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In the recent years, batteries, especially lithium-ion batteries have garnered a lot of 

attention for the large-scale energy storage solutions and consumer electronics application. Other 

applications like transportation also have become a fast-growing market for deployment of 

different type of batteries. Lithium-ion batteries were introduced to the market in the 90s as a safer 

alternative to the lithium metal batteries and ever since have dominate multiple markets with even 

more growth projected. In spite of their ubiquity, the state-of-the-art lithium ion batteries have 

been using the same carbon anode since their conception. A significant improvement in the 

capacity of these batteries is only realizable by a change in the chemistry of the electrodes. 

 For this reason, a lot of research has been dedicated to identifying the most viable 

candidates for electrode material. Silicon is a promising choice, due to the large theoretical 

capacity, abundance and non-toxicity. However, the large volume expansion of silicon that occurs 

during the lithiation process, fatigues the material and results in pulverization and loss of electric 

contact of the active material. In addition, the 300% volume change makes passivation of the 

surface difficult, therefore lithium ions get consumed over each cycle. These two mechanisms 

cause fast capacity fading of the electrode with cycling. Reducing the size of the active material to 

nano scale is a powerful remedy for pulverization. At the same time introducing material like 



carbon that can make a stable passivation layer, and provide electric conductivity that silicon lacks, 

improves the electrochemical performance of silicon-based anodes. 

 The work that is presented at this dissertation is aiming to develop robust, environmentally 

friendly and economical methods for electrode fabrication for the next generation of the lithium 

ion batteries. Electrospinning was studied as a facile technique for electrode fabrication. A novel 

process was developed to directly deposit nanofibers of PVA-silicon-carbon nanotubes on the 

surface of the current collector, which resulted in bypassing multiple steps in the conventional 

electrode fabrication process. The non-woven fiber mat provided ample space for silicon 

expansion and ease of access for the electrolyte to the active sites, which resulted in great 

electrochemical performance of the mat especially at higher currents. The directly deposited 

method allowed for an in-situ comparison between the different conductive agents added in the 

nanocomposite. It was found that graphene nanoribbons are superior to their precursor carbon 

nanotubes, due to their edge groups and flexibility even at a lithiated state. In addition, the 

dimensions of the nanoribbons were significant in their efficacy as conductive pathways, with 

larger ribbons surpassing small nanoribbons since they can electronically connect individual 

nanofibers together.  

An effective use of the void spaces in between the can greatly enhance the electrochemical 

performance of the nanofiber mat. For this reason, aluminum oxide precursor was spin casted onto 

the fibers and the solution was cured to get a composite of the metal oxide coating and the fiber 

mat. The resulting electrode exhibited three-fold enhancement in longevity and significant 

improvement in high-rate performance compared to the uncoated fibers as well as improving the 

volumetric energy density. In order to reduce the void spaces, electrospraying was employed to 

directly spray a porous film of silicon and graphene sheets on the surface of the current collector. 



To ensure a uniform dispersion of the binder and nanoinclusions a controlled airflow was applied 

to the sheath layer of the nozzle. The electrochemical performance of these electrodes could further 

be improved by addition of carbon nanoribbons that can connect the silicon particles that are not 

directly in contact with graphene sheets. The use of bimodal conductive agent resulted in excellent 

performance at high currents.  

The current work investigated modified electrospinning and electrospraying as facile and 

economic electrode fabrication techniques for the next generation of lithium ion batteries. Methods 

developed here are versatile and can be applied to a wide array of chemistries and particle geometry 

and allows for precise control of the nanoinclusions, which is crucial for an enhancement of 

electrochemical performance.  
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CHAPTER ONE 

INTRODUCTION 

1.1. Introduction 

Energy is one of the primary concerns of the modern humans. With proliferation of technology in 

every aspect of lives, industrialization and modernization of manufacturing processes, the need for 

cheap and reliable energy is almost as important to human existence as water is. At the present 

time, 80% of the total US energy consumption is sourced from fossil fuels which equates to about 

78.16 quadrillion Btu per year[1]. Such a heavy dependency on the non-renewable resources is not 

sustainable due to the limited quantity of these resources and the greenhouse gases produced, 

which harm the environment. There are a plethora of research and literature predicting the doomed 

future of the human beings on this planet if continued on the same path. Interested readers can also 

find resources on the harmful effect of burning fossil fuels on the U.S. Environmental Protection 

Agency (EPA) website and documents. We are at a critical time where there is still time to reverse 

the heavy impact of human activities on the environment with the hope of reduction in global 

warming and preservation of wildlife on our beautiful blue planet. In the recent climate, where 

some politicians shamelessly deny the destructive effects of human activities on the environment 

for more financial profit, there is even more need for education and change in the lifestyle of the 

conscious members of the society in order to save our only habitat. Fortunately, in the past decade 

there has been a push towards renewable energy sources by the government, environmental activist 

and conscious consumers as a way to fight global warming. 
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         Most renewable energy sources such as solar and wind are intermittent by nature. They 

need some sort of energy storage to accompany them to become a reliable source to provide energy 

to the grid even when no production is taking place (at night, or when wind is not blowing)[2]. A 

cheap and dependable energy storage solution is highly desirable and crucial for market 

penetration of renewables. Batteries are one of the most viable solutions for large-scale energy 

storage. In addition, as mentioned before with the advancement of technology and the prevalence 

of mobile lifestyle, batteries have become a vital part of everyday lives. However, the state-of-the-

art batteries used in the electronic devices are not satisfactory for the average consumer. Therefore, 

there is a demand for enhancement of battery performances from large-scale energy production 

and consumer electronics sectors. In addition, other applications such as transportation and defense 

are rapidly becoming more and more dependent on batteries as well. In response to this growing 

demand, a lot of investment has been made on research and development of more efficient 

batteries. 

         Batteries can have a variety of different chemistries and the choice is highly dependent on 

the application. In the recent years, lithium ion batteries have dominated the large scale, 

transportation and consumer electronic sectors, due to their high energy density, relatively lower 

costs, safety and low rate of self-discharge and high cyclability. For example, according to U.S. 

Energy Information Administration (eia), more than 80% of the large-scale battery storage 

capacity installed at 2016 is lithium ion with the rest being made up of nickel-based, sodium-based, 

lead acid and flow batteries[3]. Improvement in the energy and power density of Li-ion batteries 

has been an ongoing effort, but slow and marginal. The commercial Li-ion batteries usually use a 

layered oxide cathode, such as LiCoO2, and graphite as anode[4]. Most of the improvement in the 

energy and power density of the commercialized Li-ion batteries is due to optimization of their 



3 

 

form factor and geometry, enhancement of the separators[5]–[7] and electrolyte[8] being used in 

the batteries which can drastically decrease cell impedance, doping and coating[9]–[12] of the 

electrode materials and better manufacturing processes. However, with the same chemistry or 

small variation of the same chemistry the current lithium ion batteries are almost at the limit of 

their practical capacities. 

  In order to have batteries with higher capacity, a change in the chemistry of the cathode 

and anode or at least one of the two is necessary. In the recent years, a lot of effort and attention 

has been given to change of the chemistry of the anode since it has been the same carbon material 

since the early commercialization of the Li-ion batteries in the 90s by Sony.  There exists a plethora 

of literature on different viable chemistries for the negative electrode of the Lithium ion cells. The 

most notable of the intercalation negative electrode materials are graphite and Li4Ti5O12 (LTO), 

where lithium ions intercalate into the structure of these material upon charging and deintercalate 

during the discharge of the battery cell[13]. LTO undergoes a highly reversible, zero-strain 

intercalation process with, with a long voltage plateau (at about 1.5V vs. Li) for the majority of 

the charge and discharge process[14]. In addition, LTO anodes can be cycled very fast and since 

the reduction voltage is so high there are no side reactions and reduction of the liquid electrolyte 

resulting in prolonged cycle life for this material[13], [15]. However, this LTO is inferior to 

graphite both in terms of specific capacity, which is only about 160 mAh/g, and voltage, that limits 

the attainable voltage of the full cell, if paired with the already commercialized cathodes. 

The next group of anode materials explored are conversion material, where nanoparticles 

of transition metal oxides, phosphides and fluorides such as CuO and Fe2O3 undergo a reduction 

reaction with lithium ions to produce Li2O and nano-metals[13], [16]. With this type of materials 

higher capacities up to 1000 mAh/g were demonstrated, but the conversion reaction usually 



4 

 

happens outside the voltage threshold for most liquid electrolytes which makes passivating the 

layer very difficult. In addition, these materials have limited performance at higher temperatures 

and high hysteresis of charge and discharge due to the structural changes that the complete 

conversion brings about are troublesome inside of a full cell[17]. 

         The next prominent family of negative electrode materials are the ones that undergo an 

alloying reaction such as Sn and Si. Silicon and tin can be lithiated up to 4.4 Li ions for each Si/Sn 

atom resulting in high specific capacities of 4200 mAh/g and 900 mAh/g respectively[13]. In this 

work, we are focusing on Silicon as the material of choice due to its high capacity at room 

temperature, its abundance in the nature, and the knowledge and infrastructure that has been built 

over the past couple of decades on silicon processing by the semi-conductor industry. In addition, 

silicon proposes no health and environmental hazard and is moderately priced in comparison with 

the other materials and can be sourced from inexpensive origins. Unfortunately, alloying materials 

exhibit volume expansions of about 300% percent due to hosting high number of lithium ions 

inside of their structure[18]. This large volume changes during lithiation and delithiation, causes 

huge stresses on the material and makes achieving a passivation layer difficult, consuming 

electrolyte at each cycle. At the same time, the high mechanical stress results in fracturing and 

pulverization of the active material, which leads to isolation of the active material and capacity 

fading with cycling[19]. Additionally, silicon has a limited conductivity by nature that results in 

limited ability for high rate applications and in the need for a conductive agent in the electrode. 

         Multiple approaches to mitigate the problems with silicon has been explored in the 

literature. Namely, nanostructuring[20]–[22] and making composites[23]–[25] with more stable 

materials like carbon. Mixing silicon with carbon not only can helps in making a stable passivation 

films, but it also helps with the conductivity of the electrode material. It has been shown that 
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making the particles nano-sized helps in alleviation of the mechanical strain and keeping the 

integrity of the active mass[18], [26]. It should be kept in mind that any effort to improve silicon 

cyclability has to be done in an economical manner if commercialization and real-world 

application is desired. In the present effort, a combination of multiple approaches is examined to 

improve the cycle life, capacity and rate capability of silicon-based materials as negative electrode 

for lithium ion batteries. 

         In this dissertation we focused only on the negative electrode and more specifically on 

silicon for the next generation of anodes for lithium ion batteries. To achieve the aforementioned 

goals of high capacity, high rate capability and device longevity, nano-structuring and compositing 

of silicon with carbonous material was done via scalable methods such as electrospinning and 

electrospraying.  These two methods are easily scalable and can make a variety of nano-

morphologies in a facile manner. Both use a high voltage source to induce large deformations on 

a charged polymeric jet or droplet via strong electric field[27], [28]. In this case, the polymer 

solution includes the active material (silicon) and conductive agent (carbon), and acts as the binder 

to keep the nanoparticles at the surface of the current collector for electrical integrity of the 

electrode. The polymeric solution is pumped through a nozzle. The extensional forces applied to 

the material in the electric field rapidly decrease the dimensions to sub-micron and smaller, 

meanwhile solvent is quickly evaporating and kinetically locking the nano-particles in place. Sub-

micron and nano-fibers or nano-films are gathered on a grounded collector. 

Scalability with these processes is effortlessly achieved through increasing the number of 

spinnerets and depending on the type of polymer used and the rheology of the solution a variety 

of morphologies such as nanofibers, beaded fibers, and nano-films with different porosity can be 

attained[28], [29]. In this thesis work, we hypothesized that the morphology of the electrode and 
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the geometry of the particles used can have a large impact on the electrochemical performance of 

the resulting material. Therefore, in this work the main focus is on physical manipulation of the 

electrode material through processing rather than chemically altering the nanoparticles. The 

primary goal is to develop electrode fabrication processes that can decrease the cost and time of 

manufacturing while still maintaining a good electrochemical performance of the electrodes and 

doing all that in an environmentally friendly manner for high-rate applications. For this reason, 

water was the only solvent utilized for the fabrication of the electrode materials. At the same time, 

with the application of electrospinning and electrospraying multiple of the conventional electrode 

fabrication steps can be eliminated and fibers/films can be directly deposited on the surface of the 

current collector which can result in lower fabrication cost and time. Emphasis was placed on 

testing at higher rates for all electrodes, and rigorous electrochemical techniques were used to 

understand the factors contributing to the enhancement of the rate-capability of the cells 

1.2. Scope of the Investigation 

1.2.1. Electrospinning: 

         The first process investigated as an effective route to manufacturing negative electrode 

materials for lithium ion batteries in a facile and environmentally benign manner is 

electrospinning. In this process, the polymer has to be spinning, since not all polymers have the 

ability to form continuous fibers. Electrospinning has been studied extensively for fiber and nano-

fiber fabrication pertinent to filtration, biological scaffolding for cell cultures and also electrode 

fabrication[29]–[35], due to the versatility and ease of setup. Electrospinning has been used as an 

electrode fabrication method by several groups before, however this thesis work gave careful 

deliberation to significant modification of the process which was necessary to achieve the goals of 

high-rate electrochemical performance and cutting back on manufacturing steps. Additionally, the 
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process parameters had to be adjusted in order to effectively disperse the nanoparticle inclusions 

throughout the nanofiber composite[36]. In the present work, polyvinyl alcohol (PVA) was chosen 

as the spinning agent. Silicon nanoparticles (SiNPs) and one-dimensional carbon materials such 

as carbon nanotubes (CNTs) or graphene nanoribbons (GNRs) were mixed into the PVA solution 

as the active and conductive materials respectively. PVA was chosen both based on the spinnability 

in a wide range of solution and nanoparticle concentrations and its ability to dissolve in water to 

eliminate use of toxic organic solvents. 

Water-based solutions of the PVA, SiNPs and conductive agent were prepared and pumped 

through a nozzle. With the application of high electric field to the nozzle, nanofibers of 100-200 

nm in diameter and multiple microns long are formed, which are fully packed with nano-particles. 

The resulting non-woven nanofibers have large void spaces in between them to accommodate the 

large volume changes that the silicon nanoparticles exhibit upon lithiation/delithiation process. In 

this manner, high rate-capability of the electrodes are also improved since the electrolyte has an 

ease of access to the active sites. In chapter two of this thesis work the detailed investigation of 

the morphology and electrochemical performance PVA/SiNP/CNT nanofibers are presented. 

These fibers show a reversible expansion/contraction due to the cycling and the PVA backbone 

keeps the particles in place that grant this nanocomposite a great cyclability and also rate 

capability. 

         In the electrospinning technique the conductive agent is only mixed into the polymeric 

solution and is directly deposited on the current collector during the spinning. Therefore, utilization 

of this technique gave us a unique opportunity for an in-situ examination of different geometry of 

conductive carbon and their effect on the electrochemical performance of the nanofibers. In 

chapter three of this dissertation, rigorous investigation was done on the effect of utilization of 
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carbon nanotubes vs. graphene nanoribbons made from the same CNT source. Our results indicate 

that GNRs are superior to their precursor CNTs both in terms of specific capacity and capacity 

retention. At the same time, the unique morphology of the nanoribbons with the edge groups makes 

them a better conductor for Li-ion hopping, therefore, the nanofibers with GNRs also have much 

better rate capability. The work done on this system indicated that the dimensions of the carbon 

inclusion can have a drastic effect on how the overall non-woven fiber mat performs. Having 

conductive pathways that can connect the individual fibers can significantly improve fiber mat’s 

electrochemical performance especially when a higher current is applied. 

         In chapter four of this work, we engineered the void spaces between the fibers with a 

ceramic solution that is formed rapidly through a moderate increase in the temperature for a short 

period of time. An Al containing precursor solution was spin casted on the electrodes and through 

a short thermal annealing this material was converted to aluminum oxide. In our investigation we 

found that this ceramic addition can greatly improve cyclability of the nanofibers through 

protection of the fibers from further reaction with the liquid electrolyte. At the same time, inclusion 

of AlyOx in the electrode increases the ionic conductivity of the fiber mat, which enhances high 

rate performance of the nanofibers. 

1.2.2. Electrospraying: 

         In the effort to fine tune electrode fabrication processes which are economically viable and 

are more relevant to large scale manufacturing, utilization of electrospraying was investigated it 

the present thesis. This technique is more versatile than electrospinning since it is not limited to 

spinning polymers only. At the same time, the resulted morphology which is a porous film can 

eliminate the concern with volumetric energy density of non-woven nanofibers. In order to 

improve morphology and be able to control topology and dispersion of the nanoparticles in the 



9 

 

nanocomposite film, in this dissertation work air-controlled electrospraying was employed in lieu 

of conventional electrospraying. In this method a circumferentially uniform air flow is applied to 

the sheath layer of the nozzle during the spraying process to ensure better control of the 

nanoparticle dispersion. 

         Chapter five of this dissertation, is a rigorous investigation of the morphology and 

electrochemical performance of electrosprayed films that include graphene sheets along with 

silicon nanoparticles. Change in the morphology of the electrode from nanofibers to porous films 

opens the door to inclusion of particles that cannot be accommodated in the limited confinement 

of a nanofiber such as larger graphene sheets. With this novel methodology a uniform film with a 

homogenous dispersion of silicon nanoparticles and graphene sheets with controllable porosity can 

achieved. Electrospraying can also be modified to accommodate for a single-step fabrication of 

the electrode material, which is more time effective than the conventional fabrication techniques 

used today. Silicon nanoparticles are encapsulated within pockets of graphene that provide 

structural stability and conductivity for extraction of electrons. On the basis of the results of 

previous chapters, enhancing the ionic and electronic conductivity of the porous films with 

addition of graphene nanoribbons was also studied. The effect of addition of bi-modal conductive 

agents and their respective concentrations, on the morphology and electrochemical performance 

of the films were examined.  

1.3 Summary 

 In this chapter some relevant background, motivation for the present dissertation, the scope 

of the investigated problems and formulation of our approach is provided. The robust, scalable and 

environmentally friendly methodologies presented in this work can be a basis for larger single-

step manufacturing efforts. With the precise control of nano-inclusion and morphology of the 
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electrodes afforded by the techniques in this thesis, more innovative designs can be realized, which 

have the potential to greatly enhance the capacity and life cycle of the lithium ion batteries
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CHAPTER TWO 

FACILE, WATER-BASED, DIRECT-DEPOSITE FABRICATION OF HYBRID 

SILICON ASSEMBLIES FOR SCALABLE AND HIGH-PERFORMANCE LITHIUM 

ION BATTERY ANODES 

 

2.1. Introduction 

 Consumer electronics and hybrid vehicle industries constantly impose high volumetric and 

gravimetric energy density standards for the next generation of Li-ion batteries [1-5]. For this 

reason, silicon has come into the spotlight as the anode candidate with the highest theoretical 

gravimetric capacity of 4200 mAhg-1, which is an order of magnitude larger than the state of the 

art commercial anodes [6-10]. However, silicon suffers from more than 300% volume expansion 

upon lithiation; Figure 2.1a shows a silicon nanoparticle (Si NP) that swells according to 𝑥𝐿𝑖 +

𝑦𝑆𝑖 → 𝐿𝑖𝑥𝑆𝑖𝑦. Extraction of lithium ions brings on a decrease in volume of the nanoparticle, and 

upon cycling, the exorbitant volume changes eventually result in fracture and pulverization of 

material and loss of electric contact with the current collector [11-13]. Irreversible reactions with 

the electrolyte form a solid electrolyte interface (SEI) layer on the surface of particles, and the 

colossal volume changes lead to constant fragmentation and formation of SEI giving rise to 

unstable performance [14,15].  In addition, silicon has a low electrical conductivity that hinders its 

effectiveness at fast rate applications [16,17]. To date, in order to overcome these phenomena 

silicon have been hybridized with polymers and nano-scale carbons. Conductive polymers have 

been explored in the literature [18-21], as a remedy for the low electrical conductivity and 

structural integrity of anode systems. Bao group introduced a self-healing polymer as binder, 

which would correct formed cracks due to cycling [22]. Carbon nanotubes (CNTs) and 
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nanostructured graphene has incurred a lot of attention due to their high conductivity and 

theoretical capacity. Gohier et al. fabricated anodes based on vertical nanotubes decorated with 

silicon nanoparticles [1]. Wang et al. utilized multilayer silicon nanoparticles sandwiched between 

reduced graphene oxide sheets [2], and assemblies of silicon nanospheres on graphene foams to 

create a hierarchical mesoporous structure with great rate capability performance [3]. 

Unfortunately, most of nano-fabrication methods require high vacuum processes or ultra-high 

temperature treatments, making them not feasible for high throughput production. 

 In the current study, water-based electrospinning was employed as a facile method for 

scalable fabrication of silicon nanocomposite with polyvinyl alcohol (PVA) and multi-wall carbon 

nanotubes.  Figure 2.1b shows schematic of the conventional slurry process on top and directly-

deposited electrodes on the bottom. For conventional procedure active material is first made. This 

can include a variety of methodologies explored in literature and mentioned before. A slurry is 

obtained upon grinding and mixing of active material with conductive carbon, binder and usually 

an organic solvent via ball milling or other mixing techniques. The acquired paste is then coated 

on current collector by doctor blading or slot and reverse roll coating to get a uniform film. After 

drying, the electrodes can be ready for assembly. Conversely this study explores a novel technique, 

where electrode surface is directly covered by nanofibers resulting from electrospinning as can be 

seen in the lower part of Figure 2.1b. This combines the preparation of active material and coating 

of the current collector in one step. One dimensional nanomaterials offer high surface area for 

electrochemical reactions, thus have been subject of intensive investigation for application in 

energy storage.[26,27]  Electrospinning have been utilized in the literature as a scalable method of 

active material preparation [4–6], with various chemistries and active material. However, when 

these materials were to be electrochemically tested, the created morphology was destroyed by 
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grinding with conductive carbon and binder in a conventional manner. In the present approach 

water is used in place of toxic organic solvents such as N-Methyl-2-pyrrolidone (traditionally 

employed in electrode preparation), and steps mentioned above are by-passed.  Scaling up the 

production is easily achieved by controlling electrospinning parameters such as spinning time, 

number of nozzles, feeding rate and solution volume [31-33]. This procedure is compatible with a 

roll to roll production, and has the versatility to be used with different particle geometries and 

material chemistries. Using this process, a 18cm x 20 cm piece of copper foil was uniformly coated, 

by only 5 ml of solution. This area is equivalent to about hundred and fifty 2032 coin-type electrode 

disks. Whereas using the doctor-blade to achieve a homogeneous coating for the same area is 

known to be a challenge due to particle agglomeration [34-36]. Using water-based electrospinning 

to directly deposit (DD) PVA/Si/CNT nanofibers onto the current collector provides advantages 

to alleviate the aforementioned decay mechanism. First, PVA matrix gives Si NPs structural 

integrity, while protecting them from direct contact with the electrolyte. Figure 2.1c is a schematic 

showing of the system and safekeeping of nanoparticles by the PVA fiber around them. Second, 

ample space between nanofibers offers room for expansion of particles. Third, the transport of 

lithium ions can be aided by penetration of electrolyte to the nearest proximity of active material 

through the micro and nano sized pores of the fiber mat.  From there, Li ions only have a short 

length to diffuse to get to the active material which will result in faster response times and 

improvement in Si NP utilization. Electrodes fabricated by this approach will be referred to as DD 

from this point on. 
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Figure 2. 1. a) Schematic illustrating fracturing of Si particle and SEI layer due to cycling; (b) 

overall preparation procedure for conventional slurry method at the top and directly‒deposited 

PVA/Si/CNTs nanocomposite via water-based electrospinning at the bottom, for 2032 coin-type 

Li-ion batteries; (c) schematic of PVA/Si/CNT to represent how PVA helps in suppression of 

SEI creation on the particles, and overall capacity decay during battery cycling 
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2.2. Experimental section 

Preparation of DD silicon nanofibers via water-based electrospinning: 0.5g of PVA 

(Polyscience Inc., Mw~78,000) was dissolved in 5g of deionized water at 50˚C and then short and 

thin carbon nanotubes (Sigma Aldrich) were added to the solution. Finally, 0.5g of silicon 

nanoparticles ca. 100 nm (MTI Co.) was blended in with everything else. A probe sonicator 

(Qsonicator Co.) was used to ensure proper dispersion of nanoparticles. The solution was then 

pumped from a syringe at a rate of 10 µLmin-1 towards a copper collector placed 12 cm away from 

tip of the needle. In presence of 10 KV applied to the system, PVA/Si/CNTs composite nanofibers 

were directly collected on copper foil.  As-spun fibers were then heat treated at a ramp of 1°C min-

1 to 200°C in an air furnace. This resulted in 0.4-0.6 mgcm-2 of nanofibers on copper current 

collector to be used for electrochemical tests. Higher areal mass loading of the fibers on the current 

collector can simply be achieved by longer spinning time or additional nozzles. 

Material characterization of the directly deposited nanofibers. Composite nanofibers were 

characterized using a scanning electron microscopy (SEM, LEO 1550), energy dispersive 

spectroscopy (Bruker) and transition electron microscope (TEM, FEI F20 TENCAI) to assess 

morphology changes before and after heat treatment. Thermogravimertric analysis (TGA, TA 

instruments Q500) was conducted on the nanofiber mats to measure silicon content. To observe 

the changes in the bond structure of the polymer before and after heat treatment Fourier transform 

infrared (FT-IR, Bruker Co.) were carried out on the samples.  

Battery fabrication and electrochemical measurements of directly deposited Si nanofibers. 

To ensure the adhesion of the nanofiber mat on the copper current collector, a 10% solution of 

poly(acrylic acid) (Sigma Mw=3,000,000)  was spin coated on the surface of the electrodes. 2032 

type coin cells were fabricated using the directly deposited fibers as working electrode, Li metal 
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disk as counter electrode and a polyethylene separator to test the performance of half cells. A 

homemade electrolyte, with 1M LiPF6 (Sigma) as salt and dimethyl carbonate (Sigma) and 

fluoroethylene carbonate (Sigma) (50:50 wt%) as solvents, was used inside of both half and full 

cells. Full cell batteries were assembled by stacking DD anode, a polyethylene separator and 

LiCoO2 (MTI Co.) cathode. Electrochemical properties of cells were characterized by 

electrochemical impedance spectroscopy (PARSAT 4000, Princeton applied research) and cyclic 

voltammetry (BST8-STAT, MTI Co.) and galvanostatic charge and discharge cycles (MTI). A 

voltage window of 0.01-1.5V vs Li/Li+ was applied to the half cells. Weight ratio of anode to 

cathode in the prepared cells were 1 to 67 for full cells, therefore, they were subjected to a capacity 

cut-off of 1,200 mAhg-1
anode that was obtained from half-cell measurements. 

2.3. Results  

Material characterization. Morphology of the DD PVA/Si/CNT anode materials before and after 

heat treatment at 200˚C are shown in Figure 2.2.  As apparent from SEM images of 2a, 

electrospinning creates a non-woven mat of nanofibers; highly porous on micron and sub-micron 

scale. As-spun nanofibers have 1-D morphology where Si and CNTs are encapsulated by PVA 

with an average fiber diameter of 200 nm. After heat treatment, fibers still maintain their 1-D 

structure, but average diameter shrunk to 130 nm as a result of PVA cross-linking and mass 

reduction. Figure 2.2b and 2c show top and cross-sectional views of the nanofibers on copper 

current collector respectively after heat treatment under air. Extensional deformations during 

electrospinning disperse nanoparticles inside of the polymer matrix, and rapid solidification of the 

fibers [29, 30] ensures that particles do not agglomerate.  TEM Figure of 2.3a and 2.3b illustrates 

the packing of nanoparticles inside PVA fibers. The polymer also alleviates volume expansion and 
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prevents pulverization during cycling. Nanoparticles create a percolated network, free of large 

clusters, but tightly connected to be able to accommodate electronic and ionic transfers.  

 

Figure 2. 2. (a) SEM image of as‒spun DD PVA/Si/CNT nanofibers on copper substrate before 

heat treatment; SEM images (c) top view (d) cross-section of DD PVA/Si/CNT after heat treatment 

under air. 

  

 

 

 

Figure 2. 3. TEM images of as-spun nanofibers at a) low magnification b) high magnification 
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EDS elemental mapping of the as-spun nanofibers in Figure 2.4 exhibit that the nanoparticles are 

homogenously dispersed throughout the system without any agglomeration. Line scan of the non-

woven fiber mat reveals that the signal reaches the detector from multiple layers of the fiber mat. 

It can be observed from Figure 2.4f that the signal of all elements has a dip exactly where there is 

a void in the fiber mat. Even after the heat treatment under air when PVA undergoes a condensation 

reaction to lose water and cross-linked, the particles don’t agglomerate, and the uniform dispersion 

is maintained as can be observed in Figure 2.5 elemental mappings. 
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Figure 2. 4. Elemental mapping of the as-spun fibers b) combination of all elements c) carbon 

mapping d) oxygen mapping e) silicon mapping f) line scan of fibers 

a) b)

c) d) e)

f)
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Figure 2. 5. Elemental mapping of fibers after heat treatment at 200 ⸰C under air b) combination 

of all elements c) carbon mapping d) oxygen mapping e) silicon mapping 

  

 

Exact silicon content of the fibers was measured by thermogravimetric analysis in Figure 2.6 to 

use for current densities and calculation of specific gravimetric capacity. Silicon made up 47% of 

as spun composite, which is the same as the prepared solution, while after heat treatment this 

number was increased to 68 wt%. This change is a result of PVA mass reduction after heat 

treatment through elimination of O-H and C-H groups through a condensation reaction. In 

addition, CNT content was found to be 7% of the weight of the system in the final electrode. Based 

on these results mass loading of Si on electrodes was about 0.3-0.4 mgcm-2, which is similar to 

other literature using polymers [18-20]. All reported capacities normalized by mass of silicon on 

a) b)

c) d) e)
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the electrode. To investigate the effect of heat treatment on the crystalline silicon nanoparticles 

used in this system, XRD was conducted on nanofibers before and after heat treatment at 200 ⸰C 

for 12 hours. The diffraction peaks of crystalline silicon in Figure 2.7 are identical for fibers before 

and after heat treatment, indicating that the heat treatment does not significantly increase the native 

oxide layer on the Si particles. Figure 2.8 reports electrolyte uptake of directly deposited anodes 

compared to conventional slurry with the same composition. Current system is able to take up 78% 

more electrolyte because of the unique fiber morphology, which helps in the electrochemical 

performance of the electrodes especially at higher rates. 

 

Figure 2. 6.  TGA analysis of a) the as-spun fibers b) heat treated fibers under air 

  

 

 

Condensation Step 
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Figure 2. 7. XRD result of as-spun and heat treated PVA/Si/CNT nanofibers 

  

 

 

 
Figure 2. 8. Electrolyte uptake by conventional slurry electrodes and nanofiber DD electrodes 
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Half-cell electrochemical performance. To assess the assumption that the fiber morphology can 

withstand the exorbitant volume changes during lithiation and delithiation, 2032 coin-type half 

cells were assembled. Each cell was lithiated to a specific voltage with a constant current of 0.18 

Ag-1 and then the cell was disassembled to observe the morphology with a scanning electron 

microscope. In order to, be able to clearly investigate the fiber morphology, the electrodes did not 

have the final PAA coating on top of them. Figure 2.9 is a bank of SEM images illustrating fiber 

morphology going from 9a to 9f with increasing the amount of lithium ion alloyed in the system. 

Figure 2.9g indicated the voltages along the lithiation profile where each cell was disassembled. 

At first when the lithium ions start to intercalate into the composite fibers the fibers start to swell 

and, in some areas, fuse together. This increase in the volume continues with more lithiation. In 

Figure 2.9d where the bulk of the alloying with SiNPs start a distinct expansion in the size of each 

individual particle can be observed. At 100% lithiation in Figure 2.9f, the size of the individual 

particles as well as the overall fibers increased significantly. The average fiber diameter grows 

from a 280nm for the pristine fibers to 420nm for fully lithiated fibers. This increase is about 50% 

of the initial size of the fibers which is significantly smaller than the 300% usually observed for 

silicon particles in other literature[7].  Therefore, the nanocomposite fiber morphology mitigates 

the volume expansion of the silicon nanoparticles. In addition, it can be observed that fibers 

maintained their 1D structure even though they are expanded. The same was done on the 

delithiation step. Cells were lithiated fully and on the delithiation step they were opened at different 

voltages along the charge. Figure 2.10 depicts the morphology of the fibers as more lithium is 

extracted from the composite (a to d). The fiber diameter starts to shrink and individual particles 

also contract. At full delithiation at 1.5V the fibers assume a morphology close to their original 

state. Indicating that the Si/CNT/PVA nanofibers can expand and contract reversibly without 
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drastic changes to their structure. Figure 2.11 illustrates the changes in the average fiber diameters 

with different degrees of lithiation and delithiation. The as the voltage decreases on the lithiation 

curve a steady increase in the average diameter is observed, and the opposite happens in the 

delithiation process.   

  The initial lithiation capacity of the directly deposited fibers is 4190 mAhg-1, while SiNPs 

slurry has only 2800 mAhg-1, at 0.18Ag-1 as can be seen from Figure 2.12. However, about 40% 

of the initial capacity is lost after the first delithiation for DD and slurry systems. The DD fibers 

owe their high initial lithiation capacity to additional contributions from irreversible reactions of 

the electrolyte with PVA, and from CNTs. Carbon nanotube lithiation starts at around 1.4V[37] vs 

Li/Li+ (crystalline silicon starts to lithiate at below 0.2V [38, 39] vs Li/Li+). In addition, better 

utilization of Si NP due to void spaces provided by the fiber mat, improvement in dispersion of 

nanoparticles and higher surface area play an important role in enhancement of gravimetric 

capacity by the electrodes made by electrospinning process. On the second cycle (dashed lines in 

Figure 2.12), DD fiber lithiation and delithiation capacities are 2400 and 2600 mAhg-1 

respectively. On the other hand, conventional slurry has a lithiation and delithiation capacity of 

1982 and 1446 mAhg-1 on its second cycle. Slurry shows the signature capacity-voltage curve of 

crystalline silicon on the first cycle where a sharp decrease in the voltage at low capacities is 

observed followed by the low voltage plateau of intercalation of lithium ions in the silicon 

crystalline structure, which is a two-phase reaction and shows up in the profile as a long flat 

plateau.   
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Figure 2. 9. Bank of SEM images showing DD fibers at different states of lithiation. a) Pristine 

(0%) b) 10% c) 15% d) 20% e) 65% f) 100% g) capacity-voltage profile showing the points on 

the curve that each image was taken 
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Figure 2. 10. Bank of SEM images illustrating DD fibers at different states of delithiation. a) 0% 

b) 50% c) 65% d)100% 

a) b) c)

d)
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Figure 2. 11. Change in the average diameter of the nanofibers with different degrees of 

lithiation and delithiation 
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delithiation shows up as a line with a slight downward slope as can be seen from the dashed lines 
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Figure 2. 12. Capacity-voltage profile of DD fibers in red and conventional slurry in black at 

0.18Ag-1. Solid lines are first cycle and dashed lines are for second charge/discharge 
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capacity of DD fibers. However, this large initial irreversible capacity is not ideal for use in full 

cell configuration. It can be observed that the lithiation peak of SiNPs close to zero voltage is much 

more pronounced compared to the DD fibers, which is due to the absence the nonconductive 

polymer. However, the polymer is crucial to get the desired nanofiber morphology of the 

composite. 

At a slow rate of 0.18 Ag-1, DD fibers exhibit a stable capacity of 2300 mAhg-1 over 40 

cycles while the conventional slurry only has 1000 mAhg-1 at the same condition. Figure 2.14 

illustrates the difference in the electrochemical performance of these two electrodes at 0.18 Ag-1.  

As mentioned before, DD fibers have a large first cycle irreversible capacity loss, but after that the 

capacity does not fluctuate. At this rate slurry retained only 50% of its capacity (calculated against 

2nd lithiation), while DD fibers retained 75% during 40 cycles. Coulombic efficiency of DD fibers 

increased from an initial value of 60% to 91% on the second cycle. On the other hand, slurry 

coulombic efficiency on the second cycle is only 73%. This should be attributed to SEI formation 

on silicon nanoparticles in the first few cycles, before a stable performance is observed. However, 

since in DD fibers, SiNPs are encapsulated inside the PVA matrix, and safe from direct exposure 

to the electrolyte, stable capacities are observed from the second cycle on. The 1D morphology of 

the nanofibers is responsible for the higher specific capacity the nanofiber mat, since the access to 

the individual particles are improved through the highly porous structure of the mat, while the 

compact structure of the slurry makes it difficult for the lithium ions to be inserted/extracted. 

Figure 2.15 reveals the top-view of the slurry coated electrode for the comparison of the 

morphology with the DD nanofibers.  
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Figure 2. 13. Differential Capacity vs. Voltage profiles for a) DD fibers b) Electrosprayed 

electrodes which contain only SiNPs and CNTS. The arrow in graph (a) points to the place of the 

PVA peak on the profile. 
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Figure 2. 14. Cyclic performance of DD fibers and slurry electrodes at a rate of 0.18 Ag-1. 

Closed symbols are for lithiation capacity and open ones are for delithiation capacity. 
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Figure 2. 15. SEM surface image of SiNP slurry electrode before cycling 

  

 

 

Directly deposited silicon anodes were galvanostaticaly charged and discharged at 1 Ag-1, with 

an average coulombic efficiency of 98% for 180 cycles in Figure 2.16. This material was able to 

retain 67% of its initial capacity after 180 cycles.  

15
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Figure 2. 16.  Long time performance of DD fibers at 1A/g.  Closed and open circles are lithiation 

and delithiation capacities respectively and open squares denote coulombic efficiencies. 

  

To further examine electrochemical performance of DD fibers under harsh conditions, the cells 

were subject to increasing current rates from 0.4 to 8 Ag-1.  Figure 2.17 show rate capability of the 

DD fibers at rates indicated above each step. As apparent from this figure, composite anode has 

~700, 400 mAhg-1 at 4, 8Ag-1, respectively. It should be noted, that these fibers were able to 

recover their capacity when the current rate was increased to 8 and back to 0.8Ag-1. This capability 

at high current rates is made possible through the unique nanostructure of this material, which 

makes the active sites easily accessible for lithium ions.  The enhancement in high rate 

performance of directly deposited anodes should also stems from the improvement of electron 

transport by 1-D carbon nanotubes in the polymer matrix, and protection of Si NP inside the PVA 

bed which prevents aggregation but does not impede charge transfer. In addition, shorter diffusion 

length for Li-ions resulted from fiber morphology, contributes to enhanced  
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Figure 2. 17. Lithiation capacity of DD nanofibers at rates indicate above each step. 

  

 

Figure 2. 18. Capacity-Voltage profiles of DD fibers at rates indicated above them 
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performance at higher rates. Figure 2.18 illustrates the capacity-voltage profiles of DD fibers at 

rates indicated above them. The change in the overpotential of the cell is minimal when the current 

is increased 5x from 0.4 to 2 A/g and the fibers exhibit only a 30% drop in their capacity. For 

higher rates of 4 and 8 A/g there is a noticeable increase in the overpotential of the cell, indicating 

the high impedance of the cell, probably due to the nonconductive PVA and PAA polymers in the 

system. 

To highlight the synergic effect of fiber morphology and nanoparticle inclusions, 

nanofibers of PVA-CNT and PVA-SiNP were directly deposited on the current collector in the 

same manner as the fibers of Si-PVA-CNT. Figure 2.19, reports cyclic of these materials at a rate 

of 1mV/s. The current is normalized by the weight of active material in each case for a fair 

comparison. The voltammogram of PVA-CNT fibers exhibits no faradaic peaks between 1.5 and 

0.1V as expected and it has the general shape of conductive carbon material with most of the 

capacity coming due to a double layer capacitance effect. At voltages less than 0.1V the peak for 

intercalation of lithium ions in the carbonous material can be observed. In the case of PVA-SiNP 

fibers, the voltammogram shows the lithiation peaks of 0.2 and less than 0.1V and delithiation 

peaks at 0.3 and 0.5V which are associated with different alloyed composition of silicon and 

lithium. These peaks match the reports in other literature. From the graph it is obvious that the 

capacity of these fibers is only due to faradaic activity and no double layer capacitance effect can 

be observed due to the absence of conductive agents in the system. For the DD fibers which have 

both Si and CNTs included, clearly the produced current is higher than the previous cases when 

the voltage is swept in the same manner. The voltammogram shows both faradaic peaks and double 
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layer capacity which attest to the synergistic effect of having both type of nanoparticles in the 

system. Having a 1D material as the conductive carbon ensures a percolated network at low 

concentrations of about 7wt%, to obtain highly loaded fibers with the main active component i.e. 

silicon. 

 

 

Figure 2. 19. Cyclic Voltammetry of PVA-CNT, PVA-SiNP and DD fibers at 1 mV/s 

  

From the Nyquist plots of impedance data of the three sets of nanofibers in Figure 2.20 

indicate the large impedance of these cells before constant current cycling, possibly due to the 

large amount of nonconductive polymers. Also, PVA-SiNP fibers which are devoid of conductive 

agent have the highest impedance. DD fibers exhibit the lowest impedance which due to the 

synergistic effect of both type of nanoparticles in the system and having fully packed fibers with 
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percolated networks. Figure 2.21 illustrates the cyclic performance of PVA-SiNP and PVA-CNT 

nanofibers when charged and discharged at a rate of 0.18 Ag-1. Both these fibers have stable 

capacities of about 200 mAhg-1, more than an order of magnitude smaller than DD fibers, 

confirming the crucial both type of nanoparticles. Having a conductive agent in the system to 

mobilize charges is crucial for SiNPs because of low electron conductivity of this material. 

Therefore, CNTs are ideal complement to the DD system since, they are highly conductive and 

can be easily dispersed throughout the PVA matrix by electrospinning to form a percolated 

network (at relatively low concentration due to their high aspect ratio).   

 

 

Figure 2. 20. a) Nyquist plots of impedance data of PVA-CNT, PVA-SiNP, and DD fibers b) 

zoomed-in the part boxed in figure (a) 
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Figure 2. 21. Lithiation/delithiation capacities at 0.18 A/g. closed circles represent lithiation and 

open symbols represent delithiation capacities 

  

Table 2.1 compares literature on Si-C composites that are related to the presented work, in at least 

one aspect (process, material, etc.). This information includes electrochemical performances along 

with preparation processes to draw a more meaningful comparison. A highly loaded solution in 

conjunction with electrospinning enables production of composite material with high silicon 

loading compared to other literature using electrospinning. Although there are more sophisticated 

and expensive methods for active material preparation, our facile and environmentally friendly 

process, resulted in comparable electrode performance, especially at higher rates. Ragone plot 

analysis of DD fibers and slurry electrode is given in Figure 2.22. Slurry electrode quickly loses 

its ability to perform as the power density is increased, while DD fibers have more gradual drop 
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in their energy density with rise in power density. Therefore, this configuration of active material 

is more suitable for applications such as power tools and electric vehicles where the battery has to 

sustain a high power for an extended time. 

 

Table 2.1. Comparison of electrochemical performance and preparation technique of different 

composite Si-C for lithium-ion batteries 

silicon 

content 

Initial  

Capacity  

Final capacity after (n) cycles Capacity at highest current Preparation technique solvents Ref 

54.2%  2697 @0.1 Ag-1  1496 (100) @ 0.5 Ag-1 Around 369 @ 9.3 Ag-1 Electrospinning DMF, 

Ethanol 

[40] 

50%  2488 @0.1 Ag-1 ~ 2085 (100) @0.24 Ag-1 1203 @ 9.75A/g Electrospinning DMF, 

NMP 

[28] 

~50% ~ 5800 @ 4.6 Ag-1 ~ 800 (100 @35.8 Ag-1 Around 700 @ 54 Ag-1 CVD N/A [23] 

55%  858 @0.1 Ag-1 800(100) @ 0.26 Ag-1 Around 772 @2.6 Ag-1 Arc melting and 

single-roll 

solidification 

DMSO [41] 

64%  2788 @0.4 Ag-1 1757 (250) @ Around 1690 @ 4 Ag-1 Polymerization and 

supercritical CO2 

process 

Water,  

ethanol 

[42] 

78%  1688 @0.4 Ag-1 1249 250 A 8A/g Self-assembly and 

hydrothermal 

carbonization 

Toluene, 

water, 

HCl, 

ethanol 

[43] 

75%  2800 @0.36 Ag-1 1711 (90) @1.2 Ag-1 ~ 1800 @ 1.2 Ag-1 CVD water [44] 

95%  3100 @0.1 Ag-1 1287 (500) @ 0.5 Ag-1 800 @3 Ag-1 CVD and melt self-

assembly 

N/A [45] 

68% 4190 @ 0.18 Ag-1 1025 (300) @ 2.5 Ag-1 650 @ 12 Ag-1 Direct Deposit 

Electrospinning  

Water This 

Work 
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Figure 2. 22.  Ragone analysis of DD fibers alongside slurry electrode 

  

 

2.4. Discussion 

Morphology and impedance analysis of directly deposited fibers after half-cell cycling. To 

further assess electrochemical properties of the two types of electrodes, impedance measurements 

were performed on half cells. Figure 2.23a is Nyquist plot for Si NP slurry electrode before and 

after 50 cycles. The cell started with a charge transfer resistance (Rct) and bulk resistance (Rb) of 

80 and 4.3Ω, respectively. After cycling the bulk resistance is increased to 180 Ω and a slight 

increase in Rct was observed. Since bulk resistance is mainly an indication of electrolyte resistance, 

this increase in the value can be due to unwanted reactions that formed solid electrolyte interface 

(SEI) and also pulverized material that left the electrode surface. On the other hand, DD anodes 
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had a different behavior, as can be seen in Figure 2.23b. The initial Rct and Rb are slightly higher 

(100 and 8 Ω, respectively), probably due to the presence of PAA coating and PVA polymer inside 

of the system (both non-conductive polymers). However, after 50 cycles, the charge transfer 

resistance was decreased to a value of 29.8 Ω, which should be attributed to the remaining Li-ions 

within the polymeric matrix and is consisted with other literature using polymers [18, 19, 24]. On 

the other hand, Rb for directly deposited anode only showed a slight increase, going from 8.3 to 

11.2Ω. This could be ascribed to protection of Si NPs inside of the PVA matrix, which prevents 

pulverization and suppresses SEI formation on nanoparticles [47-51]. Figure 2.23c illustrates the 

equivalent circuit that was used to evaluate both sets of impendence data.  
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Figure 2. 23. Nyquist plots of half‒cells using (a) Si NPs slurry and (b) PVA/Si/CNTs before 

cycling and after 50 cycles (c) equivalent circuit used for analyzing both sets of impedance data 

 

 

  

To evaluate morphological changes, half cells of Si NP slurry and directly deposited anode were 

disassembled and SEM and TEM images were taken after cycling. Figure 2.24a depicts 

morphology of the Si NP slurry on top of the copper current collector. As apparent from this image, 

large cracks are formed on the surface after cycling, which reduces connectivity of nanoparticles 

and compromises the performance. Existence of these cracks can explain increase in impedance 

a) b)

c)
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of the electrode after cycling. In addition, Figure 2.24b which is a higher magnification of the same 

electrode shows randomly placed particles in their swollen state after cycling (electrode surface 

before cycling is shown in Figure 2.15 for comparison). On the other hand, lower magnification 

SEM image in Figure 2.24c depicts that directly deposited electrode still maintained its 1D fiber 

structure, and sustained the overall connectivity of the material. A higher magnification SEM in 

Figure 2.24d reveals morphology of the fibers and placement of silicon nanoparticles. PVA matrix 

is still supporting particles and, prevented pulverization and agglomeration during cycling. The 

average fiber diameter shows an increase from 130 to 420 nm after 50 cycles to accommodate 

swollen particles. These images were taken at the edges of electrode where the PAA coating was 

more eroded, whereas towards the center of the electrode coating was still intact.  
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Figure 2. 24. SEM images of electrodes with (a and b) Si NPs slurry and (c and d) 

PVA/Si/CNTs after 50 cycles 

 

 

 

 

 

(a) (b)

(c) (d)
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TEM analysis also confirmed the morphology observed. Figure 2.25a and 2.25b are microtomed 

sections of Si NP slurry and directly deposited electrodes after 50 cycles respectively. 

Nanoparticles in the conventional slurry have lost connectivity with each other and conductive 

carbon, while nanoparticles in the directly deposited electrodes maintained their network inside 

the PVA matrix. Si NPs in DD anode do not show signs of disintegration, although they are clearly 

expanded in size and in some cases fused together.  

 

 

 

Figure 2. 25. TEM images of (a) Si NPs slurry and (b) PVA/Si/CNTs after 50 cycles 

  

 

 

(b)(a)
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FT‒IR characterization before and after heat treatment of PVA. In order to investigate the 

importance of heat treatment of polymeric matrix under air, DD system was analyzed by Fourier 

transform infrared (FT-IR) spectroscopy.  Figure 2.26a spectrum with several peaks at ν=3360 cm-

1 for O‒H bond, ν=2900‒2950 cm-1 for C‒H bond and others (ν=1090 cm-1 for C‒O‒C and ν=1730 

for C=O & C‒O‒C), which are the same as reported in the other literature [54-57], and are evidence 

for presence of PVA in the system. In addition, Si-O-Si peak at ν=1240 cm-1 is due to the native 

oxide on surface of Si NPs. After heat treatment at 200°C, chemical structure of PVA was greatly 

modified. Peaks of O‒H, C‒ H and C‒H2 disappeared in Figure 2.26b, which is an indication of 

side group elimination in a condensation reaction that mostly gives off water [58,59]. In this 

process some crosslinking occurs [58,59], which prevents the polymeric matrix from dissolving 

back into the solvent, hence improving chemical stability. 
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Figure 2. 26. FTIR spectrum of a) DD fibers before heat treatment b) DD fibers after heating for 

12 hours at 200ºC in Air 

 

 

1000 1500 2000 2500 3000 3500 4000

In
te

n
si

ty
 (

a.
u

)

Wavelength(cm-1)

26

O-HC-H

O=C=O

1000 1500 2000 2500 3000 3500 4000

In
te

n
si

ty
 (

a.
u

)

Wavelength(cm-1)

O=C=O

O-Si-O

O-Si-O

C-O

C-O

O-C-O

(a)

(b)



53 

 

  

Going back to Figure 2.6, the heat-treated fibers did not show mass reduction up to 330°C, hence 

thermal stability is also enhanced.  This step is crucial in preparation of functional anodic material, 

since this modification improves safe keeping of embedded nanoparticles by PVA. As-spun DD 

fibers have a high volume of PVA which limits their performance. However, after heat treatment 

volume and mass of polymer is decreased, therefore enhancing its electrochemical performance 

(since PVA is non-conductive), while still supporting nanoparticles. Without heat treatment, the 

fibers did not perform as well or failed just after couple of cycles.   Effect of this thermal treatment 

on silicon nanoparticles are minimal. The relative intensity of Si-O-Si peak shows increase, which 

can mean some silicon oxides were created during heat treatment under air, but the overall 

performance of fibers is uncompromised. This is further confirmed by XRD measurements on the 

fibers. 

2.5. Conclusion  

In summary, we have presented an environmentally-friendly and easily scalable electrode 

fabrication method via water-based electrospinning. This procedure was used to make directly 

deposited silicon anodes for Li-ion batteries; by-passing many of the conventional steps in 

electrode fabrication, hence reducing cost and time. Electrodes made with this technique showed 

an outstanding capacity retention of 92% over 300 cycles with ca. 1200 mAhg-1 reversible 

capacity. This ability to retain the capacity should be attributed to PVA which surrounds silicon 

nanoparticles giving them structural integrity, while protecting them from unwanted electrolyte 

reactions and preventing nanoparticle agglomeration. Furthermore, structure of the nanofiber mat 

provides ample room for expansion of nanoparticles.   PVA/Si/CNT nanofibers also have a good 

rate capability despite usage of a non-conductive polymer. 1-D structure of fibers and utilization 



54 

 

of CNTs inside the structure facilitates charge and electron transfer properties of the fiber mat, 

which result in a good rate capability performance. Capacity limited full cells with PVA/Si/ CNTs 

exhibited 100% capacity retention while, Si NP slurry full cells started fading after 25 cycles under 

the same cut-off conditions. Overall directly depositing material via water-based electrospinning 

is a scalable method of electrode fabrication, which can be applied to a variety of energy 

conversion and storage devices such as batteries, fuel cells and super capacitors.  
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CHAPTER THREE 

HARVESTING INTER AND INTRA-CONDUCTIVITY OF GRAPHENE 

NANORIBBONS FOR DIRECTLY DEPOSITED HIGH-RATE SILICON-BASED 

ANODE FOR LITHIUM ION BATTERIES 

3.1. Introduction 

The mobile lifestyle of modern society creates demands for reliable energy storage devices 

and imposes stringent standards on this industry to be satisfied. Lithium-ion batteries dominate the 

automotive and portable electronics markets, but the current state of the art electrode materials 

cannot keep up with the constant demand for an increase in capacity and decrease in dimensions. 

For this reason, the next generation of Li-ion battery electrodes must rely on materials with higher 

capacity and smarter structural design. Silicon with the theoretical capacity of 4200 mAhg-1 is one 

of the most promising anode material candidates, which hypothetically should be able to offer ten 

times the capacity of current graphite-based anodes. However, problems with Si such as constant 

capacity fading, unstable solid electrolyte interface (SEI) and low conductivity are well 

documented in the literature,[1]–[4]and have hindered commercialization to date. Nanostructuring 

and composites are the two prominent strategies employed by scientists to overcome shortcomings 

of silicon anodes. One-dimensional nanoparticles such as nanowires were found to improve 

electronic conductivity and provided enough room for expansion of material during lithiation.[5]–

[8] Carboneous materials are often mixed with silicon because of their inherent high conductivity 

and structural durability. In addition, carbon is sometimes employed as a protective barrier to keep 

silicon from unwanted electrolyte reactions while providing electrical conductivity to the system 

and hence improving rate capability of particles.[9], [10] Carbon nanotubes (CNTs) have already 

been employed in literature, as a valuable material to improve the performance of silicon as anode 
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materials for Li-ion batteries.[11]–[13] In recent years, graphene has incurred much attention. 

Plenty of research has been focused on changing the structure of graphite to graphene families, to 

achieve higher capacities, via lithiation of these materials on both sides of the basal plane. These 

2D carbons have been employed either by themselves,[14]–[16] or in composite form with other 

materials.[17]–[19] The flexible and strong sheets of honeycomb lattice carbon have been shown 

to improve electrochemical performance and device longevity in conjunction with silicon.[20]–

[26] Among this family, graphene nanoribbons, in particular, can exhibit tunable size dependent 

electronic properties (such as metallic or semi-conductive behavior),[27]–[29] making them 

attractive for new nano-electronics applications. To date, graphene nanoribbon composites with 

materials like iron oxide, SnO2 and MnO2 have been tested as successful anode materials for 

lithium ion batteries.[30]–[32] Recently, Salvatierra et al. fabricated Si nanowire-GNR standalone 

papers via vacuum filtration that exhibited an excellent electrochemical performance both in half-

cell and full-cell configurations.[33] However, current collectors may still be needed for practical 

purposes, since the electrode materials undergo processes like winding and packaging, which put 

enormous stresses on the material. In addition, scalability and high-through put roll to roll 

production are significant challenges for vacuum filtration. 

In the present work, we are combining several of the strategies to improve the performance 

of silicon anodes via engineering the nanostructure and properties of a novel composite material. 

By employing water-based electrospinning, composites of polyvinyl alcohol (PVA), graphene 

nanoribbons (GNRs) and silicon nanoparticles (SiNPs) are directly deposited on the surface of the 

copper current collector, as the lithium ion battery anode. Electrospinning has been used by several 

groups as a facile and scalable method for active material fabrication with various 

chemistries.[34]–[41] High extensional deformation during the electrospinning process can 
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disperse nanoparticles inside fibers,[42], [43] eliminating any need for the surface modification of 

particles. At the same time, rapid solidification of fibers[44] can prevent particle agglomeration. 

Therefore, a uniform composite with various components can be attained readily. In addition, this 

process is easily scalable and can be done in a continuous roll to roll fashion. In this work, graphene 

nanoribbons are used concurrently with SiNPs to achieve a highly porous non-woven fiber mat. In 

our previous work, GNRs were mixed with silicon nanoparticles and polyvinyl alcohol (PVA) via 

electrospinning,[45]followed by carbonization at 900°C to yield active material. The resulting 

GNR/SiNP/carbon nanofibers were mixed with carbon black and polyacrylic acid (PAA) to form 

a slurry. In this report, however, the GNR/SiNP/PVA fibers are directly deposited on copper, and 

they only undergo a mild heat treatment at 200°C to stabilize PVA, before they are used as 

electrodes. Therefore, there is no other conductive carbon present in the system, and the inherent 

properties of GNRs are preserved and can be compared to their precursor multi-walled carbon 

nanotubes (MWCNTs). At the same time, use of toxic solvents (such as N-Methyl-2-pyrrolidone, 

NMP), and multiple slurry making steps (like ball milling, doctor blading and drying) are 

eliminated. In addition, the resulted fiber morphology helps in alleviating pulverization because 

PVA ensures structural integrity. Ample space between fibers accommodates volume expansion 

and fast Li-ion diffusion, while fibers provide high surface area for reaction. More information 

about process and morphology of directly deposited fibers can be found in our previous work.[46] 

To the best of our knowledge, this is the first time that electrochemical performance of GNRs and 

their parent CNTs are compared in conjunction with silicon, without the addition of any carbon 

black in the system. 
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3.2. Experimental section 

Composite nanofiber fabrication and characterization: A 10 wt% solution of PVA (MW 78 

kDa, Polysciences) in deionized water was prepared. Then SiNPs (US research nanomaterials) 

and small GNRs (EMD Performance Materials) in a weight ratio of 1:1:0.14 PVA: Si: GNR were 

added to the solution.  The same was done for large GNRs (these GNRs have a linear alkyl group 

attached to their backbone) and MWCNTs. These carbon nanotubes are precursors to GNRs used 

in this paper, and all nanomaterials were incorporated in the composite material without any 

modification.  Carbon nanotubes were unzipped using a concentrated sulfuric acid and potassium 

permanganate. Oxidative opening of carbon nanotubes was achieved by first suspending them in 

sulfuric acid then treating by potassium permanganate at room temperature. The oxidized 

nanoribbons were treated by concentrated ammonium hydroxide and hydrazine monohydrate. 

Full details about this process can be found in the original work by Kosynkin et al. in Ref [52]. 

The prepared solution was then stirred for several hours, and ultrasonicated (Qsonic) for 30 mins. 

The electrospinning nozzle was placed 20 cm away from the collector with copper disks on it, 

and a voltage of 15KV was applied to form nanofibers while the solution was pumped at a rate of 

0.01 ml/min. Copper disks with nanofibers were heat treated under air at 200°C for 12 hours to 

stabilize PVA.  Renishaw Invia Raman microscope with 488 nm excitation was used to 

investigate the carbon structure of CNTs and GNRs. X-ray diffraction (XRD, Scintag) was 

performed on GNRs and their precursor MWCNTs.  The nanofiber morphology was 

characterized with scanning electron microscopy (FESEM, Tescan Mira), and transmission 

electron microscopy (TEM, FEI T12 Spirit). Thermo-gravimetric analysis (10°C min-1 in air, 

TGA, TA Instruments Q500) was conducted on the fibers to accurately measure PVA, Silicon, 

and CNT or GNR content of the composite fibers. 



68 

 

Electrochemical characterization: 2032 type half cells were made using obtained nanofibers 

and stacking polypropylene-polyethylene (Celgard) as separator and Lithium disk as a counter 

electrode. A homemade 1M LiPF6 in fluoroethylene carbonate and dimethyl carbonate (50:50 

wt:wt%) was used as the electrolyte. All cells were assembled in an argon-filled glovebox with 

water and oxygen levels below 0.5 ppm. Galvanostatic charge/discharge was performed using an 

eight-channel battery analyzer (MTI) subjected to a voltage window of 0.015-1.5V vs. Li/Li+. 

Cyclic Voltammetry (CV) and electrochemical impedance spectroscopy (EIS) measurements 

were conducted using a single channel potentiostat (Princeton Applied Research). CV curves 

were obtained at a scan rate of 1mV s-1 between 0.005 to 1.5 V against Li/Li+. Impedance 

measurements were done with an amplitude of 10 mV in the frequency range of 0.1 to 100000 

Hz. All capacities reported in this study were normalized by the weight of silicon and carbon 

(either GNRs or CNTs) based on TGA measurements. 

3.3. Results and Discussion  

Characterization of Graphene Nanoribbons: Two graphene nanoribbons with different 

dimensions, an average width of 17 and 137nm, respectively, are used in the current study to place 

them into the fiber or between the fibers.    Both GNRs are used as received without further 

processing. Precursor CNTs of the GNRs are also analyzed for comparison to investigate the effect 

of unzipping on structure and chemical performance. Figure 3.1a and 3.1c are the transmission 

electron micrographs showing morphologies of small and large GNRs. As can be seen from these 

TEM images, unzipping of CNTs results in quasi-1D carbon structures, which are comprised of 

high aspect ratio graphene layers. Figure 3.1b and 3.1c report TEM of their precursor CNTs for 

comparison of the structures. The average diameter of the small CNTs is 15 nm, which is only 

slightly lower than that for small GNRs, 17nm, due to insufficient or partial unzipping of smaller 
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CNTs. Reported diameters are averages of measurements obtained from 9 different TEM images 

for each sample. Red arrows in Figure 3.1a point to places along the same carbon structure where 

there is partial cleavage (indicated by “unzipped”), and a part that still maintained its tubular 

geometry (marked “CNT”). On the other hand, the average diameter of the large GNRs, 137 nm, 

is almost twice of 68nm, the average diameter of large CNTs. This is also in line with Figure 3.1b, 

illustrating the flat graphene layers and successful longitudinal opening of large CNTs.  The 

cleavage of carbon nanotubes has a better yield for CNTs with larger diameter.[47] Figure 3.2 

illustrates the morphology of GNRs as seen under a scanning electron microscope. 
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Figure 3. 1. TEM images of a) small graphene nanoribbons b) small carbon nanotubes c) large 

graphene nanoribbons d) large carbon nanotubes 

c)a)

unzipped

CNT

b) d)
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Figure 3. 2. SEM images of a) small GNRs b) large GNRs. Red arrows point to places where 

unzipping can be easily observed 

 

 

  

Raman spectroscopy is employed to investigate the effect of morphological changes of these 

carbon structures before and after chemical cleavage. Figure 3.3a and 3.3c are spectra of small and 

large CNTs respectively, and below them, Figure 3.1b and 3.1d correspond to the resulting small 

and large GNRs. The relative intensity of D-band to G-band in both GNR samples reports an 

increase, indicating the amplified disorder in the structure as the result of chemical unzipping, and 

is consistent with other reports in the literature.[47]–[49] Small CNTs have ID/IG of 0.82 while this 

ratio for small GNRs is increased to 1.22.  Large CNTs exhibit a small D-band indicating very low 

structural defects in the CNTs (ID/IG =0.11). However, the corresponding large GNRs have a high-

intensity D-band as the result of unzipping with 627% increase in the ratio (ID/IG =0.82). This 

increase in the D:G ratio in large GNRs is consistent with SEM and TEM images of the material, 

where more unzipping is readily observed.  

a) b)
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Figure 3. 3. Raman spectra of a) small carbon nanotubes (precursor for small GNRs) b) small 

GNRs c) Large carbon nanotubes (precursor for large GNRs) d) large GNRs. 
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XRD patterns in Figure 3.4a for small GNRs (green) and their precursor CNT(black) a broad 

graphitic (002) peak at 25.8° is observed in both materials, although the peak at 43.2° (100) 

increased in intensity after unzipping, which is observed in other literature as well.[50], [51] All 

XRD spectra are normalized to (002) peak. This peak broadens and downshifts as a result of 

introduction of the oxygenated groups in the unzipping process of the CNTs.[52] Figure 3.4b 

shows a sharp (002) peak at 26.1° in the XRD pattern of large CNTs (blue), whereas the resulting 

large GNRs (red) exhibit a broad peak which is moved to lower angle (24.6°), suggesting that the 

d-spacing between the graphene sheets increased due to chemical cleavage and introduction of 

linear alkyl functional groups on the GNR during production.[51]  
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Figure 3. 4. XRD pattern of a) small GNRs (green) and small and precursor CNT (black) b) 

large GNRs (red) and precursor CNTs (blue) 
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FTIR analysis on GNRs and CNTs in this paper can be found in Figure 3.5 where the alkyl C-H 

stretching is readily observable in the spectrum of large GNRs and is absent in other spectra. 

 

 

 

Figure 3. 5. FTIR spectra of GNRs and CNTs used in this report. No O-H or N-H stretching are 

detected on these carbons. Spectrum of the large GNRs exhibit alkyl C-H stretching due to 

introduction of linear alkyl groups on the graphene nanoribbon during production. 

 

 

 

Preparation of Directly Deposited Anode Disks: After characterizing CNTs and GNRs, they are 

incorporated into silicon nanocomposite fibers to investigate the effect of the change in the 

geometry from nanotubes to nanoribbons on the electrochemical performance. A solution of 

PVA/SiNP/GNRs is directly electrospun on a copper current collector to make anode disks in one 

step. The same is done for precursor CNTs of the two GNR samples. In this manner, a nonwoven 

fiber mat of the composite material is obtained on copper disks, ready to be assembled in 2032 

cells after heat treatment at 200°C. Since PVA and Silicon nanoparticles are the same in all 

samples, from this point on the samples will be distinguished by the conductive carbon inclusion 

i.e. the fibers containing small GNRs will be called small GNRs. Therefore, the investigated 
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anodes in this study are small CNTs, small GNRs, large CNTs, large GNRs, and mixed GNRs that 

will be introduced in the last section. Figure 3.6 shows the morphology of the electrospun 

nanofibers with GNR inclusions. Figure 3.6a and 3.6b are SEM images of as-spun nanofibers with 

small GNRs at different magnifications. Obtained nanofiber mat is uniform, with an average 

diameter of 157nm and particles are dispersed throughout the polymer matrix to form a composite. 

When the fibers are heat treated at air to eliminate side groups and stabilize PVA, the morphology 

is altered due to a significant mass loss in the polymer. [53] The remaining nanofibers have an 

average diameter of 168 nm and maintain their 1D morphology created via electrospinning as 

illustrated in Figure 3.6c. Figure 3.6d and 3.6e show morphology of the fiber mat with large GNR 

inclusion under SEM. As in the case with small GNRs, resulting fiber mat is homogeneous. 

However, when the fibers are thermally treated, they lose most of the created morphology (Figure 

2f). 
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Figure 3. 6. SEM images of a) Low magnification as-spun DD nanofibers with small GNRs b) 

high magnification as-spun DD nanofibers with small GNRs c) heat treated DD nanofibers with 

small GNRs d) Low magnification as-spun DD nanofibers with large GNRs e) high magnification 

as-spun DD nanofibers with large GNRs f) heat treated DD nanofibers with large GNRs 
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 The increase in the fiber diameter is due to closer packing of nanoparticles to preserve 1D 

geometry of the fibers after mass reduction. In TEM Figure 3.7a, the intra-connectivity of the 

nanoparticles inside the polymeric matrix can be observed. The size of the small GNRs is such 

that, they can be fully encapsulated within fibers and electrically connect silicon nanoparticles for 

the ease of electron transfer along each fiber. The flexibility of the graphene nanoribbons gives 

them the ability to conform to the irregular shapes and areas created by SiNPs and polymer fibers. 

 

 

 

Figure 3. 7. a) TEM image of DD nanofibers with small GNRs, showing the interconnectivity of 

different particles inside the fibers. b) TEM image of DD nanofibers with large GNRs bridging 

fibers. 

 

  

Higher magnification TEM images of fibers with small GNRs in Figure 3.8 are provided to 

illustrate the inner structure. Elemental maps of fiber mats with GNRs via Energy Dispersive 
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Spectroscopy (EDS) confirmed uniform placement of particles throughout the system both before 

Figure 3.9 and after heat treating in air Figure 3.10. TEM analysis of fibers with large GNRs in 

Figure 3.7b reveals that the size of these graphene nanoribbons is comparable to the the diameter 

of fibers. Therefore, they can bridge among several fibers and create inter-connectivity of fibers, 

but PVA can not fully encapsulate them. This means that volume of GNRs entangled with PVA 

molecules is less in this case, and thus, when the polymer is thermally treated, fibers cannot hold 

their structure.  

 

 

 

Figure 3. 8. a and b) Higher magnification TEM image of DD fibers with small GNR inclusions 
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Figure 3. 9. EDS elemental mapping of as-spun DD fibers with small GNRs showing the 

homogeneous particle dispersion throughout the system 

 

 

 

 

 

 

 

 

 

 

 

 



81 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 10. EDS elemental mapping of heat-treated DD fibers with small GNRs indicating no 

particle agglomeration occurs during the procedure 

 

  

To compare the morphology of the fibers with CNT inclusions, SEM of the as-spun nanofiber mats 

and TEM analysis of these fibers are provided in Figure 3.11. Just like the nanoribbon case, small 

CNTs are fully encapsulated within the PVA fiber while Large CNTs are bridging multiple fibers. 
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TGA was conducted on nanofiber mats to assess the exact contents of fibers before and after heat 

treatment. The weight percentages of three components are similar to the starting solution in case 

of the as-spun fibers. Silicon makes up 75% of the total weight of the active material after heat 

treatment, and graphene and polymer each contributed 12% and 13%, respectively for small 

GNRs, in TGA measurements of Figure 3.12.  Large GNR fibers revealed a close composition as 

well (73% silicon, 10% GNR, 17% PVA) after heat treatment. XRD results in Figure 3.13 indicates 

that, during the mild heat treatment, no appreciable oxide or alloying occurred on the surface of 

SiNPs.  
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Figure 3. 11. a) SEM image of small CNT as-spun nanofibers b) TEM image of small CNT 

nanofibers showing the placement of CNTs and SiNPs inside the PVA fiber c) SEM image of 
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Figure 3. 12. Thermogravimetric analysis of a) As-spun fibers with small GNRs b) heat-treated 

fibers with small GNRs c) as-spun fibers with large GNRs d) heat-treated fibers with large GNRs 

  

 

Figure 3. 13. XRD patterns of as spun (solid line) and heat treated (dashed line) fibers with 

small GNRs inclusions. Crystalline Silicon from different facets are indicated and no obvious 

alloying or oxidation took place as a result of heat treatment in air. 
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Electrochemical Testing of Directly Deposited Anodes: To investigate electrochemical 

performance of the created fibers, electrodes are assembled into 2032 half coin cells. This method 

of electrode preparation on top being cost effective and scalable, provides a means to directly 

compare contribution of GNRs and their precursor CNTs in terms of electrochemical activity and 

structural stability. Figure 3.14 reports the cross-sectional SEM images of the four samples used 

in this paper to elucidate the construction of the nanofibers on the copper current collector and to 

give a better view of the inner structure of the prepared electrodes. Small CNTs and GNRs which 

have a better fiber morphology to begin with, also have a more uniform morphology throughout 

the electrode thickness after the heat treatment. The cross-sectional images reveal the highly 

porous inner structure of the electrodes, highlighting the ease of electrolyte penetration inside the 

electrode thickness. The cyclic performance of directly deposited anodes with GNRs compared to 

their precursor CNTs at 0.18 Ag-1 to allow for full lithiation/delithiation of the material are 

presented in Figure 3.15 and 3.16. Both small and large GNRs outperform their parent CNTs in 

terms of overall capacity and retention. All capacities in this work are normalized by the total mass 

of electrochemically active materials, i.e. carbon (GNR or CNT) and SiNPs that were obtained by 

TGA analysis. Small GNR fibers have an initial lithiation capacity of 3700 mAhg-1, while their 

precursor CNT fibers only possessed 2380 mAhg-1.  This can be attributed to the ability of GNRs 

to be lithiated on both sides of the plane[54] and thus a larger contribution to the overall capacity 

as well as synergy with SiNPs. At the same time, small GNRs retain 58% of their capacity 

(calculated against second lithiation), and their precursor CNTs have 53% capacity retention after 

100 cycles at 0.18 Ag-1. GNRs act as structural support, conductive pathways on top of 

participating in the electrochemical reaction. Figure 3.17a illustrates initial capacity-voltage 
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profile of directly deposited fibers with small GNRs (green line) and CNTs (black line) at 0.18 Ag-

1. 

 

Figure 3. 14. Cross sectional SEM images of the electrodes with a) small CNTs b) small GNRs 

c) large CNTs d) large GNRs 

a)

d)c)

Cu foil Cu foil

Cu foil Cu foil
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Figure 3. 15. Cyclic performance of fibers including small GNRs and their precursor CNTs and 

their coulombic efficiencies. Open circles correspond to delithiation capacities, closed circles for 

lithiation capacities and diamonds for coulombic efficiencies. 

  

 

 

Figure 3. 16. Cyclic performance of fibers including large GNRs and their precursor CNTs and 

their coulombic efficiencies Open circles correspond to delithiation capacities, closed circles for 

lithiation capacities and diamonds for coulombic efficiencies. 
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Figure 3.16 illustrates the cyclic performance of large GNRs and CNTs. The same trend is 

observed with large GNRs. They start off with a lithiation capacity of 3400 mAhg-1 ; 400 mAhg-1  

more than their precursor CNTs. By the end of 100 cycles, large GNRs retain 67% while large 

CNTs only retain 48% of their capacity. Their initial capacity voltage profile is depicted in Figure 

3.17b. The superior ability of GNR containing composites to retain their capacity should be 

attributed to their mechanical flexibility and robustness after lithiation.[55] 

 

 

 

Figure 3. 17. a) Initial capacity-voltage profile of small GNRs and small CNTs b) initial 

capacity-voltage profile of large GNR and large CNTs 
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GNRs having a slightly higher efficiency than CNTs) due to the unique morphology of fiber mats. 

In case of large GNRs, Coulombic efficiency goes above 90% after the first cycle, whereas their 

precursor CNT achieve that after 2 cycles. Moreover, the average efficiency for cells over 100 

cycles is 99.3% for large GNRs and 98.3 for their precursor CNT. This can be attributed to the 

improvement of the lithium ion transfer due to the morphology of the fibers by minimizing 

diffusion path for ions, and also through the employment of GNRs.[57] It has been found that edge 

effects create a stronger interaction between Li and GNRs,[58] and also make channels in the 

carbonous nanostructure for enhanced diffusion of Li ions.[57] This also results in the smaller 

irreversible capacity loss on the first cycle for GNRs compared to their precursor CNTs (refer to 

Figure 3.18).  

 

Figure 3. 18. Irreversible initial capacity loss of the first cycle for four samples 
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The open structure of GNRs does not hinder Li-ion movement, and therefore higher coulombic 

efficiencies as less Li-ions will be trapped inside of their structure. In order to investigate the role 

of these 1D carbon inclusions in the system, control electrodes with PVA and SiNPs were prepared 

and tested in under the same conditions (PVA to SiNP ratio was kept constant and only GNR/CNTs 

were eliminated from the system). Cyclic performance and capacity-voltage profiles for this 

control electrode are given in Figure 3.19a and 3.19b respectively. As apparent from the graphs 

utilization of the SiNPs are very low and the capacity of the cell fades very fast within the first 10 

cycles. This indicates the crucial role of the GNRs in the system. Without them the charges cannot 

be effectively collected and majority of the SiNPs are electronically isolated, therefore they cannot 

participate in the electrochemical reaction, resulting in low capacities. Furthermore, from the 

capacity-voltage curves the overpotential, hence the resistance of the increased drastically after 

cycling for only 50 times. 

 

 

 
Figure 3. 19. Electrochemical performance of control electrodes containing only PVA and 

SiNPs. a) Specific capacity vs. cycle number of PVA-SiNP fibers at 0.18Ag-1 b) Capacity-

voltage graph of first, second and 50th cycles at 0.18 Ag-1. In these electrodes ratio of PVA to 

SiNP was kept the same and only the carbon component was eliminated 
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To further distinguish the advantages of employing GNRs in the nanocomposite, rate capability 

tests are conducted on the samples. Figure 3.20a shows the performance of small GNRs and CNTs, 

and Figure 3.20b depicts capacity-voltage profiles for small GNRs at rates indicated in the figures. 

The outstanding overall performance of samples is due to short diffusion lengths made possible by 

the morphology of the fiber mats. However, as the current increases, the difference between small 

GNRs and their precursor CNTs widens. At 8.4 Ag-1 small GNRs have more than 300 mAhg-1, 

while their CNT counterparts could not be charged and discharged at this high rate.  This difference 

should be ascribed to the facilitation of ionic transfer through GNRs as mentioned before. In order 

to have a good performance at high rates, the charges in the system should be able to be mobilized 

in a short time. The charge transfer inside the material consists of electronic transfer and transfer 

of Li-ions to the active sites. Graphene nanoribbons offer the best of the both ends, and thus they 

are ideal conductive material.  
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Figure 3. 20. a) Rate capability of small GNRs (green) and small CNTs (black) at rates specified 

on top of each step b) corresponding capacity-voltage profiles for small GNRs at various rates 
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Cyclic voltammetry tests confirm the higher electrochemical activity of GNRs compared to their 

parent CNTs. In CV profiles of Figure 3.21, small GNRs exhibit much higher currents at a scan 

rate of 1 mVs-1, which is in line with their superior performance over their precursor CNTs at 

higher rates. 

 

 

 

Figure 3. 21. Cyclic voltammograms of small GNRs and small CNTs at 1 mVs-1 
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results in a 28% decrease in their lithiation capacity to a value of 1400 mAhg-1. The performance 

of large CNTs at the same rates reveals that the increase in the current results in 58% decrease in 

the capacity. It should be noted that both Large CNTs and GNRs performed better at higher 

currents than small GNRs.  This enhancement in performance can be attributed to the overall nano-

morphology of the samples. Since large GNRs and CNTs inter-connect the fibers, they provide 

multiple charge transfer contacts between fibers and thus are more efficient in mobilizing and 

collecting charges. On the other hand, small GNRs and CNTs are only effective in conducting 

charges inside of a single fiber and intra-connectivity of silicon particles. Transferring charges 

from fiber to fiber depends solely on the intersecting sites on fibers. Therefore, at faster rates small 

CNTs and GNRs quickly lose their ability to mobilize charges, despite the fact that predictions 

from computational studies suggest that narrower GNRs should have better performance due to 

lowering energy barriers to diffusion of Li ions.[57] Two underlying reasons can explain this 

contradiction. First, as observed by Raman, XRD and TEM analysis on small GNRs, the unzipping 

of these materials has a low yield, and the majority stay in a tubular configuration. Second, small 

GNRs are fully encapsulated by the nonconductive polymer matrix; they lack the inter-

connectivity necessary at a higher rate.  
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Figure 3. 22. a) Rate capability of large GNRs (red) and their precursor CNTs (blue) e) capacity-

voltage profiles for large GNRs at different rates 
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Figure 3.23 shows cyclic voltammograms of large GNRs and CNTs at 1mVs-1, and as expected 

large GNRs produce higher currents at this high scan rate, confirming their superiority as 

conductive agents over their parent CNTs. In fact, both small and large GNRs produce higher 

currents compared to their precursor CNTs at every scan rate tested in Figure 3.24.  

 

 

 

Figure 3. 23. Cyclic voltammograms of large GNRs and large CNTs at 1 mVs-1 
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nanostructure of the electrodes. These effects are more dramatic at fast rates due to a larger tensile 

stress induce in the material.[3] The Nyquist plot in Figure 3.25a indicates that the charge transfer 

resistance of the composite with small GNRs decreased from 163 Ω to 57 Ω after cycling, which 

should be associated with trapped lithium ions inside of the polymer matrix and active material. 

This change can readily be seen by the decrease in the diameter of the semi-circle in the graph. At 

the same time, the bulk resistance of the cell does not show any appreciable change (4.6 to 4.8 Ω). 

 

 

 

Figure 3. 24. Cyclic voltammograms of PVA/Si fibers including a) small GNRs and small CNTs 

at 10mVs-1 b) small GNRs and small CNTs at 50mVs-1 c) large GNRs and large CNTs at 

10mVs-1 d) large GNRs and large CNTs at 50mVs-1. GNRs are able to produce more current 

than their precursor CNTs when the voltage is swept regardless of the scan rate.  
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The circuit used for analyzing impedance data is illustrated in Figure 3.25c. Nyquist representation 

of EIS data for the cell with large GNRs is depicted in Figure 3.25b. As apparent from the graph, 

the same trend holds for large GNRs as well. The surface resistance of the cell is dramatically 

decreased from a value of 252 Ω to 34 Ω, after the rate capability test. Bulk resistance of the cell 

shows an insignificant increase from 4 Ω to 4.5 Ω, indicating minimal pulverization and electrical 

delamination for both samples. The post mortem SEM analysis of the cells can shed more light on 

the magnitude of the morphological changes in the cells. Figure 3.26a reports the morphology of 

the fiber mat with small GNRs after the rate capability test. The 1D nanostructure is maintained 

throughout the cycling, which should be attributed to the higher concentration of nanoparticles in 

the fibers on top of a good fiber construction to start with.  
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Figure 3. 25. Nyquist plots of impedance data for a cell with a) small GNRs b) large GNRs before 

and after rate capability tests c) equivalent circuit used in analysis of the impedance data 
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However, it is evident from the SEM image that the particles are swollen, and the structure of the 

nanofibers have changed due to continual expansion/contraction. In addition, some fusion is 

observed between the nanofibers and particles. Figure 3.26b depicts fibers with small CNT 

inclusions after the rate capability test. In this case, fibers are heavily fused, and particles are 

agglomerated, which can explain the failure of this material to function at faster current rates. It 

should be noted that these fibers could not undergo the high rates of 4.2 and 8.4 Ag-1, and it can 

be assumed that morphological changes would be a lot more drastic if they had the ability to 

perform at those currents. Figure 3.26c is the SEM of the composite with large GNRs, revealing a 

highly porous structure for silicon nanoparticles. This drastic change in the porosity of SiNPs is 

due to accommodating a large number of Li-ions even at high rates (1400 mAhg-1 at 12.6 Ag-1), 

which altered the nanostructure of particles. The same holds true for fibers with large CNTs after 

cycling at high rates in Figure 3.26d, (although the structure is even more porous). This change in 

the structure of the nanoparticles is also in line with the decrease in surface charge transfer 

resistance since these opening make active sites more accessible to lithium ions. 



101 

 

 

Figure 3. 26. Post-mortem SEM image of a) fibers with small GNRs b) small CNTs c) large 

GNRs d) large CNTs after rate capability test (from Figure 3.20 and 3.22). 
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Creating Synergy with Intra and Inter-Conductivity: Finally, to highlight the importance of 

inter-conductivity of fibers offered by large GNRs in the electrochemical performance at fast rates, 

a solution with combination of the two GNRs is prepared. To this end, since small GNRs had an 

inferior performance in the rate capability compared to large GNRs, a minute amount of large 

GNRs (1.5 wt%), is mixed in a small GNR solution. All other processing parameters are kept as 

before. Resulted fibers are marked as “mixed GNRs”. Figure 3.27 is the SEM of the as spun and 

heat treated mixed GNR nanofibers. The addition of a small amount of large GNRs, does not 

disrupted the fiber formation. Resulting fibers keep their morphology after heat treatment, which 

is expected since the solution consists mostly of small GNRs.  

 

 

 

Figure 3. 27. SEM images of a) as-spun mixed GNR fibers b) heat treated mixed GNR fibers 

  

 

a) b)
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Figure 3.28 compares capacities of small and mixed GNRs at various rates indicated on the top of 

each segment (small GNR graph is the same as Figure 3.20). Mixed GNRs start 840 mAhg-1 above 

small GNRs; but as the rate is increased, the performance gap expands. Mixed GNR fibers exhibit 

capacities around 300 mAhg-1 at 21 Ag-1, while small GNRs reached that number at a rate of 8.4 

Ag-1. To further investigate this effect, voltage is swept at a rate of 1mVs-1 in the cyclic 

voltammograms of Figure 3.29. 

 

 

 

Figure 3. 28. Rate capability comparison between fiber mats with mixed GNRs (purple) and 

small GNRs (green) 
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 Mixed GNRs are able to create higher currents, and thus validating the observation of higher 

capacities. This is due to the facilitation of electronic and ionic conductivity of the mixed GNRs 

fiber mat, offered by inter-connectivity provided by large GNRs, compared to just small GNRs, 

where this conductivity was missing. 

 

 

 

Figure 3. 29. Cyclic voltammograms of fibers with mixed and small GNR inclusions 
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Figure 3.30a and 3.30b illustrates the inner particle connections for the mixed GNR sample. 

Transmission electron micrographs indicate both small and large GNRs interact with silicon 

nanoparticles inside the PVA fiber. As expected, small GNRs are encapsulated inside the fibers 

while large GNR place themselves in between fiber and in some places, they also support silicon 

nanoparticles.  

 

 

 

Figure 3. 30. TEM images of mixed GNR fibers showing both small and large GNRs within the 

fiber mat 
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Thermo gravimetric analysis of as-spun and heat-treated fibers in Figure 3.31 also indicate a 2% 

increase in the total weight of GNRs compared to silicon content of fibers with small GNRs only, 

in line with observation of enhancement of rate capability performance of the mixed fibers.  

 

 

 

Figure 3. 31. Thermogravimetric analysis of a) As-spun fibers with mixed GNRs b) heat-treated 

fibers with mixed GNRs 
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1D morphology of fibers reduces the diffusion path of Li ions since the porous structure of the 

fiber mat allows for penetration of the electrolyte through the entire thickness of the electrode 

material. At the same time, employing this method results in by-passing of a lot of conventional 

electrode preparation steps.  

 

 

 

Figure 3. 32. Comparison of the rate capability of fibers with small GNRs (green), mixed GNRs 

with 1.5wt% added large GNRs (purple) and mixed GNRs with 5wt% added large GNRs (blue) at 

rates indicated above each step in Ag-1 
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performance with gravimetric capacities and retention have a smaller irreversible capacity loss and 

higher capacities at fast rates, compared to their precursor CNTs. The open structure of GNRs 

facilitates the Li interaction, and edge effects promote the Li-ion mobility while maintaining 

enough electronic conductivity for fast charging and discharging. The two sizes of GNRs and 

CNTs offer unique properties to the nanostructure. The PVA fiber fully encapsulated small 

GNRs/CNTs, and therefore they were responsible for intra-connectivity of the nanoparticles in 

each fiber. On the other hand, large GNRs/CNTs have such dimensions to be able to bridge 

between multiple fibers, and thus, they inter-connect several fibers and help with the overall 

conductivity of the fiber mat. As the result of these structural differences, electrochemical 

performance of fiber mats with large GNR inclusions is superior even at a high rate of 12.6 Ag-1. 

Postmortem analysis of the cells after high rates indicate that the pulverization and delamination 

of the active material are minimal, due to the robust morphology created via electrospinning. 

However, morphological changes were more drastic for CNTs, probably due to the lithiation 

induced embrittlement of these materials. When a small amount of large GNRs were added to 

small GNRs to improve the performance (mixed GNR sample), the synergy between inter and 

intra- conductivity of the fibers results in a large improvement in performance. Mixed GNR fiber 

mat with 5 wt% of additional large GNRs can achieve the same capacity as small GNRs at four 

times the current rate. Therefore, it can be concluded that the unique geometry of graphene 

nanoribbons promotes the lithium ion transfer, and thus are more efficient conductive pathways 

compared to carbon nanotubes. Also, the inter-conductivity of nanostructures plays a central role 

in the high performance of silicon-based anodes at fast rates.  
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CHAPTER FOUR 

ALX OY COATING ON DIRECTLY DEPOSITED SILICON-BASED NANOFIBERS FOR 

HIGH-RATE LITHIUM ION BATTERY ANODES 

4.1. Introduction 

Silicon is one of the strongest candidates for the next generation of Li-ion battery anodes 

due to its high theoretical capacity of 4200 mAh/g. This superior capacity to host guest Li ions 

result in enormous volume changes during lithiation/delithiation which will cause the SEI layer to 

be unstable and cause capacity fading. Modifying the surface of the particles with different 

coatings has shown to be an effective way to deal with the issues above. For silicon-based 

materials, carbon is the most widely studied coating[1]–[4] both because it can enhance particle’s 

conductivity and its ability to form a stable SEI layer, protecting particles from direct contact with 

electrolyte. Metal oxides also have been explored in the literature to promote ionic conductivity in 

electrodes. Great effort has been focused on coating cathode materials[5]–[8] to enhance 

electrochemical performance and device longevity and safety[9]. Among metal oxides, Al2O3 is 

one of the most promising. It was also found that using nanoporous alumina as a separator can 

improve the ionic conductivity and suppress dendrite formation in lithium-metal batteries[10]. 

Aluminum oxide has also been utilized with silicon-based systems to manage solid electrolyte 

interface (SEI) formation [11] and enhance cyclic stability[12] and coulombic efficiency. Nguyen 

et al. showed that by conformal coating of silicon nanowires with Al2O3 rate capability and 

capacity retention can be improved.[13]  Typically, those coatings are applied to the surface of the 

individual active particles via high vacuum processes like ALD[12] or CVD[2], [14], [15] which 
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are costly and not compatible with high throughput processes. However, for any electrode material 

to have practical relevance, its fabrication method should be scalable and relatively inexpensive. 

Therefore, exploring processes that are reasonably easy to scale up is a strategy worth pursuing.  

Electrospinning has been utilized by a multitude of research groups as a means to produce 

active material in a facile manner, for both anode[16]–[19] and cathode[20], [21] or to make more 

efficient membranes[22], [23]. In this way, the highly porous resulting fiber mat provides ease of 

access for ions and high surface area for reaction, making this morphology attractive for energy 

storage devices. In our group, water-based electrospinning was employed to create composite 

fibers of graphene nanoribbons (GNRs), silicon nanoparticles (SiNPs) and polyvinyl alcohol 

(PVA) for application in lithium-ion batteries[24], [25]. We used electrospinning to directly 

deposit electrode material on the surface of the current collector[25], [26]. In this way, the highly 

porous morphology is preserved, and many of the electrode preparation steps are bypassed, making 

the process more economically attractive. We found that the unique surface structure created via 

electrospinning helps in the alleviation of the large volume changes of the SiNPs and keeping the 

integrity of the electrode, which resulted in an excellent performance at slow and high rates. 

Especially, the size and geometry of graphene nanoribbons used have a significant role in their 

effectiveness, especially at higher rates.  

Inspired by these discoveries, the conclusion was made that the void spaces between fibers 

can be used more efficiently than just providing room for expansion of nanoparticles. Namely, if 

ionic and electronic transport can be enhanced via filling these empty spaces with a functional 

material, the effect on the electrochemical performance can be quite pronounced. In the present 

work, we explored a coating that rapidly forms aluminum oxide upon heat treatment in air to 

protect active material on the current collector. Instead of applying the coating over individual 
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silicon nanoparticles, we make a macro-composite of ceramic and active material. Alumina 

precursor solution is spin-coated onto the fiber mat of active material and is heat treated for 1 

minute to form the desired ceramic layer. The coating layer ensures the adhesion of the nanofibers 

on the current collector (act as a binder) and can alter the electrochemical response of the electrode. 

PAA, which is the most prominent binder for the silicon-based material, is not electrochemically 

active and merely acts as an adhesion medium. However, the metal oxide layer not only acts as a 

binder but also modifies the interface favorably. Ceramic coated electrodes exhibit an 

improvement both in the overall capacity and retention over their polymer coated counterparts. 

Aluminum oxide has also been shown to improve the ionic conductivity of the material[27] which 

will in turn have a positive effect on the high-rate[28] electrochemical performance of the material. 

4.2. Experimental Section 

Composite preparation and characterization: All samples in this report are fabricated in the 

same manner. Water-based electrospinning of solution is employed to make sub-micron fibers 

directly on top of the copper current collector for assembly into 2032 coin cells. Polyvinyl alcohol 

(PVA, 0.5 g) is dissolved in in 5 g of deionized water, before 70 mg of graphene nanoribbons 

(GNRs) are added to the mix (two different GNRs are used in this report: small and large). The 

resulting solution is ultrasonicated to ensure uniform dispersion of particles. Silicon Nanoparticles 

(0.5 g) are added to the solution and stirred overnight. Another probe sonication step is 

implemented to assure uniform dispersion of the nanoparticles. The solution is then loaded into a 

syringe and is pumped through a nozzle placed 20 cm away from a grounded collector with copper 

disks, while a voltage of 15 KV is applied to the system. The copper disks with nanofibers on top 

of them undergo a heat treatment step at 200°C in air for 12 hours to stabilize the PVA backbone. 

After that AlxOy precursor solution (EMD Performance Materials) is spin casted (1000 rpm, 10 s) 
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on the disks to bind the fibers onto the current collector. The same was done for control electrodes 

with PAA being spin casted on the electrodes as the binder. For more information about 

characterization and electrochemical performance of the PAA coated electrodes refer to our 

previous work in Ref [25]. Rotation rate and spin time of casting were used to control the final 

coating weight on the disks. To convert the precursor to aluminum oxide, the disks are placed in a 

furnace that is heated to 350°C for one minute.  The nanofiber and coating morphology was 

characterized with scanning electron microscopy (FESEM, Tescan Mira). Thermo-gravimetric 

analysis (10°C min-1 in air, TGA, TA Instruments Q500) was conducted on the fibers to accurately 

measure PVA, Silicon, and CNT or GNR content of the composite fibers. X-ray diffraction (XRD) 

was performed with on a Bruker D8 advance ECO powder diffractometer with. The Brunauer-

Emmett-Teller (BET) surface area was measured with a Gemini VII 2390t (Micromeritics) in 

liquid nitrogen. 

Electrochemical Characterization: 2032 coin-type cells are fabricated with the resulting 

directly-deposited disks, a polyethylene-polypropylene separator, and Lithium as the counter 

electrode. 1 M LiPF6 salt dissolved in 1:1 (wt%) fluoroethylene carbonate: dimethyl carbonate is 

used as an in-house electrolyte. All cells are assembled in an argon-filled glovebox. Constant 

current charge/discharge cycles are performed on an MTI eight-channel battery analyzer with a 

voltage window of 0.015-1.5 V versus Li/Li+. Cyclic voltammetry (CV) and electrochemical 

impedance spectroscopy (EIS) are carried out on a Princeton Applied Research potentiostat. In CV 

measurements, the voltage is swept between 0.005 and 1.5 V vs. Li/Li+ with varying scan rates. 

EIS data is obtained with an amplitude of 10 mV and frequency range of 0.1-100000 Hz in all cells 

tested. Galvanostatic titration technique (GITT) was carried out with a 20-min current pulse of 

0.42 A/g and 5 hours rest in between pulses to ensure the complete diffusion and equilibration of 
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Li-ions from the surface to the bulk of the electrode material on MTI battery cycler. Calculation 

of the Li-ion diffusion coefficient were done following the work of Weppner et al. in Ref [[29]]. 

All capacities reported in this study are normalized by the weight of silicon in the composite. 

4.3. Results and Discussion 

Electrodes with PVA, SiNPs and Small GNRs: As mentioned before, the ample void spaces 

between nanofibers created via electrospinning has a crucial role in the ability of these fibers to 

perform at high-rates, and to aleviate electrode expansion. However, if this space can be engineerd 

to have more function as to just passively provide room for expansion, electrochemical 

performance of the electrodes can be greatly enhanced. To this end, PVA/SiNP/small GNRs 

nanofibers are directly electrospun on copper current collector and then the alumina precursor 

solution is spin casted on the electrode. The resulting electrode is then heat treated at 350°C for 

one minute under air.  To test the effect of this coating, control disks are prepared in the same 

manner, with polyacrylic acid (PAA) as the final coating step for comparison. PAA is the polymer 

that has been shown effective as a binder for the silicon-based anode and was our primary coating 

layer in our previous works.[25], [26] The final coating layer is needed in this system to ensure 

the adhesion of nanofibers on the copper current collector. Figure 4.1a shows the morphology of 

PVA/Si/small GNR fibers before the final addition of any coating. SiNPs are dispersed along the 

PVA nanofiber with small GNRs intertwined between SiNPs and PVA backbone. Figure 4.1b 

depicts the same fiber mat after addition of the precursor solution. The liquid penetrates through 

the inter-fiber pores to fill in all the void spaces. Figure 4.1c is the same disk after heat treating at 

350°C in air for one minute. Morphology of the coating shows a drastic change before and after 

the heat treatment, which is due to evaporation of solvent and chemical reaction to produce 
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aluminum oxide. Figure 4.1d shows the cross-sectional view of the same electrode without any 

coating where all the individual fibers can be easily recognized.  

 

 

 
Figure 4. 1. SEM images of a) PVA/SiNP/Small GNR fibers without any coating on top b) 

PVA/SiNP/Small GNR fibers with Al2O3 precursor solution coated on top before heat treatment 

c) PVA/SiNP/Small GNR fibers with Al2O3 precursor solution coated on top after heat treating at 

350°C for one minute d) cross-sectional view of the PVA/Si/small GNR fibers without any 

coating on copper disk e) cross-sectional view of the PVA/Si/small GNR fibers with aluminum 

oxide coating after heat treatment on copper disk 
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However, after addition of the aluminum oxide coating the layer cross-sectional view in Figure 

4.1e appears as a film-like structure, which as mentioned before is due to penetration of the solution 

all the way to the current collector. Pulverization and electrical insulation are two of the main 

concerns in silicon-based anodes[30]–[32], which usually result in capacity fading and poor 

performance in the long run. This ingress of coating material to the most bottom layers of fiber 

mat is key in ensuring adhesion of fibers on the current collector, which translates into better 

electrochemical performance  

To assess the role of the ceramic coating on the electrochemical performance, half-cells 

are fabricated and galvanostatically charged and discharged for many cycles. Figure 4.2a depicts 

the cyclic life of PVA/SiNP/small GNR anodes with PAA and AlxOy coating. The long term cyclic 

performance of the composites is tested at 1 A/g. It should be noted that these cells both underwent 

ten formation cycles at 0.18 A/g. The electrode with ceramic coating could retain 60% of its 

capacity (calculated against the second lithiation) at the end of 300 cycles, while its PAA coated 

counterpart retains 65% at the end of 100 cycles. 

 

 

 

Figure 4. 2. Cyclic performance of composite anode with PAA coating (red) and with aluminum 

oxide coating (black) at 1A/g. 
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 In order to shed more light on the superior ability of the ceramic coated electrodes to retain 

their capacity, a very thin layer of coating is spin casted on the electrode and goes through heat 

treatment at 350 ̊C for one minute. Figure 4.3a is the SEM of the mentioned electrode. The coating 

is thin enough that the individual fiber morphology underneath can still be observed. The fiber mat 

looks like the pristine mat with addition of a thin lace like coating on top. These fibers are made 

into half cells and discharged to specific voltages at a rate of 0.42 A/g until fully lithiated. The 

SEM bank of Figure 4.3 shows the evolution of the AlxOy coated fibers as more Li ions are alloyed 

into the material. At higher voltages the coating starts to react with Li ions. At 0.89V (Figure 4.3d) 

the coating has formed circular structures due to lithiation. As the voltage continues to decrease 

the nanoribbons start to intercalate lithium into their structure and the change in the morphology 

of the nanofibers can be observed in the Figure 4.3e,f. With continuation of lithiation below 0.2V 

lithium ions start to alloy with silicon nanoparticles and the diameter of the fibers start to increase 

at Figure 4.3g,h. At full lithiation (0.015V, Figure 4.3i) the fibers are swollen, but still 

distinguishable and the coating is also observed on the surface. Figure 4.3j shows fibers with PAA 

coating at their fully lithiated state. The difference in the morphology of PAA coated and ceramic 

coated electrodes is obvious. It can be noted that the fibers in this image are somewhat fused 

together. Ceramic coated fibers are put through delithation as well. Scanning electron micrographs 

in Figure 4.4 indicate the change in the morphology of the fibers as Li ions are deintercalated. At 

a fully delithiated state (Figure 4.4c) the individual fibers can be distinguished without any damage 

to the integrity of the fibers. At the same time, the coating on the fibers also look intact without 

any cracks or pulverization. This protection of the active mass is the reason why the ceramic coated 

fibers have better capacity retention in the long run. It should be noted that the morphology of the 
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fibers in Figure 4.4c is different than the pristine case (Figure 4.3a), which is due to the initial 

reaction of the coating with the electrolyte. After the first cycle the adhesion properties of the 

coating just help in keeping the integrity of the nanofiber mat without reacting with the electrolyte 

of lithium ions anymore. 
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Figure 4. 3. Bank of SEM showing the evolution of the morphology of the Al2O3 coated electrode 

on first lithiation a) pristine fibers b) at 1.34V, 10% lithiation c) 1.2V, 20% lithiation d) 0.89V, 

40% lithiation e) 0.74V, 50% lithiation f) 0.3V, 80% lithiation g) 0.15V, 90% lithiation h) 0.07V, 

95% Lithiation i) 0.015V vs Li/Li+, 100% lithiation j) fibers with no coating at 0.015V, 100% 

lithiation 

a) b) c)

d) e) f)

g) h) i)

j)
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Figure 4. 4. SEM showing the evolution of the morphology of the Al2O3 coated electrode on 

first delithiation at a) 0.07V, 5% delithiation b) 0.3V, 20% delithiation c) 1.5V, 100% 

delithiation vs. Li/Li+ 

 

  

 

To examine the rate dependence of this improvement in the electrochemical performance, 

the cells undergo rate capability test, where the current is systematically increased from 0.42 A/g 

to 20 A/g. Figure 4.5 demonstrates delithiation capacity of both samples at the rates indicated 

above each step. It is worth observing that both electrodes start at a similar capacity at low rates, 

but as the current is increased, the performance gap between ceramic coated and polymer coated 

electrodes widens. The penetration of the lithium ions through the electrode to get to the active 

sites is a diffusion limited process. Anything that can improve this migration of ions, will help the 

electrochemical performance of the electrode especially at higher rates. At 20 A/g the ceramic 

coated electrode has the same performance (~ 500 mAh/gsilicon) as the PAA coated electrode at 8.4 

A/g. The PAA coated electrode could not be charged and discharged at 15 and 20 A/g. This 

enhancement in performance at higher currents means that ceramic coated electrodes are able to 

respond to increase in the current and successfully move and collect charges. Physical and 

a) b) c)
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chemical property of the coating can have a dramatic effect on its electrochemical performance. 

Figure 4.6 exhibits the capacity-voltage profiles of the ceramic coated electrodes at different rates. 

At higher currents the overpotential of lithiation and delithiation processes are increased, probably 

due to the poor electrical conductivity of the coating. Since the ionic conductivity of the material 

is improved by introduction of the ceramic coating overall response of the ceramic coated 

electrodes are better than their PAA coated counterparts. 

 

 

 

 

Figure 4. 5. Delithiation capacities of the composite anode with PAA coating (red) and with 

aluminum oxide coating (black) at various currents indicated on top of each step. The last two 

steps on the PAA electrode are done at 0.84 and 0.42 A/g as indicated below them. 
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Figure 4. 6. Capacity-voltage profiles of the ceramic coated electrodes at the rates indicated 

above each curve in A/g. 

  

 

A material with high surface area is desirable for high rate electrochemical cells such as batteries 

and capacitors. The available surface area can provide sites for the electrochemical reactions to 

take place, while upon contact with the liquid electrolyte the surface acts as a double layer 

capacitor. Also, the porosity of the material can profoundly impact the effective diffusion in the 

system. BET analysis of the AlxOy coating indicates that this material has 136 m2/g of surface area 

after activation at 350°C in air. This material has a large number of micro and mesopores 

contributing to the surface area as can be observed from Figure 4.7. Probably this high surface area 

aids the electrodes with ceramic coatings to be able to respond to fast currents through a capacitive 

mechanism. 

 

0

0.4

0.8

1.2

1.6

2

0 500 1000 1500 2000

V
o

lt
a
g

e
 (

V
)

Capacity (mAh/g)

0.420.842.14.28.41520



130 

 

 

Figure 4. 7. BET result of incremental pore area vs. average pore diameter for the heat-treated 

ceramic coating 

  

 

 

To distinguish between the contribution of the ceramic coating and the electrode material, copper 

foil is coated with the precursor solution and heat treated in the air like other electrodes. Then this 

electrode was charged and discharged in the same voltage window as the composite anodes (there 

is no active material, only the coating solution). Figure 4.8 illustrates the cyclic performance of 

the coating. On the first cycle this material exhibits a delithiation capacity of 237 mAh/g that is 

lost in the subsequent cycles. The high irreversible capacity loss of the coating is due to the organic 

groups that still present from the precursor solution and it is in line with observation with scanning 

electron microscope. Porosity and high surface area of this material as shown before by BET is 

probably responsible for the residual capacity in cycles 2 and on, as double layer capacitance 
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mechanism without any Faradaic reactions. It is obvious form this result that the great 

electrochemical performance of the AlxOy coated electrodes are due to the synergistic effects of 

the underlying nanofiber mat, which provides the bulk of the faradaic capacity, and the ceramic 

coating contribution to the ionic conductivity and double layer capacity. 

 

 

 

 

Figure 4. 8. Cyclic performance of an electrode containing only ceramic coating at 0.18 A/g 

 

 

  

To further investigate this improvement in capacity and retention, electrochemical 

impedance spectroscopy (EIS) is conducted on the electrodes. In this experiment, a half-cell with 

AlxOy coated electrodes is incrementally lithiated to a specific voltage against Li/Li+ on its first 

lithiation, and EIS is performed on the cell before continuing further lithiation. The same is done 
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show the impedance data of the cell. Shades of blue are associated with lithiation and shades of 

red in the graph belong to the delithiation process. (The color that the lines are depicted in gets 

darker with more lithium ions being alloyed. Lightest blue is the pristine cell while darkest blue 

belongs to the impedance taken at 0.015V vs. Li/Li+. The same for delithiation curves. Lightest 

pink corresponds to 1.5V and darkest red to 0.0155V) Surface and bulk resistances of the electrode 

show changes as lithiation/delithiation step progress. First starting with the bulk resistance, which 

is usually associated with electrolyte and anything other than the electrode surface, increases as 

more and more lithium is alloyed. Figure 4.9b indicates at 40% lithiation (0.9 V vs. Li/Li+) this 

bulk resistance peaked. This rise should be associated with the irreversible chemical reactions that 

the coating has with carbonate-based electrolyte. This is in line with both SEM and irreversible 

reaction observed and mentioned before in the coating. The bulk resistance starts to decrease after 

the initial increase and stays in a moderately stable condition probably indicating no further 

irreversible chemical reaction. Surface charge resistance of the electrode (Figure 4.9b) steadily 

decreases as more lithium is alloyed, which is consistent with our previous work of PVA/Si/CNT 

and GNR nanocomposite system[26]. During delithiation process in Figure 4.9c, both bulk and 

charge transfer resistance in the system reduce as more lithium is taken out of the system. It can 

be observed from the graph that the diffusion impedance of the significantly reduces during 

lithiation and even after full delithiation this impedance does not go back to its original supporting 

the theory of ceramic coating increasing the ionic diffusion after the initial reaction with the 

electrolyte.  
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Figure 4. 9. a) Nyquist representation of EIS data of the cell along lithiation (shades of blue curves) 

and delithiation (shades of red curves) b) bulk and surface resistances as a function of lithiation 

percentage in the lithiation process (with 100% corresponding to 0.015V vs. Li/Li+) c) bulk and 

surface resistances as a function of lithiation percentage in the delithiation process (with 100% 

corresponding to 1.5V vs. Li/Li+). In figure b the light blue line corresponds to charge transfer 

resistance and the navy blue to bulk resistance in the lithiation process. In figure c the pink like 

corresponds to charge transfer and dark red to bulk resistance in the delithiation process.  

 

  

 

AlxOy coated electrodes are also superior in capacity retention to their PAA coated counterparts. 

The cell in Figure 4.5 is opened after rate capability, to access the state of the electrode after being 

exposed to harsh conditions. Figure 4.10 show scanning electron micrographs of ceramic coated 

electrode. Top view of the surface at a low magnification in Figure 4.10a indicates that the coating 

held its integrity and no obvious cracking and pulverization are observed even after cycling at 20 
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A/g. The same holds true for the lower layer of the material in the electrode, as can be seen in the 

cross-sectional view in Figure 4.10b. The ability of this coating to hold the electrode material 

together and connected to the current collector is the reason behind enhancement in the capacity 

retention of the nanofiber-based electrode.  

 

 

 
Figure 4. 10. SEM images of a) top view of ceramic coated electrode after rate capability at low 

magnification b) cross-sectional view of the same electrode 

  

 

 

Electrodes with PVA, SiNPs and large GNRs: In our previous work with silicon-based 

nanofiber anodes, the conclusion was made that GNRs with larger dimensions have a better 

ability to perform at higher rates compared to small ones. To investigate if the ceramic coating 

can improve the rate capability of this system as well, PVA/SiNP/large GNRs are fabricated like 

the samples before and the ceramic coating was added on them. Filling the void spaces of the 

a) b)
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fiber mat with a material with high ionic conductivity proved to be effective in enhancing the 

electrochemical performance of the composite anodes with small GNRs. Adding a ceramic 

coating is expected to have similar effects on the overall capacity and retention of the electrode 

with large GNRs. Rate capability of the electrodes with large GNRs in Figure 4.11, reveals this 

material can have an outstanding performance of 2200, 1500 and 950 mAh/g at rates of 12.6, 21 

and 42 A/g respectively. The ability of PVA/SiNp/large GNR nanocomposite fibers to have an 

excellent performance at high rates stems from two underlying phenomena. As mentioned 

before, the porosity and surface area per weight of the coating, results in a double layer capacitor 

effect. Also, with the enhancement of ionic conductivity due to the amorphous Al2O3 layer, the 

charges in the system can be mobilized more efficiently which results in higher capacities 

especially at high rates.  

 

 

 

Figure 4. 11. Capacity vs. cycle number of the PVA/Si/large GNR composite nanofibers with the 

Al2O3 coating at the rates indicated above each step.  
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Cyclic voltammetry is utilized to access the double layer contribution of the ceramic 

coating to the overall capacity. Three electrodes were prepared: one just PVA and large GNR fibers 

with PAA coated on top, second PVA/SiNP/large GNRs with PAA, and third PVA/SiNP/large 

GNRs with alumina coating.  At a scan rate of 1mV/s in Figure 4.12, the ceramic coated electrode 

has a much larger current produced when the voltage is scanned between 0.005 and 1.5 V vs. 

Li/Li+. It can be observed that this increase in the double layer capacitance is not due to the 

graphene nanoribbons in the system since the green curve does not show such an enhancement. 

Also, AlxOy coated electrode does not exhibit any additional faradaic peaks in CV. Confirming 

that the coating contributes to the electrochemical performance of the cell in a capacitive manner.  

In order to access this contribution, silicon was excluded from the system to take away the faradaic 

peaks. Therefore, composite fibers containing only large GNRs and PVA are spun directly on 

copper disks in the same fashion that is done for all the other samples. 

 

 

 

Figure 4. 12. Cyclic voltammograms comparing PVA/large GNR (no silicon, green) , 

PVA/SiNP/large GNR PAA coated (red), PVA/SiNP/large GNR (blue) 
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To see the effect of coating, CV tests are done on PVA/large GNR disks with PAA and 

AlxOy coating at various scan rates (10, 20, 50 and 100 mV/s). Figure 4.13 compares the 

voltammograms on these disks. Widening of the voltammogram of the blue ceramic coated 

samples indicates a larger double layer capacitance, regardless of the scan rate. These CV curves 

were utilized to calculate a specific capacity at different scan rates for each sample. Figure 4.14 

illustrates that the sample with alumina coating has much higher specific capacity than the one 

with PAA coating at various scan rates, due to the reasons mentioned before. We speculate that 

there are three underlying reasons for this enhancement in double layer capacity. First of all, as 

previously stated ceramic material especially alumina has proven to have high ionic conductivity, 

meaning that it can be effective in moving Li ions to reach all the pores and cover the surface area 

of the material. Second, the nanofiber morphology underneath aids in creating porous structure by 

virtue of being a porous 3-dimensional substrate with large void spaces in between the fibers. 

Graphene nanoribbons have also, proved to be highly effective as conductive pathways in silicon-

based anodes in our previous work. The combination of these properties gives the system its 

outstanding electrochemical performance observed. It is obvious that the ceramic coating has a 

large capacitive contribution to the system. 
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Figure 4. 13. CV graphs of just PVA/Large GNR (No silicon nanoparticles) fibers with PAA 

coating (green) and AlxOy (blue) at a) 10 b) 20 c) 50 and d)100 mV/s 

  

 

 

 
Figure 4. 14. Calculated specific capacity from CV of PVA/Large GNR fibers coated with PAA 

and ceramic coating at various scan rates 
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To further investigate the effect of coating on the mobility and diffusion of lithium ions 

inside the system, galvanostatic intermittent titration technique (GITT) was conducted on the 

electrodes. Figure 4.15a depicts the transient voltage profile of the AlxOy coated electrode, and 

Figure 4.15b illustrates a typical voltage variation during the current pulse and wait time. Based 

on GITT results effective diffusion of lithium ions were calculated with increasing lithiation for 

both ceramic and PAA coated electrodes following work of Weppner[29]  et al. Figure 4.16 

indicates that effective diffusion for both systems follow the same general trend, which has also 

been observed in other literature[33]. Underlying nanofiber structure, that provides short diffusion 

length for the lithium ions, is instrumental in having a high effective diffusion through the system.  

However, it can be observed that after the first current step diffusion in the ceramic coated 

electrode is almost one order of magnitude higher than the PAA coated counterpart at the low 

lithiation limit. This is where the lithium ions just go through the coating and start to alloy in the 

material. After the initial short couple of current steps, the diffusion coefficients of these two 

systems are very closely matching each other during the intermediate lithiation points.  At very 

high lithiation, last three points are almost identical for both system, and that is when the ions have 

already penetrated through the bulk of the system and are diffusing completely into the silicon 

nanoparticles. Since we are using the same silicon nanoparticles in both systems, the diffusion 

calculated for the final lithiation points where diffusion is only happening through the 

nanoparticles match each other. 
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Figure 4. 15. a) Transient voltage profile of the PVA/Si/large GNR with ceramic coating with 

current pulse of 20 minutes and rest time of 5 hours b) A typical voltage profile in each 

individual step 

  

 

 

 

 

Figure 4. 16. Diffusion coefficient vs. amount of silicon alloyed in the composite for Al2O3 and 

PAA coated electrodes calculated from GITT profiles 
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4.4. Conclusion 

In this work, we fabricated nanofibers packed with silicon nanoparticles and graphene nanoribbons 

for use as anode of lithium ion batteries. These nanofibers were deposited on cupper current 

collector directly using a water-based electrospinning system, therefore no additional conductive 

carbon was added to the system. To ensure the adhesion of these fibers to the current collector a 

binder is needed. This work explores a common binder for silicon-based anodes PAA and a metal 

oxide precursor solution that turns into aluminum oxide upon heat treatment.  This aluminum oxide 

coating consistently resulted in higher performance of the nanofibers both in terms of capacity and 

retention. This coating especially proved to be effective at higher current rates.  The enhancement 

of capacity retention is attributed to the better capability of this metal oxide coating to bind the 

nanofibers on the current collector compared to a more traditional binder such as PAA. Cyclic 

voltammetry on the fibers with aluminum oxide coating indicated an increase in the double layer 

capacity which is probably the main reason why the fibers have such an impressive performance 

at rates of 5C and 10C. Galvanostatic titration technique revealed that the ceramic coating helps 

in enhancement of effective diffusion in the system, which again contributes to the electrochemical 

performance at high rates. Overall, filling the void spaces in between the nanofibers with a material 

that can both act as the binder and enhance contribute to the high-rate performance of the electrode 

via double layer capacity and promoted diffusion, proved to be a practical strategy in designing 

better electrodes. 
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CHAPTER FIVE 

DIRECTLY ELECTROSPRAYED SILICON-GRAPHENE NANOCOMPOSITES FOR 

HIGH-RATE LITHIUM ION BATTERY ANODES 

5.1. Introduction 

Energy is one of the biggest concerns of modern humans. With the wave of modernization 

and digitalization of every aspect of current-day societies, the need for reliable energy sources is 

even more present. Energy storage has played a pivotal role in realization of many technologies; 

however, batteries still fall short in terms of longevity and capacity when used in powering portable 

electronics and electric vehicles.  Li-ion batteries have been the primary chemistry for more than 

two decades. They combines a layered oxide cathode with graphite anode and a polymeric 

seperator to store Li-ions. However, there is need for material with higher capacity to reduce the 

size and weight of the battery especially as devices become sleeker. In the recent years, silicon has 

been investigated to replace graphite, because of its large theoretical capacity of 4200 mAh/g for 

Li ion storage at room temperature. At the same time the lithiation voltage of silicon is very close 

to lithium metal, making it a perfect candidate to be used as the anode. However, silicon’s large 

capacity comes at the expense of 300% volume expansion upon lithiation[1], [2], which results in 

an unstable solid electrolyte interface (SEI). This massive enlargement also fatigues the material 

and over multiple cycles cracking and pulverization[1], [3], [4] electrically isolate the active 

material and bring about fast capacity fading. For this reason, alleviation of volume expansion and 

creation of a stable SEI is crucial to have a good capacity retention.  

Graphite is known to form a stable SEI and have a modest expansion of about 10% upon 

lithiation, therefore, compositing silicon and carbon materials is invaluable in enhancing the long 

time cycling of silicon-based anodes. In addition, carbon makes up for the poor electrical 
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conductivity of silicon, which is vital for collection and streaming of electrons towards the current 

collector and the outside circuit. Among the carbon family, graphene has incurred a lot of attention 

from the research community because of its high conductivity, strength and flexibility and ability 

to lithiate on the both side of the basal plane which results in a higher capacity[5] for charge storage 

compared to graphite. Graphene based materials have shown promise in both supercapacitors[6], 

[7] and for lithium [5],[8],[9] and sodium[10] energy storage devices. Also, making composites of 

graphene or reduced graphene-oxide and a material with high storage capacity such as metal-oxide 

particles[11], [12] or doping graphene with heteroatoms[13], [14] resulted in a new group of 

materials with high capacity and high conductivity for energy storage application. Therefore, 

creating composites of Silicon as the material with highest theoretical capacity and graphene is 

naturally a strategy that a myriad of research groups adopted[15]–[19]. Even though creating 

nanocomposites, using bottom up approaches such as CVD to create the desired morphology[20], 

[21] or techniques involving multiple lengthy steps[17], [22]–[24] can result in precise structure, 

they are not conducive to high through put manufacturing of battery materials. 

 In the recent work, we are demonstrating a facile one-step method for creating 

silicon/graphene composite. By utilizing a gas-controlled, water-based electrospraying process, a 

porous film of binder/silicon/graphene material can be directly sprayed on the copper current 

collector from an aqueous solution. Electrospraying has been used mostly for fabrication of anode 

materials[25]–[28]. In most of these attempts electrospraying was used to create the 

nanocomposite before additional heat treatments, addition of binder and conductive carbon and 

mixing into a slurry to be coated on the current collector. In this report, we are eliminating any 

additional heat treatment step and use of toxic solvents. The deposition of the nanocomposite 

porous film takes place at room temperature directly from the aqueous solution to the copper 
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current collector. Employing a graphene suspension in water, omits any need for thermal reduction 

of graphene oxide, therefore the binder can be added in the same step, which will help in the 

capacity retention of the composite. High extentional forces imposed on the droplet due to large 

electric field and conformal high-pressure air-flow while electrospraying ensure a uniform 

dispersion of the nanoparticles throughout the composite[29]. Fast evaporation of the solvent 

yields a dry film instantaneously. In this manner, active nanocomposite preparation and electrode 

fabrication are combined in the same step. Addition of the conformal air-flow in the sheath layer 

of the nozzle helps in better atomization, directing the spray, evaporation of the solvent and 

increasing the throughput. Flow rates used in the setup of this work are about one order of 

magnitude higher than other reports in the literature[26], [28]. The resulting electrodes can be 

assembled into batteries without any further processing, cutting the electrode preparation from tens 

of hours to less than ten minutes. In addition, the deposited films can be easily sprayed into 

different patterns with use of a physical mask. 

5.2. Experimental section 

Electrode fabrication and characterization: A solution of 60% silicon nanoparticles (US 

Research Nanomaterials), 20% polyacrylic acid (PAA 3MDa, Sigma) and 20% graphene (Gr, ACS 

material dispersion in water) was prepared. For this purpose, PAA was first dissolved in the water 

and SiNPs were added to the solution and stirred for 4 hours and bath sonicated for 30 minutes. In 

the next step graphene dispersion was mixed into the solution with the same steps of stirring and 

sonication. Immediately after sonication, the solution was loaded into a syringe, pumped at 

0.05ml/min and sprayed onto a copper disk that was placed 20 cm away from tip of the nozzle. To 

achieve a good atomization, and optimum dispersion of nanoparticles throughout the system, 20 

KV was used on the power supply in addition to having a high-pressure air (30 psi) in the sheath 
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layer of the nozzle. Resulting droplets make a uniform dry layer of the active material on the 

surface of the copper disk, which is ready to be assembled as anode of lithium ion cells. For the 

electrodes with GNRs the ratio of the silicon to binder to carbon was kept constant. Graphene 

nanoribbons were added to the solution in the desired amount after sonication of the solution of 

PAA and SiNPs, with an additional 30 minutes sonication step. Everything else was done the same 

way. The overall carbon content of the electrodes was kept to the 20% and this amount was split 

between Gr and GNRs by 2 and 18%, 5 and 15%, 10 and 10% and 5 and 15%, to investigate the 

role of GNR addition to the nanocomposite’s electrochemical performance. 

X-ray diffraction (XRD, Bruker-AXS) was performed with a copper X-ray source with wavelength 

of 1.54 Å on graphene powder obtained from drying the water dispersed material.  The 

nanocomposite morphology was characterized with scanning electron microscopy (FESEM, 

Tescan Mira), and transmission electron microscopy (TEM, FEI T12 Spirit). Thermo-gravimetric 

analysis (10°C min-1 in air, TGA, TA Instruments Q500) was conducted on the composites to 

accurately measure PAA, Silicon, and Graphene or GNR content of the nanocomposite. 

Electrochemical characterization: 2032 type half cells were made using the electrosprayed disks 

and stacking polypropylene-polyethylene (Celgard) as separator and Lithium disk as the counter 

electrode. A 1M LiPF6 in ethylene carbonate, diethyl carbonate, dimethyl carbonate (4/4/2 v/v) 

plus 10wt% fluoroehtylene carbonate from Soulbrain was used as the electrolyte. All cells were 

assembled in an argon-filled glovebox. Galvanostatic charge/discharge was performed using an 

eight-channel battery analyzer (MTI) subjected to a voltage window of 0.015-1.5V vs. Li/Li+. 

Cyclic Voltammetry (CV) and electrochemical impedance spectroscopy (EIS) measurements were 

conducted using an eight-channel potentiostat (Solartron). Impedance measurements were done 

with an amplitude of 10 mV in the frequency range of 0.1 to 100000 Hz. All capacities reported 
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in this study were normalized by the total mass of material (Si, Graphene/GNR, PAA) on the 

copper disk. 

5.3. Result and discussion  

Characterization of silicon-graphene nanocomposite: The air-controlled electrospraying 

process creates a dense layer of uniformly distributed nanomaterials on the copper surface. The 

electrodes are dry as soon as the droplets touch the copper disk surface and there is no need for 

surface modification of nanoparticles, since the high extensional forces applied to the solution 

during the electrospraying process[29] along with high-pressure air disperse the nanoparticles[30] 

and evaporate the solvent (water) instantly. Utilization of graphene sheets as the conductive agent 

means that the need for heat reduction of graphene oxide to graphene is eliminated, therefore 

polymer binder, can be added to the solution directly. Figure 5.1a and 5.1b show the top view of 

the SiNP/PAA/Gr composite, where silicon nanoparticles and graphene sheets are uniformly 

dispersed throughout the entire surface. The resulting electrode is porous and exhibits good 

adhesion to the surface of the current collector due to the polymeric binder. Cross-sectional 

electron micrograph of the electrode confirms the even distribution of the particles throughout the 

thickness of the electrode, with graphene sheets mostly oriented parallel to the disk as can be seen 

from Figure 5.2a. Silicon nanoparticles are uniformly distributed throughout the material and are 

placed in the pockets that are formed by the graphene sheets. The high-pressure air flow rate orients 

the Gr sheets in this fashion, which aids in the orderly stacking of the structure and creating a more 

compact layer. TEM image of the active material in Figure 5.2b clearly shows the contact and 

placement of silicon nanoparticles and graphene in the nanocomposite. These graphene sheets have 

about 4 layers with a d-spacing of 1.29 Å as calculated from the XRD 002 peak (2θ angle of 26.4º) 
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shown in Figure 5.3. Additionally, the 002 peak at 26.4º indicates that the graphene sheets are not 

oxidized[31], therefore there in no need for thermal reduction. 

 

 

 

Figure 5. 1. Top view SEM images of the nanocomposite Si/PAA/Gr electrode at a) low 

magnification showing the uniformity of the surface b) high magnification revealing the 

placement of the particles 

  

 

 

Also, the from the Raman data on the graphene sheets in Figure 5.4, we can see that the D/G band 

ratio is 0.17 which means that most of the hexagonal structure of the basal plane are intact and not 

in an oxidized state. The nanocomposite weight and thickness can precisely be controlled by the 

spray time and infusion rate. Disks with more than 3mg/cm2 loading with excellent adhesion to 

the surface and no cracking can readily be fabricated since the deposited film is instantly dry. 

Cracking and yielding problems associated with solvent evaporation [32], [33] which are present 

in other coating methods are irrelevant when gas-controlled electrospray is used.  

a) b)
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Electrochemical characterization of silicon-graphene nanocomposite: The electrodes 

fabricated by this technique were assembled in a half-cell configuration and galvanostatically 

charged and discharged for many cycles. Figure 5.5a illustrates the delithiation capacity of this 

material at a rate of C/3.  At this rate the composite material exhibits 72% capacity retention after 

300 cycles. It should be noted that the material went through 3 formation cycles at C/10 before 

increasing the current to C/3. The first cycle coulombic efficiency (ICE) of the cell is 84% despite 

utilization of silicon nanoparticles which results in lower ICE compared to microparticles and thin 

films. The large available surface area of nanoparticles means more solid electrolyte interface 

(SEI) upon contact with the electrolyte compared to microparticle and thin films. Therefore, more 

lithium ions are irreversibly consumed, which usually results in lower ICE for nanoparticles. 

 

 

 

Figure 5. 2. a) Cross-sectional SEM view of the composite electrode b) Transmission electron 

micrograph of the active silicon nanoparticles and graphene 

a) b)
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Figure 5.5b shows the capacity-voltage profiles of the material at C/3 cycled at a voltage window 

of 1.5-0.015 V vs Li/Li+. There is no significant increase in the over potential which indicates that 

the impedance of the cell did not have a significant rise after 300 cycles. In order to investigate the 

effect of composite loading on the electrochemical performance of the nanocomposite, disks with 

higher loading (more than 3 times) were prepared. Figure 5.5c shows the long-term cycling at C/3 

follow the same trend. The capacity starts at a slightly lower value of 1100 mAh/g which is 

something that has been observed in other literature as well. First cycle coulombic efficiency 

however, was maintained at 84% and the cell retained 79% of its capacity after 250 cycles. 

Therefore, the retention rate of the electrode does not change with loading of the active mass. 

 

 

 
Figure 5. 3. X-ray diffraction of dried graphene dispersion 
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Figure 5. 4. Raman shift of the graphene sheets 
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Figure 5. 5. a) Long term cycling of Si/PAA/Gr nanocomposite at a rate of C/3 for an anode disk 

with 0.3 mg/cm2 loading. Closed and open symbols are capacity and coulombic efficiency 

respectively. b) Capacity-voltage profiles of the at 1st, 100th, 200th and 300th cycles at C/3. c) 

Long term cycling of Si/PAA/Gr nanocomposite at a rate of C/3 for an anode disk with 1 mg/cm2 

loading. Closed and open symbols are capacity and coulombic efficiency respectively. 

 

  

 

Figure 5.6a is the rate capability data for the Si/PAA/Gr at rates indicated above each step. This 

nanocomposite exhibits 600 mAh/g at 5C and can recover its capacity when the current is 

decreased back to C/5. Figure 5.6b reveals the capacity-voltage profiles of this material at different 

rates. At 5C there is a considerable increase in the overpotential of the cell compared to C/10 which 

is noticeable from widening of the gap between the charge and discharge profile. This increase in 

the overpotential is most likely due to internal impedance of the nanocomposite and electrical 

isolation of some of the silicon nanoparticles. To investigate the changes in the morphology of the 

nanocomposite during cycling the cell in Figure 5.5a was opened after completing 300 cycles at 
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C/3. The scanning electron micrograph in Figure 5.7a indicate no major cracking or pulverization 

of the active material at the low magnifications. However, microcracks can be observed on the 

surface, especially at the droplet boundaries. The surface is covered in the SEI and silicon 

nanoparticles are swollen after cycling. From the SEM Figure 5.7b at higher magnification, the 

connectivity of the graphene and SiNPs does not reveal major changes, while everything is covered 

in an SEI layer that seems to form circular structure and is uneven in placement. One of the 

graphene sheets in Figure 5.7b is labeled in red for ease of examination and comparison to the 

pristine case. 

 

 

 

Figure 5. 6. a) Capacity of Si/PAA/Gr nanocomposite at the rates indicated above each step b) 

capacity-voltage profiles of the Si/PAA/Gr at different currents 

 

  

Characterization of the silicon-graphene-graphene nanoribbons nanocomposite: The internal 

morphology of the Si/PAA/Gr nanocomposite relies on the graphene sheets to provide the 

conductivity needed to transfer the charges between the silicon nanoparticles and the current 

collector. Based on the difference in the size of the silicon nanoparticles which have an average 
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diameter of 70 nm and graphene sheets that can be tens of microns across, some of the silicon 

place in the pockets between the graphene sheets can be electronically isolated. We speculate that 

the rise in the overpotential of the silicon/graphene cell in Figure 5.6b can stem from this. 

Therefore, addition of a conducting agent in the size limits of SiNPs and Gr sheets can create a 

better conducting network in the nanocomposite. In our previous works[34], [35], it was found 

that Graphene nanoribbons (GNRs) are extremely effective for the enhancement of ionic and 

electronic conductivities. Also, graphene nanoribbons are about 100 nm in width and a couple of 

microns in length, making them the perfect size and geometry to connect SiNPs and the graphene 

sheets due to their ability of making a percolated network at low concentrations. For this reason, 

solutions with different amount of GNR addition were sprayed in the same manner as the 

Si/PAA/Gr nanocomposite. 

 

 

 
Figure 5. 7. a) Low magnification and b) high magnification SEM images of the Anode from the 

cell in Figure 5.5a after 300 cycles at C/3 

a) b)
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SEM bank of Figure 5.8 illustrates the morphology of the directly sprayed composite with various 

GNR compositions. As the GNR content increases more of these 1D nanoparticles can be seen 

throughout the structure. Also, form the cross-sectional images GNRs are incorporated in the 

pockets that were made in between graphene sheets, so they can provide a conductive path 

connecting the silicon nanoparticles that are not directly in contact with any graphene. It should 

be noted that for these samples the total conductive carbon content was kept the same in solution 

preparation and only graphene was replaced by graphene nanoribbons to make these 

nanocomposites. Addition of the GNRs to the mix alters the rheology of the solution and the rate 

at which particles infuse out of the nozzle when pumped through the syringe. Transition electron 

micrographs of Figure 5.9 illustrate the placement and connectivity of SiNPs with Graphene 

nanoribbons and graphene sheets. Silicon nanoparticles interact with both graphene and graphene 

nanoribbons. Four-point conductivity measurements in Figure 5.10 reveals that with addition of 

the GNRs to the nanocomposite, resistivity of the film drops, for 2% and 5% GNR addition. 

However, in the case of 10% GNR addition, a large amount of GNR aggregation can be observed 

in the transition and scanning electron micrographs which limit their effectiveness as conductive 

pathways for electron transfer. It should be noted that all particles were used as received, and no 

surface functionalization was used in the fabrication of respective anode films. 

TGA analysis was performed on the four different samples to determine the exact composition of 

each sample, which can be observed in Figure 5.11. All samples with GNR inclusion possess more 

silicon than the starting solution, which is due to the change in the particle-particle interaction and 

rheology of the solution. It is worth mentioning that all nanocomposites with GNR inclusions have 

lower resistivity than the one without any nanoribbons, despite having a higher silicon content. 
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This is in line with the expectation of graphene nanoribbons connecting the isolated silicon 

nanoparticles and improving the overall conductivity of the material.  

Electrochemical characterization of silicon-graphene-graphene nanoribbon composites: To 

see this enhancement in action the four samples underwent rate capability measurements where 

the current was systematically increased form C/10 to 5C and held at the new current for 10 cycles. 

Figure 5.12a reports that 5 and 10% composite start more than 600 mAh/g higher than the 

composite without any GNRs. At 5C, 2 and 5% GNR nanocomposite have about 1100 mAh/g 

which is again 600 mAh/g than the one without any nanoribbons. However, at this 2, 3 and 5C 

these two nanocomposites are indistinguishable in performance. This could be due to 

agglomeration of the nanoribbons. If the nanoribbons aggregate, they will be less effective in 

electronically connect the silicon nanoparticles. The aggregation and less effective conductivity 

really signifies itself at higher rates, therefore 2 and 5% nanocomposites become indistinguishable 

at higher rates. From the capacity-voltage profiles in Figure 5.12b and 5.12c, it is apparent that 

these two composites have very similar electrochemical performance at higher rates. The 10% 

GNRs film quickly loses its ability to outperform the film without any nanoribbons, and at 5C 

these two nanocomposites have the same capacity. This is in line with observations of SEM, TEM 

and conductivity of this material, due to the issues with GNR dispersion as mentioned before. 

Figure 5.12c shows that when the current is increased the overpotential of 10% GNR sample 

exceeds that of other GNR including materials.  
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Figure 5. 8. SEM images of a) top view b) cross-sectional view of composite with 2% GNRs, c) 

top view d) cross-sectional view of composite with 5% GNRs, e) top view f) cross-sectional 

view of composite with 10% GNRs 

a) b)

d)c)

e) f)
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Figure 5. 9. a, b) TEM images of SiNP/PAA/Gr/GNR nanocomposites 

  

 

 
Figure 5. 10. Resistivity of nanocomposites with various GNR inclusion measured by a 4-point 

conductivity probe 
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Figure 5. 11. Thermogravimetric analysis of nanocomposites with a) No GNRs b) 2% GNRs c) 

5% GNRs d) 10% GNRs 

  

 

 

 

To investigate more about the enhancement in electrochemical performance with addition of 

GNRs, long term galvanostatic cycling at 2C was performed. Figure 5.13a shows that 2% and 5% 

GNR composites have around 900 mAh/g after 350 cycles at 2C, while 10% GNR material could 

not maintain such a performance. 2% and 5% GNRs materials exhibit a sharp drop in the first 100 

cycles, but after that they only have 0.07 % decay per cycle for the next 250 cycles. 
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Figure 5. 12. a) rate capability of composites with no GNR in red, 2% GNR black, 5% GNR 

blue and 10% GNR green at rates indicated above each step. b) capacity-voltage profiles of the 

2% GNR nanocomposite at different rates c) capacity-voltage profiles of the 5% GNR 

nanocomposite at different rates d) capacity-voltage profiles of the 10% GNR nanocomposite at 

different rates 

 

 

 

At a much lower rate of C/3 in Figure 5.13, all the nanocomposites with GNR inclusion have 

higher capacities. Capacity retention of the 2%, 5% and 10% GNR films are 86%, 84% and 86% 

respectively after 50 cycles. Meanwhile the nanocomposite void of GNRs gained capacity in the 

first 50 cycles capacity at C/3, which can be explained by both lower silicon makeup to start with 

and lower utilization of Si, which will reduce the volume expansion effects compared to its GNR 

possessing counterparts. However, all three nanocomposites with GNRs have about 800-100 

mAh/g more initial capacity than the nanocomposite without GNRs. The enhancement in the high 

rate electrochemical performance of the nanoribbon including films is not due to any 

morphological effects. Brunauer-Emmett-Teller (BET) analysis on the nanocomposite films 
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reveals that they all have a surface area of about 20 m2/g of surface area with 5% GNR having a 

slightly higher 24 m2/g. Moreover, the pore size distribution for all samples are practically the 

same as can be observed from Figure 5.14. Therefore addition of the GNRs to the nanocomposites 

does not significantly alter the morphology and porosity of the film. It merely electronically 

connects silicon nanoparticles to the rest of the system. Overall it is important to match the 

electrode for the specific application, at lower rate the nanocomposite with 10% GNR has a high 

capacity and acceptable long term performance, but this material does not perform as well at higher 

currents. On the other hand, if the application requires the electrode to have high performance at 

both high and low currents, then the nanocomposite with 5% GNR would be more appropriate. 

 

 

 

Figure 5. 13. a) Long term cyclic performance of nanocomposite with GNR inclusion at a rate of 

2C. b) Cycle life performance of 4 nanocomposite films at C/3 
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Figure 5. 14. BJH pore distribution for the nanocomposites 

 

 

  

 

Post-mortem analysis of the nanocomposites: Change in the impedance of the cells were 

monitored before and after cycling for more insight into the electrochemical performance of the 

electrodes with graphene nanoribbons. Figure 5.15a is the Nyquist representation of the impedance 

data of the 2% GNR electrode. The cell starts with a 4Ω in bulk resistance and 47Ω surface charge 

transfer resistance. After rate capability the bulk resistance of the cell remained unchanged while 

charge transfer resistance drastically decreased to 6.5Ω, which is in line with other reports in the 
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literature for silicon. Silicon nanoparticle have a crystalline structure to begin with and during the 

first lithiation they undergo a phase transformation and become amorphous. Over many cycles the 

constant volume expansions and insertion and extraction of Li ions leaves these particles highly 

porous. The morphological changes in the silicon nanoparticles increases the active surface area 

which in turn decreases the charge transfer impedance. At the same time, the induce porosity 

enhances the diffusion of Li ions into the structure. Hence, the overall impedance of the cell 

decreases after cycling. This only holds true if the nanostructure of the material does not sustain 

major damages. Cracking, pulverization and isolation of the active material will result in rise of 

the overall impedance of the cell. The same happened in the cell with 5% GNR electrode in Figure 

5.15b.  Bulk resistance of the cell hovers around 4Ω even after rate capability test. However, the 

charge transfer resistance decreased to 7.5Ω from an original value of 42 Ω. The 10% GNR 

nanocomposite however does not follow the same trend. The cell in Figure 5.15c has a bulk 

resistance of 4Ω before formation cycles, but this value increased to 6Ω after cycling. The surface 

resistance went from 35 to 8Ω before formation and after rate capability test respectively, which 

agrees with the other two cells. At the same time, emergence of new charge transfer surfaces is 

evident from the Nyquist plot of 15c after cycling from the new depressed semi-circles that 

appeared in the impedance data. 
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Figure 5. 15. Nyquist plots of the impedance data for a) 2% GNR b) 5% GNR c) 10% GNR 

nanocomposites. Diamond and round symbols denote before formation and after rate capability 

respectively. The lines through the data represent the fit to interpret data 

  

 

To investigate the morphology changes brought about in the electrodes during cycling the cells 

were opened after their rate capability test, and the electrodes were washed with dimethyl 

carbonate to take away any residual salt remaining on the surface, then the electrodes were dried 

and were taken for SEM analysis. Figure 5.16 shows the state of the electrodes right after being 

disassembled. All four samples exhibited great adhesion to the surface without any cracks and 

pulverization of the active material as can be observed from the digital photographs. 
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Figure 5. 16. Digital photographs of electrodes after rate capability test a) no GNR b) 2% GNR 

c) 5% GNR d) 10% GNR nanocomposites 

 

  

To elucidate the reason behind difference in the performance of the four nanocomposites, a 

scanning electron microscope was utilized to look at the morphological changes of the electrode 

material after their rate capability test. Figure 5.17a exhibits the post mortem image of the 

nanocomposite without any GNRs. The surface of the electrode looked intact, but some 

microcracks could be observed especially at the electrospraying drop boundaries. The surface was 

covered in a somewhat uniform SEI layer and the underlying graphene/silicon nanocomposite 

could be observed at some places. The same held true for 2% and 5% GNR electrodes, where the 

silicon/graphene/graphene nanoribbon constituents can be observed, although just like the case 

with no GNRs, the SiNPs are swollen and the entire surface is covered in spherical SEI structure. 

It should be mentioned that based on the visual analysis of the electrodes, the 5% GNR electrode 

had the thinnest and most evenly distributed solid electrolyte interface. The composite with 10% 

GNR on the other hand, had larger microcracks throughout and a thick and densely packed SEI 

layer, hiding the underlying nano structure. This layer was uneven and from parts where the nano 

particles could be observed, aggregates of nanoribbons were noticeable. The large cracks and thick 

a) b) c) d)
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SEI layer are in line with the impedance and long-term electrochemical performance of 10% GNR 

nanocomposite, which lacks behind all the other nanocomposites. 

 

Figure 5. 17. Postmortem SEM analysis of the cells from Figure 5.12 after their rate capability 

test a) No GNR b)2% GNR c) 5% GNR d)10% GNR electrodes. 
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Since 5% GNR nanocomposite outperformed the other samples, it was paired with a nickel cobalt 

aluminum oxide cathode in a full cell configuration. The cell went through 2 formation cycles at a 

rate of C/25 and then the current was increased to C/2. Figure 5.18a shows the electrochemical 

performance of the cell at C/2. This cell retains 42% of its capacity at C/2 after 50 cycles. The 

coulombic efficiency of the cell hovers around 97-98% which explains the sharp capacity fading 

of the cell. Figure 5.18b shows the capacity-voltage profile of the cell at this rate. The anode to 

cathode ratio has to be optimized for better retention results. The first cycle coulombic efficiency 

of the electrode has to be taken into the consideration for balancing the negative and positive 

electrodes for optimal performance. 

 

 

 

 

Figure 5. 18. a) Capacity vs cycle number of the full cell with 5% GNR anode and NCA cathode 

at C/2. Solid symbols denote Anode capacity and open circles represent coulombic capacity. b) 

capacity-voltage profiles of the full cell at 1st and 50th cycle 
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5.4. Conclusion 

In summary, this study presents a facile and scalable manner of electrode fabrication that combines 

all the manufacturing steps in one. Utilizing this method eliminates toxic solvents, use of any 

surfactant and surface functionalization, need for thermal treatment and reduces electrode 

fabrication time from hours to minutes. The nanocomposite electrode films comprised of 

SiNPs/PAA/graphene were directly sprayed on the copper current collector with great adhesion to 

the surface and easily controllable thickness by controlling the spray time. The resulting 

nanocomposite exhibited uniform dispersion of nanoparticles with a porous nanostructure. Also, 

when tested as anode in lithium ion batteries, this composite revealed a great capacity retention at 

a rate of C/3 and excellent performance when subjected to systematic increase in the current. To 

improve the rate-capability performance of the material graphene nanoribbons were added to 

connect some of the electronically isolated silicon nanoparticles and improvement of ionic 

conductivity of the system. Graphene nanoribbons were added in different ratio and it was found 

that replacing 5% of the graphene with GNRs resulted in the best performance at high rates. This 

material could deliver 1100 mAh/g at 5C and recover its capacity when the current was decreased 

to C/5. Increasing nanoribbons concentration to 10% caused aggregation of nanoribbons and 

decline of the performance. Post mortem analysis indicates that 5% GNR sample had the least 

amount of microcracks and thinnest SEI layered formed on the surface after rate capability. The 

same material was paired with an NCA cathode, and the resulting full cell had 42% retention rate 

after 50 cycles. In order to improve the performance, more studies have to be done on the negative 

to positive electrode ratio to find the optimum balance. 
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CHAPTER SIX 

RECOMMENDATION AND FUTURE WORK 

6.1. Electrospinning  

In this work a novel process to fabricate negative electrodes for lithium ion batteries was 

demonstrated based on utilization of electrospinning. Nanofibers packed with electro active 

particles were directly spun on the current collector using a water-based solution. This technique 

is facile and scalable and eliminates multiple lengthy steps in the conventional electrode 

fabrication process. The electrochemical performance of the nanofiber mat depends on the 

dispersion of the nanoparticles which affect the active surface area of the electrode. Work done in 

our research group indicates that addition of a high pressure rate but controlled air flow to the 

sheath layer of the nozzle can improve the particle dispersion. In our previous work we observed 

about 600 mAh/g improvement of the electrochemical activity for the nanofiber that included 

silicon nanoparticles and carbon nanotubes. The same study can be done on the nanoribbons and 

their precursor nanotubes to see the effect of particle dispersion on the overall performance of the 

nanofiber mat. Different geometries of the conductive agent can also be studied such as graphene 

nanosheets, and carbon black and electrochemical performance of the electrodes can be correlated 

with the dispersion of the particles with increasing the air flow. The study is tedious, but the 

foundations for this type of study already exists in the group. 

One of the practical problems with having a fiber mat as the electrode is the volumetric energy 

density of the electrode. For most applications the volume dedicated to the battery is like a very 

expensive piece of real state, every possible micron should contribute to the overall capacity. In 

order to reduce the passive void space in between fibers, compression can be performed on the 
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electrode with different compression ratios and the electrochemical performance of the electrode 

can be correlated with this ratio. Optimum void space of the electrode can be studied for different 

applications such as the ones requiring a high power density vs. high volumetric energy density. 

In chapter 3 and 4 of this dissertation, it was find that the void spaces between the fibers can be 

engineered to enhance the performance of the non-woven mat. The unique morphology of the fiber 

mat can act as a great scaffolding for inclusion of solid or gel-electrolyte or separator making an 

electrolyte-electrode composite or separator-electrode composite. In this manner the volumetric 

energy density of the overall cell can be improved by both utilizing the void spaces between the 

fibers for a functionality and at the same time eliminating the incorporated component which 

reduces the volume of the cell. Conformal coating the nanofibers with separator material can also 

afford interesting geometries like having the cathode and coated anode being interwoven, therefore 

reducing the lithium diffusion pathways. 

In the chapter four of this dissertation, we showed that a ceramic coating on the surface of the 

silicon-based nanofibers can greatly enhance the long term performance as well as high-rate 

performance of the silicon-based nanofibers. However, the large irreversible capacity loss on the 

first cycle can create concerns when used in a full cell. One of the approaches to alleviate this 

problem is ex-situ lithiation of the coating. This can be done in a variety of ways, namely adding 

sodium salt to the precursor solution reacting some of the organic groups.  However it has been 

showed that the choice of the Li salt and organic solvent can affect the degree and efficacy of the 

pre-lithiation. Therefore, careful consideration should be given to optimizing the prelithiation 

process for the system at hand. In addition, electrochemical induced pre-lithiation can also be 

realized in-situ before cell assembly. Electrospraying can be utilized to deposit the ceramic coating 

onto the fibers, while using the same voltage source or a negative collector to induce the pre-
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lithiation of the coating with the added salt in the solution. Studies on the effect of reduction of the 

first cycle irreversible capacity loss, make-up of the SEI layer and change in the effective diffusion 

of the electrode can increase the understanding of mechanisms by which the ceramic coating 

enhances performance and longevity.    

6.2. Electrospraying 

In this dissertation a scalable and high throughput process was developed for fabrication of 

silicon/graphene nanocomposites for application in lithium ion batteries as the negative 

electrode. Electrical conductivity of the nanocomposite porous film was enhanced upon addition 

of bimodal conductive agents. The drastic size difference between graphene sheets and silicon 

nanoparticles limited the ability of the graphene to electronically connect all the SiNPs to the 

current collector. Pressing of the electrode can improve the contact between graphene sheets and 

silicon. The pressing ratio of the porous film can be correlated with change in the porosity, the 

electrical conductivity and electrochemical performance of the nanocomposite. The same study 

can be done with inclusion of graphene nanoribbon in the system. These studies can be 

complemented with simulation to find the optimum geometry and relative size of the 

nanoparticles in the composite (silicon, graphene and graphene nanoribbons) to have a fully 

connected, and optimized conductive network in order to better utilize the active mass. 

The other important factor, in the electrochemical performance of the nanocomposite is the 

particle dispersion. It was found that increase in the air flow in the sheath layer of the nozzle has 

a profound effect on improvement of the special placements of the nanoparticles. As mentioned 

in the chapter five of this work, agglomeration of the nanoriboons was responsible for less than 

optimal dispersion of the particles in the nanocomposite. Determination of the optimum air flow 

rate based on visual analysis and electrochemical performance of the nanocomposite can be 
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done. At the same time, surface functionalization for enhancement in the particle dispersion can 

be done and the efficacy of the two methods of dispersion and their effect on the overall 

electrochemical performance of the nanocomposite can be compared for more insight.  

A very precise control of the thickness of the deposited layer by the electrospraying is attainable 

through tight control of the process parameter such as infusion rate, and time. Electrospraying 

can be combined with electrospinning system to deposit a very thin layer of the ceramic-polymer 

on the surface of the nanofibers as they form. In this manner simultaneous fabrication of highly 

porous electrode-separator hybrid can be done, which can open door for intertwined 3D negative 

and positive electrode for reduction of Li diffusion rate. 

  

 

 

 

 

 


