of the specific capacitance as a function of scan rate for both 

electrodes in 0.65 M K2SO4 electrolyte. 

However, the specific capacitance is lower compared to the one obtained at the lowest 

loading of grafted polyacrylic acid (5 wt.%) carbon film electrode, presumably because of 

the significantly lower surface area of the material [651. The overall good electrochemical 

performance of the new composite electrode can be mainly attributed to the better 

wettability of the film made from BP-A 1-PAA compared to the BP + PTFE in aqueous 

electrolyte. Also, the ionized surface of the BP-A 1-PAA would impart lower ionic 

resistance. 

3.4. Conclusions 

Surface functionalization of Black Pearls carbon by ATRP of polyacrylic acid was 

successfully carried out. The new material with functionalization of the carbon surface 

proved to give a much improved specific capacitance and wide working potential window 

for the resulting composite electrode. The ipiproved performance is related to the 

presence of ionizable surface carboxylate functional groups which can provide good 

electrolyte accessibility to the pores and surface wettability of the active layer, a high 
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ionic conductivity together with a good chemical and mechanical stability m aqueous 

electrolyte. 

3.5. Experimental section 

3.5.1. Chemicals 

Black Pearls 2000 carbon black (Cabot), 4-(1-hydroxyethyl)aniline (Alfa Aesar, 97 %), 

hydrobromic acid (HBr) 48 % (wt./vol.) (Aldrich), tetrafluoroboric acid solution (Fisher 

Scientific, 48 %), sodium nitrite, (NaNO2) (NICE, 96%), sodium tetrafluoroborate 

(NaBF4)(Aldrich), methanol (EMD), N ,N-dimethyl formamide (DMF) (EMD), acetone 

(EMD), tert-butyl acrylate (t-BA) (Aldrich), toluene (EMD), N,N ,N ,N ' ,N ' ,N " -

pentamethyldiethylenetriamine (PMDETA) (Alfa Aesar), cupric chloride (CuCb) 

(Aldrich), cuprous chloride (CuCl) (Aldrich), methylene dichloride (EMD) and 

trifluoroacetic acid (CF3CO2H) (Alfa Aesar, 99%). All chemicals and reagents were 

analytical grade and used as received and all solutions and subsequent dilutions were 

carried out using deionized water (Barnstead Nanopure II). 

3.5.2. Synthesis 

The A TRP initiator molecule was synthesized by adopting a published procedure l52l described in 

details in Scheme S3.l(a)(supporting information). Briefly, the procedure involves the reaction 

of 4-(1-hydroxyethyl)aniline (1.67 mmol) with HBr 48 % (wt./vol.) to afford the ATRP initiator 

molecule, p-(1-bromoethyl)aniline hydrobromide, having a bromine terminal group while 

keeping the amine group for diazotization. 

The diazotization and grafting was done by adding 0.2 g of Black Pearls (BP) carbon to 

the mixture obtained above with constant stirring for 15 min. Then, the p-( 1-

bromoethyl)benzene diazonium ions were generated in situ by adding 5 mL HBF4 (48%) 

and 0.35 mmol of NaNO2 which was accompanied by a nitrogen gas evolution (Scheme 

S3.l(b), supporting information). The reaction was allowed to last overnight with 

constant stirring of 300 rpm at ambient temperature. Finally, the reaction mixture was 

vacuum filtered on a Nylon membrane having a pore size diameter of 0.47 µm (Pall) and 
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washed sequentially with 5% (wt./vol.) NaBF4 (ca. I L) , methanol (ca. 750 mL), ethyl 

ether ( ca. 500 mL) and acetone ( ca. 500 mL) to afford the A TRP initiator molecule, 1-

(bromoethy l)benzene groups grafted on Black Pearls carbon (BP-A 1) (Scheme S3.l(c)). 

The 1-(bromoethyl)benzene molecule grafted on BP contains a very good leaving group 

(-Br) to initiate atom transfer radical polymerization (ATRP) of vinyl monomers, in the 

presence of proper catalysts. This enables the polymerization to occur on the surface of 

the modified carbon rather than in the solution. The monomer used to initiate the 

polymerization was tert-butyl acrylate (t-BA) since acrylic acid is not readily undergoing 

surface ATRP_[59J The general procedure is as follows: a 100-mL Schlenck flask reactor 

equipped with a soccer ball shaped magnetic stirrer, a condenser and nitrogen gas lines 

were prepared. The catalysts, CuCI and CuCli were transferred to the flask and dissolved 

in 20 mL toluene by doing sonication for 15 min. followed by degassing with nitrogen for 

20 min. Thereafter, the BP-A 1 was added and the mixture stirred for a further 10 min. 

Then, PMDETA and tert-butyl acrylate (t-BA) were sequentially added to the 

polymerization flask under a nitrogen flow and continuous stirring. Following these 

additions, the reaction mixture was degassed for I h. Then, the flask was kept in an oil 

bath at 100 °C for 16 hand the polymerization was stopped by cooling and after opening 

the flask to expose the catalyst to air. Finally, the reaction mixture was filtrated under 

vacuum on a Nylon membrane and washed sequentially with toluene and acetone. This 

procedure results in the surface grafting of poly (tert-butyl acrylate) which can undergo 

acid hydrolysis to cleave the tert-butyl groups and form the desired polyacrylic acid 

surface grafted Black Pearls carbon (BP-A 1-PAA). For this final step, the poly (tert-butyl 

acrylate) modified carbon was dispersed in 20 mL of methylene dichloride by sonication 

for IO min. and 25 mL of CF 3CO2H was slowly added to the above dispersion. After 

overnight hydrolysis with stirring at room temperature, the BP-A 1-PAA powder was 

recovered by centrifugation at 4000 rpm for 30 min. and the remaining methylene 

dichloride and excess trifluoroacetic acid were removed by keeping the sample at 80 °C 

under vacuum for 3 h. The polymerization reaction and details on the proposed reaction 

mechanisms [52
·56·58·591 is summarized in Scheme S3.2 and S3.3 (supporting information). 

See also Table S3.1 and S3.2 (supporting information) for the quantities of each reactant. 
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The variation of the polymer loading on the carbon surface was also investigated by 

varying the amount of the starting amine molecules from 1.67 up to 8.35 mmol (fivefold) 

followed by a proportional increment of the tert-butyl acrylate monomer concentration 

while starting with the same amount of carbon (See also Table S3.2, supporting 

information, for details). 

3.5.3. Characterization of the powders 

The thermogravimetric analyses were conducted with a TA Instruments TGA (Q500) equipment. 

The temperature scan was done between 30 and 800 °C at a rate of 5 °C min-1 under a 100 mL 

min- 1 helium gas flow. Platinum pan sample holders were used for all measurements. Moreover, 

thermal annealing under inert atmosphere was carried out for the initiator grafted carbon (BP-A 1) 

at 150°C and the polyacrylic acid grafted carbon (BP-A 1 -PAA) at 250°C to ensure the removal 

of physically adsorbed organic molecules and solvents. 

Fourier transform infrared (FTIR) spectra were recorded after preparing K.Br pellets of the 

different materials with 1 % sample weight composition using a Nicolet 4700 FT-IR (Thermo 

Electron Cooperation) spectrophotometer. To improve the signal-to-noise ratio the spectra were 

recorded by collecting 1000 scans. All spectra were baseline-corrected using OMNIC 6.1 

internal software and were unsmoothed. 

Microstructural analyses of the powders were carried out by using field-emission gun 

scanning electron microscopy (FEG-SEM; JEOL/JEM-1230) and electron dispersive X-

ray spectroscopy (EDX) JEOL/JSM840. The particle size distributions of the powders 

were estimated by measuring the average of 40 particles from each scanning electron 

microscope images using 'image-I' software. 

Adsorption isotherms were measured usmg an Autosorb-1 instrument (Quantachrome 

Instrument, USA). The porous texture of the carbons was characterized using nitrogen as 

adsorbent at 77 K. The volume of gas adsorbed was recorded for relative pressures 

ranging from 1 x 10- 6 to 1. The N 2 adsorption data were used to calculate the total pore 

volume and the BET specific surface area (S8 ET ). The pore size distribution cumulated 

surface and volume histograms were also obtained through simulation of the isotherm by 
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Density Functional Theory (DFT) and Monte-Carlo calculations usmg the ASWl 

software. 

3.5.4. Characterization of the electrodes 

Composite electrode films were prepared from different proportions of the BP carbon, BP-A 1 

and BP-A 1-PAA using PTFE binder when appropriate . In all cases the composite powders were 

mixed in a small volume of ethanol until a homogenized paste-like consistency is obtained and 

the films were made by cold-rolling. Then, they were placed in a stainless steel grid (80 mesh, 

0.127 mm, Alfa Aesar), used as current collector, and pressed for 60 sat 9 x 105 Pa. 

Static contact angle measurements for the electrode films were performed at room 

temperature (before pressing on stainless steel) by the sessile drop method with a water 

drop of about 5 µL. The measurements were taken 30 s after deposition of the water drop. 

The ' image-J' software was used with a MV-50 camera and a magnification of 6 x . 

Electrochemical measurements were performed with a three-electrode configuration in 

one-compartment cell containing a Ag/AgCl/Cr(saturated KC!) reference electrode, a 

high surface area Pt-gauze as counter electrode and the carbon film as working electrode. 

A de-aerated aqueous K2SO4 (0.65 M) solution was used as electrolyte and all 

experiments were performed at room temperature. The reference electrode was kept at 

about 5 mm of the working electrode during measurements. Moreover, prior to any 

measurement, the working electrode was dipped in the electrolyte for 20 min. in order to 

allow the electrolyte to impregnate the electrode porosity. 

Cyclic voltammetry (CV) was recorded usmg a Solartron 1255 FRA potentiostat 

connected to a PC and the electrochemical setups were controlled with DC Corrware 

software (Scribner Associates, version 2.8d). The specific capacitance, Cs, expressed in 

farads per gram (F g- 1
) of carbon paste was determined from the cyclic voltammogram 

according to equation 3.1: 

(Equation 3 .1) 
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where L'.1Q is the voltammetric charge (Coulomb), ,1 V is the working potential window 

(Volt) and mis the mass of the composite electrode film (gram). 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 
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Multifunctional Activated Carbon for Electrochemical Double Layer Capacitors 

Birhanu Desalegn Assresahegn, Daniel Belanger• 

1. Synthesis of the A TRP initiator and diazonium grafting. 

Commercially available 4-(1-hydroxyethy l)ani line ( 1.67 mmol) was heated at 150 °C in the 

presence of an excess of 48 % (wt./vol.) HBr for 16 h followed by cooling to 0 °C to yield a 

yellow precipitate followed by synthesis of the corresponding diazonium salt and grafting on 

black pearls carbon. 

(c) 

BP + 

48% (wt./vol.) HBr 

150 °C/ 16hr 

48 o/o(wt./vol.) HBF4 

NaNO/ RT 

(Yellow Prec iptate) 

p-( 1-bromoethyl) benzene diazonium ion 

Scheme S3.1. (a) Synthesis, (b) diazotization and (c) grafting of the ATRP initiator molecule 

(1-(bromoethyl)benzene) on BP carbon. stands for 1-

(bromoethyl)benzene. 
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2. Proposed mechanism for the ATRP oftert-butyl acrylate.! 1,21 

~Br 

~--\H, 
BP-A 1 

r'+ 
CuBr/PMDET A CuBrifPMDET A 

CH3 t ' (:)-0-+-~/ u 
H / "'--sr 

H 

11 

Scheme S3.2. Proposed reaction mechanism for the surface ATRP grafting of tert-butyl acrylate. 

Table S3.1. Reaction conditions for the surface initiated ATRP reaction. 

Reactant No. of moles M.W. Mass 

(mol) (g mor1) (mg) 

t-BA3 J.56 x 10-2 128.17 0.2 

CuCI 5.85 X 10-5 98.99 5.7 

CuCl2 6.50 x I o-6 134.45 0.87 

PMDETA 6.50 X 10-5 173.30 11.26 

1-PEBr J.30 X 10-4 185 .06 24 

•1-BA = IO equivalent with respect to 4-( 1-hydroxyethy l)aniline. 

b Ratio = Amount of each reactant with respect to amount oft-BA. 

3.75 X 10-3 

4.17 X 10-4 

4.17 X 10-3 

8.33 X 10-3 

t-BA = tert-butyl acrylate ; PMDETA = N,N,N,N' ,N ' ,N"-pentamethyldiethylenetriamine and 

PEBr =1-phenylethyl bromide. 
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3. Acid hydrolysis of the poly(tert-butyl acrylate) grafted BP to get polyacrylic acid grafted 

BP (BP-A1-PAA). 

e---0-i~ _ l Br 
H H/tO~H Nn 

H COOH 

(BP-Ai-PAA) 

Scheme S3.3. Acid hydrolysis of poly(tert-butyl acrylate) resulting m carbon surface 

functionalized with polyacrylic acid. 

4. Reaction conditions for the grafting of 1-(bromoethyl)benzene and polyacrylic acid. 

Table S3.2. Amount of the reactants for the different loadings of 1-(bromoethyl)benzene and 

polyacrylic acid. 

BP Initial NaN02 HBF4 BP-A 1 CuCI CuCii PMDETA 

(g) Amine (mmol) (mL) (g) (mmol) (mmol) (mmol) 

(mmol) 

1.67 3.38 10 0.221 0.0585 0.0065 0.065 

3.34 6.68 12.5 0.243 0. 117 0.013 0.13 

0.2 5.01 9.88 15 0.272 0. 1755 0.0195 0.195 

6.68 13.35 17.5 0.304 0.234 0.026 0.26 

8.35 16.69 20 0.359 0.2925 0.0325 0.325 

5. Estimation of 1-(bromoethyl)benzene (A 1) loading on BP carbon. 

(ff' Amount of BP carbon used: 0.2 g 

(ff' Surface area of BP carbon: 1500 m2g- 1 

1-PEBr 

(mmol) 

0.13 

0.26 

0.39 

0.52 

0.65 

(ff' The theoretical area of the carbon to be covered by a single aromatic ring: 25 A 2. 

t-BA 

(mol) 

0.016 

0.031 

0.047 

0.062 

0.078 
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w 1500 m2 for 1 g of BP carbon implies 300 m2 for 0.2 g 

w The number of the aromatic molecules for a mono layer coverage of a 0.2 g BP carbon will 

be: 

300 m2 _ 20 
25 x 1O _20m2 - 12 x 10 molecules 

w In terms of number of moles: 

12 x 1020 molecules 
6 022 023 l l l-l = 1.993 mmol -+ 9.96 mmol per lg of BP carbon . x 1 mo ecu es . mo 

= 6.64 x 10-10 mol cm-2 

w From the TOA, for example, for a 1.5 wt.% A 1 grafting: the weight of the loading can be 

calculated to be 0.003 g for O.2g of BP carbon. The corresponding value in terms of mmol g-
1 • 0 6 I -I 1s . mmo g . 

w Then, from the surface area of the 0.2 g BP carbon sample (3OOm2) , the A 1 loading in mol 

cm-2 is 5.5 x I 0- 11 mo! cm-2 corresponding to 3.3 x I 0 13 A 1 molecules for I cm2 of BP 

carbon. 
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Table S3.3. Estimation of the grafted 1-(bromoethyl)benzenegroups loading as a function of the 

amount of the corresponding amine. 

Amine A 1wt A 1 loading A 1 loading x 10-

(mmol) (%)* (mmol g- 1) (mol cm-2) 

1.67 1.5 0.6 0.55 

3.34 2.3 1.3 0.84 

5.01 5.1 2.8 1.9 

6.68 11.3 6.2 4.1 

8.35 20.1 10.9 7.3 

*The percentage weight of A1 obtained from TGA. 

6. TGA profiles of the unmodified BP and BP-A 1-PAA powders. 

100 

80 

60 

:E -i 40 
3:: 

20 

0 

-BP 
- PAA 
- 1.67mmol 

3.34mmol 
- 5.01mmol 
- 6.68mmol 
- 8.35mmol 

100 200 300 400 500 600 700 800 

Temperature (°C) 

A 1 loading x 10 

(molecules/cm-2) 

0.33 

0.51 

1.1 

2.5 

4.4 

Figure S3.1. TGA profile for the pristine Black Pearls (BP) carbon and BP modified with 

various amounts of amine (for the first step). See Table S3.2 for more details. 
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100 

80 

C so ... 
.s::: 
Cl 

'cii 40 
3: 

20 

0 

BP 

- 25% 

BP-PAA 

PAA 

100 200 300 400 500 600 700 800 

Temperature (°C) 

Figure S3.2. TGA profile for the pristine Black Pearls carbon, polyacrylic acid and BP-A1-

PAA after a four fold increase on the amount of starting amine and tert-butyl 

acrylate monomer. 

7. SEM image and EDX spectrum of BP-A1. 

Figure S3.3. Scanning electron microscope image for the BP-A1 (1.5 ± 0.8 wt.% of A,) grafted 

carbon. 
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Figure S3.4. EDX spectrum for BP-A 1 (1.5 ± 0.8 wt.% of A 1) grafted carbon. 

8. Estimation of the loading of A I and polyacrylic acid from the thickness of the coating. 

Assumptions: 

rJt' The shape of the unmodified and polymer grafted particles are spherical. 

rJt' The density of the lowest loading grafted polyacrylic acid is ca. 1 g cm-3. 

Values: 

rJt' Density of BP = 1.8 g cm-3• 

rJt' Diameter of BP particle= 4.0 x 1 o-6 cm 

rJt' Thickness of the grafted polyacrylic acid layer = 2.1 x 10-7 cm. 

4 
V: - -rrr3 sphere - 3 

4 
V8 p = -rr(2.0 x 10-6 cm) 3 = 3.35 x 10-17 cm3 

3 

4 
VBP+PAA = -rr(2.105 X 10-6 cm) 3 = 3.88 X 10-1 7 cm3 

3 
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and 

m = volume x density 

m 8 p = 3.35 x 10- 17 cm3 x 1.8 g cm-3 

m8 p = 6.03 x 10-17 g 

mPAA = 5.27 X 10-1 8 cm3 X 1.0 g cm-3 = 5.27 X 10-18 g 

Weight% of polyacrylic acid: 

5.27 X 10- 18 g 
% PAA= ------------* 100 % 

6.03 X 10-17 g + 5.27 X 10-18g 

Wt.% PAA= 8.5 

9. The BET surface area measured for various composite films 

Table S3.4. BET surface area of the BP powder and different composite films. 

Composition 

JOO wt.% BP 

90 wt.% BP + 10 wt.% PTFE 

94 wt.% BP+ 6 wt.% PTFE 

BET surface area 

1500 

1300 

1384 

99 wt.% BP-A 1-PAA (5 wt.% grafted) + I wt.% 1050 

PTF E 

94 wt.% BP + 6 wt.% PAA 

100 wt.% BP-A 1-PAA (25 wt .% grafted) 

75 wt.% BP+ 25 wt.% PAA 

75 wt.% BP+ 25 wt.% PTFE 

1362 

500 

934 

950 
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10. Contact angle for the highest loading of grafting. 

BP - A 1-PAA 

(25wt.¾) 

Figure S3.5. Image of a sessile droplet for the BP film with the highest loading of the grafted 

species. 

11. Electronic conductivity of the composite films. 

Table S3.5. Electronic conductivity of composite films measured by 4-point probe 

measurements. 

Film composition 

94 wt.% BP + 6 wt.% PTF E 

99 wt.% BP-A 1-PAA (5 wt.% grafted) + I wt.% PTFE 

90 wt.% BP + IO wt.% PTFE 

90 wt.% BP-A 1 (1.5 wt.% grafted) + 10 wt.% PTF E 

75 wt.% BP + 25 wt.% PTFE 

100 wt.% BP-A 1-PAA (25 wt.% grafting) 

Conductivity [S m·11 

445 ± 2 

421 ± 3 

384 ± I 

372 ± 3 

317 ± 3 

312 ± 5 
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12. The calculated gravimetric and volumetric capacitance values for the different 

composite electrodes at slow scan rate. 

Table S3.6. Gravimetric and volumetric capacitance of the different composite film 

electrodes measured at 2 m vs-' in 0.65 M K2S04 electrolyte. 

Film composition 

90 wt.% BP + 10 wt.% PTFE 

90 wt.% BP-A 1 (1.5 wt.% grafted) + 10 wt.% 

PTFE 

94 wt.% BP + 6 wt.% PTFE 

99 wt.% BP-A 1-PAA (5 wt.% grafted) + 

wt.% PTFE 

Gravimetric 

capacitance 

[F g-1] 

95 ± 3 

88 ± 2 

97 ± 2 

142 ± 1 

Volumetric 

Capacitance 

(F cm-3) 

71 ± 2 

65 ± 2 

76 ± 2 

92 ± 1 

13. Cyclic voltammograms recorded before and after vacuum infiltration of the 

electrolyte for the unmodified composite film electrode. 

.... 
'c, 
c( 

0 ·;;; 
C: ., ,, 
E 

-2 
:i u 

94 wt.% BP + 6 wt.% PTFE 

fter vacuum infiltration I :,;.-.---====~ 

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 

Potential ( V vs. Ag/AgCI) 

Figure S3.6. Cyclic voltammograms recorded before and after vacuum infiltration of the 

electrolyte at 20 mV s-' for the relatively hydrophobic 94 wt.% BP + 6 wt.% 

PTFE composite electrode in aqueous 0.65 M K 2S04 electrolyte. 
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CHAPTER IV 

NEW FORMULATION OF SILICON COMPOSITE ELECTRODE AS ANODE FOR 

LITHIUM ION BATTERIES 

Introduction 

In this chapter, a method for covalent attachment of polyacrylic acid on hydrogenated nano-

silicon particles using aryl based initiator layer is described. The industrial fabrication of 

batteries mostly relies on the use of composite electrodes. Such composite film electrodes are 

commonly prepared by mixing an active electrode material, a conducting additive and a binder. 

However, we hypothesized an approach to considerably minimize or possibly avoid the use of 

electrochemically inactive binders. The proposed method involves a combination of diazonium 

chemistry to graft polymerization initiator layer such as 1-(bromoethyl)benzene followed by 

surface initiated-atom transfer radical polymerization to afford polyacrylic acid grafting on 

silicon nanoparticles. The composite silicon anode prepared from the modified silicon showed a 

significantly improved performance in terms of gravimetric capacity, capacity retention and 

mechanical integrity of the electrode after extended cycling. The composite electrode also allows 

the use of large proportion of active material and enables to get rid of electrolyte additives. It has 

been affirmed that the grafting of the binding organic moieties promotes particles self-adhesion 

by then adhesion efficiency through homogeneous accessibility of the binding agent compared to 

a simple mechanical milling (Scheme 4.1 ). Furthermore, the presence of a chemically bonded 

aryl and polyacrylic acid layer on silicon allowed good electrochemical performance without 

having to rely on electrolyte additives as it can serve as a protective layer (artificial solid-

electrolyte interphase) to avoid a direct contact between the silicon material and electrolyte. 

109 



(Si - Al-PAA) 

H 

+PAA 
H H .. 

H 

(Si - H) 

Scheme 4.1. Graphical illustration on the possible binding components distribution with the 

newly hypothesized approach and traditional silicon anode fabrication. 

This chapter has been published as research article in Journal of Power Sources, 2017, 345, I 90-

201 . Birhanu D. Assresahegn and Daniel Belanger are co-authors of this article. The Electronic 

Supplementary Information for this article is also included. 

The contributions of all authors are as follows: 

l) Birhanu D. Assresahegn: First author of the article, literature review, design of 

experiments, material synthesis, electrochemical and all material characterisations, data 

analysis and manuscript preparation. 

2) Daniel Belanger: Supervising the research project and laboratory experiments, discussion 

of on data interpretation, discussion on results and manuscript preparation. 
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4. Article II. Synthesis of binder-like molecules covalently linked to silicon nanoparticles 

and application as anode material for lithium-ion batteries without the use of electrolyte 

additives 

Birhanu Desalegn Assresahegn and Daniel Belanger* 

Universite du Quebec a Montreal, Case Postale 8888, succursale Centre-Ville, Montreal, 

Quebec, Canada, H3C 3P8 

*E-mail: belanger.daniel@ugam.ca 

4.1. Abstract 

A chemically modified silicon anode is prepared for application as anode in lithium-ion batteries 

by covalent attachment of polyacrylic acid to enable self-adhesion between the active material 

particles. The polyacrylic acid polymer is formed by atom transfer radical polymerization using 

1-(bromoethy !)benzene initiator groups initially bonded to a hydrogenated silicon surface. The 

grafting of 1-(bromoethyl)benzene and polyacrylic acid is confirmed by various material 

characterization techniques. The electrochemical performance of the silicon anodes is also 

evaluated by galvanostatic cycling. The chemically modified composite silicon anode (with 

active material loading of 0.9-1 mg cm-2) showed a significantly improved performance in terms 

of gravimetric capacitance (more than 2000 mAh g- 1) after 300 cycles and 80 % capacity 

retention with an average 99.6 % Coulombic efficiency at a current density of 0.34 A g- 1• 

However, the unmodified electrode cycled 75 times in the same conditions only retains 46% of 

its initial capacity with an average 95.1 % Coulombic efficiency. The new composite Si 

electrode performs better at high charge/discharge rate and allows the use of larger proportion of 

the active material by reducing the amount of binder. It is noteworthy that these composite 

silicon electrodes are tested without the use of expensive electrolyte additives. 

Key words 

Silicon anode, surface functionalization , polyacrylic acid, binders, Lithium-ion battery, 

electrolyte additives. 
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4.2. Introduction 

The call for lightweight, high capacity, · lithium-ion batteries for portable electronic 

devices, hybrid electric vehicles, and large scale energy storage has led to intense interest 

in new positive and negative electrode materials that can store energy more densely [1 - 3]. 

The current commercial lithium-ion batteries use graphite as anode, with a theoretical 

gravimetric capacity of 372 mAh g- 1
, corresponding to the formation of LiC6 [4-6]. 

However, higher performance anode materials are needed to develop high energy and 

power lithium-ion batteries. Among such electrode materials, silicon (Si) has been 

regarded as the most promising anode material for next-generation lithium-ion batteries 

[2- 5,7- 12]. This is due to a maximum theoretical Lt uptake that is almost ten times 

higher than that of graphite based on the fully alloyed form of Li 15Si4 at room temperature 

(at high temperature Li22Si4 can be reached, giving a capacity of 4200 mAh g- 1) [3- 5,13-

16] . In addition, the higher safety of Si with respect to a lithiated graphite electrode due to 

its moderate working potential (~0.5 V vs. Li/Li+) [4,14], which, in contrast to graphite 

anode (~0.05 V vs. Li/Lt), avoid the issue oflithium deposition upon cell overcharge and 

it also averts the energy penalty of a battery assembled with a Li4Ti5O 12 anode (1.5 V vs. 

Li/Lt) [17]. However, the large amount of lithium ion insertion/extraction results in huge 

volume changes on the Si material ( ~370% assuming formation of only Li 15Si4). This 

leads to pulverization and electrical disconnection between the active material and the 

current collector. It also draws extensive and continuous surface side reactions causing 

drastic capacity decay [ 4, 13, 18, 19] . Moreover, the various approaches suggested to 

improve the performance of this anode material failed to practically succeed mainly due 

to their complexity and the energy penalty necessary to achieve those materials [ 18, 19]. 

These issues of Si anode principally hindered it scalability. 

To date, tremendous efforts have been made to circumvent these problems. The common 

adopted methods include incorporating Si into other components such as polymers 

[20,21], carbon [5 ,22-24] , and metals [4,5,24] which are often electrochemically inactive 

or low capacity materials. Decreasing the Si particle size [3 ,25,26] , fabricating 

nanostructured Si electrodes [5 ,27- 29] , controlling charge/discharge cut-off potentials 
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[30,31 ], employing electrolyte additive [ 4, 12, 15,32] and silicon oxide [27,33,34] have 

also been used. Another interesting and emerging strategy is the use and design of new 

binders. Currently, the role of the binding additive and their physical and chemical 

interaction with other electrode components stand out to be a crucial factor to consider for 

electrodes involving a higher volume changes such as Si [4, 12, 15,35-43]. Accordingly, 

different studies proposed various binders for Si anode such as alginate [ 41 ], sodium salt 

of carboxymethyl cellulose (Na-CMC) [4,43-45] and polyacrylic acid (PAA) [36,46,47] 

in place of the common poly(vinylidene fluoride) (PVDF). Among these binder additives, 

it has been reported that polyacrylic acid can better ensure inter-particle binding in 

addition to improved binding with the current collector surface and cross-linking of the 

binding molecules due to its high concentration carboxyl functionalities. The later could 

enable larger extent of H-bonding and probably self-healing properties needed up on a 

mechanical stress and fracture on the silicon electrode [36,46,48,49]. It also allows 

fabrication of the electrode in non-aqueous environment and prevents a possible silicon 

oxidation unlike Na-CMC [36]. Furthermore, it has been also reported that covalent 

attachment of surface organic groups [50- 52] or a binding polymer would [43,46,53] 

ensure better stability of the solid-electrolyte interface and the silicon-binder-silicon 

particles interconnection networks, due to the ability of such materials to tolerate the 

anticipated high stress fracture for silicon electrodes at high lithiation-delithiation rates 

[ 46,52]. 

Recently, we have reported an innovative approach to graft a binding additive such as 

polyacrylic acid to carbon black for application as electrode material in electrochemical 

double layer capacitor [54]. Moreover, the reactivity of hydrogenated Si (Si-H) with 

diazonium ions [51 ,55- 59] laid the foundation to design an approach to graft binding 

additives on its surface. Therefore, we report here the modification of Si with polyacrylic 

acid to develop an active electrode material possessing self-adhesive properties. The 

silicon modification described in Figure 4.1 involves etching its native oxide layer, 

hydrogenation of its surface, covalent binding of a thin polymerization initiator layer by 

using the diazonium chemistry and further addition of polyacrylic acid on this grafted 

layer following atom transfer radical polymerization (A TRP). The resulting modified 
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materials were characterized by transmission and scanmng microscopy and energy 

dispersive X-ray spectroscopy, thermogravimetric analysis, Fourier transform infrared 

spectroscopy, X-ray diffraction and electronic conductivity measurements. Finally, 

composite electrodes were prepared with these modified silicon powder and characterized 

by various electrochemical characterization techniques in half cells. 

Native SiO, 

HF ... 
Etching 

(Si-received) 

I ) ATRP 
Adhesive polymer 2) Acid hydrolys is 

[/-(bromoethyl)benzene + poly(acry lic) acid] 

(Si - A -PAA) 

H 

Diazonium 
ion 

H 

• 
Figure 4.1. General representation of the Si modification steps. 

4.3. Experimental section 

4.3.1. Chemicals 

H 
(Si - H) 

H + 

¢ 
CHCICH3 

- / -(bromoethyl)benzene = A 1 

Silicon nanopowder (< 100 nm) (MTI Corp.), acetylene black carbon (Alfa Aesar), 4-(1-

hydroxyethyl)aniline (Alfa Aesar, 97 %), hydrobromic acid (HBr) (48 % wt./vol, 

Aldrich), tert-butyl nitrite (Aldrich), hydrofluoric acid (HF) (Alfa Aesar, 48 v/v %), 

tetrafluoroboric acid solution (Fisher Scientific, 48 % ), acetonitrile (HPLC grade, 

Aldrich), anhydrous methanol (EMD), anhydrous ethanol (EMD), N,N-dimethyl 

formamide (DMF) (ACS grade, EMD), acetone (ACS grade, EMD), tert-butyl acrylate (t-

BA) (Aldrich), toluene (EMD), N,N,N,N' ,N ' ,N " -pentamethyldiethylenetriamine 

(PMDETA) (Alfa Aesar), cupric chloride (CuCb) (Aldrich), cuprous chloride (CuCl) 

(Aldrich), methylene dichloride (EMD) and trifluoroacetic acid (CF3CO2H) (Alfa Aesar, 
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99%), potassium bromide (K.Br) (Alfa Aesar), polyacrylic acid (average MW = 25000 g 

mor 1
, Aldrich) were analytical grade and used as received. All solutions and subsequent 

dilutions were carried out using deionized water (Barnstead Nanopure II). 

4.3.2. Synthesis of the hydrogenated silicon. 

To reduce the oxide layer and hydrogenate the silicon surface, 500 mg of the as received silicon 

sample was transferred into a polyethylene centrifugation tube and dispersed in 10 mL of 

anhydrous methanol for 10 min. in an ultrasonication bath. Then, 25 mL of a HF ( 48 v/v % ) 

solution was added to the mixture and the sonication continued for a further period of 30 min. 

The powder was recovered following successive anhydrous ethanol washing and centrifugation 

(4000 rpm for 30 min.). The powder was then dried at 110°C in a vacuum oven for overnight. 

4.3.3. Grafting of the precursor amine on the hydrogenated silicon and 

polymerization initiator synthesis 

The hydrogenated silicon (0.4 g) was dispersed in degassed acetonitrile (20 mL) in the 

presence of 2% (v/v) solution of HF (5 mL) in an ultrasonication bath for 10 min. Then, 

4-(1-hydroxyethyl)aniline (0.293 g) was added to the mixture followed by a continued 

sonication for an additional 25 min. This mixture was transferred to a stirring plate and 

degassed with a strong N 2 flow for 15 min. Then an excess tert-butyl nitrite (3 mL) was 

added to generate the diazonium salt in-situ and stirred at 300 rpm overnight to complete 

the spontaneous grafting while keeping N 2 gas flow above the reaction mixture surface. 

Finally, the reaction mixture was vacuum filtered on a Nylon membrane having a pore 

size diameter of 0.4 7 µm (Pall) and washed sequentially with anhydrous ethanol (ca. 750 

mL), DMF (ca. 500 mL) and acetone (ca. 500 mL) (Figure S4.la, supplementary data) . 

For the bromination of the grafted molecule, the recovered powder was transferred to a 

100 mL round bottom flask and 48 % (wt./vol.) HBr (5 mL) was added and then the 

reaction mixture was heated at 120 °C for 4 hrs. Following that, it was filtered and 

washed with the same quantity and type of solvents mentioned above to afford the A TRP 

initiator molecule, 1-(bromoethyl)benzene grafted on the hydrogenated silicon (Si-A,) 
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powder (Figure S4.lb, supplementary data). The grafted molecule contains a very good 

leaving group (-Br) to initiate atom transfer radical polymerization (ATRP) of vinyl 

monomers, m the presence of proper catalysts. The monomer used to initiate the 

polymerization was tert-butyl acrylate (t-BA) since acrylic acid is not readily undergoing 

surface ATRP [60]. The general procedure used for the polymerization step can be 

referred from our previous publication [ 54]. The details of the proposed reaction 

mechanisms for the spontaneous diazonium grafting and polymerization reactions are also 

summarized in Figure S4.2-S4.4 (supplementary data), respectively. See also Table S4.1 

(supplementary data) for the quantities of each reactant used . The variation of the 

polymer loading on the silicon surface was also probed by varying the amount of the 

starting amine molecules from 0.714 up to 14.28 mmol followed by a proportional 

increment of all the reagents for the polymerization step while starting with the same 

amount of hydrogenated silicon (See also Table S4.1 for details, supplementary data). 

4.3.4. Characterization of the powders 

Microstructural analyses of the powders was carried out by using a JEOL JEM-21 00F 

transmission electron microscope (TEM) equipped with a field emission gun operating at 

an accelerating voltage of 200 kV, giving an imaging resolution of up to 0.1 nm. The 

microscope was also equipped with electron dispersive spectroscopy for chemical 

analysis. The substrate used for the samples deposition was a Ni and Cu alloy. 

Morphologies of the different samples were also studied with field-emission gun-

scanning electron microscopy (FEG-SEM; JEOL/JEM-1230) which was also equipped 

with the electron dispersive spectroscopy (EDS) JEOL/JSM840 for chemical analysis. A 

carbon tape was used as a substrate to deposit the samples for analysis . 

The powdered samples were also characterized by X-ray powder diffraction (XRD) using 

a Philips X'Pert diffractometer 8-28 with Cu Ka 1,a 2 radiation (t..1= 1.5405 A, A2= 1.5443 

A) and a monochromator to avoid the presence of K 13 radiation. The data were collected in 

the range between 10° and 70° in steps of 0.03 and an integration time of 5 s per step 

using an X'Celerator detector. 
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The thermogravimetric analyses were conducted with a TA Instruments TGA (Q500) 

equipment. The temperature scan was done between 30 and 800 °Cat a rate of 5 °C min- 1 

under a 100 mL min- 1 helium gas flow. Platinum pan sample holders were used for all 

measurements. Moreover, thermal annealing under inert atmosphere was carried out for 

the hydrogenated silicon (Si-H), initiator grafted (Si-A 1) and the polyacrylic acid grafted 

Si (Si-A 1 -PAA) at 150°C prior to thermogravimetric analysis to ensure the removal of 

physically adsorbed organic and solvents molecules. 

Fourier transform infrared (FTIR) spectra were recorded with KBr pellets containing 1 

wt.% of the different materials using a Nicolet 4700 FT-IR (Thermo Electron 

Cooperation) spectrophotometer. To improve the signal-to-noise ratio, the spectra were 

recorded by collecting 1000 scans. All spectra were baseline-corrected using OMNIC 6.1 

internal software and were unsmoothed. 

4.3.5. Electrode Processing 

Electrodes were fabricated usmg the slurry coating method. For the Si-H composite 

electrode, the cleaned silicon nanopowder and acetylene black carbon were mixed in a 

mortar and pestle and transferred to a beaker which has a polyacrylic acid binder 

dissolved in anhydrous ethanol solvent. The ratio was kept constant in all experiments at 

60 wt.% silicon, 20 wt.% acetylene black, and 20 wt.% polyacrylic acid binder. Then the 

electrode slurries were thoroughly mixed using a laboratory stirrer (600 rpm) for at least 

for 4hrs. , cast on a 9 µm Cu foil (MTI, USA) using a 100 µm doctor-blade and dried in 

vacuum at 80 °C for overnight. Then electrodes were punched out using MSK-T-10 

precision disc cutter with standard 15 mm diameter cutting die having active mass loading 

of ca.0.9-I mg cm-2
• Those electrodes were kept in an argon filled glovebox and not 

exposed to air prior to assembling the test cells. Exactly the same procedure is used for 

the preparation of the new composite electrode except the ratio of the additives which was 

78 wt.% Si-A 1-PAA (5 wt.% grafted), 20 wt.% acetylene black and 2 wt.% PAA which 

corresponds to 74 wt.% Si and 4 wt.% of the grafted binding additive in the overall 
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electrode loading. All the reported electrode capacities consider the amount of the active 

material in the composite. 

4.3.6. Electrochemical testing 

To characterize the composite silicon anode, a two-electrode coin cell was assembled in 

an argon-filled glovebox. A lithium foil (15 mm diameter disc) as counter electrode and 

Celgard®-2320 as separator were used. As electrolyte, a commercially available 1 M 

LiPF6 in mixed solvents of ethylene carbonate (EC)/diethyl carbonate (DEC)/dimethyl 

carbonate (DMC) (1: I: I v/v) was used. The cells were cycled in galvanostatic mode at 25 

°C using a VMP3 potentiostat. The half-cells were cycled in optimized conditions such as 

a 0.05 V lower and 1 V upper cut-off potentials vs. Li/Lt and pre-conditioned by cycling 

at 0.05 A g- 1 charge/discharge rate for the first few cycles. However, to assess the 

performance of both the modified and unmodified Si composite electrodes, 

charge/discharge cycles were also made to nearly full depth-of-discharge (to 0.001 V vs. 

Li/Lt) and upper cut-off potential of 1 V vs. Li/Lt without limiting the insertion 

capacity. The rate capabilities of the composite electrodes were probed at various current 

densities ranging from 0.17 to 17 A g- 1
• The Coulombic efficiencies were also calculated 

as ((Cealloy)/(C1110Y)) x 100, where calloy and c ealloy are the capacity of the anode for 

lithiation and delithiation, respectively. Moreover, the electrodes were cycled with a 

relatively higher current density (1.7 A g- 1
) by limiting the charge/discharge capacity to 

1200 mAh g- 1 at full depth charge/discharge potential window. 

4.3. 7. Electrical conductivity measurements 

Conductivity measurements were made by using 4-point probe equipment a Keithley 

6220 DC precision current source (US). The 1- V DC potential sweeps were measured at 

100 m V /s and yielded a linear 1- V response. The electronic conductivities of the 

composite electrodes were obtained, using the resistance determined from the inverse 

slope of the 1-V curve and the thickness of the coating casted on insulating glass slide. 
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4.4. Results and discussion 

4.4.1. Microstructural and composition analysis 

4.4.1.1. Scanning electron microscopy analysis 

Figure 4.2 shows scanning electron microscopy (SEM) images of the as received Si, 

surface hydrogenated silicon (Si-H), 1-(bromoethyl)benzene molecule grafted silicon (Si-

A1) and polymer grafted silicon (Si-A 1-PAA) powder samples. From these micrographs, 

obvious morphological differences between the powders are observed. The Si-received 

sample (Figure 4.2a) contains large sized interconnected particles presumably by native 

oxide layer. On the other hand, the micrograph for the etched (Figure 4.2b) and the 

organic molecules grafted silicon samples (Figure 4.2c and d) show the presence of 

smaller sized Si particles. 

Figure 4.2. SEM micrographs for: a) as received Si; b) Si-H; c) Si-A 1 (1.8 wt.% grafted) 

and d) Si-A 1-PAA (5 wt.% grafted) samples. (Magnification: x 50,000). 
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4.4.1.2. Transmission electron microscopy and energy-dispersive X-ray diffraction 

spectroscopy analysis 

High resolution transmission electron microscopy (HRTEM) and energy-dispersive X-ray 

diffraction (EDX) spectroscopy analysis were also used to further probe the 

morphological and compositional variations brought to the silicon powder upon 

modification. Figure 4.3 shows representative HRTEM micrographs and EDX spectra of 

the Si-received, Si-H, Si-A 1 and Si-A 1-PAA samples. The micrographs for the Si-received 

sample (Figure 4.3a) showed interconnected and relatively larger sized particles which 

are in agreement with the aforementioned SEM analysis. The corresponding EDX spectra 

also showed the expected strong peak of Si (Ka= l.84 keV) and a less intense O peak 

(Ka=0.533 keV) of the native oxide layer as well as Ni (La=0.776 keV) and Cu 

(La=0.851 ke V) peaks from the substrate onto which the sample is deposited. Semi-

quantitative analysis of the sample, by assuming that it is composed only of Si and 0 , 

gave a significant proportion ofO (12 -15 wt.%) relative to Si (85-88 wt.%). For the Si-H, 

however, the micrographs (Figure 4.3b) showed relatively small sized and separated Si 

particles. The EDX spectra showed a significantly reduced O peak corresponding to a 

smaller quantity of O (0.5 to 1 wt.%) compared to Si (99-99.5 wt.%), confirming that the 

etching procedure removes much of the native oxide layer. 

Figure 4.3c shows representative micrographs and EDX spectrum for the 1-

(bromoethy l)benzene grafted silicon sample (Si-A1). An apparent but non-uniform surface layer 

is observed which can be ascribed to the grafted 1-(bromoethyl)benzene groups. The non-

uniformity of thi s surface layer demonstrates that the grafting by spontaneous diazonium 

chemistry does not only lead to monolayer formation and that oligomer formation is also a 

possible as reported in previous studies [ 61]. The composition of this surface grafted material 

can be established from the corresponding EDX spectrum which clearly displays a significant C 

peak (Ka=0.282 keV) (2-4 wt.%) and a very low intensity (0.05-0.1 wt.%) Br peak (La= l.48 

keV). Interestingly, micrographs for the polyacrylic grafted silicon particles (Si-A1-PAA) in 

Figure 4.3d showed a relatively uniform and continuous surface coverage without a significant 
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variation in particle size. Relative to the EDX spectrum of Si-A 1 (Figure 4.3c), that of Si-A 1-

p AA (Figure 4.3d) shows a significant increase of C (8-11 wt.%) and O (2-4 wt.%) as well as a 

relatively reduced intensity of Br (0.01-0.02 wt.%) that mainly emanates from the alkyl chain, 

carbonyl group and terminal atom of the polyacrylic acid, respectively. It is, however, difficult to 

correctly estimate the thickness of the grafted layer as the thick amorphous layer might not be 

only composed of a polymer layer but can also be have contributions from a silicon oxide layer. 

a) Si-received 

b) Si-H 
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c) Si-A1 

d) Si-A1-PAA 

Figure 4.3. Bright field HRTEM images and EDS spectra for: a) Si-received, b) 

Si-H, c) Si-A 1 (1.8 wt.% grafted) and d) Si-A 1-PAA (5 wt.% grafted) samples. 

4.4.1.3. X-ray diffraction analysis 

X-ray diffraction patterns were also recorded for the different samples and presented in Figure 

4.4. It is shown that the surface modification does not alter the crystallographic structure of the 

original Si- received sample as demonstrated by the presence of all the atomic plane diffraction 

peaks in all the diffractograms. However, at the lower 28 diffraction angles (between 15 and 26°) 

the very broad peak observed for both Si-A 1 and Si-A1-PAA unlike the Si-received and Si-H 

samples can be ascribed to the presence of the amorphous organic species. The fact that this 
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broad peak matches with that observed for pristine polyacrylic acid strengthens this claim as 

well. 
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Figure 4.4. XRD patterns for pristine polyacrylic acid and all the modified as well as 

unmodified silicon powders. 

4.4.1.4. Thermal analysis 

The thermogravimetric analysis curves for the hydrogenated (Si-H), 1-

(bromoethy l)benzene grafted (Si-A 1) and polyacrylic acid grafted (Si-A 1-PAA) silicon 

powders are shown in Figure 4.5a. For the Si-H powder, no significant weight change 

was observed between 30 and 250 °C. Beyond this temperature, the weight gain of ca. 0.8 

wt.% observed up to 600 °C can be mainly attributed to the oxidation of hydrogenated 

silicon (Figure 4.5b ). On the other hand, the Si-A I sample showed a weight loss of about 

1.8 ± 0.2 wt.% with an onset temperature of 300 °C that can be attributed to the departure 

of the grafted 1-(bromoethyl)benzene groups. The polyacrylic acid grafted silicon (Si-A 1-

PAA) also showed an overall weight loss of ca. 5.0 ± 0.2 wt.% (associated to the 

departure of the chemically grafted species) but over a wider temperature range, which is 

a typical thermogravimetric feature of a polymeric material possessing a variable polymer 

chain length [62-64]. Interestingly, for the surface modified silicon samples, the 
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temperature required to oxidize silicon is increased by ca. 250°C (Figure 5 a & b ). Since 

obtaining stable electrochemical performance and material storage is a major challenge 

for silicon anode of Li-ion batteries due to the ease of Si oxidation, surface modification 

can also play a role in having better active material shelf-life with an improved surface 

passivation [65- 70] . The loading of the grafted polymer was also varied by changing the 

concentration of the reagents ( e.g. the initiator amine and all those for the polymerization 

step) while keeping the same quantity of silicon, Table S4.1 (supplementary data). The 

corresponding TGA profiles of these materials are shown in Figure S4.5 (supplementary 

data). Even though, there is no obvious linear relationship between the total loading of the 

grafting and the amount of reagents, it is clearly shown that the polymer loading can be 

varied. 
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Figure 4.5. TOA profile for: a) a combined Si-H, Si-A 1 and Si-A 1-PAA b) Si-H between 30 to 

800°C recorded with a 5°C min-' heating rate under helium gas flow; c) differential 

124 



scannmg calorimetry profiles for pristine 4-(1-hydroxyethyl)aniline, pristine 

polyacrylic acid, Si-A1-PAA (5 wt.% grafted) and Si-Hin a temperature range 30-

1750C and at a heating rate of 20 K min- 1
• 

Figure 4.Sc also shows the differential scanning calorimetry thermograms of the different 

samples. It is observed that the Si-H sample does not undergo any phase transition in the 

temperature range investigated while the curve for 4-(1-hydoxyethyl)aniline, which was used to 

synthesize the diazonium salt, shows an endothermic phase transition with a peak temperature of 

74°C. This might also explain the relatively sharp intensity peak observed at lower diffraction 

angles of the XRD pattern in Figure 4.4 for the Si-A 1 and Si-A 1-PAA samples. It is also shown 

that the glass transition temperature (T g) for the pristine and amorphous polyacrylic acid is 

106°C, which is in exact agreement with the supplier's data sheet [71]. However, the silicon 

sample modified with polyacrylic acid shows a Tg increase of about 33°C compared to the 

pristine polyacrylic acid. This behaviour could be attributed to the covalent attachment of the 

polymer chains on the silicon surface which can give less degrees of freedom for the PAA 

molecules and undergoes physical transitions that might require higher temperature. This 

observed difference could also be partly contributed from the fact that the grafted polymer chains 

not only contain polyacrylic acid but also aryl groups as well as a bromine terminal atom which 

can potentially alter their properties. 

4.4.1.5. FTIR characterization 

The surface functional groups present on the hydrogenated silicon surface before and after 

grafting were investigated by FTIR spectroscopy and representative spectra are shown in Figure 

4.6. Figure 4.6a and b shows IR spectra for the hydrogenated silicon (Si-H) powder. The most 

notable and intense absorption band centered at around 1080 cm-' can be associated mainly with 

Si-O-Si bond vibration [67,68,72]. This might indicate that the etching does not completely 

remove the silicon oxide layer or the Si-H bond can be easily oxidized in the subsequent drying 

and storage procedures [5 ,65,73] . Nonetheless, the sharp and intense absorption band at 2100 

cm- 1 (Figure 4.6b) and those at 811 and 906 cm-' (Figure 4.6a) are due to the stretching and 

bending vibration modes for the Si-H bond, respectively ,[74, 75] confirming that the Si surface is 

hydrogenated. 
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Figure 4.6. FTIR spectra for: a) and b) hydrogenated silicon (Si-H); c) and d) Si-A 1-PAA 

(5 wt.% grafted). 

On the other hand, the Si-A 1-PAA (5 wt.% grafted) spectra (Figure 4.6c and d) revealed the 

fundamental absorption bands expected for 1-(bromoethyl)benzene and polyacrylic acid. The 

C=O stretching vibration at ca. 1760 cm- 1, the O- H vibration band at around ca. 3260 cm- 1 and 

the alkyl C-H stretching vibration bands at ca. 2949 cm- 1 are due either to the polymer or the 1-

(bromoethyl)benzene group [76]. Moreover, the absorption bands at ca. 1560 and 1620 cm- 1 can 

be attributed to the benzene (C=C) vibrations from 1-(bromoethyl)benzene (Figure 4.6d) and the 

low intensity peaks observed at ca. 3023 and 3060 cm- 1 to the aromatic C-H vibration [76]. The 

most compelling evidence for Si-C bond formation can be obtained from the very strong 

absorption band observed at ca. 702 cm- 1 in Figure 4.6c and Figure S4.6 (supplementary data), 

for both the polyacrylic acid and (bromoethyl)benzene grafted materials, respectively, which is 

absent in the hydrogenated silicon spectrum and is attributed to the Si-aryl carbon (e.g. 1-

(bromoethyl)benzene) bond stretching vibration [72]. Therefore, the FTIR characterization 

confirms the grafting of the anticipated functional groups on the silicon surface. 
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4.4.2. Electrochemical characterization 

4.4.2.1. Composition of the electrodes 

Composite electrodes used in lithium-ion batteries usually consist of the active material, a carbon 

additive and a binder. Interestingly, with polyacrylic acid grafted silicon, a homogeneous slurry 

and a composite film electrode can be formed in pure ethanol without any binder, particularly 

when the polymer loading is high (Table S4.2, supplementary data). Here, it is important to 

mention that the Si-H and acetylene black carbon powder mixture cannot even be completely 

dispersed in the aforementioned solvent to make homogeneous slurry. This demonstrates the key 

features of the polyacrylic acid grafted Si composite material to potentially serve as both active 

and self-adhesive material. Nonetheless, in this study a small amount of binder (2 wt.%) was 

still used along with 5 wt.% polyacrylic acid grafted to not to alter much the inherent property of 

the parent material. The covalent attachment of the binding agent reduces the required amount of 

the binding additive in the composite by more than 14%. This can be attributed to the increased 

adhesion efficiency between the modified silicon particles on to which the grafted polymer is 

coated as observed in the HRTEM images (Figure 4.3d). This can allow the use of an increased 

proportion of silicon in the anode, providing a better overall gravimetric capacity compared to 

the regular silicon composite electrode. 

4.4.2.2. Electronic conductivity of composite film electrodes 

Four point-probe measurements done for the different composite electrodes revealed that surface 

modification of silicon affects its electronic conductivity and which depends on the grafted 

polymer loading (Table S4.3, supplementary data). A pronounced decline in the electronic 

conductivity is noticed for the higher loading but it is fairly negligible for the lower loadings. 

Previously, we have also reported the effect of polyacrylic acid grafting on electronic 

conductivity of carbon black film electrodes, which showed a similar trend [54]. 
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4.4.2.3. Electrochemical properties of the new electrode 

The electrochemical properties of the composite electrodes prepared using the Si-H and Si-A 1-

PAA (5 wt.% grafted) materials were initially characterized by galvanostatic cycling with 

potential limitation in terms of cyclability and rate capability. All the electrodes commonly show 

a characteristic flat plateau at low potential values ( at about 0.1 V) during the first Li insertion 

(Figure S4.7, supplementary data) . At this stage, crystalline Si nanoparticles gradually transform 

into an amorphous LixSi phase with no abrupt structural changes, as indicated by the absence of 

multiple voltage plateaus [13 ,26]. The second and subsequent insertion curves also exhibit 

gradual voltage change with no clear plateaus. This behaviour may be related to the absence of 

crystalline regions in the nano Si after the first cycle [13,26,36,77] . 

Figure 4. 7a and b shows the charge/discharge cycle profiles and the variation of the specific 

capacity, respectively, for Si-Hand Si-A 1-PAA anodes measured at various current density (see 

Experimental section for details). It is observed that for all rates, the highest specific capacity 

and better capacity retention is obtained with the Si-A 1-PAA (5 wt.% grafted) electrode. For 

instance, the capacity recorded at a current density of 3.4 A g- 1 for the modified electrode is 

higher than the one obtained for the unmodified composite electrode at a ten times lower current 

density (Figure 4.7b and Figure S4.8, supplementary data). The other noticeable feature in 

Figure 4.7b when both electrodes are cycled at lower rate (0.05 A t 1
) following the cycling at 

very high current densities (ca. 17 A g- 1
) , is that the modified electrode maintains 75 % of the 

initial capacity while the unmodified electrode keeps only 38 %. This may indirectly confirm 

that there is minimal physical damage on the modified electrode under those experimental 

conditions. Figure 4. 7c shows variation of specific capacity and Coulombic efficiency of the two 

electrodes and a substantial difference is observed in terms of cyclability. The modified electrode 

can be cycled 300x at a current density of 0.34 At' with 80 % capacity retention and an average 

Coulombic efficiency of 99.6 %. However, the unmodified electrode showed less than 46 % 

capacity retention over 75 cycles with an average Coulombic efficiency of 95 .1 %. Note that if 

the complete mass of the composite is considered, the specific capacity for the actual electrodes 

is roughly ca. 40% lower for Si-H while only ca. 26 % lower for Si-A 1-PAA (5 wt.% grafted), 
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because of the different proportion in weight of the additives utilized and assuming they have a 

negligible capacity contribution. 
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Figure 4. 7. a) Galvanostatic charge/discharge profiles at various current densities, b) 

rate capabilities c) variation of specific capacity (charge/discharge) and Coulombic 

efficiencies as a function of cycle number recorded between 0.05 and 1 V vs. Li/Lt 

for the Si-H and Si-A 1-PAA composite electrode films. The capacity values are 

reported per mass of the active material. 

The better cyclability of the modified anode showed once again the major influence and role of 

the grafted binder. These findings are in line with a previous report of Kwon et al. who showed 

that the initial covalent attachment of the binder to the active material surface improved the 

cyclability of their electrode (78]. It is noteworthy that good performance obtained with the 

modified silicon electrodes can potentially lead to avoid the use of the expensive electrolyte 
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additives or a high temperature ( as high as 800-1100 °C) carbon coating of the active material , 

which are the two commonly reported methods to improve the performance of Si anode 

[18,31 , 79,80]. 

The electrochemical performance of composite electrodes prepared with a relatively large 

loading of grafted polymer was also characterized (Figure S4.9, supplementary data). It is found 

that increasing the loading decreases the specific capacity of the electrode presumably due to the 

decrease of the electronic conductivity of the corresponding silicon composite electrode (Table 

S4.3, supplementary data). 
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Figure 4.8. a) limited lithiation capacity versus cycle number at a current density of 1.7 Ag-

1, b) and c) a post-mortem SEM micrographs recorded for the Si-Hand Si-A 1-PAA (5 wt.% 

grafted) composite electrode films after 50 and 120 charge/discharge cycles, respectively. 

The capacity values are reported per mass of the active material. 

Figure 4.8 (a) shows the lithiation capacity recorded for both electrodes by limiting the insertion 

capacity to 1200 mAh g- 1 at a higher current density of 1.7 A t 1• Interestingly, the electrode with 

the grafted PAA cycled for more than 110 cycles without any capacity fade while the composite 

electrode prepared from Si-H with the pristine PAA can only retain this capacity for about 30 

cycles after which a fast capacity fade is observed in the subsequent cycles. To find an 
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explanation for this considerable performance difference between the two electrodes, a post-

mortem analysis on the Si-Hand Si-A1-PAA (5 wt.% grafted) electrode films were done after 50 

and 120 charge/discharge cycles, respectively, using SEM (Figure 4.8 (b) and (c)). The SEM 

micrographs reveal a significant morphological difference of the cycled electrodes. For both 

electrodes, cracking of the film is observed, creating separated islands of irregular forms. 

However, the cracks for the composite electrode with grafted PAA are smaller and more 

uniformly distributed on the electrode surface, resulting in the formation of smaller and closer 

isolated islands. The mean size of the islands can be roughly estimated to 10 µm and the width of 

the cracks is 0.01 µm for the modified electrode compared to 50 and 5 µm, respectively, for the 

unmodified electrode. Moreover, the cracks are less deep for the modified electrode while down-

reaching cracks are witnessed for the Si-H based composite electrode after just only 50 cycles. 

This would lead to a discontinuity in the electronic conduction network throughout the electrode 

[4,79] which can explain the fast capacity decay observed. It can also suggest that the covalent 

grafting of the binding agent provides a better mechanical stability and accommodation of the 

volume change of the components and possibly explain the superior cycling stability of the Si-

A 1-PAA (5 wt.% grafted) composite electrode. 

The electrodes were also examined by cycling at nearly full depth-of-discharge (to 0.001 V vs. 

Li/Lt) and an upper cut-off potential of 1 V vs. Li/Lt (Figure S4.10 a-c, supplementary data). 

As expected, the capacity for the first cycles is relatively larger than when a higher cut-off 

potential of 0.05 V is used (Figure 4.7c) but a more pronounced capacity loss is seen upon 

cycling. After 100 cycles, the modified electrode still shows a higher specific capacity and 

maintains a value as high as 1350 mAh g·1 while the capacity of the unmodified composite 

electrode is as low as 350 mAh g·1 after only 50 cycles though it is cycled at a lower current. 

The significant differences in performance showed the importance of the binder and its 

interaction with the different components of the composite electrode. In general , the performance 

of a polymer binder in a composite electrode is expected to depend on at least the following 

parameters: (i) the adhesion strength between the components of the electrode and the current 

collector foil, (ii) the interaction between the binder and the active material particles, (iii) the 

interaction of the binder with the electrolyte, and (iv) the mechanical properties of the binder 

[ 18,31 ,36,41 ,80]. In this regard, the two composite electrodes are expected to have a significant 
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difference due to the covalent attachment of the binding polymer on the surface of the active 

material and the presence of an additional aryl layer that can contribute to the various important 

features mentioned. The difference in performance, therefore, can be attributed to the existence 

of a continuous and strong covalent attachment as well as the nature of the binder. The presence 

of this grafted binder at each of the active material particle surfaces can potentially increase the 

inter-particle and the coating/current collector adhesion binding efficiency. This can enable the 

modified composite electrode to better accommodate the mechanical stress caused by the Si 

particles volume changes at high charge/discharge rate compared to the unmodified Si composite 

electrode. However, the simple mixing of the binder with Si and carbon in the preparation of a 

composite electrode results in a nonhomogeneous film even for a binder content as high as 20-

25% [81 ,82]. Moreover, the presence of grafted aryl molecules in addition to the polymer can 

play a significant role in stabilizing the solid-electrolyte interphase layer by serving as an 

artificial SEI layer [18,52,53,70,78,82] . Presumably, the grafted polyacrylic acid polymer has 

very good mechanical properties, permits good adhesion between the particles of the electrode 

and self-healing property due to the presence of carboxyl functional groups and associated H-

bonding [36,37,48,49,54,78]. Furthem1ore, it would allow better accommodation of the 

accompanying volume changes and physical integration of the composite electrode. Another 

potentially interesting aspect of this Si modification is the possibility to reduce the direct contact 

between the Si nanoparticles and the organic electrolyte due to the presence of the polyacrylic 

acid binding polymer on the active material particles. It is also widely reported that when 

nanoparticles of the active materials are used in composite electrodes, which are generally 

characterized by enhanced surface to area ratio, undesired side reactions with the electrolyte 

occurred and resulted in rapid battery failure [83,84]. This can explain the lower first cycle 

irreversible capacity obtained by the modified Si composite anode. Accordingly, in the future, it 

will be interesting to investigate the role of such silicon modification in reducing the unwanted 

heat and gas generation, which are very vital parameters in battery ageing control and safety, by 

minimizing the side reactions [84]. 

4.5. Conclusions 

The modification of a hydrogenated silicon surface with a polyacrylic acid layer provides a 

multifunctional anode material that can serve various functions . It can be used not only as an 
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active material but also improves adhesion between the composite particles. It allows the 

formulation of a silicon electrode with a higher proportion of active material compared to the 

corresponding regular formulation. The new silicon anode gives a much improved specific 

capacity, significantly lower first irreversible capacity loss, higher Coulombic efficiency as well 

as better cyclability at moderate and high charge/discharge rates. SEM characterization of the 

electrodes after long cycling revealed that the new composite electrode seemed to keep a better 

physical integration of the composite compared to the regular electrode. It is also verified that the 

aryl layer and polyacrylic acid functionalities grafted on the hydrogenated surface enables to 

cycle the new electrode without the expensive electrolyte additives which are commonly used to 

stabilize the SEI layer especially with the electrodes involving high volume expansion and 

fracture. In the future, it will be very interesting to investigate this new material in terms of its 

role in increasing tap density of the electrode and its effect on battery aging and safety. We 

believe that this work shows a different perspective in fabrication chemistry of electrodes, 

especially those associated with high energy density and high volume changing electrodes. 
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A file containing proposed reaction mechanisms, additional electrochemical characterizations, 

detailed quantities of reactants and electrode compositions is available free of charge. 
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4.6. Supplementary data 

1. Diazonium grafting and synthesis of the atom transfer radical polymerization 

(A TRP) initiator. 

Hydrogenated silicon (0.4 g) was dispersed in a degassed acetonitrile (20 mL) in the presence of 

2% (v/v) HF solution (5 mL) in an ultrasonication bath for 10 min. Then, 4-(1-

hydroxyethyl)aniline (0.293 g) was added to the mixture and the sonication continued for 

additional 25 min. The mixture was stirred in the presence of excess tertbutyl nitrite (t-BN) (3 

mL) Then the recovered powder was transferred to a 48 % (wt./vol.) HBr solution (5 mL) and 

heated at 120 °C for 16 hrs to afford the A TRP initiator molecule, 1-(bromoethyl)benzene 

groups, grafted on the hydrogenated silicon (Si-A 1) powder. 

(a) 

Si + 

(0.4 g) 
(0 293 g) 

(b) 

20 mL, Acetonitrile ... 
5 mL, 2% HF 

2ml, TBN, N2 fl ow, overnight 
Washing via anhy.C2H50 H 

5ml, 48% HBr 

120°C, 16hr. 

Figure S4.1. (a) Diazonium grafting and (b) synthesis of the A TRP initiator molecule (1-

(bromoethyl)benzene) on hydrogenated silicon surface. A 1 stands for 1-

(bromoethyl)benzene. 
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2. The mechanism proposed for the spontaneous diazonium activation by a hydrogen-

passivated Si surface [1 -3]. 
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Figure S4.2. Proposed reaction mechanism for the spontaneous grafting of aryldiazonium ions 

on hydrogenated silicon surfaces. 

The proposed mechani sm in an organic media involves the transfer of an electron from the 

surface at the open circuit potential to generate a diazenyl radical and then an aryl radical upon 

loss of nitrogen. The complementary oxidative process generates a proton, which can be 

eliminated by its reaction with the (CH3) 3CO- counter anion. The radical generation process can 

result in side products such as reduced aromatics (by ary l radical attack of the Si-H surface) and 

the formation of covalently bound multi layers . 
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3. Proposed reaction mechanism for the A TRP of tert-butyl acrylate in an inert reaction 

condition [ 4,5]. 

~-0---( + Br· 

CuBr/PMDETA CuBr/ PMDETA 

CH3 + ' r;;-\___/\_ I y ._ 1 
1 . '-./ 

Br 

Figure S4.3. Proposed reaction mechanism for the surface ATRP grafting of tert-butyl acrylate. 

4. General reaction conditions for the acid hydrolysis of the poly(tert-butyl acrylate) 

grafted Si to afford polyacrylic acid grafted Si (Si-A 1-P AA). 

~'~ + l " CH Br 
\ 11 
Y, 

Figure S4.4. Acid hydro lysis of poly(tert-buty l acrylate) resulting m a si licon surface 

functionalized with polyacry lic acid. 
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5. Reaction conditions for the grafting of 1-(bromoethyl)benzene and polyacrylic acid. 

Table S4.1. Reaction conditions for the diazonium and surface initiated A TRP reactions at 

different loadings on 0.4 g of Si-H. 

Reactant 

Amount (mmol) 

Mass (g) 

Reactant 

Amount (mmol) 

Mass (g) 

Reactant 

Amount (mmol) 

Mass (g) 

Reactant 

Amount (mmol) 

Mass (g) 

Reactant 

Amount (mmol) 

Mass (g) 

Reactant 

Amount (mmol) 

Mass (g) 

0.05 equivalent 4-(J-hydroxyethyl)aniline 

Amine 

0.714 

0.098 

t-BA 

7.14 

0.92 

CuCI 

0.027 

0.0026 

CuCii 

0.003 

0.0004 

PMDETA 

0.03 

0.005 

1-PEBr t-BN 

0.06 0.21 

0.011 0.022 

0.1 equivalent 4-(J-hydroxyethyl)aniline* 

Amine 

1.428 

0.196 

t-BA 

14.28 

1.83 

CuCI CuC)i PMDETA 1-PEBr t-BN 

0.054 0.006 0.06 0.12 0.43 

0.0053 0.0008 0.0 I 0.022 0.044 

0.2 equivalent 4-(J-hydroxyethyl)aniline 

Amine 

2.86 

0.39 

t-BA 

28.56 

3.66 

CuCI 

0. 107 

0.011 

CuC)i PMDET A 1-PEBr t-BN 

0.012 0.129 0.24 0.86 

0.0016 0.021 0.044 0.088 

0.3 equivalent 4-(J-hydroxyethyl)aniline 

Amine 

4.28 

0.59 

t-BA 

42.84 

5.49 

CuCI 

0.16 

0.016 

CuCii PMDET A 1-PEBr t-BN 

0.018 0.18 0.357 1.29 

0.0024 0.03 I 0.066 0.133 

0.4 equivalent 4-(1-hydroxyethyl)aniline 

Amine 

5.7 

0.784 

t-BA 

57.12 

7.32 

CuCI 

0.214 

0.021 

CuCii PMDETA 1-PEBr TBN 

0.0238 0.238 0.476 1.71 

0.0032 0.04 0.088 0.177 

1.0 equivalent 4-(J-hydroxyethyl)aniline 

Amine 

14.28 

1.96 

t-BA Cu Cl CuCl2 PMDET A 1-PEBr TBN 

142.8 0.5355 0.0595 0.595 1.19 4.28 

18.3 0.053 0.008 0.103 0.22 0.442 

The loading on the silicon anode that provides the best electrochemical pe1formance and for which the detailed 

characterization was done. 

t-BA = tert-butyl acrylate , t-BN = tert-butyl nitrite; PMDETA = N,N,N,N' ,N',N" -

pentamethyldiethylenetriamine and 1-PEBr =1-phenylethyl bromide. 
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6. TGA profiles of the pristine polyacrylic acid and Si-A1-PAA powders. 

Si-H 

0.5 equiv. as------------------100 200 300 400 500 600 700 800 

Temperature I 0 c 
Figure S4.5. TGA profile for the hydrogenated silicon and after its modification with 

various amounts of reactants. (Inset: TGA profile for polyacrylic acid, PAA) See Table S4.1 

for more details. 

7. FTIR spectra for the silicon powder grafted with the polymerization initiator molecule 

(Si-A 1). 

10 Y Scale I 

I 
708 cm-1 
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Wavenumber I cm-1 

I 
1625 cm·' 

1500 2000 2500 3000 

Wavenumber I cm-1 

Figure S4.6. FTIR spectra for the Si-A1 (initiator molecule grafted) powder. 

3500 4000 
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8. Electrode composition 

Table S4.2. The formulations of the different composite electrodes 

Electrode Active material Grafted Acetylene 

proportion polyacrylic acid black 

(wt.%) loading (wt.%) (wt.%) 

Si-H 60 0 20 

Si-A -PAA 78 5 20 
I 

Si-A -PAA 78 6 20 
I 

Si-A -PAA 80 8 20 
I 

Si-A -PAA 80 14 20 
I 

9. Electronic conductivity of the various composite electrodes 

Table S4.3. Electronic conductivity of the various composite electrodes 

Pristine 

polyacrylic 

acid binder 

(wt.%) 

20 

2 

2 

0 

0 

Electrode composition Conductivity (S m-1) 

60 wt.% Si + 20 wt.% PAA+20 wt.% AB 264.4 ± 3.2 

78 wt.% Si-A 1-PAA (5 wt.% grafted) + 2 wt.% PAA+20 wt.% AB 237.8 ± 2.1 

78 wt.% Si-A 1-PAA + 2 wt.% PAA+ 20 wt.% AB 233.7 ± 5.6 

80 wt.% Si-A 1-PAA (8 wt.% grafted) + 20 wt.% AB 225.9 ± 4.8 

80 wt.% Si-A 1-PAA (14 wt.% grafted) + 20 wt.% AB 
I 09.1 ± 2.4 
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10. First few charge/discharge cycle profiles of a typical modified Si anode. 

2.0 ... 
:::::! i:._ ..... 1.5 

2nd charge 
1st charge 

:::::.,, 

....... 1.0 ...... -~ .... 
i:::: 
,l!l 

0.5 
1st discharge 2nd discharge 

0.0 
0 1000 2000 3000 4000 

Specific capacity I mAh g·1 

Figure S4.7. Charge/discharge profiles for the Si-A 1-PAA (5 wt.% grafted) composite 

electrode cycled between 0.05 and 1 V vs. Li/Lt. The capacity values are reported per 

mass of the active material. 
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11. Lithiation rate performance of the composite electrodes. 

4000 

~3000 

1 
........ 
;:,,._ 
132000 

(..) 

1000 
0 

0 

78 wt.% Si-A1-PAA (5wt. % grafted)+ 
2 wt.% PAA +20 wt.¾AB 

· ~ ·····• ... . 

·o .... 60wt.%Si-H + 20wt.%PAA+20wt.%AB 

······o ••·································O 
0+-------------------------

0 4 8 12 16 

Current density I A g -1 

Figure S4.8. Lithiation rate performance of the Si-Hand Si-A 1-PAA (5 wt.% grafted) 

new composite electrodes cycled between 0.05 and 1 V vs. Li/Lt. The capacity values are 

reported per mass of the active material (S i). 
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12. Charge/discharge cycles and Coulombic efficiencies of the modified silicon electrode 

with various grafted PAA loadings. 

(a) 
2000 .----------------. 100 1000 b) 

.... 
'1:1i1soo. 
-c:: 
i 
'- 1200 t 

800 ... 
400· 

(I> 

• •••••••••••••••••••••• 
• 

78% Si-A1-PAA (6 wt.% grafted) 
e + 2 wt.(%) PAA+ 20 wt.% AB 

·•·· ••••••••••••••••••• 
• 

• • • • • • • • • • 
80% Si-A,-PAA (8 wt.% grafted)+ 20 wt.% AB 

• I I I I I I I I 

• 

0~0-....... - ... 5 .-...-----r--........--..--......... ---1 
10 15 20 25 

0+-...,..--,,--..,.......,..-...--r--...--....... ---.-' 
0 2 4 6 8 10 

Cycle number Cycle number 

.... 
0t)i800· 
-c:: 
1 
'- 600 

t ~400 
I.) 

-~ 200· 

c) 
----------------- 100 

I 

80% Si-A1-PAA (14 wt.% grafted)+ 20 wt.% AB 

I I t 1 I I I I 

0+-------.---------,.-~40 2 4 6 8 10 

Cycle number 

100 

Figure S4.9. Specific capacity and Coulombic efficiency as a function of cycle number for the 

Si-A 1-PAA composite electrode with (a) 6 wt. %, (b) 8 wt.% and (c) 14 wt. % grafted PAA 

loadings cycled at 0.17 A g·' and between 0.001 and 1 V vs. Li/Li+. The capacity values are 

reported per mass of the active material. 
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13. Electrochemical performance of the composite electrodes at nearly full depth-of-

discharge (to 0.001 V vs. Li/Lt) and upper cut-off potential of 1 V vs. Li/Lt. 

a) 

1000 2000 
Specific capacity I mAh g-1 

.... 
't:ii 

b) Current density I A g 1 
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Figure S4.10. a) Galvanostatic charge/discharge profiles, b) rate capabilities and c) cycling 

stability of the modified and unmodified Si composite electrodes cycled at nearly full depth-

of-discharge (to 0.001 V vs. Li/Lt) and upper cut-off potential of 1 V vs. Li/Lt. The 

capacity values are reported per mass of the active material. 
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CHAPTER V 

MODIFIED COMPOSITE SILICON ANODE USING GRAPHENE AS CONDUCTIVE 

AND STRUCTURAL SUPPORTING MATRIX 

Introduction 

One major failure mechanism of Si anode in Li-ion battery applications is associated with the 

decline in electronic conductivity of the composite with cycling. This is due to the large volume 

changes of the active material caused by the alloying/de-alloying reaction during cycling which 

results in matrix cracking and separation as well as delamination of the composite material from 

the current collector. Recently, graphene is emerging as a good candidate as a conducting 

additive component in the preparation of composite Si anodes instead of other carbonaceous 

materials. Not only due to its very high electronic conductivity but also the ability of graphene 

to buffer the mechanical stress coming with the Si volume changes by serving as skeletal 

support. However, the current issue associated with most of the reported Si/graphene composite 

anode can be categorized in to two: i) the need to use high proportion of graphene, which has a 

very low gravimetric/volumetric density, in the composite electrode with the purpose of 

achieving enhanced cyclability. This usually affords a very low gravimetric capacity which 

eventually penalises the energy density of the battery. ii) The reported methods for the 

preparation of such composite electrode often involve non-scalable methods such as layer-by-

layer deposition of the materials using techniques like chemical vapour deposition (CVD). 

Nonetheless, recently in our laboratory we were able to synthesize a good quality graphene 

material with very few layers using electrochemical exfoliation of natural graphite which is 

considerably a scalable procedure 1• Furthermore, the fact that the surface modified silicon with 

binding organic moieties can further serve as a structural support; it would enable to significantly 

reduce the quantity of the graphene additive required without compromising its cyclability while 

increasing the silicon ratio. With this approach a Si/graphene composite electrode with improved 

gravimetric/volumetric density can be fabricated (Scheme 5.1). Therefore, in this chapter a work 

done in relation to this is presented. 

154 



+ 

S1 - A.-PAA Graph••• 

Ik on .. 
LfU"') 

••••• + PAA 

••• Actl)lt nt 
• black Compo•lt • t ltc lro4t (a • 264 S m·1) 

Scheme 5.1. Graphical illustration of the modified silicon/graphene and traditional silicon 

composite electrode formulation, possible material structure and electrochemical performance. 
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5. Article III. Graphene nanosheets and polyacrylic acid grafted silicon composite anode 

for lithium ion batteries 

Birhanu Desalegn Assresahegn, Benjamin Diby Ossonon and Daniel Belanger 

Universite du Quebec a Montreal, Case Postale 8888, succursale Centre-Ville, Montreal, 

Quebec, Canada, H3C 3P8 

*E-mail: belanger.daniel@uqam.ca 

5.1. Abstract 

A silicon/graphene composite anode for lithium-ion batteries was fabricated with a high loading 

of Si reaching 85 wt % by combining surface-modified silicon with graphene. The Si 

nanopowder was modified by a binder-like organic molecular assembly (1-(bromoethyl) benzene 

and polyacrylic acid) grafted on the surface of hydrogenated silicon by the diazonium chemistry 

and surface initiated atom transfer radical polymerization. The graphene was produced by 

electrochemical exfoliation of natural graphite. The optimum composite electrode prepared, 

without a binder, with silicon loading as high as 85 wt.% and a mass loading of 1. 1 ± 0.1 mg cm-

2 yielded a discharge capacity of 1020 mAh per gram of electrode mass (or 1200 mAh per gram 

of Si) after 586 charge/discharge cycles at a rate of 3.4 A g- 1• It showed first cycle Coulombic 

efficiency of more than 90% in the absence of electrolyte additives at a current rate of 0.05 A g- 1• 

Key words: Silicon anode; graphene; conducting additive; surface functionalization; lithium-ion 

battery 

5.2. Introduction 

With rising interest in the commercialization of hybrid electric vehicles (HEVs) and electric 

vehicles (EV s) for the automotive industry , there has been growing attention on the development 

of improved lithium-ion batteries (LIBs) [l]. For these technologies to be used for the desired 

applications, the electrode materials in LIBs must possess high energy and power densities and 

better cyclability than the current state of the art. Among potential anode electrode materials, 

silicon is an attractive candidate for high energy density next generation LIBs due to its high 

theoretical capacity [2-4]. However, large scale commercialization of Si electrode is highly 
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impeded mainly due to its continuous large volume change and pulverization upon cycling [5- 7]. 

Consequently, this has been shown to cause continuous electrolyte degradation and solid-

electrolyte interphase (SEI) growth and propagation, loss of contact within active material 

particles and between current collector-active materials, and increased electrical resistance which 

all lead to cell failure [5 ,7-9] . 

Therefore, in the past decade different strategies have been developed to improve the 

electrochemical performance of Si anode materials. The primary route is nano-structuring of Si. 

In principle nano-sized Si experience less structural damage and pulverization compared to bulk 

Si upon volume-changes because nanostructures are more effective at releasing strain [6,9]. 

Another approach is to add conductive carbon materials to serve as additional structural support 

(e.g., graphene and graphene derivatives [10- 14], carbon black [15 ,16], graphite [17- 20], carbon 

nanotubes [21-24] and nano fibers [25]) to form Si-carbon nanocomposites, so that the carbon 

material can buffer the volume change of Si and enhance the electrical conductivity of the 

resulting composite electrode. All of these strategies are considered to be useful for the 

development of Si-based anodes for practical applications. However, nano-sizing generally 

enhances the surface to volume ratio of the active material and when used in the fabrication of 

electrodes, it is reported to increase the extent of undesired side reactions in the cell and result in 

rapid battery failure [5 ,26-29]. It also causes poor electrode packing density which can reduce 

the volumetric energy density of the overall cell. Moreover, the conducting carbon additives with 

relatively larger surface area were reported to be prone to adsorption of the physically mixed 

binder. This resulted in non-homogeneous dispersion of the binder between the active material 

particles or the active material particles and current collector [30]. The binder molecules were 

also reportedly tending to bind together rather than adhering to the active material particles, thus 

contributing to the poor mechanical properties of such composite electrodes [31 - 36] . 

In view of those drawbacks, we have recently reported an approach through covalent grafting of 

binder-like molecules on the silicon nanoparticles surface which aids to avoid a direct contact 

between the active material and electrolyte by serving as artificial solid-electrolyte interphase in 

addition to promoting the particles self-adhesion. Those composite electrodes have shown a 

significant improvement in electrochemical performance particularly in terms of cyclability, 

decreasing the amount of binder, improve electrode mechanical and packing densities and 
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avoiding the use of electrolyte additives [3 7,3 8]. Nevertheless, the silicon composite electrodes 

prepared have shown relatively low electronic conductivity which has been attributed to the ease 

of oxidation of a hydrogenated silicon nano-powder under working conditions and partly due to 

the modifications made by the covalent grafting of the organic molecules on the active material 

surface [38]. For this reason the electrodes delivered modest capacity at higher charge/discharge 

current densities. Therefore, to improve the performance of those composite electrodes at high 

charge/discharge cycling rate, augmenting their electronic conductivities will have a paramount 

importance. Lately, compared with conventional conductive additives, graphene-based materials 

have led to improved electrochemical performance of silicon composite anodes at high rate due 

to their superior electrical conductivity [39). Also, the exceptional mechanical properties of 

graphene can potentially provide skeletal support to buffer the mechanical stresses caused by 

volume changes in the electrode materials [2,40--45) and maintain the overall mechanical 

integrity of the composite electrode. Particularly, because of the 2D structure of graphene, Si-

graphene composites including wrapping through sandwich structures (Fig. 5.1), which possess a 

porous texture that could impart good flexibility to the composite and void space useful for 

electrolyte transport [ 46,4 7]. In addition, the incorporation of silicon particles in between 

graphene layers is also reported to inhibit the degree of restacking of graphene sheets during 

cycling which is anticipated to maintain the good electrical conductivity and mechanical 

structure of the electrode [11 ,47). 

Graphcnc (EGJ 

WWW = Adhcsi,·c pol) mer 

modi lied Si 

(Si-Ai-PAA) 

11-(bromo ctli) l)bc,ucnc + pol) (ac rylic acid ) ac id I / Si -A1-PAA 

.. 

Graphcnc ,,rapped modi lied Si 

Fig 5.1. Illustration of modified-silicon nanoparticles/graphene sheets structure. 
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Silicon-graphene composite electrodes have been fabricated by various approaches such as layer 

by layer chemical vapor deposition [ 40] , freeze-drying [ 48], sonication followed by vacuum-

filtration [47,49] or mechanical blending [50]. Nonetheless, most of those methods are either not 

scalable or the resulting electrodes do not have acceptable electrochemical performance 

especially in terms of capacity and cycling life. Above all , a notable drawback of most current 

silicon-graphene composite electrodes is the need to use a large proportion of the graphene (most 

of the time more than 40 %), which obviously penalizes their volumetric and gravimetric 

capacity (Table S 5.1 , supplementary material). 

Herein, we demonstrate a method to fabricate high Si loading composite electrode by mechanical 

blending of modified silicon nanoparticles with graphene sheets. The graphene used in the 

fabrication of the electrodes was prepared by electrochemical exfoliation of natural graphite [51]. 

The silicon nanoparticles are synthesized by following hydrogenation, covalent grafting of a thin 

polymerization initiator layer by using the diazonium chemistry and further addition of 

polyacrylic acid by atom transfer radical polymerization (A TRP)[38] . The electrochemical 

performance of the composite Si anodes is evaluated in terms of cyclability, rate performance 

and required amount of electrochemically inactive components, by using galvanostatic cycling. 

5.3. Experimental part 

The complete list of chemicals and reagents (with their characteristics and suppliers) used 

in this work can be found in the supplementary data. 

5.3.1. Material synthesis 

For the surface modification of silicon nanoparticles, the Si powder is hydrogenated (Si-H) using 

a 2% (v/v) solution of HF followed by grafting 1-(bromoethyl)benzene (Si-A 1) using diazonium 

chemistry to use as initiator for the polymerization of tert-butyl acrylate (t-BA) and ultimately 

for formation of polyacrylic acid (Si-A 1-PAA). The covalent attachment of polyacrylic acid to 

the si licon surface via an aryl group has been demonstrated by combination of several 

characterization techniques in one of our previous reports [38]. The graphene conducting 

additive (EG) used in the fabrication of the composite electrodes is synthesized by 
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electrochemical exfoliation of a natural graphite foil m 0.1 M H2SO4 followed by thermal 

annealing [51]. 

5.3.2. Material characterization 

The as-prepared samples were characterized by field-emission gun source scanmng electron 

scanning electron microscope (FEG-SEM; JEOL/JEM-1230) and transmission electron 

microscopy (TEM, JEOL/JEM-2100F operated at 200 kV). X-ray diffraction (XRD) patterns 

were recorded using Philips X'Pert MRD X-ray diffractometer using Cu Ka radiation. Thermal 

gravimetric analysis (TGA) was conducted on a TA instrument (TGAQ50, TA, USA) under a 

flowing He atmosphere from 30 to 800 °C at a heating rate of 5 °C min- 1
• Electrical conductivity 

measurements were made by using a 4-point probe equipment using a Keithley 6220 DC 

precision current source (US). The 1-V DC potential sweeps were measured at 100 mV/s and . 

yielded a linear 1-V response. The electronic conductivity of the composite electrodes was 

obtained, using the resistance determined from the inverse slope of the 1-V curve and the dry 

thickness of the casted slurry. Additional details on all the compositional, microstructural and 

electronic and electrochemical features for the parent materials (unmodified silicon, modified 

silicon and exfoliated graphene) are given in the above mentioned reports [38,51]. 

5.3.3. Electrochemical measurements 

The working electrodes for the electrochemical characterizations were fabricated usmg 

tape casting. The unmodified silicon powder was mixed with exfoliated graphene (EG) 

and polyacrylic acid binder with a ratio of 75:10:15. On the other hand, the modified 

Si/graphene composite was prepared with a 9: 1 ratio, without the polycrylic acid binder. 

For comparison purposes, composite electrodes from the aforementioned active materials 

were also prepared using acetylene black (AB) carbon as conductive matrix with 78:2:20 

and 60:20:20 ratios of modified/unmodified Si, polyacrylic acid and AB, respectively . For 

the slurry preparation of the Si-EG composites, the electrochemically exfoliated graphene 

powder (EG) is dispersed by sonication for a 1 hr. in a pre-determined volume of 

dimethyl formamide (DMF) and a designed quantity of modified or unmodified silicon 

powders was added to the suspension in either the absence or presence of mechanically 

mixed polyacrylic acid binder in proportion given above. Then, the electrode slurries 

were thoroughly blended using a laboratory stirrer (600 rpm) for at least for 4 hrs. to 
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afford a desirable slurry viscosity , followed by casting on a 9 µm Cu foil (MTI, USA) 

using a doctor-blade and dried in vacuum at 80 °C for overnight. Electrode disks were 

punched out using MSK-T-10 precision disk cutter with a 15 mm diameter. For the 

electrode preparation using AB, a similar procedure was used by replacing graphene with 

AB. For all the composite electrodes, the active mass loading was 1. 1 ± 0.1 mg cm-2 by 

regulating the casting thickness ( see Table S5.4) and all the reported specific capacities 

considers the amount of the active ( e.g. Si) material in the composite. Electrochemical 

measurements were made using CR2032 coin-type cells assembled in argon-filled glove 

box. A lithium foil (15 mm diameter disk) was used as counter electrode and Celgard®-

2320 as separator. The electrolyte was a commercially available 1 M LiPF6 i!]. mixed 

solvents of ethylene carbonate (EC)/diethyl carbonate (DEC)/dimethyl carbonate (DMC) 

(1: I: I v/v) without electrolyte additive unless stated otherwise. The cells were cycled in 

galvanostatic mode, at room temperature, between 0.05 and 1 V cut-off potentials vs . 

Li/Lt and pre-conditioned by cycling at lower charge/discharge rate of 0.05 A g- 1 for the 

first few cycles using a VMP3 (Bio-Logic) potentiostat. The rate capabilities of the 

composite electrodes were probed at various current densities ranging from 0.17 to 17 A 

g- 1 and the Coulombic efficiencies were also calculated. The electrodes were also cycled 

by limiting the capacity to 1200 mAh g- 1 with a charge/discharge current of 3.4 A g-1 

between 1 V and a variable low cut-off potential. Moreover, to measure the volume 

changes in the composite electrode, the thickness of the electrodes at different charge or 

discharge states was measured using a micrometer. After cycling, the cells (which were 

assembled in a Swagelok type cell holder for the ease of disassembling) were carefully 

opened in argon-filled glove box, and the electrodes were rinsed with dimethyl carbonate 

to remove the residual electrolyte, dried at room temperature and used for measuring the 

thickness changes. 
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5.4. Results and discussion 

5.4.1. Microstructural analysis 

The use of graphene sheets instead of spherical carbon blacks such as acetylene black is expected 

to alter the structural and morphological features of the surface modified silicon-based composite 

electrode [ 12,31 ,52,53]. The micro structures of the electrodes and the different composite dried 

slurries used to prepare the corresponding composite electrodes were investigated using scanning 

and transmission electron microscopes. Fig. 5.2 shows the SEM micrographs recorded for the 

pristine EG together with top and cross-sectional views of the Si-A 1-PAA/EG and Si-A 1-

p AA/PAA/ AB composite electrodes at different magnifications. The micrograph for EG 

(Fig.5.2a) shows graphene sheets with some wrinkles and lateral size of flakes of up to 10 µm. 

The number of sheets was estimated to be 1-3 layers [51]. In all high and low magnification top 

view images of the composite electrodes containing graphene (Fig. 5.2b-d), the flakes are 

observed to extend and reach out almost all the areas and the modified Si particles (diameter 

<100 nm) are relatively evenly dispersed on EG sheets. The extended contact between Si 

nanoparticles and EG sheets can provide good electronic conductivity (vide infra) leading to an 

excellent rate capability [12,54,55] . 

Furthermore, the SEM image of the Si-A 1-PAA/EG composite electrode from top (Fig. 5.2 b-d) 

and cross-sectional-view (Fig. 5.2 e-g)) revealed the presence of a multilayered Si-A1-PAA and 

EG structure. The modified Si particles are in-between the EG layers (for instance the regions 

marked as e ', e" and f on Fig. 5.2e and f, respectively), even though the EG loading is only 10 

wt.%. However, the micrograph of the Si-A 1-PAA /PAA/AB composite for both the top- (Fig. 

5.2 h and j) and cross sectional view (Fig. 5.2k -1) showed a completely different microstructure. 

In the latter case, the small sized and spherical AB particles are randomly distributed among the 

modified Si particles, which can possibly create more contact resistance throughout the electrode 

and can possibly hardly contain the structural changes of Si particles during electrochemical 

cycling. In contrast, in the multilayered Si-A 1-PAA/EG architecture, the EG layers provides an 

efficient electronic conductive network and assists in accommodating the volume change of Si 

nanoparticles during charge/discharge. Therefore, the multilayered Si-A 1-PAA/EG composite is 

expected to exhibit better cycling life and rate performance than either the unmodified Si or 

modified Si with AB composite electrodes. 
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Si-A 1-PAA/PAA/ AB 
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Si-A 1-PAA/PAA/AB 

electrode 

( cross-section view) 

(top view) 

Fig. 5.2. The SEM micrographs recorded for the a) pristine EG, b-d) top-view of the Si-A1-

PAA/EG electrode, e-g) cross sectional-view of the Si-A 1-PAA/EG electrode, h-j) top-view of 

Si-A 1-PAA/PAA/AB electrode and k-1) cross-sectional view of Si-A 1-PAA/ PAA/AB electrode 

at different magnifications and varying scanning region. 

To further confirm the link between the different components of the electrodes, TEM analysis 

was also conducted. Fig. 5.3 shows TEM images obtained for the pristine EG, Si-A 1-PAA/EG 

163 



and Si-A 1-PAA/PAA/AB composite dried slurries. Fig. 5.3a shows the laterally large and 

transparent graphene sheets, which further confirm that the EG material used consists of very 

few graphene layers. The TEM image for Si-A 1-PAA/EG (Fig. 5.3b) shows dispersed modified 

Si particles on the surface and also through the crumpled graphene sheets, which seemed tightly 

attached considering that they sustain the ultrasonic treatment adopted to prepare the samples for 

TEM characterization. The high resolution TEM (HRTEM) image shown in Fig. 5.3c at high 

magnification manifests the presence of the grafted PAA layer ( as marked) on the surface of the 

Si-H particles [38]. Fig. 5.3d-f shows the TEM image for the Si-A 1-PAA/PAA/AB composite 

dried slurry at different magnifications. 

b) Si-A1-PAA/EG 

Fig. 5.3. TEM micrograph for: a) pristine EG, b) Si-A 1-PAA/EG composite, c) Si-A 1-PAA/EG at 

high resolution, d) Si-A 1-PAAIAB/PAA composite, e) Si-A 1-PAA/AB/PAA composite at high 

resolution and f) Si-A 1-PAA/AB/PAA composite at low magnification. 

The AB conducting additive and the PAA binder tend to agglomerate, as is often the case for 

relatively high surface area amorphous and spherical shaped carbon additives [30] , and does not 
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show continuity around the active material particles even though the weight proportion of AB is 

twice that of EG. The agglomeration of the additives can also be observed from the low 

magnification TEM image of this composite (Fig. 5.3f). These features demonstrate a non-

uniform dispersion of the active material, the carbon conduction additive and the binder. 

Therefore, it is unlikely that such composite electrode architecture will be able to accommodate 

the anticipated substantial electrode volume changes and prevent rapid damage during cycling. 

5.4.2. Compositional analysis 

Fig. 5.4a shows the thermogravimetric analysis (TGA) curves for the individual and various 

composite materials under helium atmosphere. The TGA curves for the different Si-H 

modification step products have been already reported [38] . Fig. 5.4a shows no signs of 

degradation for EG and AB before the temperature reaches 700 °C while Si-H oxidation started 

at a much lower temperature of ~ 250 °C with a progressive weight gain. The grafted binder and 

the added pristine polyacrylic acid have also shown a characteristic difference on their 

decomposition. While the grafted A1-PAA molecular fragment degrades slowly in a large range 

of temperature, the pristine PAA demonstrates a relatively sharp transition. This difference might 

be ascribed to the influence of the covalent attachment of the grafted molecules to the Si surface 

that can reduce their degree of freedom and in tum alter the thermodynamics and kinetics of the 

transformations. · In all the cases, however, the TGA curves can provide an estimate of the 

quantity of Si in the composite. Accordingly, as the weight loss is solely from the grafted or 

pristine polyacrylic acid and no obvious EG and AB degradation is observed over the same 

temperature range, the quantity (wt.%) of Si in Si-A1-PAA/EG, Si-A1-PAA/PAA/AB, Si-

H/PAA/EG and Si-H/PAA/AB can be estimated to 85 % (+10 % EG), 73 % (+20 % AB), 75% 

(+10% EG) and 60 % (+20% AB). 
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Fig. 5.4. a) TGA profile for the pristine and composite materials used to prepare the different 

silicon electrodes of interest between 30 and 800°C recorded with a 5°C min·1 heating rate under 

a flowing helium atmosphere. b) Powder X-ray diffraction patterns of Si-H, EG, Si/EG and Si-

A1-PAA/EG samples. 

Fig. 5.4b shows the X-ray diffraction pattern of the unmodified Si (Si-H) with four characteristic 

peaks at 20 = 28.68°, 47.58°,56.38° and 69.24°, which can be assigned to the (111), (220), (311) 

and (400) atomic planes, respectively [56]. The EG sample showed a wider and comparatively 

weak peak at 20 = 26.88° corresponding to the graphitic (002) atomic plane [47], with the d-

spacing for the d002 atomic plane estimated to 0.341 nm (Supplementary data, Equation S5.1), 

The crystallite size estimated from the full-width half-maximum of the peak and the Scherrer 

equation (Supplementary data, Equation S5.2) is 0.62 nm and the average number of graphene 

layers per crystallite is about 2 (Supplementary data, Equation S5.3). The estimation of the 

number of layers is also in agreement with our previous Raman spectroscopic data [51]. The four 

characteristics peaks of Si and the one aforementioned peak of EG are observed for both the 

modified (Si-A 1-PAA/EG) and unmodified (Si -H/EG) composite samples. From the (111) 

diffraction peak, crystallite size of 80 and 84 nm can be estimated from the Scherrer equation for 

the unmodified Si (Si-H) and Si-A1-PAA particles, respectively. These values are in good 

agreement with the TEM observation. 
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5.4.3. Electrochemical characterization 

5.4.3.1. Electrode composition 

The electrochemical performance of a Si electrode is a manifestation of each components 

characteristic features and their chemical as well as physical interaction with each other. In 

designing an electrode for Li-ion batteries, there is always an interest in maximizing the loading 

of the active material, which basically determines the energy or power output, and minimizing 

the amount of electrochemically inactive components such as the conducting and binding 

additives. However, the later constituents have also a vital role for the proper and long lasting 

functioning of battery especially those using high volume change and electronically poor 

conducting electrode active materials such as Si. Therefore, different Si-based composite 

electrodes using unmodified Si , polyacrylic acid-grafted Si and carbon additive (EG or AB) were 

prepared and the optimal compositions can be found on Table S5.1 (Supplementary data). The 

rationale for the selected composition of the composite electrodes is primarily governed by the 

production of a stable composite film electrode with the highest possible loading of Si (in wt. %) 

delivering a high discharge capacity and showing stable cycling behaviour. A true optimization 

of the formulation of the electrode would require the evaluation of several compositions as five 

different components were used to fabricate the composite film electrodes. However, the four 

different electrode compositions prepared in this work allow for showing the influence of the Si 

surface modification and the graphene additive compared to acetylene black carbon and given in 

Fig. 5.5. 
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grafted) 

Fig. S.S. The electrodes used in this study, respective compositions and their discharge capacity 

after 50 charge/discharge cycles. 

5.4.3.2. Electronic conductivity 

Electronic conductivity measurements of the composite electrodes showed that surface 

modification of silicon has a noticeable effect but that can be considered negligible compared to 

the variation observed when graphene is used as conductive additive instead of acetylene black. 

The conductivity of the composite electrode containing the modified silicon with graphene is ~ 

512 ± 5 S m- 1 (Table S5.3, Supplementary data). This is more than twice as large as the 

electronic conductivity of the electrode prepared with acetylene black for which the conductivity 

is only 238 ± 2 S m-1 in spite of the fact that the quantity of the graphene is only half compared to 

acetylene black. This clear difference can be ascribed to the structural differences between the 

EG and AB conducting additives used. The spherical shape and small size of the AB particles 
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can potentially impede percolation and impart numerous contact resistances. However, as it was 

also evident from the TEM and SEM micrographs, the larger EG sheets can provide long range 

and free flow transportation for the charge carriers and minimize the number of resistive contacts 

all along the conducting paths. This improvement in electronic conductivity of the composite 

electrode could contribute to enhance its electrochemical performance especially at high cycling 

rate [2,57-60]. 

5.4.3.3. Electrochemical analysis 

The electrochemical performance of the electrode using unmodified silicon (Si-H/P AA /EG; 

75:15 :10 and Si-H/PAA/AB; 60:20:20) and modified silicon (Si-A,-PAA (~5 wt.% 

grafted)/PAA/AB; 78:2:20 and Si-A 1-PAA (~5 wt.% grafted)/EG; 90:10) composite electrodes 

were determined by galvanostatic cycling with potential limitation and compared in terms of 

their cyclability and rate capability. Fig. 5.6a. presents the rate capability of the electrodes and it 

is observed that the covalent grafting of polyacrylic acid molecules on Si brings a significantly 

improved electrochemical performance at all charge/discharge rates, regardless of the conductive 

carbon additive [38]. The interesting feature of those composite electrodes is their ability to 

recover more than at least 80% of their initial capacity recorded at 0.05 A g- 1 after cycling at 

various current densities that reaches a value as high as 17.2 A g- 1
, while the composite electrode 

based on the unmodified silicon have retained only less than 25 % its initial specific capacity. 

This feature is an indirect evidence for the improved mechanical integrity of the electrodes 

fabricated with Si onto which polyacrylic acid molecules are grafted. Also, among the modified 

composite electrodes, the Si-A 1-PAA/EG electrode which uses EG as conductive additive instead 

of AB showed the best capacity retention (particularly at higher current densities). 
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Fig.5.6. a) Variation of specific capacity (charge/discharge) as function of cycle number at 

various current densities; b) the specific lithiation capacity as function of cycle number; for the 

Si-H/PAA/AB, Si-H/PAA/EG, Si-A 1-PAA/PAA/AB and Si-A1-PAA/EG composite electrodes. 

c) The specific lithiation capacity as function of cycle number in the presence or absence of 

fluoroethylene carbonate (FEC) electrolyte additive for the modified (For Si-A 1-PAA/EG 

composite electrodes). The evaluation of stability on cycling are made at a rate of 3.4 A g" 1• In all 

cases the cells operation potential range is between 0.05 and 1 V vs. Li/L/ and the capacity 

values are reported per mass of the active material. d) The first ten cycle electrode thickness 

variation of Si-A1-PAA/EG, Si-H/PAA/EG and Si-A1-PAA/PAA/AB composite electrodes as a 

result of cycling with a current density of 3.4 A g" 1• (The thickness measurements after each 

lithiation or delithiation reactions can also be seen from Table S5.4, Supplementary data) . 

170 



Fig. 5.6b shows variation of the capacity and Coulombic efficiency of the composite electrodes 

measured at high current density (3.4 A g- 1
) after a few pre-treatment cycles at slower rate (0.05 

A g- 1
). The pre-conditioning cycling of Si electrodes at low rate contributes to the progressive 

amorphization of the crystalline Si particles and formation of a stable solid-electrolyte interphase 

(SEI) layer formation [6,61]. The composite electrode with the modified Si and EG (Si-A 1-

PAA/EG) retains more than 85% of its capacity after 300 cycles with an average loss in capacity 

of less than 0.1 % per cycle. When AB is the conducting additive with the same modified Si, the. 

electrode maintains only 68% of its initial capacity after 150 cycles with an average capacity loss 

of 0.6 % per cycle. On the contrary, the electrode with unmodified silicon showed a 

substantially lower cyclability. Even with EG as a conducting additive, the electrode maintained 

about 38 % of its capacity for 120 cycles while with AB the same capacity limit is reached after 

only about 50 cycles. A similar trend is also observed for the Coulombic efficiency. The Si-A 1-

PAA/EG composite electrode showed a much higher value (93.6 %) at the first charge/discharge 

cycle and after 300 cycles (99.2 %) than all other tested composite electrodes. 

The widely reported way to improve the cyclability of Si based electrodes is to use electrolyte 

additives such as fluoroethylene carbonate (FEC) or vinylene carbonate (VC) with alkyl 

carbonate based organic electrolytes [62-65]. It is now established that their electrochemical 

reduction in the first few initial cycles can afford a stable SEI layer structure. However, the 

reductive decomposition of these additives can also produce some by-products such as gases and 

raised the cell temperature as a consequence of those reactions [64,66]. Therefore, to get more 

insight on the possible contribution of the grafted binder-like molecule to serve as an artificial 

SEI layer, the cyclability of the best performing modified Si electrode (Si -A 1-PAAIEG) was 

evaluated in the presence and absence of FEC electrolyte additive. Fig. 5.6c clearly shows that 

the presence of an electrolyte additive does not improve cyclability but on the contrary, the 

capacity fading is slightly faster. This might be caused by the contribution of the FEC to form a 

further thick SEI layer and the effects of the associated undesired reaction effects on the cell. 

The variation of electrodes thickness of the composite electrodes was also measured to assess 

their volume expansion and contraction during the first ten cycles. To compare the effect of the 

graphene additive and the grafted polyacrylic acid, variation of the Si-A 1-PAA/EG electrode 

thickness during lithiation/delithiation was compared with that of Si-A 1-PAA/PAA/AB and Si-
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H/PAA/EG composite electrodes (Fig. 5.6d). The Si-A1-PAA/EG electrode showed only a 108% 

volume expansion during the first lithiation and returned to almost its initial size after 

delithiation. On the other hand, the pristine silicon electrode (Si-H/PAA/EG) recorded the 

highest volume expansion of 289 % after the first lithiation and was unable to recover its initial 

thickness while the Si-A1-PAA/PAA/AB expanded by 142 % during the first lithiation and 

shows a better recovery compared to the Si-H/PAA/EG but a significant irreversibility in 

comparison to the Si-A1-PAA/EG electrode. The better reversibility of the Si-A1-PAA/EG 

electrode continued in all subsequent cycles with only 25-40 % volume change, which is much 

smaller than the volume expansion of the composite electrode based on the unmodified silicon. 

The low volume expansion and the excellent stability recorded here may be attributed to the 

uniform distribution of the binding additive on the modified-silicon particles and the role of the 

graphene sheet as a cushioning media, which probably enable elastic deformation rather than 

cracking of the composite matrix during volume expansion and contraction[38,67,68]. Thus the 

composite architecture of the Si-A1-PAA/EG electrode can render additional formation and 

propagation of the SEI layer. Furthermore, this observation can further enlighten the better 

electrochemical performance achieved by Si-A 1-PAA/EG electrode, as the composite matrices 

ability to contain the volume changes can help to minimize the destructive effect of the 

mechanical stress caused electrode fracture. 

The effect of formulation of the electrodes is summarized in Fig. 5.5 which includes their 

discharge capacity after 50 charge/discharge cycles. An arrow indicates a modification of one or 

two components that leads to a higher discharge capacity. It is shown that the covalent 

attachment of PAA on the Si nanoparticles and the use of graphene sheets instead of carbon 

black can allow to decrease the amount of binder and conducting additive required while 

significantly improving the electrochemical performance of the composite electrodes. In case of 

the Si-A1-PAA/EG composite electrode, it is even possible to completely avoid the use of 

additional binder beyond the small quantity grafted on the Si surface. These interesting outcome 

showed the better mechanical support provided by the graphene skeleton, in agreement with 

previous studies [67,68]. These reports established that the thicker the graphitic layer is the 

slicker it will be on its substrate surface. This feature is justified by a thin-film puckering effect: 

thinner atomic sheets, as of graphene, are more susceptible to out-of-plane defonnation than 

thicker sheets, resulting in out-of-plane deformation of all layers of the graphene leading to 
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larger contact areas and thus higher friction force and substrate adhesion [67,68] . This implies· 

that the EG additive used in the electrodes can participate to an extent in adhesion and particles 

slide prevention during charge/discharge cycling. 

The major concern of composite electrodes based on graphene is their very low volumetric 

density, particularly when it is used in large quantity [4]. To our knowledge, most of the reported 

Si/graphene composite based electrodes were prepared with a Si loading of < 50 wt.% to take 

advantage of controlling the structural damage on the electrode (Table S5.2, Supplementary 

data). But with such composition the overall volumetric capacity of the electrode will be low, 

which is undesirable for a practical battery. Therefore, minimizing the graphene and increasing 

the active material (Si) quantity, in the preparation of such a composite electrode is crucial. 

Hence, in this work a polyacrylic acid grafted Si/graphene electrode with 90: 10 weight ratio was 

prepared without compromising its electrochemical performance. It should be also noted that the 

thickness of the composite electrode with EG, electrode for the same gravimetric loading of the 

active material, is larger by about 30% compared to the one with AB. 

Another typical well-reported behaviour of a Si electrode is that when it is not cycled to its full 

depth capacity, the electrodes structural damage brought by the active material volume variation 

can be considerably minimized [69]. In line with this some of the Si composite electrodes 

investigated here showed a very high initial capacity and cycled at a low depth of discharge by 

limiting their capacity to 1200 mAh g- 1
• Fig. 5.7a shows the delithiation capacity of the Si 

composite electrodes at a rate of 3.4 A t 1
• The Si-A 1-PAA/EG composite electrode demonstrates 

a significantly higher cyclability compared to all other electrodes. It can be cycled for 586 cycles 

before experiencing a decline of capacity, which is at least a factor of ten higher than all the 

other Si based electrodes. This finding verifies that covalent attachment of the polyacrylic acid 

on Si and the use of graphene instead of AB significantly improved the performance of the Si 

based composite electrode [ 48]. 
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Fig.5.7. a) Limited lithiation capacity versus cycle number for the Si-H/AB/PAA, Si-H/PAA/EG, 

Si-A 1-PAA/PAA/AB and Si-A 1-PAA/EG composite electrodes; and the corresponding potential 

variations with respect to time during cycling for the b) Si-A1-PAA/EG and c) Si-H/PAA/EG at a 

current density of 3.4 A g" 1• The capacity values are reported per mass of the active material. 

The above difference in cyclability can also be explained by following the variation of the cells 

potential with respect to time as shown in Fig. 5.7b and c for the Si-A1-PAA/EG and Si-

H/PAA/EG composite electrodes, respectively. It can be seen that the former composite 

electrode reaches the targeted capacity of 1200 mAh g·' at a much higher cut-off potential and 

can be cycled for about 13 days (440 cycles) before reaching the 0.05 V limiting potential while 

the later electrode reached to the same state after only 15 hrs (21 cycles). Therefore, it is 
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anticipated that huge structural changes can be avoided by the Si-A 1-PAA/EG electrode for a 

larger number of cycles unlike the unmodified silicon composite electrode. 

In general, the improvement observed in the electrochemical performance of the Si-A 1-PAA/EG 

composite electrode can be attributed mainly to: i) its higher electronic conductivity [ 41 ,54, 70] 

ii) the improved adhesion properties of the modified-Si particles compared to electrode with an 

added binder [38] , iii) the possible role of the polyacrylic acid grafted layer to act as an artificial 

SEI layer and the fact that the grafted molecules could afford a self-healing SEI layer due to the 

presence of carboxyl functionalities [4,31 ,38,71 - 75] , iv) flexibility, relative low density and 

mechanical strength afforded by the EG can be assumed to play a vital role in accommodating 

the compression and tensile strain/stress caused by the changing volume and structure of the Si 

particles [14,60] , v) the electrode architecture in which Si particles are wrapped by graphene as 

observed from the cross-sectional SEM image and the possible presence of inter planar void 

spaces that can also provide a structure to accommodate the Si volume changes during cycling 

[48,76,77] and vi) the inherent adhesion property of graphene [67,68]. 

5.5. Conclusion 

A modified silicon-graphene composite electrode was fabricated and the microstructural images 

show a structure in which the silicon nanoparticles are wrapped by graphene sheets. By 

combining silicon nanoparticles modified by covalent attachment of polyacrylic acid and 

graphene, a composite electrode without any additional inactive binder can be prepared with a 

very high loading of the active Si material. The use of electrochemically exfoliated graphene 

instead of acetylene black as conducting additive yielded a two fold increase in electronic 

conductivity of the electrode despite a 50% smaller carbon loading. The Si-A 1-PAA/EG 

composite electrode demonstrated a significantly improved electrochemical performance in 

terms of cyclability, Coulombic efficiency and capacity retention at high rate cycling. Moreover, 

when this electrode is cycled by limiting the capacity, it can be cycled for more than 586 

charge/discharge cycles without any capacity loss. The grafted polyacrylic molecules on Si 

possibly contributes to form a more stable SEI layer as the corresponding composite electrodes 

displayed a better cyclability at high current density when cycled without an electrolyte additive. 

It was also established that the structure created by the composite electrode through the 

modification of the silicon and the use of graphene provides a way to have a better 
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accommodation in the overall volume variation of the electrode during the alloying and de-

alloying processes. This is also in agreement with our recent report in which it was shown that 

the presence of graphene with the polyacrylic acid grafted silicon helps to improve the adhesion 

strength of the electrode to the copper current collector in addition to an enhanced tensile stress 

resistance and electrodes ability to elongate [38] . Generally, we believe that this approach 

provides a different perspective in processing of the silicon-graphene electrodes with a very high 

loading of the active material while avoiding parasitic and electrochemically inactive 

components such as binders, conducting and electrolyte additives in the electrodes formulation. 
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5.6. Supporting materials 

1. Materials and reagents 

Electrochemically exfoliated graphene (EG, [1]), silicon nanopowder (< 100 run) (MTI 

Corp.), acetylene black carbon (Alfa Aesar), 4-(1-hydroxyethyl)aniline (97 %, Alfa 

Aesar), hydrobromic acid (HBr, 48 % wt./vol , Aldrich), tert-butyl nitrite (Aldrich), 

hydrofluoric acid (HF) ( 48 v/v %, Alfa Aesar), tetrafluoroboric acid solution ( 48 v/v %, 

Fisher Scientific), acetonitrile (HPLC grade, Aldrich), anhydrous methanol (EMD), 

anhydrous ethanol (EMD), N,N-dimethyl formamide (DMF) (ACS grade, EMD), acetone 

(ACS grade, EMD), tert-butyl acrylate (I-BA) (Aldrich),toluene (EMD), 1-phenylethyl 

bromide (1-PEBr) (Aldrich), N ,N,N,N ' ,N ' ,N " -pentamethy ldiethylenetriamine 

(PMDETA) (Alfa Aesar), cupric chloride (CuCh) (Aldrich), cuprous chloride (CuCl) 

(Aldrich), methylene dichloride (EMD) and trifluoroacetic acid (CF3CO2H) (99 v/v %, 

Alfa Aesar), potassium bromide (KBr) (Alfa Aesar), polyacrylic acid (average MW = 

25000 g mor' , Aldrich) were analytical grade and used as received. All solutions were 

prepared out using deionized water (Barnstead Nanopure II). 

2. Equations used to evaluate different structural parameters of the materials from the 

corresponding XRD diffractograms. 

Bragg's equation used to evaluate the d-spacing from the (002) diffraction peak: 

d =~ 
OOZ 2sin0 (Equation S5.l) 

where d002 is the spacing between atomic planes (A) 

8 is the angle between the incident X-ray and the surface of the crystal 

n is the integer multiple of the X-ray wavelength 

A is the X-ray wavelength of the Cu K.a source (A). 
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Scherrer equation used to evaluate crystallite size from the diffraction peaks of graphene and the 

different Si samples: 

L=~ 
fJ case (Equation S5.2) 

where L is the crystallite size 

K is a dimensionless shape factor (0.9) 

B the full width half-maximum (FWHM) of the peak under consideration (radian) 

In case of a graphitic material, like the EG in this case, the average number of layers in the 

crystallite can be estimated using the following equation: 

L n=-
dooz 

where n is the number of layers in the crystallite 

(Equation S5.3) 

3. Weight ratios of components in the different composite electrodes. 

Table S5.1. The formulations of the different composite electrodes 

Electrode Active Grafted Pristine Graphene Acetylene 

material polyacrylic polyacrylic (wt.%) black 

(wt.%) acid loading acid (wt.%) (wt.%) 

(wt.%) 

Si-H/PANAB 60 20 20 

Si-H/PAA/EG 75 15 10 

Si-A -PAA/PAA/AB 73 5 2 20 
I 

Si-A -PAA/EG 85 5 10 
I 
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4. Electrochemical performance of some Si/graphene composite electrodes. 

Table S5.2. Illustrative examples of the effect of the composite electrode composition on the 

electrochemical performance of Si/graphene composite electrodes. 

Si Graphene Method of preparation Discharge Rate Number Ref. 
(wt.%) (wt.%) capacity (mA g-1) of cycles 

(mAh g-1) 

50 50 Mixing and solvothermal 1168 100 30 [2] 
method 

26.4 73.6 In-situ filtration method 708 100 50 [3] 

40 60 Hammers method and 2600 4000 150 [4] 
mixing 

60 40 In situ polymerization and 1120 500 1000 [5] 
calcination @800°C 

54 27 Pyrolysis @900°C 650 200 1000 [6] 

53 27 Magnesiothermic 1374 120 100 [7] 
reduction 

62 28 Aerosol spraying and 1800 120 100 [8] 
pyrolysis 

38 14 Electrospinning and 1521 200 840 [9] 
pyrolysis 

42.4 21.6 Top-down dispersion and > 1200 600 500 [ 1 O] 
bottom-up synthesis 

37.5 45 .5 Sol-gel reaction followed 1165 100 2100 [ 11] 
by magnesiothermic 

reduction 

76 5 Melting self-assembly 1287 500 500 [ 12] 
route 

54 6 Stirring and vacuum 930 400 300 [13] 
filtration 

50 50 Freeze-drying method 1295 180 500 [14] 

72.8 7.2 Using a dual-purpose Ni 2805 300 210 [15] 
template 

36 44 Electrochemical etching 1560 500 800 [16] 
and CYD 
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5. Electronic conductivity of composite electrodes obtained from four-point probe 

measurements. 

Table S5.3. Electronic conductivity of the various composite electrodes. 

Electrode composition Conductivity (S m" 1) 

60 wt.% Si + 20 wt.% PAA+ 20 wt.% AB 264 ± 3 

75 wt.% Si + 15 wt.% PAA+ 10 wt.% EG 546 ± 6 

90 wt.% Si-A1-PAA (5 wt.% grafted) + 10 wt.% EG 512 ± 5 

78 wt.% Si-A1-PAA (5 wt.% grafted) + 2 wt.% PAA+ 20 wt.% AB 238 ± 2 

6. Electrode thickness measured at various lithiation/delithiation stages. 

Table S5.4. Electrode thickness variation during the first 10 cycle lithiation /delithiation cycles. 

Dry electrode thickness (µm) 

Reaction Si-H/PAA/EG Si-A1-PAA/PAA/AB Si-A1-PAA/EG 

(75:15:10) (78:20:2) (90:10) 

Pristine 92 ± 1 60 ±4 78 ± 3 

1st lithiation 359 ±4 144 ± 3 160 ± 2 

1st delithiation 203 ± 2 80 ± 3 85 ± 1 

2nd lithiation 338 ± 6 125 ± 2 136 ± 2 

2nd delithiation 236 ± 5 101 ± 1 89 ± 1 

5th lithiation 326 ± 2 132 ± 3 119 ± 3 

5th delithiation 264 ± 3 113 ± 3 91 ± 2 

10th lithiation 341 ± 2 129 ± 4 117 ± 4 

10th delithiation 271 ± 7 118 ± 4 89 ± 3 
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CHAPTER VI 

ATTRIBlJTES OF SILICON SllRFACE MODIFICATION AND COMPOSITE 

ELECTRODE FORMlJLATION ON MECHANICAL, STORAGE AND 

ELECTROCHEMICAL PROPOERTIES 

Introduction 

There have been various reports on the mechanical properties of different binder additives that 

are commonly used for the formulation of a Si based composite electrode. However, usually the 

evaluation of such properties is made for the pure binding materials and often used to infer 

directly as mechanical characteristics of a composite electrode. However, the overall mechanical 

property of the composite electrode can heavily be influenced by the other components such as 

the nature of the Si surface and the conducting additive used. Therefore, in this chapter the 

mechanical properties of the different composite Si anodes with commonly used binders, the 

effect of covalent attachment of a binding organic moiety and conducting additives such as 

acetylene black and graphene are investigated. The other imperative issue that is currently 

considered as a key challenge for the formulation of nano-scaled Si powder based composite 

electrodes is their very low packing density. Nanostructured electrodes results in large charge 

carrier path length between the particles and current collector due to the large amount of contact 

and gaping sites, though it can minimize the path length with in a single Si particle. And a low 

packing density of such electrode can also penalise the volumetric and gravimetric capacitance 

of the electrode so that in both cases the overall electrochemical performance of the electrode 

can significantly be hampered. Hence, improving the mechanical and packing density of Si 

anodes is a critical issue to be addressed. 

The other inherent property of silicon that makes this material challenging is its surface 

instability (Scheme 6.1) in ambient storage conditions which does not usually allow electrode 

fabrication and processing in such an environment that incur a huge material and processing cost. 

In this regard, we hypothesized that the on-surface covalent attachment of binding orgamc 
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moieties can play an auxiliary role in passivation of the Si and potentially allow the fabrication 

and storage of the corresponding composite electrode at ambient conditions. Therefore, in this 

chapter the storability and electrochemical performance variations with respect to storage time 

for composite electrodes fabricated from binder-l ike molecule grafted Si is conducted. 

a) Reactive surface 

J J 
• • • • • • • • 

• Si : Si : Si : Si : Si : Si : Si : Si • 
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Scheme 6.1. Graphical illustration of a) surface reactivity and b) labile Si-H bonds of 

polycrystalline silicon. 

This chapter is published as research article on ChemSusChem, 2017, 10, 4080 - 4089. Birhanu 

D. Assresahegn and Daniel Belanger are co-authors of this article. 
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6.1. Abstract 

In this work, the effect of the formulation of silicon-based composite anode on its mechanical, 

storage and electrochemical properties was investigated. The formulation of the electrode was 

changed by using hydrogenated or modified (through covalent attachment of a binding additive 

eg. polyacrylic acid) silicon and acetylene black or graphene sheets, as conducting additive. We 

found that the composite anode with the covalently grafted binder has the highest elongation 

without break and strong adhesion to the current collector. It was also found that these 

mechanical properties are significantly dependent on the conductive carbon additive used and 

that the use of graphene sheets instead of acetylene black can significantly improve elongation 

and adhesion. Upon storage at ambient conditions during 180 days, the electronic conductivity 

and discharge capacity of the modified silicon electrode showed a much smaller decrease than 

the hydrogenated silicon composite electrode suggesting that the modification can play a 

passivation role to maintain a constant active material composition. Moreover, it was shown that 

this composite Si anode has high packing density and consequently thin film electrodes having a 

very high material loading can be prepared without penalizing its electrochemical performance. 
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6.2. Introduction 

Surface modification of active electrode materials by covalent attachment of organic molecules 

and formulation of the composite electrodes are emerging as attractive approaches to directly or 

indirectly enhance their energy storage performance in terms of energy and power density as 

well as stability [1- 121. To this end, we have previously reported a methodology to graft 

multifunctional binding like molecules on electrode active materials such as carbon black for 

electrochemical capacitors [l 3J and silicon (Si) for lithium-ion battery electrodes P4J 5l_ A 

significant improvement of the performance was achieved by grafting molecules that increased 

wettability ri 3,161 or served as artificial solid-electrolyte interface (SEI) layer [Ll
4

J_ For the latter, 

improved first cycle reversible capacity, overall Coulombic efficiency and cyclability at 

moderate and high rates were observed [l
4l_ In addition, the use of small quantity of graphene 

sheets as conducting carbon additives instead of acetylene black for such modified electrodes led 

to further enhancement of their electrochemical performance P5l_ 

It is well-established that binders play a prominent role in the overall performance of electrode 

materials for Li-ion batteries especially for those involving active materials undergoing large 

volume and structural changes during cycling such as silicon anodes [l
7
- 201. Accordingly, Kwon 

et al. r211 reported a systematic study on' the essential features needed to be considered for 

selection of a binder for such electrodes. It was shown that initial covalent attachment, good 

mechanical properties ( e.g. low elastic modulus, high elongation and resistance to compression 

or tensile stress), high adhesion strength between the binder and the different components of the 

electrode ( e.g. current collector), and self-healing properties are essential and ideal features of 

adhesive agents for the fabrication of such composite electrodes. However, the mechanical 

properties of composite electrodes have been given little or no attention in the literature. This is 

partly due to the fact that the commercially used active materials, such as LiCoO2 and graphite, 

have small volumetric changes (< 10%) during charging and discharging cycles [221 . 

Consequently, the mechanical properties of commonly used binders, such as poly(vinylidene 

fluoride) do not appear to be a major issue with these electrode materials. However, this is not 

the case for Si-based anode materials that have been proposed as high capacity anode materials 

for lithium-ion batteries. Si electrodes can provide a theoretical gravimetric capacity of more 

than 3500 mAh g·1, while graphite electrode provides only 372 mAh g·1. By virtue of this, Si-
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based electrodes have been the center of attention in the past decade as anode materials. Despite 

that, very little success has been achieved towards its commercialization. This is mainly due to 

its poor cyclability, which is believed to be caused by the large structural and volume changes 

during charge/discharge cycling l23
-

28l. Therefore, to get some insight about such changes the 

mechanical properties of formulated composite electrode comprising the active material, a 

carbon additive and binder have been investigated [l
7

,
2 1.29,3oJ_ It is shown that, for Si-based 

electrodes, the mechanical properties of the composite electrode are not only governed by the 

binder but they can significantly be affected by the active material, the conducting carbon 

additives and interfacial interactions between each component l31l. 

Moreover, the inherent oxidation of Si is a big challenge for processmg such materials in 

uncontrolled working environment l73 2
-

35l_ In this regard, covalent attachment of organic 

molecules potentially passivate the surface and minimize oxidation l7,
32

-
34

,
35l so that its processing 

would require less controlled conditions. Another issue currently requiring attention is the low 

packing density of nanostructured Si electrodes l36l. Even though, nanostructuring of Si anode 

holds potential to mitigate the dramatic volume change of Si and thus improve lithium storage 

performance, unfortunately, such materials design has generally been plagued by the relatively 

low tap density of Si and hence lower volumetric capacity of the battery l36---
38l. There have been 

different attempts to solve these issues through designing different material structures l36.3 9l to 

optimize the Si electrode but this is often is accomplished at the expense of compromising other 

desired components or parameters of the battery l40l_ 

Here, we report on the mechanical properties, storability and electrochemical performance of 

modified silicon nanoparticles used in composite anode of lithium-ion battery. The silicon anode 

was modified by covalent grafting of a polyacrylic acid layer. Stress-strain curves were recorded 

to obtain the elastic modulus, maximum stress and the relative elongation of unsupported 

composite films . Adhesion strength of the composite film to the copper current collector was 

also evaluated. The effect of the composite electrode formulation ( e.g. modified and 

hydrogenated silicon (Si-H), carbon additive and binder) on the electronic conductivity, storage 

and cycling stability as well as irreversible capacity was also investigated. 
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6.3. Results and discussion 

6.3.1. Selection of the electrode compositions 

In this work the rationale for the selected compositions of the composite electrodes is primarily 

governed by the production of a stable composite film electrode with the highest possible loading 

of Si (in wt.%) delivering a high discharge capacity and showing stable cycling behavior. A true 

optimization of the formulation of the electrode would require the evaluation of several 

compositions as various components were used to fabricate the composite film electrodes. 

6.3.2. Mechanical properties of common composite electrode films 

A large selection of binders have been used to prepare Si composite electrodes and widely 

irregular electrochemical performance reported [211
. Such behavior has been associated with the 

nature of the polymer binders such as their difference in extent of forming hydrogen bonding, 

self-healing properties and sometimes description in terms of the pristine binders ' mechanical 

properties [17
-
2

U
7

A
1
A21. However, only very few reports showed direct measurements of the . 

mechanical properties of these binders after combination with silicon and a conducting additive 

or after their covalent attachment to Si [43
A

4l . It is important to note that the mechanical property 

of the composite electrode is not solely a reflection of the binder but rather the collective features 

of all components. 

Figure 6.1 compares the tensile and adhesion tests of solid composite films prepared using 

different polymer binders in the presence of Si-H and acetylene black (AB) as conducting 

additive. Figure 6.la shows stress/strain curves (plot of tensile stress as a function of elongation) 

of these composites and the order in resistance to tensile stress for the films from highest to 

lowest is: PAA > PVDF > Na-CMC > PAN. Figure 6.lb shows that the elastic modulus falls as: 

PAA > PVDF > Na-CMC > PAN. An interesting and pronounced difference is noticed from the 

elongation measurements (Figure 6.la): the change from PVDF to PAA and Na-CMC doubles 

the deformability of the film before complete rupture while the use of PAN more than triples this 

property of the composite electrode. As outlined above, the desirable mechanical properties of a 

composite electrode are high elongation, low elastic modulus and high resistance to stress. 

Hence, based on this, composites from PAA or Na-CMC and PAN would be interesting choices 
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but it has been also reported [45-4SJ that the regenerative nature of those binding additives after 

fracture would also be another crucial feature. Indeed, it has been shown that PAA displayed 

good self-healing as they contain a high concentration of carboxyl functional groups (l 7,41 ,49- 521 . 

These measurements clearly showed that the Si composite electrode film prepared with the 

PVDF binder has a higher resistance to stress and high elastic modulus but low elongation which 

infers that the composite is brittle compared to both PAA and N a-CMC. In contrary, the 

composite electrode film with PAN is more ductile and a better robustness of the electrode can 

be expected upon electrochemical cycling tests. 

a) 
Si-H/ PAA/AB b) 

(60:20:20) 3 15 

1.2 
Si-H/PAA/A8 

(60:20:20) 
Si-H/Na-CMC/AB Q. 
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6 r...:, 

-= 2 10 ';;' 
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Figure 6.1 a) Tensile stress-elongation curves and b) elastic modulus (patterned bar) and 

adhesion strength (solid bar) measurements for composites of various binders with Si and 

acetylene black. (The tensile stress-elongation and elastic modulus measurements were 

performed with composite films whereas adhesion strength tests were carried out for composite 

film/current collector electrode). 

Figure 6.1 b showed the results of the adhesion test for the electrodes prepared from the various 

aforementioned binders. Here, a very distinct difference is observed. The composite electrode 

prepared with the PVDF binder showed very poor adhesion strength to the current collector 

while the PAA and PAN composites have significantly superior adhesion. The better adhesion by 

the PAA composite can be ascribed to the presence of high concentration of hydroxyl groups 

which leads to a stronger attachment to the current collector through hydrogen bonding [l 7,4 l ,5(}-

521 But for the PAN-based composite a relatively higher proportion of the binder could also 
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contribute to the higher adhesion strength measured. The adhesion strength to the current 

collector contributes to the electrical connection between the composite electrode material and 

the current collector and influences the electrochemical performance of the battery. 

6.3.3. Effect of the conducting additive on electrode mechanical properties 

One of the component of a Si composite electrode is a conducting additive commonly acetylene 

black. However, recently graphene has also emerged as an interesting candidate mainly due to its 

ability to improve the very low inherent conductivity of the Si active material 11 553- 581 . 

Evaluating the influence of these additives on the mechanical integrity of the electrode will be 

interesting. Hence, the mechanical properties of Si composite electrodes fabricated using 

acetylene black and graphene (electrochemically exfoliated containing very few graphene layers) 

but with PAA as binding additive were evaluated. Figure 6.2 (a-b) shows that the composite 

with EG has slightly superior elongation, stress resistance, elastic modulus and adhesion strength 

to the current collector compared to the one with AB, despite that lower proportion of PAA and 

EG was utilized. This is attributed to the superior flexibility , traction and strength of graphene 

compared to a carbon black !59
-621 . These findings showed that · not only the type of binding 

additive but also the nature of the conducting carbon could significantly influence the 

mechanical properties of a Si composite electrode and potentially could also impact the 

electrochemical performance of the electrodes. 
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Figure 6.2. a) Tensile stress-elongation curves and b) elastic modulus (patterned bar) and 

adhesion strength (solid bar) measurements for electrode composites with the same Si-H and 

PAA but different carbon conducting additives. (The tensile stress-elongation and elastic 

modulus measurements were performed with composite films whereas adhesion strength tests 

were carried out for composite film/current collector electrode). 

6.3.4. Covalent attachment of binder-like molecules and mechanical properties of Si 

composite electrodes 

The covalent attachment of binder-like molecules on the surface of the Si active material rather 

than a simple physical mixing of the same components has been reported to significantly 

improve the electrochemical performance of corresponding composite electrodes [1, 14 •63-67 l_ It has 

also been shown [68•691 that an esterification reaction is possible between the hydroxylated silicon 

surface and the COOH groups of CMC during the electrode drying procedure or high 

temperature process. Such a covalent bonding can improve the mechanical strength of particle to 

particle of the Si/carbon black active material. This improvement is often ascribed to the effect of 

the covalently linked binder on the stability of the SEI layer and partly to improved mechanical 

integrity of the electrode due to a homogeneous distribution of the adhesive component [ I, I4,63 •701 . 

199 



To confirm this hypothesis, tensile stress/strain and adhesion strength tests were performed and 

the results are shown in Figure 6.3 a-c. 

Interestingly, a very significant difference m the mechanical properties of the composite 

electrodes is observed. The composite film prepared with Si and a covalently attached binder is 

characterized by the highest resistance to stress, a low elastic modulus and highest adhesion 

strength to the copper current collector irrespective of the conducting carbon additive used. It 

showed more than 15% elongation before break while the one with the pristine PAA can only be 

stretched by less than 3% (Figure 6.3a) despite that the loading of the binder is much larger for 

the later (7 vs. 20 wt.%). Furthermore, the use of graphene instead of acetylene black is shown to 

enhance the composite 's elongation (Figure 6.3 a and b). The most significant information 

obtained here is the fact that the adhesion strength of the composite electrode with the copper 

current collector made with the covalently attached binding additive, is more than fourfold 

higher than the one with the added binder prepared by mechanical milling (Figure 6.3a). As 

outlined above, the adhesion of the composite material to the current collector is a critical 

requirement for a well-functioning Si electrode. Failure to achieve this is considered as the main 

issue contributing to the poor reversibility of volume and structural changes of the electrodes 

during cycling [22
•
38

•711 . It is also noticed that the use of graphene instead of carbon black can 

potentially improve the overall mechanical integrity of such composite electrodes in addition to 

electronic conductivity [72l . The achievement of these desirable features through the covalent 

attachment of the A 1-P AA layer can be mainly attributed to the possible uniform distribution of 

these molecules across the active material particles. It is reported that when a binder such as 

PAA is mechanical mixed with a Si and a high surface area carbon black or graphene conducting 

additives to form a composite electrode, they tend to be adsorbed more on the surface of the 

latter than on Si resulting in a very non-uniform distribution throughout the composite [73l. 

Moreover, the fact that the chemical composition of the A 1 -PAA grafted layer on the surface of 

Si particles is also different from the pristine PAA [l
4l could also potentially alter some of the 

mechanical properties of the composite film. 
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Figure 6.3. Tensile stress-elongation curves for the modified and Si-H composite films with a) 

EG and b) AB as conducting carbon additive. c) elastic modulus (patterned bar) and adhesion 

strength (solid bar) measurements of the different composite electrodes. (The tensile stress-

elongation and elastic modulus measurements were performed with composite films whereas 

adhesion strength tests were carried out for composite film/current collector electrode). 
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6.3.5. Storage of Si composite electrodes 

Previously, we have reported that composite electrodes based on covalent attachment of 

polyacrylic acid to Si possess superior electrochemical performance compared to a mechanically 

milled pristine Si/ binder composite fl
4J_ Nonetheless, a limiting aspect of Si based composite 

electrodes is the requirement to process, store and use the electrodes in an inert atmosphere due 

to the high reactivity of pristine or hydrogenated Si nanoparticles (7,33.74-761 • In the semiconductor 

industry, surface passivation by grafting organic molecules on the Si materials can be an 

attractive option to simplify their processability and storage (33 ,35,74- 761. To evaluate the possibility 

of processing and storing of modified Si composite electrode at ambient conditions, the variation 

of electronic conductivity ( cr) and specific capacity was monitored with respect to 

exposure/storage time. 

Figure 6.4 shows the variation of the electronic conductivity of the modified and Si-H composite 

electrodes over a period of 180 storage days. The decrease in electronic conductivity of the 

composite electrode based on the surface modified Si (Si-A 1-PAA) is much smaller than that of 

the pristine Si-H composite. The latter showed a decrease higher than 60 % in electronic 

conductivity while for the former is only less than 10 % over 180 days. A large drop in 

conductivity (about 50%) is recorded for the Si-H composite in the first 10 days, while in the 

same period the change for the modified Si is negligible. This behavior can be ascribed to the 

relative ease of oxidation of the hydrogenated Si nanoparticles under our storage conditions and 

formation of an insulating SiO2 layer. In contrast, the modified Si has covalently attached surface 

organic molecules that possibly serve as an artificial passivating layer that protects Si from 

oxidation (l ,
77J_ Moreover, the fact that the highest loss of conductivity for the Si-H composite 

occurred during the first few days of storage could be due to the presence of large quantity of the 

labile Si-H bonds that can form the SiO2 layer (78- 801. These findings demonstrate that the 

modified Si composite electrode can be processed and stored for a long period with a 

comparably small change in its electronic conductivity. Therefore, it is relevant to determine the 

potential impact of the modification on its electrochemical performance with storage time when 

used as anode in Li-ion half-cell. 
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Figure 6.4. Electronic conductivity cr (S m- 1) variations of modified and Si-H composites with 

respect to their storage time (days) at room temperature and pressure conditions. 

The same composite electrodes were subjected to 10 charge/discharge cycles and the set of 

measurements were repeated every 10 days during the 180 days storage time. Figure 6.5 shows 

the variation in specific capacity for each set of 10 charge/discharge cycles for both modified and 

Si-H composite electrodes. The first lithiation capacity on day 1 is more or less the same for both 

composite electrodes. However, a notable difference in the 1st delithiation and the following 

consecutive nine cycles capacity retention is observed as the modified Si composite showed a 

much better reversibility. While the capacity recorded for the Si-H electrode shows a 

significantly declining trend with the storage time, the polyacrylic acid modified Si composite 

electrode showed negligible difference which consistently follows the decline in electronic 

conductivity measurements. For example, if we compare the 10th cycle capacity for the as 

prepared electrode and the same composite electrode stored for 180 days, the Si-H composite 

electrode can only be 50% lithiated/delithiated while the modified one maintains more than 90% 

of its lithiation/delithiation capacity. Giving more emphasis to the observation on the Si-H 

composite electrode, it is possible to note a trend by which the decay in capacity is much faster 

for the first 120 days but comparing only the last 60 days of storage does not bring a significant 

change in the electrode capacity. 
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This is clearly demonstrated in Figure 6.Sb and c that presents the first cycle irreversible 

capacity and Coulombic efficiency extracted from the charge/discharge cycle (Figure 6.Sa) of 

both Si composite electrodes during the storage time, respectively. On the first day, the modified 

Si electrode showed a much lower irreversible capacity (696 mAh g-1) and higher Coulombic 

efficiency (86%) compared to the Si-H composite with values of 1240 mAh g- 1 and Coulombic 

efficiency of 67 %, respectively (Figure 6.Sd). Figure 6.Sa and b also show that the first cycle 

irreversible capacity and Coulombic efficiency of the modified Si composite electrode remained 

fairly constant throughout the storage period. 

The better capacity retention, reversibility and Coulombic efficiency of the modified Si can be 

mainly ascribed to the better mechanical stability of the electrode upon cycling and the 

possibility of the covalently grafted organic molecules to serve as an artificial stable solid 

electrolyte interface (SEI) layer l14l_ Also, the surface passivation of Si by the grafted binding 

molecules can be expected to maintain a consistent electrode composition ( e.g. mitigate Si 

oxidation). On the other hand, the silicon surface could be in a constant compositional change by 

continuous oxidation and formation of SiOx and or SiO2 during the storage time. Nonetheless, 

the capacity retention and Coulombic efficiency of the Si-H composite electrode were observed 

to improve at the cost of a considerable loss in specific capacity l70
•
81 ·821. This might be due to the 

Si surface saturation with the SiOx and or SiO2 layer which might end up in providing a 

relatively stable material composition which changes only slightly after about 120 storage days. 
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Figure 6.5. a) Plot of the specific capacity of the first ten charge/discharge cycles for the 

composite electrodes as a function of the ambient condition storage time. First cycle b) 

irreversible capacity and c) Coulombic efficiency. d) representative first cycle charge/discharge 

profiles of freshly prepared electrodes for the Si-H and modified Si composite electrodes. The 

galvanostatic cyclings were performed at a current density 0.34 A g- 1• 

6.3.6. Silicon loading and electrochemical performance 

A major issue m using nanostructured active materials for LIB electrodes is related to their 

declining electrochemical performance upon increasing active material electrode loading [36,83- 851. 

This effect has been reported to be very pronounced for nano-Si anode due to the large structural 

changes the material is undergoing during Li alloying [36'38'85'861 • Hence, evaluating the effect of 

the Si loading and cyclability of the corresponding composite electrode would be essential. This 

is also interesting considering the fact that for a 1 mg cm-2 active material areal loading the 

approximate dried composite electrode thickness from the Si-H is 75 µm while the same areal 
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loading, a thickness of 45 µm only is obtained for the polyacrylic acid modified Si composite 

electrode. Thus, here the variation in electrochemical performance of the composite electrodes 

fabricated from the modified and hydrogenated Si is evaluated by changing the active material 

areal loading and the rate of charge/discharge of the electrodes. 

Figure 6.6 demonstrates that the composite electrodes based on the modified Si have superior 

capacity retention at all current densities employed and at each electrode active material loading. 

For example, the electrochemical performance for the highest loadings (e.g. 4.53 and 3.10 mg 

cm-2
) for both electrodes is compared at moderately low current density (0.17 A g" 1

) (Figure 

6.6a and b). Firstly, the Si-H electrode showed very poor capacity retention. Subsequent cycling 

of the same composite electrodes with increasing the current density demonstrated very low 

capacity which ultimately reaches almost 0 mAh g·1
• Secondly, for the modified composite Si 

electrode, for the same active material electrode loadings, a significantly improved specific 

capacity and capacity retention is obtained (Figure 6.6b). Moreover, the modified composite 

electrode showed a much better recovery of its capacity at low current density following a very 

high current density cycling at all the active material loadings compared to the Si-H composite 

electrode. Figure 6.6c shows that the average specific capacity of ten cycles obtained at a 0. 7 A 

g·1 charge/discharge rate. The discharge capacity of the Si-H electrode with an areal loading of 

4.53 mg cm·2 is as low as 100 mAh g" 1 while the modified Si at the same loading and rate can 

keep an average specific capacity of 1350 mAh g·1
• This significant difference manifested by the 

two composite electrodes at higher loading is only logical when the average electrode thickness 

required is considered. The Si-H composite electrode with an areal loading of 4.53 mg cm·2 has a 

dried thickness of 340 µm whereas a thickness of 190 µm is obtained for the other. 

Consequently, the considerable packing density difference is the main contributing factor for the 

observed electrochemical performance difference. Figure 6.6c clearly shows that with the 

modified Si, a thinner film electrode can be fabricated with the same active material loading than 

with the Si-H composite. 
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Figure 6.6. The variation of specific capacity of a) Si-H, b) modified Si composite electrodes at 

different current densities and active material areal loading. c) Average lithiation capacity of the 

electrodes at a rate of 0.7 A g- 1 for the modified Si(---) and Si-H (-o-) composite electrodes. 

The thickness of each composite electrode is also indicated on Figure 6.6c. 

The reason for poor cyclability of thick Si nanoparticle based composite electrode films, m 

general, is explained by the fact that the small Si-H particle size can create more inter-particle 

space giving rise to low tap density and a high inter-particle resistance. The low tap density and 

thicker electrodes can yield longer electron pathway and the large inter-particle resistance can 

create barrier for the electron transport between the current collector and the active materials [&SJ_ 

Moreover, the largely exposed surface of nanoparticles leads to severe side reactions which can 
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lower its Coulombic efficiency and reversibility [36·851 . These factors altogether can potentially 

hinder the achievement of high areal mass loading for the nanoparticle based Si-H composite 

electrode. The relatively higher packing density of modified electrode for the same areal loading 

can be attributed partly to the self-adhesive nature of the Si particles which could minimize inter-

particle space. It can also be associated with the fact that the diminution of the amount of the 

binder could enable to load a higher amount of Si in a corresponding thin film. Hence, surface 

grafting of binding molecules could potentially be an interesting avenue for high packing density 

composite electrodes. On the other hand; cross-sectional SEM images of composite films have 

been shown in our previous report and no obvious differences in packing densities were observed 

between electrodes delivering high and low discharge capacity by this characterization method 

[l 5l_ However, we have shown the closer particles contact and continuous extension of the grafted 

polymer in between the silicon particles using HRTEM l 14l which would support this claim. 

6.4. Conclusions 

In this study, the effect of covalent grafting of polyacrylic acid on Si on the mechanical 

properties and robustness of the corresponding composite electrode was investigated. It was 

shown that composite electrode film with covalently grafted polyacrylic acid has a superior 

elongation without break and strong adhesion to the current collector, which are two key 

characteristic features needed for a composite Si anode to better accommodate the volume 

changes and associated stresses upon cycling. It was also demonstrated that such surface 

modification of silicon can potentially simplify composite electrode processing and storage, 

which are crucial for large-scale production, without adversely affecting its electrochemical 

performance. Moreover, the surface grafting on the Si particles provide a better packing density 

of the resulting electrodes. This enables to afford a relatively thin electrode for a high active 

material loading and comparing the electrochemical performance of modified Si and Si-H 

composite electrodes, the former maintained a superior capacity at all current densities. Finally, 

it was also observed that the nature of the conducting additive could also influence these 

properties. Graphene sheets additive led to better mechanical and adhesion properties, which can 

be related to the traction and flexible nature of this additive compared to acetylene black. 
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6.5. Experimental section 

6.5.1. Materials and reagents 

Electrochemically Electrochemically exfoliated graphene (EG, [871) , silicon nanopowder ( <100 

nm) (MTI Corp.), acetylene black carbon (AB, Alfa Aesar), 4-(1-hydroxyethyl)aniline (97 %, 

Alfa Aesar), hydrobromic acid (HBr, 48 % wt./vol, Sigma Aldrich), tert-butyl nitrite (Sigma 

Aldrich), hydrofluoric acid (HF) (48 v/v %, Alfa Aesar), tetrafluoroboric acid solution (48 v/v %, 

Fisher Scientific), acetonitrile (HPLC grade, Aldrich), anhydrous methanol (EMO), anhydrous 

ethanol (EMD), N,N-dimethyl formamide (DMF) (ACS grade, EMD), acetone (ACS grade, 

EMD), tert-butyl acrylate (t-BA) (Aldrich), toluene (EMD), N,N,N,N',N',N" -

pentamethyldiethylenetriamine (PMDETA) (Alfa Aesar), cupric chloride (CuC)i) (Aldrich), 

cuprous chloride (CuCl) (Aldrich), methylene dichloride (EMD) and trifluoroacetic acid 

(CF3CO2H) (99 v/v %, Alfa Aesar), potassium bromide (KBr) (Alfa Aesar), poly(acrylic acid), 

PAA (average MW= 25000 g mor 1
, Aldrich), poly(acrylonitrile), PAN (Sigma Aldrich, MW = 

150,000 gmor 1
), poly(vinylidene fluoride), PVDF (Sigma Aldrich, MW = 180,000 gmor 1

) , 

sodium carboxymethyl cellulose, Na-CMC (Sigma Aldrich, MW = 250,000 gmor 1
, degree of 

substitution 0.7), N-Methyl-2-pyrrolidone, NMP (Alfa Aesar), lithium foil (purity > 99.9 %, Alfa 

Aesar) were analytical grade and used as received. All solutions and subsequent dilutions were 

carried out using deionized water (Barnstead Nanopure II) . 

6.5.2. Grafting of binder-like molecules on Si particles 

For the grafting of the binder like molecules on the silicon nanoparticles, the Si powder is 

hydrogenated (Si-H) using 2% (v/v) solution of HF followed by grafting 1-(bromoethyl)benzene 

(Si-A 1) , using diazonium chemistry, that acts as initiator for the polymerization of tert-butyl 

acrylate (t-BA) and ultimately for formation of polyacrylic acid (Si-A 1-PAA). Subsequently, the 

polymerization was carried out by atom transfer radical polymerization (ATRP) in the presence 

of Cu+ catalyst coordinated with a PMDET A ligand in an inert atmosphere which was heated at 

100 °C for 16 hrs according to a detailed synthesis procedure [141
• The loading of Ai-PAA on the 

Si electrode characterized here was 5 wt.% [l
4J_ 
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6.5.3. Preparation of the composite film for tensile measurements 

Composite electrodes were prepared by using Si-H (with BET surface area of 28 g m·2 and 

average particle size of 80 nm) and modified Si (with BET surface area 34 g m·2 and average 

particle size of 84 nm) containing different binders and conducting additives (AB or EG) 

[l 4,15, 17,881 . Accordingly, various slurries of the composite electrodes were prepared as detailed in 

Table 6.1. The previously reported electrochemical performance of the electrodes was used as a 

basis for the selection of the ratios of the components [l 4, 15,17,891_ 

Table 6.1. The formulation of the different composite electrodes. 

Electrode Si Ai-PAA Polymer binder EG AB 

(wt.%) (wt.%) (wt.%) (wt.%) (wt.%) 

Si-H/AB/PVDF 60 20 20 

Si-H/AB/CMC 60 20 20 

Si-H/AB/PAA 60 20 20 

Si-H/PAN 70 30 

Si-H/EG/PAA 75 15 10 

Si-A 1-PAA/AB/PAA 73 5 2 20 

Si-A 1-PAA/EG 85 5 10 

All the slurries with PVDF were prepared using N-methyl-2-pyrrolidone (NMP) and PAN in 

DMF while all the composites with the PAA binder were prepared in ethanol solution (l 4, 15, 17·881 . 

Then, they were casted on a copper film to have an areal loading of approximately 1 mg cm·2 

unless stated otherwise. The composite electrodes with the PVDF and CMC were dried overnight 

and the composites with the PAA for 3 hrs at 70°C in vacuum. The Si-H/PAN composite 

electrode was further annealed at 300°C for 8 hrs for calcination of PAN and improve its 

electronic conductivity. In this case, no carbon additive is required because the calcination of 

PAN forms a good electronic carbon conduction network (Scheme 6.2) [88'901 . All the electrodes 

were stored in a dry box prior to measurements. 
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Scheme 6.2. An illustration for the Si-H/PAN composite electrode preparation procedure used 

without additional conducting carbon additive. 

6.5.4. Measurements of mechanical and physical properties 

To perform the tensile tests, self-supporting composite electrode films with approximate 

dimension of 2.5 cm wide and 7.5 cm long were prepared by using a modified literature 

procedure, which involves a slow dissolution of the copper foil through soaking in a very dilute 

0.1 mM HN03 solution for 8 hrs and the films were dried at 70°C overnight [43l. The stress-strain 

curves of the composite films were collected using an Instron 5548 micro stress- strain tester 

having a 0.1 N measurement precision controlled by the Console software. The self-supporting 

films were stretched at a rate of 0.0016 s·1 using a 50 N load cell, at ambient temperature and the 

measurements were replicated five times. These measurements were also performed in the 

presence of the current collector and the trend on the measured parameters is similar except the 

magnitude. 

Three parameters are used to describe the stress- strain curve. The elastic modulus, E, is the slope 

of the linear portion of stress- strain curves at a small strain, the maximum stress, CT max, and the 

percentage elongation-/ derived from the strain measurements. These parameters can also be 

defined in equations 1 and 2. 
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E= where (Equation I) 

l).L 
l = -x 100 % 

Lo 
(Equation 2) 

where, F is the applied tensile force, Ao is the film cross-sectional area, Lo is the original length 

of the film and ~L is the change in length by the film before ·break. 

Likewise peel adhesion tests were carried out using a modified 90° PAT Instron hydraulic peel 

adhesion tester with a digital reader having a 0.02 N precision at 50 mm min-' peeling rate for all 

the composites electrodes tape casted on a copper foil. The setting of the test and actual pictures 

of the films taken before and after peel-off are illustrated on Scheme 6.3. As a standard 

measurement condition dolls ranging from 10 to 50 mm diameter sizes were used which were 

attached to the coating with standard araldite glue. The back side of the copper substrate was also 

held on a metal plate, which can be screw/unscrew on the tester, using the same araldite glue. 

Then it was cured for 3 hrs at 80°C before doing the measurement. The peel-off strength of the 

coating was determined by automated digital measurement of the maximum perpendicular force 

(in tension) that the coating can bear, before a plug of material is detached, and converted in 

relation to the area of the doll in MPa and all the measurements were replicated three times. 
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Scheme 6.3. Illustration for: a) the modified Instron 90 degree peel adhesion tester. Real images 

to show appearance of the coating before and after peel-off for: b) Si-H/AB/PAA and c) Si-A1-

p AA/EG composite electrodes. 

6.5.5. Effect of the grafting on storage conditions and associated electrochemical 

performance 

The composite electrodes prepared from the modified and Si-H active materials in the 

procedures detailed above were stored in the same ambient temperature and pressure conditions 

for a designated duration of shelfing-time ranging between 1 to 180 days. The average humidity 

for the laboratory location recorded by Environment Canada during this work was ranging 

between 58.6 and 79.3 % with a six month average of 66.9 %. Then, electrode disks were 

punched out using MSK-T-10 precision disk cutter with standard 15 mm diameter. Therefore, 

the storage time refers to the period between the first time the composite electrodes are prepared 

by the doctor blade slurry coating and the time they are used for the respective measurements. 

For all the composite electrodes the active mass loading was set at 1.0 ± 0.12 mg cm-2 by 

regulating the casting thickness and all the reported specific capacities considers the amount of 

the active material in the composite. Electrochemical measurements were made using a CR2032 
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coin-type cells assembled in argon-filled glove box. A lithium foil (15 mm diameter disk) was 

used as counter electrode and Celgard®-2320 as separator. The electrolyte was a commercially 

available IM LiPF6 in mixed solvents of ethylene carbonate (EC)/diethyl carbonate 

(DEC)/dimethyl carbonate (DMC) (I: 1: 1 v/v) without electrolyte additive unless stated 

otherwise. The cells were cycled in galvanostatic mode at 0.34 A g- 1 using a VMP3 (Bio-Logic) 

potentiostat at room temperature, between lower and upper cut-off potentials of 0.05 and I V vs. 

Li/Lt, respectively. 

6.5.6. Effect of surface grafting on electrode material loading 

The composite electrodes with four different active material loadings, of both the modified Si 

and Si-H, ranging from 1.0 to 4.5 mg cm-2 were prepared and their electrochemical performance 

was compared. The summary of active material loading and corresponding electrode thicknesses 

are given in Table 6.2. 

Table 6.2. Summary of areal loading and dry electrode thickness for the composite electrodes. 

Dry electrode thickness (µm) 

Areal loading Si-H/PAA/AB Si-A 1-PAA/PAA/AB 
(mg cm-2) (60:20:20) (78:2:20) 

1.00 ± 0.12 75 ± 3 45 ±2 

1.74 ± 0.26 130 ± 4 80 ±4 

3.10±0.18 230 ± 3 140 ± 5 

4.53 ± 0.28 340 ± 6 190 ± 4 
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CHAPTER VII 

THESIS SUMMARY AND FUTURE PERSPECTIVES 

7.1 Major achievements 

This thesis has contributed in putting forward a new insight on alternative approaches for the 

development and formulation of electrode materials for electrochemical energy storage 

technologies. The approaches are designed to be holistic and be able to simultaneously address 

multiple issues associated with carbon-based electrodes of electrochemical capacitors and Si 

anode for lithium-ion batteries, in fewest possible steps. Consequently, the aims and objectives 

of this thesis have been met. 

A key oversight within the reviewed related literature is the role of binder and the formulation of 

the electrodes that is proved to heavily influence the electrochemical performance of the 

electrodes for ECs and LIBs. It is also narrated that through spontaneous grafting of certain 

organic moieties, it is possible to enhance the electrochemical performance of EC and LIB 

electrodes. Moreover, it is shown in this thesis that in the case of LIB electrodes, chemical 

grafting of certain organic molecules serve various purposes such as conducting additive, 

artificial SEI layer and binding additive which results in improved electrochemical performance. 

In this thesis, a fundamental understanding on the use of diazonium chemistry to graft organic 

moieties, particularly macromolecule anchoring sites, on the surface of electrode materials such 

as carbon and silicon has been achieved. As a follow up to that a controlled method for covalent 

anchoring of polyacrylic acid starting from a tert-butyl acrylate monomer using surface-initiated 

atom transfer radical polymerization is designed. Polyacrylic acid is preferred in this work due to 

its interesting features as a binding additive in composite electrodes associated with its 

mechanical and physical properties as highlighted in the literature review. Likewise, polyacrylic 

acid is heavily perceived as a self-healing polymer, meaning that upon mechanical fracture it can 

rectify back and more or less retain its initial structure through hydrogen bonding that emanates 
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from the presence of high concentration of carboxyl functional groups. In the case of the carbon 

electrodes, the acrylic acid functionalities give improved wettability in aqueous electrolytes. 

The findings, presented in the last four chapters, have provided specific insight into the 

procedures and additional details followed to fabricate the composite electrodes and the 

significant achievements on the electrochemical performance of the electrodes when used in their 

corresponding applications. For instance, it enables us to formulate a high carbon proportion and 

mechanically stable composite films . However, it is not possible to form a stable carbon 

composite films with cold-rolling method by mixing the high surface area carbon black with 

pristine polyacrylic acid, even with an increased proportion as high as 25 wt.%. Thus, covalent 

grafting of the polyacrylic acid appeared to bring good mechanical stability and better 

homogeneity in the distribution of the binding moieties and inter particles adhesion presumably 

via hydrogen bonding within the polyacrylic acid chains. It is also observed that the grafted 

polymer loading can be controlled by modulating various reaction parameters such as the loading 

of the halogenated initiator layer, concentration of the transition metal catalyst and monomer as 

well as reaction temperature/time. 

Ultimately, the electrochemical performance of these composite electrodes are evaluated and 

proved to give a much improved specific capacitance and wide working potential window 

compared to the standard carbon + PTFE composite film electrode (Scheme 7.1). The improved 

performance in charge storage is explained by the presence of ionizable surface such as 

carboxylate functional groups that can improve the surface wettability and electrolyte 

accessibility to the pores and a provide a high ionic conductivity. It is noted that there is also a 

trade-off between the quantity of the polymer loading or fiim wettability and enhancing the 

electrochemical capacitance. Though the polyacrylic acid loading is seen to be directly 

proportional to the electrode film wettability, a very high loading is seen to severely damage 

other important aspects of the electrodes such as the porosity of the electrode to allow the 

electrostatic charge storage and electronic conductivity which consequently showed an 

electrochemical performance declining trend with increasing the loading of the grafted organic 

moieties. 
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New electrode formulation 

Active material covale1tly bonded 
with a binder like functionalities 

Covalently attached 
binder 

Binding Structure 

4 New electrode formulation 

-4 

-0 .8 -0.4 0.0 0.4 

Improved wettability Potential (V vs. Ag/AgCI) 
0.8 

Scheme 7.1. Summary of experimental findings from the new formulation of carbon based 

EDLC electrode in neutral NaSO4 electrolyte. 

Morover, Alloin et al. [304J has also reported the impact of the presence of grafted films onto 

electrode surfaces towards the reduction of water. The results obtained with such modified 

electrodes (Figure 7.1) showed a large impact on the water reduction kinetics. The modification 

of the carbon electrode permits to significantly shift the water reduction with increased 

overpotential of over 320 m V. It is explained by the fact that the occupation of active reaction 

sites by the grafting molecules would partly inhibit the water reduction reaction. 

E (vs ECS)N 
-2 -1 .8 -1 .6 -1 .4 -1 .2 -1 

- Glassy carbon 
0 2 0.1s 
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-·-··0 2 2s 
- - 0 2 10s 

-0.8 -0.6 
0 3 

)> 
0 
=l ... 

-2 

-4 

-6 

-8 

-10 

Figure 7.1. Cyclic voltammograms in the cathodic region for an aqueous solution+ 5 M LiNO3 

on glassy carbon electrode and modified ones, using D2. Scan rate 20 m V s- 1• 

(Reproduced with permission from [304l). 
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This project on carbon has been used as a spring board and the same fundamentals are applied to 

modify nano-silicon powder but in organic media. Details on synthesis procedures, 

electrochemical performance and the surface modification characterization and effect on the 

mechanical and storage properties of the composite electrodes are given in chapters 4 - 6 and 

major findings are summarized on Scheme 7.2. 

The modified Si composite electrode performs better at all charge/discharge rates and allows the 

use of larger proportion of the active material by reducing the amount of binder by promoting 

particles self-adhesion consequently the binding efficiency. It has also high cyclability, low first 

cycle irreversible capacity, better Coulombic efficiency without the use of any electrolyte 

additive unlike the common practices used with Si-based anodes. A post-mortem SEM 

characterization of the electrodes after long cycling revealed that the new composite electrode 

seemed to contain the stress caused by the lithiation/delithiation of the Si as it showed less 

disintegration of the composite matrix compared to the regular electrode even though a small 

weight ratio of binding additives is used with the former. The ability to avoid the electrolyte 

additives and the low first irreversible capacity or high Coulombic efficiency infer the 

minimization in the electrolyte decomposition and associated by products such as gases and heat 

which can potentially decrease the eventual effect on battery aging and safety. 

The other fundamental observation in this project is that, like the carbon film electrode for ECs, 

there is also a trade-off between the quantity of polymer loading and enhancing the 

electrochemical performance of the Si anode. When the loading is beyond a certain quantity a 

decrease in capacity is observed though the cyclability is better and allows an electrode 

preparation without any additional binder additive. It is also found that the composite electrode 

film with the covalently grafted binding additive has superior elongation and strain resistance 

before break and strong adhesion to the current collector which are key characteristic features 

needed for a composite Si anode to better accommodate the volume changes and associated 

stresses upon cycling. In line with this finding, when the thickness variation of the Si composite 

electrodes is followed upon cycling, it is observed that the modified Si electrode showed lower 

volume changes especially with increasing the number of cycles which is also in agreement with 

the observations from the post-mortem SEM images of the cycled electrodes. 
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Such modification is also shown to provide simplification with regard to Si composite electrode 

processing and storage without adversely affecting the electrochemical performance. The surface 

modification of a hydrogenated Si can potentially provide simplification with regard to the 

composite electrode processing and storage, which are crucial for large-scale production, without 

penalizing its electrochemical performance. Moreover, it is found that the surface grafting on the 

Si particles could provide a better packing density of the electrodes. This enables to afford a 

relatively thin electrode for a high active material loading. As outlined in the literature reviewed 

and findings in this work, the major drawbacks of nanostructured Si-based electrodes is their low 

packing density and their very high catalytic activity that can induce huge electrolyte degradation 

and oxidation when stored at ambient conditions. 

Another important finding of this work is the _assessment of the possible impact of the nature of 

conducting additives on the electrochemical and mechanical performance of the Si-based 

composite electrodes. It is also observed that the use of graphene additives instead of the 

common acetylene black can led to better mechanical and adhesion properties, which is related 

to the better traction and flexibility of graphene compared to acetylene black. An improved 

electrochemical performance is also attained with the use of graphene as conducting additive. 

The composite electrode with the modified Si has afforded high electronic conductivity and can 

be cycled for more than 600 cycles without a capacity loss at very high current density when the 

specific capacity is limited to 1200 mAh g- 1
• One of the major issues associated with the use of 

graphene as conductive additive is the penalty in volumetric capacity due to the low gravimetric 

density of graphene. Most of the reported composite electrodes, however, use high ratio of 

graphene to take advantage of the ability of the graphene sheets to encapsulate and contain the 

stress on the composite matrix caused by the alloying/de-alloying process in Si-based electrodes, 

accordingly most of the reports use less than 50 wt.% of Si. With our modified Si composite 

electrode it was possible to fabricate better performing Si anodes with high active 

material/graphene loading ratios by only mechanical blending of the components. 
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Therefore, the approach designed to fabricate Si-based composite electrodes is found to be very 

interesting to simultaneously address its multiple and major facets that hinders its applications in 

the current LIBs. 

7 .2. Scope of the thesis 

The scope of this thesis is limited to half-cell electrode characterization and the results do not 

necessarily apply to a full cell capacitor or lithium-ion battery. From the synthesis point of view, 

a direct method of determination for the thickness, number of molecules for the initiator layer 

and the polymer's molecular weight and chain length is not developed and the calculations and 

other characterizations used only give approximate estimations. For the mechanical property 

tests on Si composite electrodes the measurements were not made for electrolyte soaked films as 

that could be the closest scenario to the real electrode in a cell. However, the experimental 

setting does not allow us to do measurements in these conditions. Moreover, the post-mortem 

analysis is only limited with a top-view SEM imaging and a further electrode film delamination 

from the copper current collector using focused ion beam (FIB)-SEM cross-sectional observation 

would be more informative. 

7.3. Future perspectives 

According to the presented results and discussions a significant stride is made in addressing key 

setbacks on the electrochemical performance of major electrode candidates for electrochemical 

capacitors and lithium-ion batteries. However, many additional things can be addresses to further 

advance and establish the approach such as: 

i) Trying to apply and optimize the approach for other anode and cathode active 

materials modifications in light of achieving the same goals. 

ii) The ATRP on both carbon and silicon surfaces can further be studied with respect to 

efficiency of the reaction media (solvent) and temperature. 

iii) Veinot and co-workers l2% JOS- 307J has also shown the possibility to use simple surface 

halogenation reactions instead of diazonium chemistry to graft various organic 

moieties that can avoid the use of bulky aryl initiator layers. Hence, relatively low 

molecular weight organic moiety without losing its interesting features could be 

developed, as high molecular weight often penalizes the gravimetric capacity. 
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iv) Characterization of the electrodes in full cell would be beneficial to get the global 

outlook of the developed electrode formulations . For instance in a half-cell lithium-

ion battery a Li electrode is used as anode and the Si alloying reaction is not limited 

by Li-ion concentration and a full capacity can be attained in the given potential 

range. However, in a full cell with a Si anode and an appropriate cathode ( eg. 

LiFeP04, LiCo02, LiMn20 4) , the Li-ion concentration is limited by its concentration 

in the electrolyte and the cathode. Therefore, further full cell characterization would 

be interesting. 

v) In-situ/operando measurements would also be useful to observe the morphological 

and compositional changes during charging/discharging of the electrodes. 

vi) Basic studies on mass transport within the developed solid composite electrodes 

would be interesting and could provide further insight on some essential 

characteristics features. 

vii) Studies on the possibility on the extent of avoiding the electrolyte degradation with 

the new Si composite anode would be important. 

viii) Examining the cell reaction byproducts emitted during charge/discharge cycles and 

cell temperature variation can be more informative. 

Overall, this dissertation allowed us to make scientific contributions for development of 

electrode materials for electrochemical energy storage technologies such as electrochemical 

capacitors and lithium-ion batteries and if it is accompanied with the recommendations made in 

the future perspectives, it can be regarded as potentially complete and scalable electrodes 

formulation method. 
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APPENDIX A: ELECTROLYTES FOR ELECTROCHEMICAL CAPACITORS 

Electrolytes used in supercapacitors can be aqueous, organic, or liquid salts ( commonly known 

as ionic liquids). The two main criteria for selection of an electrolyte are the electrochemical 

stability window and the ionic conductivity [821. The first is important to maximize the specific 

energy values, while the second has a major influence on the values of power. 

Acid ( e.g. , H2SO4) and alkali ( e.g. , KOH)-based aqueous electrolytes have a higher conductivity 

(up to~ 1 Siem) compared to organic electrolytes (based on acetonitrile or propylene carbonate), 

giving the system a higher power performance. However, due to the narrow electrochemical 

stability window (1.23 V) of water, the operating voltage is relatively low ( ~ 1 V) [3081 and, 

consequently, the energy that can be stored in the device is limited. However, Ruiz et al. l3081 

demonstrated that it is possible to increase the operating voltage of carbon based supercapacitors 

in aqueous H2SO4 up to 1.6 V by using different optimized carbons as positive and negative 

electrodes. It is important to note that, depending on the used carbon, the over-potential for 

electrolyte decomposition varies. For instance it has been demonstrated that surface grafting of 

some functional groups can significantly alter the over-potential for electrolyte decomposition 
[309] To mitigate the corrosive character of the acid media, electrolytes with neutral pH have 

been investigated and voltage values up to 2 V with good charge/discharge cycle life have been 

observed for symmetric AC cells in Na2SO4 and Li2SO4 l308'310'3111. Electrolytes composed of a 

salt dissolved in an organic solvent provide a wider electrochemical stability window in the 

range of 2.7 - 2.8 V compared to aqueous solutions. However, their ionic conductivity and the 

specific capacitance (80-100 Fig) are lower than for aqueous electrolytes [312,3131. Therefore, in 

choosing between an aqueous or organic electrolyte, one must consider the trade-offs between 

capacitance, ESR, and voltage l43l_ Because of these trade-offs; the choice of electrolyte often 

depends on the intended application of the supercapacitor. However, despite the remarkable 

performance of the organic-based systems, they suffer from the use of highly toxic and/or 

flammable solvents which can cause severe safety hazards l79l. The fabrication costs of capacitors 

using such electrolytes are also high due to the use of a water free environment needed to 

manipulate and assemble the components of the capacitor. Hence, aqueous salt electrolytes are 
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currently emerging as interesting candidates and various kinds, especially the neutral types, are 
developed [49,79,3 10,311,3 141. 
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APPENDIX B: ADDITIONAL COMPONENTS OF LITHIUM-ION BATTERIES 

8.1. Cathode materials 

Cathode materials are typically Li-containing oxides of transition metals with a certain crystal 

structure, which undergo oxidation reaction to higher valences when lithium is removed. While 

oxidation of the transition metal can maintain charge neutrality in the compound, large 

compositional changes often lead to phase changes, so crystal structures that are stable over wide 

ranges of composition must be used. This structural stability is a particular challenge during 

charging when most (ideally all) of the lithium is removed from the cathode. During discharge 

lithium is inserted into the cathode material and electrons from the anode reduce the transition 

metal ions in the cathode to a lower valence [3 151 _ The key requirements for a successful cathode 

material in a rechargeable LIB are [3 15•3 161: 

1. The material contains a readily reducible/oxidizable ion, for example a transition metal; 

11. Lighter in weight (small molecular weight) 

iii. The material reacts with lithium in a reversible manner; 

1v. The material reacts with lithium with a high free energy ofreaction; 

v. The material reacts with lithium very rapidly during both insertion and extraction 

processes; 

v1. The material is a good electronic conductor, preferably a metal; 

vii. The material should be stable. For example, there should not be structure changing or 

degrading if over-discharging or over-changing takes place; 

viii. The material should be less expensive; 

ix. The material is as environmentally friendly as possible. 

All these essential requirements restrict the possible options to elements mostly in the first four 

periods of the periodic table. The common cathode materials in LIBs are transition metal 

compounds which have layered, spine!, or olivine crystal structures, and transition metal cations 

typically display four-and/or six-fold coordination with oxygen anions, anionic clusters, or 

ligands (Figure B.1) [46•93•3 17•3 181 . 
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Figure B.1.Various cathode and anode active materials for LIBs. The voltages are vs. Li/Lt . 

(Reproduced from various sources [46,68,93 ,96,3 17- 319l). 

Lithium ions are inserted via an electrochemical intercalation reaction. While lithium ions 

occupy the space between adjacent layers or unoccupied octahedral or tetrahedral sites, an equal 

number of electrons enter the available d orbitals of the transition metal cations in the host 

crystal. Hence, the basic layered structure cathodes include LiCoO2, LiNiO2 and LiMnO2 and 

have the advantage of higher energy density owning to their more compact lattices, and their 

topology offers highly accessible ion-diffusion pathways [93,319l. LiMn2O4 is a spine! structured 
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and an extensively studied cathode material for LIBs. Compared with LiCo02, it possesses the 

advantages of lower price, lower toxicity, and higher rate capability. However, the mam 

drawback of spine! LiMn20 4 cathode is its drastic capacity fading, especially at high 

temperatures, and a low capacity of around 120 mAh·g·1 [111 ' 1121. The other group is the Olivine-

type such as LiFeP04 with a theoretical capacity of 170 mAh g" 1 a flat 3.5 V vs. Li voltage, 

reduced costs and a high intrinsic safety. This material is considered as a promising cathode 

material for LIBs [320,3211 . The main drawbacks of these olivine materials are the poor ionic and 

electronic conductivity [3221 . A summary of electrode capacity and working potential for all the 

commonly known cathode materials obtained from literature is given in the table below. 

Table B.1. Characteristics of representative intercalation cathode compounds; crystal 

structure, theoretical/experimental/commercial gravimetric and volumetric capacities, 

average potentials, and level of development. 

Crystal Specific Volumetric 

structure capacity capacity 

Compound (mAh g-1)* (mAh cm-3}** 
Layered LiTiS2 225/210 697 

LiCoO2 274/ 148 / 145 1363/550 

LiNiO2 275/150 1280 

LiMnO2 285/140 1148 

LiNi033 Mno.J3C0033O2 280/ 160/ 170 1333/600 

LiN io sCoo 15A lo 050 2 279/ 199 /200 1284/700 

Spinel LiMn2O4 148/ 120 596 

LiC02O4 142/84 704 

LiFePO4 170/165 589 

LiMnPO4 171 /168 567 

Olivine Li CoPO4 167/125 510 . 
(theoret1cal/expenmental/typ1cal m commercial eel ls) 

•• (theoretical/typical in commercial cells) 

Average 

voltage Level of Ref. 

(V) 1341 development 

1.9 Commercialized [ J L J J 

3.8 Commercialized [324] 

3.8 Research [325] 

3.3 Research [315] 

3.7 Commercialized [316] 

3.7 Commercialized [11 2] 

4.1 Commercialized l I ILJ 

4 Research [Il l ] 

3.4 Commercialized 1325] 

3.8 Research [326] 

4.2 Research [319] 
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B.2. Electrolytes, separators and current collectors 

B.2.1. Electrolytes 

The electrolyte is defined as a solution containing a salt and solvents, and constitutes the key 

component of a LIB. The role of liquid electrolytes in lithium-ion cells is to act as an ionic 

conductor to transport lithium-ions back and forth between positive and negative electrodes 

as the cells are charged and discharged l95l . Optimising an electrode material is only the first 

step in the process leading to its implementation in a practical cell. The capacity of a cell is 

dependent on the structural or electronic behaviour of its electrode, but poor cell lifetimes are 

often rooted in the side reactions occurring at the electrode-electrolyte interface, thus making 

the choice of electrolyte crucial [%]. An ideal electrolyte would possess the following 
properties [1 01-1 12,327- 3301: 

• Large electrochemical window, at least 4.5 V for lithium-ion cells with high voltage 

cathodes. 

• High Lt conductivity over a wide temperature range. 

• Retention of the electrode/electrolyte interface during cycling when the electrode 

particles are changing their volume. 

• Good chemical and thermal stability. 

• Low toxicity and low price. 

• Safe materials, preferably non-flammable and non-explosive. 

Meeting all these requirements proves to be a considerable challenge, and several types of 

electrolytes have been used in LIBs. Organic liquid electrolytes, ionic liquids, polymer 

electrolytes, inorganic solid electrolytes and hybrid electrolytes l1031
. The organic liquid 

electrolytes are the most commonly used and longest commercially available. They consist of 

a solution of a lithium salt in organic solvents, typically carbonates, which are good solvents 

for Li salts, and have an oxidation potential at ca. 4.7 V. Ionic liquids have been recently 

considered as alternative electrolytes because they offer several advantages over the 

carbonate-based electrolytes, a high working potential , non-flammability and better thermal 

stability. In spite of extensive research, no ionic liquids have yet been introduced onto larger 

power batteries (1121
. Polymer electrolytes offer other advantages over their liquid 
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counterparts, mostly in safety issues. A solid electrolyte can also act as the separator of the 

electrodes. 

B.2.2. Separators 

A separator is a porous membrane placed between electrodes of opposite polarity, it is 

permeable to ionic flow, but prevents electric contact of the electrodes (95
,3201• Essentially, the 

separator must be chemically and electrochemically stable towards the electrolyte and 

electrode materials. Structurally, the separator should have sufficient porosity to absorb 

liquid electrolyte for the high ionic conductivity. However, the presence of the separator adds 

electrical resistance and takes up space inside the battery, which in tum affects battery 

performance l32I1 • As a passive element of the battery system, the separator has attracted 

little scientific interest, and not much research is directed toward characterisation and 

development of new separators (1071• A wide variety of properties are required of separators 

used in lithium-ion batteries: 

• Electronic insulator. The electronic insulation has to be durable, effective over many years 

over a wide range of temperature, and in highly aggressive mediums (I 0
7
,3201. 

• Mechanical strength. The separator must be mechanically strong to withstand the tension of 

the winding operation during battery assembly rI01
-
II 1J _ 

• Chemical stability. The separator should be compatible and stable towards both electrolyte 

and electrode materials l95 l_ 

• Porosity and pore size. An appropriate porosity is necessary to hold sufficient liquid 

electrolyte for the ionic conductivity between the electrodes, however the pore size must be 

smaller than the particle size of the electrode components lIII1 • 

• Wettability. The separator should wet easily in the electrolyte and retain the electrolyte 
permanently (I OO, I I IJ_ 

B.2.3. Current collectors 

The electrode materials are applied or coated onto current collectors. For most commercial 

cells, an aluminum foil is used for the positive electrode and copper for the negative 
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electrode. Al is chemically stable for higher voltages and is extensively used between 3 and 5 

V vs. Li/Lt. However, for the lower voltages, Cu is the material of choice, being 

electrochemically stable in the range below 3 V vs. Li/Lt l3221 . 
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APPENDIX C: PROPOSED REDUCTION MECHANISM OF FLUOROETHYLENE 

CARBONATE ELECTROLYTE ADDITIVE 

a) 
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Scheme C.1. Reduction mechanism of FEC which leads to the formation of a) polymeric species 

and b) lithium fluoride, lithium carbonate, ethylene and methylenedioxyl ion. 

(Reproduced with permission form [IS?J and l 191 l). 
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APPENDIX D: SURFACE MODIFICATION OF ELECTROCHEMICAL ENERGY 

STORAGE MATERIALS USING DIAZONIUM CHEMISTRY 

In the field of energy storage and conversion, tuning the interfacial reactivity of the active 

materials is known to be very important for the stability and performance of the overall system. 

For instance, in some electrode materials of lithium-ion batteries, contact with organic electrolyte 

may lead to active material dissolution and electrolyte decomposition [33 ' - 337l. So far, attempts to 

solve such issues have been addressed by using a thin surface protective inorganic [l 93,2o4,333 ,337-

344l or polymeric r33 i ,333- 336,345- 34sJ coatings (to avoid the impeding of charge transfer). Covalent 

functionalization of the surface of active electrode materials, rather than physical deposition of a 

simple coating of some organic molecules, can also contribute to improve the performance by 

tuning surface properties, participating in the electrochemical storage reactions and provide good 

integration of electrode components to keep structural stability. For such a purpose 

modifications of these materials through diazonium chemistry is an interesting approach. In the 

next sections, the recent advances in using the method for different electrode materials of ECs 

and LIBs is described. 

D.1. Modification of EC Electrodes 

Electrochemical capacitors as outlined previously, deliver much less specific energy, typically < 

10% of LIBs. An alternative approach to improve this bottle-neck is demonstrated to be the 

addition of redox capacitance to the high surface-area carbons by grafting organic molecules that 

could reversibly undergoes a Faradaic reaction and add to the overall capacitance of the device. 

Most of the reported surface modifications of electrodes for this devices made through 

diazonium chemistry are mainly used for such a purpose. Among such functionalizations those 

based on quinone-type molecules such as anthraquinone [229,349- 3521 , chloroanthraquinone [353 l, 

catechol [354-3561 and phenanthrenequinone [357l have been investigated with the purpose of 

increasing the electrochemical performance of carbon electrodes Scheme D.1 presents the 

grafting reaction involving 1-anthraquinone diazonium cations. 
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Carbon O 0 

e- h e-1 \ 
0 0 0 

Scheme D.1. Grafting reaction of anthraquinone diazonium molecules with a carbon substrate 

using the diazonium reduction method l253 l. 

The quinones were grafted by spontaneous reduction of an in-situ generated corresponding 

diazonium ions l35o,35 1,353,3581 . For these modifications, the carbon substrate (eg. carbon powder, 

carbon felt) was left ·to react in a solution containing the diazonium ions. The grafted quinone 

moieties undergo a Faradaic reaction involving two protons and two electrons and the redox 

reaction of anthraquinone in acidic electrolyte is shown as a representative example for this class 

of compounds in Scheme D.2. 

0 HO 

+ + 

0 OH 

Scheme D.2. Redox reaction of anthraquinone [3511 . 

The fact that two electron per surface grafted quinone molecules participate in the redox reaction 

make them good candidate to enhance the energy density of the carbon-based electrodes. The 

group of Pickup et al. has also reported such modification of the carbon surfaces by catechol 

results more or less a similar increment in specific capacitance (3581. Similarly, Pognon et al. 

reported that the covalent attachment of anthraquinone molecules allowed to double the 

capacitance from compared to the unmodified Black Pearls carbon black electrode by the 

contribution of the redox reaction of grafted anthraquinone molecules. The stability of the 

grafted molecules has also been examined by long-time galvanostatic charge-discharge cycling 

experiments and only a 17% loss of the faradaic capacitance has been observed following 10000 

charge/discharge cycles performed in acidic electrolyte l3511 . An interesting feature that was 

observed is that despite the fact that the covalent attachment of the molecules caused a major loss 
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of the microporosity of the carbon black, the double layer capacitance of the carbon was only 

slightly affected [253 l . 

The functionalization of a carbon powder (Black Pearls 2000) by covalent attachment of 

electroactive catechol groups through spontaneous reduction of in-situ generated catechol 

diazonium ions in aqueous solution from the corresponding amine C
355

l Scheme D.3 and from 

acid-assisted diazotization has also been shown to improve the performance of a carbon 

electrode (3561. 

e-j 
e-a 
Carbon 

+ 
_/ 
N, ---=----

OH 

' •0--QH 
Scheme D.3. Grafting of catechol groups from the corresponding in situ generated diazonium 

cations [355l . 

Due to the faradaic contribution, the catechol-modified electrode exhibits a higher specific 

capacitance than pristine carbon in H2S04 electrolyte. The stability of the modified electrode 

evaluated by long-time charge/discharge cycling showed a fairly low decrease in capacitance for 

the catechol-modified carbon due to the loss of the catechol redox activity for 10 000 constant 

current charge/discharge cycles C
355

l_ 

As it can be seen from the above discussed studies, the grafting of organic moieties such as 

anthraquinone, 9, 10- phenanthrenequinone and catechol, which all involve a 2e- Faradaic redox 

reaction upon cycling, significantly contribute in improving the electrochemical performance of 

resulting carbon based electrodes in terms of energy density without a significant damage to their 

cyclability. Most importantly, these reports showed that spontaneous surface modification of 

electrode materials for ECs through spontaneous reduction of diazonium ions is a viable 

approach to significantly improve their electrochemical performance. 

D.2. Modification of LIB Electrodes 

i) Anode Materials 

The first application of diazonium based surface functionalization for Li-ion battery electrodes 

has been proposed for the stabilization of natural graphite anode ( l
99l_ It is well known that, from 
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the inherent property of a natural graphite electrode material, there is large difference in 

electroactivity between the edge and basal planes and the weak interactions among the graphene 

layers originating from the highly anisotropic and layered structure of graphite l359l_ Upon 

operation as anode, the insertion/deinsertion of lithium ions causes a change in the volume of the 

particles that would result in a fragile and non-uniform solid electrolyte interface (SEI) layer on 

the surface during cycling [3601 . The conventional approach to mitigate this problem was to 

modify its surface by: a) non-covalent coating with polymers [36 11, b) mild oxidation l3621, c) 

deposition of disordered carbon [360•3631 , d) deposition of metal and/or metal oxide [3641, and e) 

chemical fluorination [3651 . Some of the obvious limitations of these methods are the corrosion of 

the graphite surface, the high-energy consumption of the procedures and utilization of harsh 

chemicals. Moreover, the weak interaction between the modified surface and the graphite layers 

is believed to be the major reason for the instability of the SEI layer l199 l_ Consequently, a mild 

method based on the spontaneous reduction of diazonium ions was used to covalently attach a 

few nm thick nitrophenyl multilayers to the surface of natural graphite, via diazonium chemistry 

in acetonitrile solvent (Scheme D.4.) l199l_ The covalent attachment of those layers can provide a 

strong interaction between the surface modifier and the anode active material that can potentially 

led to a better stability for the SEI layer. 

0 2N N02 

NH2--o-N02 
02N N02 

(CH3)iC3 H60NO/MeCN 

0 2N N02 

Scheme D.4.Schematic illustration for the surface modification of natural graphite with 4-

nitrophenyl multilayers ri 99l_ 
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A significant improvement of the performance has been reported in terms of initial Coulumbic 

efficiency, specific capacity and cyclability. Scanning electron microscopy also showed the 

presence of a compact, stable, and uniform SEI film formed on the graphite surface after grafting 

the nitrophenyl layers compared to the conventional graphite anode in the same conditions. 

As an emerging anode material for Li-ion batteries and currently under intense investigation and 

in route to commercialization, Si surface modifications by various_ functionalities using 

diazonium chemistry is becoming a viable way for improving the electrode' s performance 

[
201

•
255

•
2631

. Mostly these modifications are made to provide structural stability that would lead to 

an improved performance during electrochemical cycling. Moreover, the ease of surface 

oxidation of Si has also been reported to bring inconsistency in performance as a large oxide 

layer can act as a tunnelling barrier to interfacial charge transfer (3661. Consequently, the covalent 

coating and functionalization of Si surface using spontaneous diazonium cations grafting has 

been accomplished based on the idea that it can also help to control the surface oxidation and 

might bring stability and better integrity of the electrode physical and mechanical features. 

A widely used technique to improve the electronic conductivity of a Si anode (as it has a poor 

inherent conductivity) is the fabrication of conducting carbon/silicon composite [64
•
66

•
367

-
369

1. 

However, physisorption of silicon particles on the graphitic flakes is not sufficient to avoid the 

loss of electronic conductivity and decrease of capacity upon cycling (3671. Martin et al. (2031 have 

developed a procedure based on the diazonium chemistry to chemically link silicon nanoparticles 

to carbon by a phenyl group. In this procedure, p-phenylenediamine has been used in order to 

successively generate two aryl radicals on a single molecule that are required to link silicon 

nanoparticles to the graphite flakes by a phenyl bridge and form the new silicon-phenyl-carbon 

nano-composite. This material was prepared by a two-step method that involves, in the first step, 

the grafting of aniline to the graphite surface in aqueous media followed by the grafting of 

silicon nanoparticles on the other end of phenyl molecules in non-aqueous media, in the second 

step (Scheme D.S.). 

243 



NH2-o-NH2 
p-phenylenediamine 

+ NaN02 ( leq.) \ 

) HCl,O SM 

CFO grafted with 
p-phenylenediamine 

(CFO-q> -Nl-1 2) 

+ 

+ N=N-O-NH2 

Graphite flake OF 
(CFO) 

tBu - ONO (Seq.) 
ACN 

aminophenyl aryl 
radical 

Step I 

Step 2 

Si 

CFO grafted with 
p-phenylenediamine 

(CFO-(P -NH 2) 

CFO gra fted with 
p-phenylenediamine 

(CFo-<P -Si ) 

Scheme D.S. Step l: Grafting of aminophenyl groups onto graphite flakes; Step 2: Grafting of 

silicon nanoparticles onto modified graphite via a phenyl bridge. On the figure. <p stands 

for phenyl [2031 . 

The covalent linkage of Si nanoparticles and graphite flakes by a phenyl group has been reported 

to be efficient in retaining capacity upon galvanostatic cycling in a half-cell configuration with a 

52% capacity retention after 50 cycles as compared to 38% for a simple mixture of silicon 

nanoparticles and graphitic flakes . 

As a follow up to this work, Martin et al. [3701 used the same approach to chemically link 

nanosized silicon particles to multiwalled carbon nanotubes (MWCNTs) and prepare a 

composite Si anode. High-resolution TEM image (HRTEM) and schematic drawing of the 

MWCNTs-phenyl-Si material are presented in Figure D.l. The HRTEM image shows the 

linkage of one carbon nanotube to a silicon particle of another carbon nanotube by a polymeric 

layer. 
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20nm 

Figure D.1. High-resolution TEM image and schematic drawing of the MWCNTs-phenyl-Si 

material. On the figure, cp stands for phenyl 13701 . 

The use of CNTs as carbon additive stems from enhancing the electronic conductivity of the 

electrode and preventing silicon decrepitation by improving the mechanical stability of the 

electrode at the nanoscale level. By limiting the electrode capacity to I 000 mAh g- 1 on each 

cycle, it has been shown that the capacity of the grafted sample (MWCNTs-phenyl-Si) was 

higher than that of the simple silicon/MWCNTs mixture. In contrast, it is shown that a simple 

mechanical milling of MWCNTs results in a drastic fade in capacity upon cycling, while the 

capacity of the grafted sample was maintained for 35 cycles. A post-mortem TEM structural 

analysis after cycling showed a better retention of the structure for the grafted material even 

though the presence of the covalent linkage was not confirmed. 

To aid the fom1ation of a robust and flexible SEI film that can accommodate the strain induced 

by the active material volume change Pan and co-workers have also covalently grafted organic 

molecules such as 4-carboxyphenyl groups via diazonium chemistry on HF-cleaned Si surface 

(Scheme D.6) 120 11 . It is demonstrated that the presence of this organic layer enhanced the 

capacity retention by the electrode which maintained 55% of its initial capacity after 50 cycles. 
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Scheme D.6. Grafting of 4-carboxyphenyl groups onto Si nanoparticles [2011 . 

These studies are good indicators of the potential of the diazonium chemistry for surface 

modification and covalent linking between silicon active material and conductive additives so 

that it could be possible to avoid the use of high energy demanding pyrolysis or ball milling 

procedures to have a structurally flexible and electrochemically better performing Si anode 

material for Li-ion batteries. 

ii. Cathode Materials 

In most of the reports, the mam motivation to apply the diazonium chemistry for the 

functionalization of cathode electrode materials for LIBs is to minimize the surface reactivity of 

electrode material with the electrolyte, protect the dissolution of the active material on use l371 l 

and to design an electrode material that can be cycled at high rates r230J. 

The group of Guyomard reported the electrochemical grafting of 4-nitrobenzene groups on 

Li i+x V 30 8 surface while cycling the battery by lowering the potential of the material below the 

potential threshold l3711 . This surface modification was performed to avoid the degradation of the 

electrolyte by possible ring-opening and polymerization reaction of electrolyte components such 

as ethyl carbonate (EC) or dimethyl carbonate (DMC) on transition metal oxide based cathode 

that might be induced by the surface oxygen sites. It has been found that the attached 

homogeneous organic multilayer does not impede charge transfer and generally does not limit 

the electrochemical reactivity. Above all, it has been demonstrated that the functionalization 

decreased the chemical reactivity of Li 1+x V 30 8 towards the organic electrolytes. 
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Recently surface functionalization studies of carbon coated LiFePO4 by the diazoniurn chemistry 

has attracted some interest r230,37 H 73l_ Madec et al. [372l have studied the grafting of p-

nitrobenzene at the surface of a carbon-coated LiFePO4. They demonstrated an improved 

electrochemical performance at higher rate though a high loading of nitrobenzene groups at the 

surface grafting seemed to have a negative effect on the charge/discharge kinetics [373l_ Delaporte 

et al. also investigated the grafting of aminophenyl and bromophenyl groups by the diazonium 

chemistry on carbon-coated LiFePO4 l230l . Interestingly, a lower loading of organic moieties did 

not bring any adverse effects on the electrochemical performance in their experimental 

conditions. Also, a better discharge gravimetric capacity was reported at rate of SC for the 

modified LiFePO4 electrode compared to the non-grafted cathode. 

In general, it is sufficiently demonstrated that carbon and silicon surfaces can be successfully 

functionalized through a spontaneous diazonium molecular grafting to serve various purposes. 

Moreover, this layers grafted on various material surfaces could potentially play as anchoring 

agents to link other macromolecules such as polymers, for instance by serving as surface 

initiators for atom transfer radical polymerization. 
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APPENDIX E: COMPONENTS OF AN ATOM TRANSFER RADICAL 

POLYMERIZATION REACTION 

E.1. Monomers 

A wide array of monomers has been polymerized using A TRP to give well defined polymers 

with controlled molecular weights and narrow molecular weight dispersity. The most studied 

category of monomers includes vinyl conjugated systems such as acrylates, styrenes, 

methacrylates, acrylamides, methacrylamides, etc. which contain substituents that can stabilize 

the propagating radicals [265 •374•375•269•376•3771 . Even under the same conditions using the same 

catalyst, each monomer has its own unique atom transfer equilibrium constant for its active and 

dormant species. In the absence of any side reactions other than radical termination by coupling 

or disproportionation, the magnitude of the equilibrium constant (Keq = kac1l~ eac1) determines the 

polymerization rate. A TRP will not occur or occur very slowly if the equilibrium constant is too 

small. In contrast, too large an equilibrium constant will lead to a large amount of termination 

because of a high radical concentration. This will be accompanied by a large amount of 

deactivating higher oxidation state metal complex, which will shift the equilibrium toward 

dormant species and may result in the apparently slower polymerization [273•2741 • Each monomer 

possesses its own intrinsic radical propagation rate. Thus, for a specific monomer, the 

concentration of propagating radicals and the rate of radical deactivation need to be adjusted to 

maintain polymerization control [265•273•2781 . The monomer of interest in this thesis is acrylic acid 

that is used to anchor polyacrylic acid on different substrates. However, it has been reported that 

the -COOH group of the monomer is known to contaminate the catalyst by preferably 

coordinating with the transition metal ion and halt the progress of the polymerization reaction 

[265•2731. The best route to achieve this is to protect the - COOH group by using tert-butyl acrylate 

monomer instead and hydrolysis of the tert-butyl ester group will afford poly(acrylic acid) 
(265,294] 

E.2. Catalyst 

Perhaps the most important component of A TRP is the catalyst. It is the key to A TRP since it 

determines the position of the atom transfer equilibrium and the dynamics of exchange between 

the dormant and active species [274•3781 • There are several prerequisites for an efficient transition 

metal catalyst. Firstly, the metal center must have at least two readily accessible oxidation states 
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separated by one electron. Secondly, the metal center should have reasonable affinjty toward an 

halogen. Thirdly, the coordination sphere around the metal should be expandable upon oxidation 

to selectively accommodate the halogen. Fourthly, the ligand should complex the metal relatively 

strongly. Eventually, the position and dynamics of the ATRP equilibrium should be appropriate 

for the particular system. Several transition metal complexes have been used for A TRP but the 

most extensively studied catalyst is copper halide [378
•2721 . 

Several reports have demonstrated that the reduction potential of the mediator is correlated to the 

equilibrium constant and also to the polymerization kinetics. For copper complexes, linear 

relationships have been shown between log(Kapp) and E 112 (where Kapp = KATRP/[Cu 11
] = kapp/(kp x 

[Cu1
] 0 x [R-X]o)) l379l and between log(KATRP) and E l/2 

12761 Lower (i.e. more negative) reduction 

potentials result in rugher equilibrium constants, that is higher radical concentrations, i.e. the 

equilibrium is shifted towards the active species. 

However, the relative trend within a given set of copper complexes differ between aqueous and 

organic solution, demonstrating significant solvent effects on the mediator properties as well 

f274
·
378

•
2771

. The control over the A TRP reaction can also be improved by the addition of small 

amounts of the deactivator (Mt11+1-Y), which thus shifts the equilibrium towards the dormant 

species. Commonly, 10 % deactivator relative to the activator concentration is added 
[265.3 74.274,3 78,277] 

E.3. Ligands 

The ligand plays an important role in solubilizing the transition metal salt in the organic medium 

and thus maintaining the homogeneity of the A TRP system, which allows homogeneous redox 

process during the polymerization (380
- 3821. An appropriate ligand for the metal is chosen in 

tailoring the redox properties of transition metal complexes and stabilizing them. The rate of 

activation of the catalyst depends on the nature of the binding site of the ligand. The nitrogen 

based ligands like N,N,N' ,N ' ,N " pentamethyldiethylenetriamine (PMDETA), 

tetramethylethylenediamine (TMEDA), 1,1,4,7, I 0, I 0-hexamethyltriethylene-tetraamine 

(HMTETA), 2,2"-bipyridine (bpy) etc. in combination with Cu1 salts have been efficiently used 

and studied for variety of monomers [374
-
277

·
383270

·
267

•
3841

• An1ong the N-based ligands simple 

amines like PMDET A, HMTET A and TMEDA are advantageous to use because; a) they are less 
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expensive, b) copper complexes of simple amines are relatively less colored and c) coordination 

spheres of copper and simple amines have low values of redox potential leading to faster 

polymerization rates. 

-2 
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Figure E.1. Plot of K ATRP (measured with EtBriB) vs El/2 for 12 Cu11 Br2/L complexes (2761. 

E.4. Initiators 

The number of polymer chains growing during the polymerization process is dependent upon the 

nature of initiator. The role of initiator in A TRP is to generate an initiating radical via homolytic 

cleavage of its reactive carbon-halogen bond by the transition metal catalyst. The initiator should 

have a rapid rate of initiation, almost quantitative with dormant polymer chain end so that there 

are few terminations and chain transfers leading to a consistent number of propagating chains 

and hence the narrow molecular distribution. If initiation is fast and transfer and termination 

negligible, then the number of growing chains is constant and equal to the initial initiator 

concentration (374,269 '3851. Thus, the choice of initiator should be made carefully taking into 

account the structure and reactivity of the monomer and metal complex. The most successfully 

employed class of initiators in A TRP has been organic halides containing substituents on a-

carbon such as aryl, ally! , carbonyl and cyano groups [265'374 '382 '386- 3881. These organic halides 
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contain labile carbon-halogen bond which can be cleaved easily to generate a radical species 

which are stabilized by the inductive and resonance effects of the activating substituents. The 

halogen (X) in the halide should be able to migrate rapidly between the growing chain and the 

transition metal complex. The preferred initiator is usually the organic halide whose structure is 

similar to the dormant chain end of polymer so that the activity of the carbon-halogen bond is 

similar to that of the dormant polymer terminal. Thus far, halogens such as chloride and bromide 

have been used as the transferable atom in the initiators with great deal of success providing a 

good control over the polymerization. However, fluoride is not used because the C-F bond is too 

strong to undergo homolytic cleavage. 

E.5. Solvent 

A TRP can be carried out in bulk, solution and in heterogenous system. Several solvents, polar 

and nonpolar such as toluene, benzene, anisole, diphenyl ether, ethyl acetate, acetone, dimethyl 

formamide (DMF), ethylene carbonate, alcohol, water, and many others, have been used for 

different types of monomers [265•3741 . Except halogenated solvents, all aromatic and aliphatic 

solvents can be used for A TRP. Factors which affect the choice of solvent are: 

a) Solubility of monomer, polymer and the catalyst. 

b) Minimal chain transfer, catalyst po1sonmg by the solvent,l3801 and solvent-assisted side 

reactions which are more pronounced in a polar solvent [3s9,3901. 

c) Acceleration and better control of polymerization. 

E.6. Reaction temperature 

The rate of polymerization in A TRP increases with increasing temperature due to an increase on 

both the radical propagation rate and the atom transfer equilibrium constants. As a result of the 

higher activation energy for the radical propagation than for the radical termination, higher kp/k1 

ratios and better control may be observed at higher temperatures. However, chain transfer and 

other side reactions become more pronounced at elevated temperatures [3901. In general, the 

solubility of the catalyst increases at higher temperatures; however, catalyst decomposition may 

also occur with the temperature increase [39 1.3921.The optimal temperature depends mostly on the 

monomer, the catalyst, and the targeted molecular weight. 
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