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Lithium-ion batteries (LIBs) is believed to be one of the most promising 

alternatives to non-renewable fossil fuels for energy crisis, environmental protection and 

sustainable development. To further increase the energy and power densities of LIBs, 

nanostructured silicon and its nanocomposites were synthesized to achieve high-capacity, 

environmentally benign, and highly scalable candidates for the next generations of Li-Ion 

anodes. Herein, four distinct silicon-based nanostructures were synthesized and thoroughly 

characterized including silicon-carbon fabrics, nano-silicon from unrecycled glass bottles 

(gSi), conducting hydrogel coated silicon nanocomposites, and graphene wrapped 

conducting polymer-silicon hybrid structure. The electrochemical properties of silicon 

based nanomaterials were characterized in terms of cyclic voltammetry (CV), long-term 

capacity stability, rate capability and potentiostatic electrochemical impdedance 

spectroscopy (PEIS), and galvanostatic charge-discharge curves.  



 viii 

Highly flexible and free-standing silicon-carbon (Si/C) fabrics are synthesized via 

simultaneous double-nozzle electrospinning. The binderless and current collector-free 

fabrics are used as Li-ion anodes with an overall capacity of ~1000 mAh g-1. 92 % capacity 

retention after 100 cycles coupled with the excellent rate capability up to 9.3 A g-1 

demonstrate its superior flexibility over the conventional electrodes.  

A conversion from potential glass waste into high-purity nano-silicon is 

synthesized by a surface protected magnesiothermic reduction. Carbon-coated glass 

derived-silicon (gSi@C) anodes demonstrate excellent electrochemical performance with 

a capacity of ~1420 mAh g-1 at C/2 after 400 cycles. Full cells are assembled using gSi@C 

anodes and LiCoO2 cathodes, and achieve good cycling stability with high energy density. 

Conducting hydrogels are formed to coat Si surfaces via an in-situ polymerization 

process. Functional groups from hydrogels chemically improve the adhesion of conducting 

coatings on Si surface, rendering the Si-hydrogel hybrid structure without resistive binders 

and carbon black. It is observed that the degree of enhancing the cycling stability and rate 

capability of the conductive hydrogels decrease in the order of polypyrrole (PPy) > 

polyaniline (PANI) > poly(acrylic acid) (PAA).  

Silicon nanoparticles (SiNPs) are coated with polypyrrole-hydrogel and wrapped 

with reduced graphene oxide sheets (rGO) via an environmentally benign and scalable sol-

gel process. The PPy/SiNPs/rGO electrodes can produce highly reversible capacities of 

1312, 1285 and 1066 mAh g-1 at 100, 250 and 500 cycles at a high current density of 2.1 

A g-1, respectively. 
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Chapter 1: Introduction 

1.1 Energy Storage  

The world is currently facing challenges on two main frontiers:  petroleum shortage 

and severe climate change. ≈80% of the global energy consumption depends on the 

utilization of non-reviewable fossil fuels, which lead to air pollution, global warming and 

energy crisis, and thus is non-sustainable.1-3 Harvesting energy from renewable sources 

including wind and solar powers is believed to be encouraging and green alternatives 

without the generation of exhausts.4, 5 In addition, the wide use of electric vehicles (EVs) 

can diminish the dependence on fossil fuels and lesson greenhouse gas release. However, 

the low energy transition efficiency of wind and solar powers limit the applications as 

stable energy storage devices in EVs.6 Hence, the energy converted from electricity 

production from burning fuel into chemical energy has been attracted extensive attention 

due to its reversibility, high efficiency and constancy.7  

The research community is engaging in tremendous efforts to develop various 

electrochemical devices to store electric energy via the utilization of chemical reactions. 

Energy storage devices with higher energy densities are generally coupled with lower 

power densities, leading to various applications based on the energy requirements.8, 9 In 

Figure 1.1, supercapacitors exhibit a low energy density range of 1-10 Wh kg-1 yet a higher 

power density range of 1000-10000 W kg-1, which is suitable for applications in 

regenerative brakes system installed in the electric vehicles and other process required high 

power generation in short periods of time.10, 11 Compared with supercapacitors, Li-ion 

batteries demonstrate low power densities but higher energy densities, corresponding to 
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100-400 W kg-1 and ~200 Wh kg-1, respectively. Thus, the high energy density combined 

with balanced power density of Li-ion batteries fit the demands of long cruising range full 

electrical vehicles and various commercial electronic devices.  

 

Figure 1.1 Ragone plot of electrochemical energy storage devices, including fuel cells, Ni-

Cd/Ni-MH, Li-ion battery, Pb-acid battery, Li-ion capacitors, supercapacitors, Pb-acid and 

capacitors. 

 

1.2 Lithium Ion Batteries 

 Lithium ion batteries (LIBs) have been regarded as the most widespread energy 

storage platforms owing to their long-term cycling stability, moderate rate capability and 

high energy-power densities.12 The commercially available Li-ion batteries are composed 

of graphite anodes and lithium metal oxide cathodes (LiCoO2, NCA, etc.). Besenhard and 

Eichiger found intercalation graphite anode, then the first secondary, or rechargeable Li-

ion battery was developed by Yazami in 1983.13, 14 Goodenough discovered the reversible 

LiCoO2 (LCO) cathode in 1979, which was further pared with graphite by Sony in 1991 to 
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produce the first commercially long-term LIB.15 Since the advent of the first rechargeable 

battery product, LIBs comprising graphite anodes and several forms of lithium metal 

oxides are still the most widely used LIBs until today, which are due to their stable cycle 

life over thousands of cycles, relative fast charge time, and low cost of the active 

materials.16 The commercial battery energy density increase in double times every ten years 

since the advent of the first LIB in 1991 by Sony, as shown in Figure 1.2.17 Nonetheless, 

the fundamental principles of storing energy and the choices of active materials remained 

unchanged for over 20 years. While advances in materials purity, surface modification, 

particle size, packing density, etc. have slightly improved the performance since 1991, the 

intercalation graphite has a low capacity, which inhibits the further performance 

enhancement of LIBs.  

 

Figure 1.2 Battery energy density trend since the first commercial LIB in 1991 by Sony.  
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1.3 Silicon as a Next-Generation Anode for LIBs 

 To meet the high energy-density demand of EVs, lighten petroleum price, and 

alleviate CO2 emission, numerous materials have recently been proposed as the alternatives 

for graphite as anode materials for LIBs. Figure 1.3 displays the theoretical specific 

capacities (electric charge per unit mass) and the respective reduction potentials of various 

anode materials.18 All the discharge potentials are measured versus pure Li metal, meaning 

the lower reductive potential are highly expected to increase the charge-discharge voltage 

range of full cells; full cell potential is calculated by subtracting from the cathode lithiation 

potential to the anode delithiation voltage. The higher difference between cathode and 

anode voltage leads to greater energy density based on the equation of E = (1/2)*C*V2 (E: 

Energy density, Wh kg-1; C: Capacity, Ah g-1; V: full cell voltage, V).4 

 

Figure 1.3 Cathode and anode materials classified by the specific capacity and reduction 

potential window.  

 



 5 

 The total capacity (Ctotal) of a Li-ion full cell equals to the addition of the reverse 

of anode capacity (Canode) and the reverse of cathode capacity (Ccathode) as the following 

equation: 1/Ctotal = 1/Canode + 1/Ccathode.
19 Assuming LiCoO2 (~274 mAh g-1) is used as the 

cathode, Li metal is most ideal anode material due to its highest theoretical specific 

capacity of 3860 mAh g-1, high electronic conductivity to enable the fast Li+ transport, the 

lightest weight in all metals, and operations via plating in lieu of alloying/intercalation.20 

The full cell using Li metal as anode improved the total capacity by 61% compared with 

that using graphite as the anode material. In terms of processibility and safety, however, Li 

metal is not regarded as a practical anode material. Moreover, Li metal is sensitive to 

moisture and can be oxidized when exposed to air.21 The operation environment to Li metal 

is critical. In addition, Li metal can form dendrite during repeated alloying/delloying in a 

real battery setting, resulting in the risk of fire when compared to conventional LIBs.22  

Recently, silicon has been widely regarded as the most encouraging anode material 

owing to its low discharge potential (vs. Li/Li+) and the high theoretical capacity of 3579 

mA g-1 corresponding to the formation of a Li15Si4 at room temperature.23 Si anodes will 

lead to a theoretical 63 % increase in the overall cell capacity of full cells over that of 

graphite anodes based cells (LiCoO2 with a capacity of 274 mAh g-1 is used as cathode).5 

This improvement in full cell capacity can potentially reduce the amount and mass of 

batteries installed in EVs/PHEVs. Moreover, Si is also highly abundant as one of the rock 

forming elements, environmentally benign and non-toxic in Figure 1.4a. However, Si is 

able to alloy with large amounts of Li during lithiation, resulting in the large volume 

expansion upwards of 300% (Figure 1.4b).24 The lithiation-induced mechanical stresses 
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during alloying can cause Si to fracture when the structure dimension is above 150 nm, 

which leads to pulverization of the active material, degradation of the solid electrolyte 

interphase (SEI) and the deterioration of the conductive network.25 The repeated expansion 

and contraction of Si during cycling may result in the constant fracturing and reformation 

of SEI layer. Accordingly, an irreversible capacity loss occurs. 

 

Figure 1.4 (a) Atomic abundance of elements in earth’s crust. (b) Illustration of Si volume 

expansion during lithiation. 

 

Therefore, the objective of this work is to synthesize silicon based nano- 

architectures to improve the electrochemical performance in terms of long-life span, 

excellent rate capability, sustainability and low cost fabrication. In this survey, free-

standing Si/C, nano-size silicon derived from unrecycled glass, conducting hydrogel/Si 

nanocomposite, and Si/polymer wrapped with rGO have been demonstrated to improve the 

aforementioned challenges.    
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Chapter 2: Silicon/Carbon Fabrics via Double-Nozzle Electrospinning 

2.1 Introduction 

The increased demand for lithium ion batteries (LIBs) in portable electronics, 

electric vehicles (EVs) and stationary power storage platforms has promoted extensive 

research into anode and cathode materials with higher energy densities and power 

densities.1-4 Commercially available graphite anodes exhibit a limited capacity of 372 mAh 

g-1 due to the stoichiometric limit of Li-ion intercalation in LiC6. Silicon is considered the 

most promising alternative to graphite as anode material owing to its high theoretical 

capacity of 3572 mAh g-1 (corresponding to a Li15Si4 at ambient temperature) and its low 

discharge potential (around 0.1 V vs. Li/Li+).5, 6 If LiCoO2 (~145 mAh g-1) is used as the 

cathode material, the total cell capacity (anode: Si) would be promoted by 34% over that 

of full-cell using graphite as anode in Table 2.1.7 However, several practical Si anodes 

tests show that silicon suffers from rapid capacity fading and reduced cycle life.  These 

issues are primarily attributed to Si volume expansion in excess of 300% during lithiation.8 

The Si expansion and contraction during lithium insertion/extraction lead to constant 

pulverization of the active material, the disconnection of conduction pathways, and the 

repeated fracturing and regeneration of the solid electrolyte interphase (SEI) layer.9, 10 To 

mitigate these phenomenon, numerous nanostructures have been employed, such as Si 

nanowires,11 double walled Si nanotubes,12 and porous Si spheres13 to generate more void 

spaces than bulk Si and to accommodate the large volume expansion of Si during lithiation. 

Si also suffers from low electric conductivity, thus the incorporation of conductive matrixes 

such as conformal carbon coating, carbon nanotubes and graphene oxide into silicon  
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improves the conductivity of the network. 

Table 2.1 Capacity Calculation of full cells. 

The total capacity of full-cell is calculated: Ctotal = 
1

1

Ccathode
+

1

Canode

 (Ctotal: the total 

capacity of the full-cell, Ccathode: the capacity of cathode, Canode: the capacity of anode).7, 14 

Anode materials Canode 

(mAh g-1) 

Ccathode 

(LiCoO2, mAh g-1) 

Ctotal  

(mAh g-1) 

Graphite 3725 274 157 

Si 357215 274 254 

Theoretical Ctotal increase (Si to graphite) (%) = [(254 – 157)/157] x 100% = 61%. 

 

Anode materials Canode 

(mAh g-1) 

Practical Ccathode 

(LiCoO2, mAh g-1) 

Ctotal  

(mAh g-1) 

Graphite 372 14516 157 

Si 3572 145 254 

Practical Ctotal increase (Si to graphite) (%) = [(139 – 104)/104] x 100% = 34%. 

 

In conventional settings, slurry fabrication of battery electrodes is first prepared via 

mixing active materials, inactive polymer binder, and carbon black in organic solvent (e.g. 

N-Methyl-2-pyrrolidone), followed by casting the slurry onto metallic current collectors. 

However, the necessity of these metal current collectors significantly increase the total 

weight of the battery assembly, which dramatically lowers the overall capacity of the 

battery. If the Si loading ranges from 0.5-1 mg cm-2, Si weight only occupies 2~4 wt.% of 

the total electrode.17 Although the Si electrode can demonstrate a high capacity of 3105 

mAh g-1 based on Si weight, it reduces significantly to <100 mAh g-1 if the mass of Cu 

current collector is included.13  

Electrospinning has been used extensively to produce current collector-free 

electrodes in an attempt to improve overall electrochemical properties of anodes.18, 19 Ji et 

al. reported Si particle-incorporated carbon fibers electrodes with a high overall capacity 

of 855 mAh g-1.20 However, the expansion of Si cause the fiber matrix to fracture due to 
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the lack of a strongly adhesive framework to encapsulate Si. Guo et al. developed a 

Si/carbon anode via directly casting Si particles onto a carbon fiber fabric collector. The 

obtained electrodes achieved an overall capacity of 728 mAh g-1, but the Si loading is 

limited as a result of Si clusters only covering the surface of the carbon mat.21 To improve 

the structural stability of fabric electrodes as well as the Si loading, herein, free-standing 

fabric electrodes consisting of Si/C fibers enclosed in pure carbon frames produced by 

simultaneously double-nozzle electrospinning are reported and compared with Si/C anodes 

generated by single-nozzle electrospinning. Furthermore, effects of various combinations 

of PAN and PVP as carbon matrixes with Si as anodes are studied.  

 

2.2 Experimental of Self-supported Fabrics 

Experimental preparation of self-supported fabrics.  

(a) Polymer fabrics. (1) PAN fabric: 7 wt.% PAN (Mw of PAN = 150,000 g/mol) 

was dissolved in DMF and stirred at 40 oC for 12 hours. 0.01 wt.% BYK 307 surfactant 

(ALTANA, USA) was then added to the solution to reduce its surface tension. (2) PVP 

fabric: 70 mg ml-1 PVP was dissolved in ethanol and stirred for 6 hours. For single-nozzle 

electrospinning, the feed rates of PAN and PVP solutions were 0.4 mL h-1 and 0.5 mL h-1 

driven at a same voltage of 7 kV. (3) PAN/PVP fabric: To achieve a stable and continuous 

jet during double-nozzle electrospinning, the voltage used for producing PAN/PVP 

composite fabric increased to 11 kV for the support of the stable Taylor cones of two 

nozzles, which was due to the insufficient power generated from one power supply. The 
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feed rates of PAN and PVP kept 0.4 mL h-1 and 0.5 mL h-1 driven by two separate syringe 

pumps. The tip-to-rotating drum distances of PAN and PVP were both 15 cm. 

(b) Si/polymer fabrics. (1) Si/PAN fabric: 100 mg ml-1 Si nanoparticles (Diameter: 

50-70 nm, Nanostructured & Amorphous Materials, Inc.) was dispersed in 7 wt.% 

PAN/DMF solution for 1 hour, followed by vigorous stirring overnight. 0.01 wt.% BYK 

307 surfactant (ALTANA, USA) was then incorporated to the well-mixed solution to adjust 

its surface tension. (b) Si/PVP fabric: 65 mg ml-1 Si were dispersed in ethanol containing 

70 mg ml-1 PVP, and stirred overnight at room temperature. The electrospinning voltages 

of both fabrics were 7 kV. The feed rates of Si/PAN and Si/PVP were 0.6 mL h-1 and 0.7 

mL h-1. The tip-to-rotating drum distances were both 10 cm. 

(c) Polymer-Si/polymer fabrics. (1) PAN-Si/PAN fabric: 7 wt.% PAN in DMF and 

100 mg ml-1 Si in 7 wt.% PAN/DMF solutions were prepared separately. A voltage of 11 

kV was applied on both solutions from the same power supply. The feed rates of PAN and 

Si/PAN were 0.4 mL h-1 and 0.6 mL h-1. The tip-to-rotating drum distances were 15 cm and 

10 cm for PAN and Si/PAN. (2) PAN-Si/PVP fabric: 7 wt.% PAN in DMF and 65 mg ml-1 

Si in 70 mg ml-1 PVP/ethanol solutions were well-mixed separately. 11 kV was used as the 

common voltage for both solutions. 0.4 mL h-1 and 0.7 mL h-1 were the feed rates for PAN 

and Si/PVP solutions. The tip-to-rotating drum distances for PAN and Si/PVP were 15 cm 

and 10 cm, respectively. (3) PVP-Si/PAN fabric: 70 mg ml-1 PVP in ethanol and 100 mg 

ml-1 Si in 7 wt.% PAN/DMF solutions were prepared separately. The power supply 

produced 11 kV to electrospun these two solutions. Feed rates with 0.5 mL h-1 and 0.6 mL 

h-1 were driven for PVP and Si/PAN solutions. The tip-to-rotating drum distances were 15 
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cm and 10 cm for PVP and Si/PAN solutions. (4) PVP-Si/PVP. 70 mg ml-1 PVP in ethanol 

and 65 mg ml-1 Si in 70 mg ml-1 PVP/ethanol were well-stirred separately. The common 

electrospinning voltage for both solutions was 11 kV with feed rates of 0.5 mL h-1 and 0.7 

mL h-1 for PVP and Si/PVP solutions, respectively. 15 cm and 10 cm were the tip-to-

rotating drum distances for PVP and Si/PVP, respectively. 

(d) Carbonization of C, Si/C and C-Si/C fabrics. The above fabrics were collected 

on a rotating drum with a constant rotation speed of 400 rpm. All as-spun fabrics were first 

stabilized at 270 oC for 4 hours with a heating rate of 5 oC min-1. Then the fabrics were 

carbonized at 700 oC for 3 hours with a heating rate of 5 oC min-1 in Argon atmosphere.   

(e) Control of the mass densities of flexible fabrics. PAN fibers show high carbon 

residual weight than that of PVP fibers (47.8 wt.% > 25.4 wt.%) at 700 oC. To balance the 

different degrees of carbonization of PAN and PVP fibers and achieve a small Si-to-C ratio 

range for electrochemical comparison, less Si concentration (65 mg ml-1) is prepared in 

PVP/ethanol compared with a higher Si content (100 mg ml-1) dispersed in PAN/DMF. 

Furthermore, the feed rates of PVP and Si/PVP solutions are adjusted to be higher than 

those of PAN contained solutions during double-nozzle electrospinning as mentioned 

above, which assist in compensating the low carbon residue weight of PVP after 

carbonization and narrowing the differences of Si-to-C ratios among all the carbonized 

fabrics. The electrospinning time varies from 6 to 8 hours with a feed rate range of 0.4-0.7 

mL h-1. Finally, the free-standing C, Si/C and C-Si/C fabrics are cut into approximate 4 mm 

x 4 mm pieces with a close mass loading range of 0.8-1.1 mg cm-2 for the electrochemical 

measurements.  
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Materials characterization: Microstructural and elemental analysis were executed 

by scanning electron microscopy (SEM, FEI NovaNanoSEM 450) with energy dispersive 

X-ray spectroscopic (EDX) detector. Crystallinity was examined by X-ray diffraction 

(XRD, PANalytical Empyrean) with Cu-K radiation. 

Electrochemical characterization: Electrochemical evaluation of the anodes was 

performed in a half-cell configuration in a CR2032 coin cell (MTI Corp.) with Li chip 

(MTI Corp.) as counter electrode and porous membrane (Celgard 3501) as the separator. 

The electrolyte was composed of 1 M LiPF6 (Sigma-Aldrich, battery grade) in 

fluoroethylene carbonate (FEC, Sigma-Aldrich, 99%) and dimethyl carbonate (DMC, 

Sigma-Aldrich, anhydrous) in 1:1 volume ratio. Cells were crimped in an Ar-filled 

glovebox (VAC Omni-lab), the moisture and oxygen of which was controlled below 1 ppm. 

Cyclic voltammetric (CV) profiles were scanned at 0.1 mV s-1 in 0-1.0 V vs. Li/Li+ with 

Biologic VMP3. Galvanostatic charge-discharge cycling was performed in 0.01-1.0 V vs. 

Li/Li+ by Arbin BT2000. Electrochemical impedance spectroscopic (EIS) analysis was 

executed at Ewe = 1.0 V vs. Li/Li+ in 0.1-1 MHz with amplitude 10 mV by Biologic VMP3. 

 Battery fabrication: The electrodes were directly prepared by cutting into a square 

piece of C-Si/C or Si/C fabrics with a pre-mass loading of 0.8-1.1 mg cm-2. Electrochemical 

characterizations were measured with CR 2032 button-type two-electrode half-cell 

configuration. Cells were assembled in Argon filled VAC Omni-lab glovebox (O2 < 0.5 

ppm, H2O < 1 ppm). Lithium metal chip was used as counter electrode. A porous 

membrane (Celgard 3501) was used as separator. The electrolyte comprised 1M LiPF6 in 

a mixture of fluoroethylene carbonate/dimethyl carbonate (FEC/DMC) in a volume ratio 
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of 1 : 1. Galvanostatic charge-discharge and cycling performance were tested using Arbin 

BT300 with a voltage window of 0.01-1 V (vs. Li+/Li). Capacity and current density were 

calculated based on the total mass of the free-standing fabrics (1C = 3.6 A g-1). 

Electrochemical impedance spectroscopy analysis was conducted on Biologic VMPs with 

a frequency ranging from 0.01 Hz and 1 MHz.  

 

2.3 Materials Synthesis and Characterization of Various Fabrics 

Double-nozzle electrospinning is used to synthesize the C-Si/C fabric as illustrated 

in Figure 2.1. The carbon frame precursor was prepared with polymer (PAN or PVP) 

dissolved in a solvent (Dimethylformamide (DMF) or ethanol). Si nanoparticles were 

sonicated in DMF (or ethanol) to achieve a homogeneous dispersion. Polymer was then 

added to the Si solution as the carbon source. The high surface tension of DMF leads to a 

bead-on-string morphology of the fibers.22 To eliminate the beads-density on the fiber, we 

discovered that the addition of 0.1 wt.% BKY-307 surfactant to DMF solvent or DMF 

containing PAN solution reduced their surface tension from ~50 mN m-1 to ~25 mN m-1 

(Figure 2.2), which assists in generating a stable Taylor cone for electrospinning and 

achieving a uniform fiber structure.23 Polymer and Si/polymer solutions were loaded into 

two syringes and driven by two separate syringe pumps for high-voltage electrospinning. 

The concentrations of the solutions were optimized for continuous and stable stream 

process. The Si-to-C weight ratio can be adjusted by utilization of different feed rates, 

electrospinning time and various needle-to-collector distances. In this work, we fabricated 

PAN-Si/PAN, PAN-Si/PVP, PVP-Si/PAN and PVP-Si/PVP fiber nets by double-nozzle 
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electrospinning. In comparison, Si/PAN and Si/PVP were also electrospun by single-

nozzle set-up. All the as-spun fiber mats were stabilized at 270 oC in air, then carbonized 

at 700 oC in argon to form the C-Si/C and Si/C fabrics. 

 

Figure 2.1 Schematic illustration of double-nozzle electrospinning for C-Si/C fabric. 

 

 

Figure 2.2 (a) Structure of BYK 307 (b) BYK concentration effect on the surface tension 

of precursors.  

 

Here the carbonized PAN and PVP fibers are termed as CPAN and CPVP. The as-

prepared CPAN-Si/CPAN fiber mat assumes a brownish-yellow color as illustrated in Figure 
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2.3a. SEM imaging of the carbonized CPAN-Si/CPAN is shown in Figure 2.3, and the Si 

clusters exist uniformly in the CPAN network. Energy dispersive X-ray spectroscopic (EDS) 

analysis and elemental mapping (Figure 2.4) further prove the uniform distribution of Si 

clusters within the carbon network. In the closer view of Figure 2.3c, the bonded Si clusters 

are tightly trapped in CPAN fiber net. The TEM in Figure 2.3d reveals the PAN derived pure 

carbon mat provides a conductive frame to encapsulate the Si/CPAN fibers, which acts as a 

mechanical net-support to alleviate the potential fracturing of Si/CPAN fibers and maintain 

the structural integrity of the self-supported electrodes during lithiation/delithiation. The 

micro-pores existing in the network not only offer large void spaces to accommodate 

volume expansion of Si, but also allow the diffusion of Li-ions to the active material inside. 

Furthermore, the pure CPAN fibers are in good conjunction with Si/CPAN composite fibers 

and form a strongly adhesive interconnectivity due to the same carbon source. This 

interwoven hybrid architecture offers multiple conduction pathways and improves the 

mechanical properties. The CPAN- Si/CPAN fabric exhibits high flexibility as it bends by a 

tweezer as shown in the inset of Figure 2.3e. As-spun fibers were twisted into a strand with 

a tie, the structure remained after carbonization in Figure 2.3e-f, which further 

demonstrates the excellent resilience of the C-Si/C fabric.  
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Figure 2.3 (a) Photographs of as-spun flexible CPAN-Si/CPAN fabric. SEM images of CPAN-

Si/CPAN fibers with (b) low magnification and (c) high magnification. (d) TEM image of 

CPAN-Si/CPAN fabric web. (e) Photographs (inset: demonstration of flexibility of CPAN-

Si/CPAN fabric) and (f) SEM images of twisted CPAN-Si/CPAN strand with high 

magnification image as inset.   
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Figure 2.4 EDX elemental mapping of CPAN-Si/CPAN fabric electrode: (a) Electron image 

with superposed elemental maps. Elemental maps of (b) C, (c) Si, (d) O, (e) N and (d) 

Elements weight percentages (wt.%).  

 

SEM of the synthesized CPAN-Si/CPVP, CPVP-Si/CPAN, CPVP-Si/CPVP, Si/CPAN and 

Si/CPVP fabrics are shown in Figure 2.5. For Si/C composites via single-nozzle 

electrospinning, a voltage of 7 kV is applied to both Si/CPAN and Si/CPVP solutions to 

achieve stable Taylor cones for continuous electrospinning. If the applied voltage is lower 

than 7 kV, droplets occur on the tip of the nozzle rather than form steady stream. This 

phenomenon results from the insufficient electrostatic force to overcome the surface 

tension of the solution; if the voltage is higher than 7 kV, the Taylor cones start shaking 

and lead to non-uniform deposition of fiber mats, which is due to the over-charged 

repulsive interaction. For C-Si/C composites via double-nozzle electrospinning, one power 
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supply of the electrospinning set-up is unable to provide enough power for two 

simultaneous spinning at 7 kV, which is due to the existence of droplets on the tip of the 

two nozzles. To guarantee the stable spinning process and the uniformity of the resulting 

interwoven mats, the voltage is increased to 11 kV for continuous electrospinning the C-

Si/C fabrics. The higher voltage applied on C-Si/C fabrics narrows their fiber sizes 

compared with Si/C fibers electrospun at a lower voltage, which is attributed to the 

increased degree of stretching the polymer precursor at a higher voltage in correlation with 

the increased charge repulsion within the polymer jet.  

Imaging of pure PAN, PVP and PAN/PVP fibers before and after carbonization are 

also presented in Figure 2.6. Similarly, it is worth noting that PAN and PVP fibers are 

electrospun at 7 kV, however, PAN/PVP composite is produced at a higher voltage of 11 

kV. The insufficient power generated by one power supply is unable to form a stable and 

simultaneous double-nozzle jetting at 7 kV, thus, the increased voltage to 11 kV further 

stretches the PAN/PVP fibers to smaller diameter compared with individual PAN and PVP 

fibers. Under the same heat-treatment process, CPAN fibers show the stabilized fibrous 

morphology, which is similar to the PAN web consisting of individual fibers before 

carbonization. However, due to the thermoplastic nature of PVP, CPVP fibers appear to be 

merged and flat with an interconnected structure arising from the partially thermal 

decomposition of PVP fibers.24 The superior structural integrity and stability of CPAN 

matrix is assisted in effectively encapsulating Si and forming a resilient carbon frame. 
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Figure 2.5 SEM images of (a-b) CPAN-Si/CPVP, (c-d) CPVP-Si/CPAN, (e-f) CPVP-Si/CPVP, (g-

h) Si/CPAN and (i-j) Si/CPVP with low and high magnifications, respectively. 
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Figure 2.6 SEM images of PAN fibers (a) before and (b) after carbonization. PVP fibers 

(c) before and (d) after carbonization. PAN/PVP fibers (e) before and (f) after 

carbonization. 

 

X-ray diffraction (XRD) patterns of carbon fibers obtained from pure PAN and 

PVP in Figure 2.7a both demonstrate broad diffraction peaks around 24.3o, which 

correspond to the (002) plane of graphite crystallites. Another peak around 43.1o represents 

the (100) reflection in the 2-dimensional lattice of turbostratic carbon.25, 26 The curve of 

CPAN-Si/CPAN fabric displays sharp diffraction peaks at 2θ of 28.6o, 47.7o, 56.4o, 69.4o and 

76.4o, which are attributed to (111), (220), (311), (400) and (331) planes of the Si crystals.27 
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Due to the partially amorphous property of the carbonized fibers and the high degree of 

crystallinity of Si, the broad peak at 24o is weakly observed in the CPAN-Si/CPAN composite. 

Raman spectroscopy is further used to identify the structure of CPAN-Si/CPAN fabric in 

Figure 2.7b. The Raman spectrum of this composite contains a strong and narrow peak at 

504 cm-1, which is shifted below 521 cm-1 (corresponding to single crystalline silicon). 

This shift is mainly attributed to the native oxide on the Si surface. Additional peaks at 

1350 and 1600 cm-1 signify defect-inducing vibration mode (D) and single crystal of 

graphite mode (G) from the carbonized fibers, respectively.28 The D-to-G ratio (≈1) for 

CPAN, CPVP and CPAN/PVP fibers indicate their partially graphitic nature. 

 

Figure 2.7 (a) XRD patterns and (b) raman spectra of CPAN, CPVP, CPAN/PVP and CPAN-

Si/CPAN fabrics. 

 

The carbonization degrees of as-spun PAN, PVP, Si/polymer and polymer-

Si/polymer fabrics were measured under argon flow by thermogravimetric analysis (TGA). 

In Figure 2.8, the gradual decrease in mass retention as the temperature increases to around 

680 oC is related to the removal of carbon by air flow, and the subsequent growth in mass 

percentage is owing to the oxidation of silicon particles in air. Thus, the lowest mass 
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retention of each curve is used to signify the Si contents in Si/C and C-Si/C composites. 

The TGA curve of CPAN-Si/CPAN shows its lowest Si content of 47.2 wt.% among all fabrics. 

Pure PVP and PVP contained composites are first dried in vacuum oven at 100 oC to 

evaporate the water present in the PVP fibers in Figure. 2.8a.29 PAN and PVP fibers start 

degradation at around 280 oC and 360 oC, and then proceed to 700 oC with mass retentions 

of 47.8 wt.% and 25.4 wt.%. The retained masses at 700 oC in argon atmosphere are 71.6 

wt.%, 56.3 wt.% for Si/PAN and Si/PVP, while 63.2 wt.%, 58.5 wt.%, 57.7 wt.%, and 49.1 

wt.% for PAN-Si/PAN, PAN-Si/PVP, PVP-Si/PAN and PVP-Si/PVP, respectively in 

Figure 2.8b. The Si-to-C ratios (Si contents) of Si/C and C-Si/C fabrics were determined 

under air by TGA to be 72.4 wt.% and 77.1 wt.% for Si/CPAN and Si/CPVP, while 47.2 wt.%, 

54.2 wt.%, 51.9 wt.% and 56.2 wt.% for CPAN-Si/CPAN, CPAN-Si/CPVP, CPVP-Si/CPAN and 

CPVP-Si/CPVP, respectively (Figure 2.8c). Si concentration (mg/ml) in solutions, pump feed 

rates and electrospinning time are adjusted to achieve Si/C and C-Si/C fabrics in 

comparable Si-to-C ranges indicated by TGA results.  
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Figure 2.8 (a) TGA of non-dried and dried PVP nanofibers. (b) Carbonization of C-Si/C 

and Si/C composites under argon. (c) TGA curves of all C-Si/C and Si/C fabrics under air 

atmosphere with a heating rate of 5 oC min-1. 

 

2.4 Electrochemical Characterization and Analysis 

Cyclic voltammetry (CV) curves of CPAN-Si/CPAN composite in Figure 2.9a reveal 

the activation process of the electrodes for the first 10 cycles. In the first cycle, a broad 

cathodic peak observed at 0.70 V and a weak peak at 0.39 V are associated with the 

formation of the SEI layer and are non-existent in the subsequent cycles. Two peaks at 0.38 

V and 0.53 V during delithiation indicate the de-alloying process of amorphous Li-Si 

phases.  The alloying peak grows intensively with the increased cycles and stabilizes at 

0.18 V confirming the gradual activation process of electrodes.30 The curve of 9th cycle is 
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overlapped with the 10th cycle, which suggests the achievement of the stable active 

materials after activation. A short slope plateau of CPAN-Si/CPAN discharge-charge curve at 

0.7 V in Figure 2.9b coincides with its CV peak at 0.7 V in the 1st cycle (Figure 2.9a), 

which represents the decomposition of electrolyte. Meanwhile, the flat plateau around 0.1 

V indicates the lithiation of Si.17 

Galvanostatic charge-discharge profiles of various Si/C and C-Si/C fabric 

electrodes with mass loadings of 0.8-1.1 mg cm-2 were cycled in a voltage window from 

0.01 to 1 V (vs. Li+/Li) as shown in Figure 2.9c. The 1st cycle was tested at 0.1 A g-1 and 

the 2nd at 0.2 A g-1 (1C = 3.6 A g-1), which were essential for the activation of the active 

material and the formation of a stable SEI.15 Although Si/CPAN and Si/CPVP demonstrated 

lithiation capacities of 1813 mAh g-1 and 1842 mAh g-1 with Coulombic efficiencies of 68% 

and 69% in the initial cycle, they suffered fast capacity fading for the subsequent cycles at 

the current density of 500 mA g-1 as shown in Figure 2.9c, which are also observed in the 

reported Si/C fabric composites.31, 32 The fast decay is primarily attributed to the fracturing 

of the Si/C fibers caused by Si expansion during lithiation.33  

To stabilize Si/CPAN and Si/CPVP fiber structures, pure carbon frames were 

incorporated to trap the Si/C composite fibers via double-nozzle electrospinning. CPAN-

Si/CPAN, CPAN-Si/CPVP, CPVP-Si/CPAN, CPVP-Si/CPVP showed initial discharge capacities of 

1488, 1462, 1491 and 1536 mAh g-1 with Coulombic efficiencies of 75%, 74%, 69% and 

67% at 0.1 A g-1, respectively (Figure 2.9c). The irreversible capacities in the first cycle 

indicate the consumed Li+ for SEI formation produced stable LixSiOy, lithium ethylene 

dicarbonate (LEDC) and LiF under the applied voltage.18, 34 Note that all the specific 
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capacities of Si/C and C-Si/C fabrics were calculated based on the total mass of electrodes. 

After 1st and 2nd initiated cycles at 0.1 and 0.2 A g-1, all the C-Si/C electrodes (0.8-1.1 mg 

cm-2) exhibited similar overall capacities of ≈1000 mAh g-1 at 500 mA g-1, which were 

higher than the theoretical capacity of graphite-based anodes. Meanwhile, Coulombic 

efficiencies also increased and stabilized at >98%, indicating the good reversible ability 

after initiation. The capacity drop from 1st to 3rd is attributed to the sluggish Li-ion motion 

within electrodes or across the interface of electrolyte/electrode, which is slow to reach 

equilibrium and results in the decrease of capacity at high current densities.35 All C-Si/C 

composites showed less capacity fading than Si/C fabrics as the cycle increased.  Even 

after 100 cycles, CPAN-Si/CPAN, CPAN-Si/CPVP and CPVP-Si/CPAN displayed gravimetric 

capacities of 920, 811 and 563 mAh g-1 with capacity retention of 92%, 81% and 56% at 

500 mA g-1. Due to the stabilized fibrous morphology after carbonization and the strong 

adhesion in the same carbon matrix, CPAN-Si/CPAN showed the optimal cycling 

performance over other C-Si/C and Si/C free-standing electrodes in this work. Rate 

capabilities of CPAN-Si/CPAN, CPAN-Si/CPVP and CPVP-Si/CPAN fabric anodes measured from 

0.2 A g-1 to 9.3 A g-1 are shown in Figure 2.9d. At the current density of 4.6 A g-1, an 

overall gravimetric capacity of about 600 mAh g-1 is demonstrated by CPAN-Si/CPAN 

electrode and is higher than other two C-Si/C fabrics. This is due to the good integrity and 

interconnectivity of CPAN/CPAN network compared with CPAN/CPVP suffering phase 

separation since they are carbonized from polymers with different functional groups. For 

CPVP/CPVP, PVP fibers hardly stabilize after carbonization as individual and continuous 

carbon fibers to be a resilient carbon matrix.  Even up to 9.3 A g-1, CPAN-Si/CPAN electrode 
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shows an overall capacity of 300 mAh g-1, which is still superior over that of traditionally-

current collector based electrodes (<100 mAh g-1).  

 

Figure 2.9 Electrochemical characterization: (a) CV curves for activation process; (b) 

selective charge-discharge profiles for 100 cycles of CPAN-Si/CPAN fabric electrode; (c) 

cycling performance of all Si/C electrodes; (d) rate capability of the selective C-Si/C fabric 

electrodes; (e) charge/discharge profiles of C-rate tests of CPAN-Si/CPAN measured from 0.2 

to 9.3 A g-1. 
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All the charge-discharge curves (5th, 10th and 20th) of Si/C and C-Si/C composites 

are discussed in Figure 2.10. For Si/C composite fabrics in Figure 2.10, Si/CPAN electrode 

shows less capacity fading with a higher capacity retention of 70.7 % over that of Si/CPVP 

electrode (capacity retention: 51.8 %) for the initial 20 cycles at 500 mA g-1 (excluding the 

1st and 2nd cycles for the activation of active materials at low current densities). The fast 

capacity fading is mainly owing to the fracture of Si/C fibers caused by Si expansion during 

alloying. To strengthen Si/C structure and mitigate the expansion, a pure carbon frame is 

introduced to enclose Si/C fibers and form a C-Si/C network. Compared with Si/C fabrics, 

all C-Si/C electrodes show more stable charge-discharge behaviors with reduced capacity 

loss for the initial 20 cycles as verified in Figure 2.10c-f. Among the four kinds of C-Si/C 

composites, CPVP-Si/CPVP fabric has the fastest capacity decay with a capacity retention of 

84.5 %. A general trend is observed that the more CPVP of a composite contains, the higher 

degree of capacity fading it suffers. We attribute this phenomenon to two reasons. (a) The 

slightly higher Si contents in Si/CPVP and CPVP-Si/CPVP may result in more expansion of Si 

during lithiation, leading to a higher degree of fiber fracturing. (b) However, due to the 

close Si-to-C ratio ranges controlled in Si/C and C-Si/C composites measured by TGA, the 

primary factor related to capacity fading is the structural difference of the two carbon 

matrixes. CPAN show stabilized fibrous morphology, which not only effectively 

encapsulates Si particles, but also acts as a strongly resilient pure CPAN frame to prevent 

the structure from severe change during Si expansion and contraction. In contrast, CPVP 

fibers appear to be flat and merged. The integrity of the fibrous structure is not well-

preserved, which is not as flexible as CPAN while forming a weakly resilient carbon matrix 
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to trap Si particles. In addition, pure PAN, PVP and PAN/PVP carbon fibers (CFs) were 

tested as anodes to estimate the capacity contribution of carbon frames to all composite 

electrodes (Figure 2.10). All the pure carbon fabrics showed capacities around 100 mAh g-

1 at 500 mA g-1 with a voltage window of 0.01-1 V, meaning that carbon matrixes 

contributed low capacities in the Si/C and C-Si/C composite fabrics. In addition, two short 

plateaus at 1.5 and 1 V signify the formation of SEI as shown in Figure 2.10b.36 The pure 

carbon electrodes display linear discharge-charge behavior in the window range of 1-0.01 

V as the cycle increases (Figure 2.10c-d).  
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Figure 2.10 Selective charge/discharge profiles of (a) Si/CPVP, (b) Si/CPAN, (c) CPVP-

Si/CPVP, (d) CPVP-Si/CPAN, (e) CPAN-Si/CPVP and (f) CPAN-Si/CPAN. 

 

To characterize and compare the stability performance of Si/C fabric electrodes, 

the capacity loss per cycle and cumulative irreversible capacity for cycling are displayed 
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in Figure 2.11a. After the 1st and 2nd cycles, the electrodes exhibited capacity loss of ~379, 

~480, ~408, ~493, ~577 and ~592 mAh g-1 for CPAN-Si/CPAN, CPAN-Si/CPVP, CPVP-Si/CPAN, 

CPVP-Si/CPVP, Si/CPAN and Si/CPVP, respectively, which were mainly attributed to the 

irreversible lithium existing in the SEI and the decomposition of electrolyte.37 In the 

subsequent cycling at 500 mA g-1 until 100 cycles, the electrodes showed total irreversible 

capacity loss (including 1st and 2nd cycles) of ~565 mAh g-1, 629 mAh g-1 and 916 mAh g-

1 with 0.17, 0.23 and 0.57 % capacity decay per cycle for CPAN-Si/CPAN, CPAN-Si/CPVP and 

CPVP-Si/CPAN, respectively, which are lower than those of CPVP-Si/CPVP, Si/CPAN and 

Si/CPVP even tested with shorter cycles in Figure 2.11b. The lowest capacity fading rate 

demonstrated by CPAN-Si/CPAN compared with other C-Si/C and Si/C electrodes indicates 

its good reliability for relatively fast charge-discharge process. 

'  

Figure 2.11 (a) Capacity loss per cycle for C-Si/C and Si/C electrodes. (b) Total capacity 

loss for each C-Si/C and Si/C electrodes. 

 

Electrochemical impedance spectroscopy (EIS) is used to evaluate the kinetic and 

diffusion parameters of CPAN-Si/CPAN fabric electrodes. Figure 2.12a shows the equivalent 
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circuit used to model the impedance data obtained from a CPAN-Si/CPAN half-cell after 

running potentiostatic electrochemical impedance spectroscopy (PEIS). The circuit shown 

quantizes a number of parameters related to distinct electrochemical phenomenon within a 

lithium-ion electrode. The model uses combinations of resistors and constant phase 

elements (CPEs), the latter of which represents spatial and chemical non-uniform 

distribution of capacitance. Rs is often referred to as the equivalent series resistance (ESR), 

and it measures the finite ionic conductivity in liquid electrolyte.38 The first parallel branch 

characterizes internal impedance within electrode nanostructure, contains an imperfect 

capacitance and a finitely conductive element and defines the electronic pathway within 

active material through to the current collector. The second parallel branch characterizes 

the solid-electrolyte interphase. The third parallel branch characterizes double-layer 

impedance, including non-ideal double-layer capacitance and reaction resistance 

(corresponding to charge transfer during lithiation/delithiation).39 Two more CPEs are in 

series with the aforementioned parallel branches. These two CPEs characterize diffusion 

in liquid phase (near electrode surface, CPEW2) and in solid phase (within active material, 

CPEW1) of lithium ions and atoms, respectively.40 

We observed stabilizing trends in all resistance values including Rs, RINT, RSEI, and 

RCT in Figure 2.12b. Rs remains about the same value throughout the first ten cycles as 

shown in Figure 2.12c, indicating the low resistance permits Li-ion travel. RINT shows a 

general decreasing trend. This signifies the interface electronic contact resistance between 

fiber surface and electrolyte decreases, which allows fast electron transport at high current 

densities. Meanwhile RSEI also declines and stabilizes as the cycle increased, which means 
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the formation of the crucial stable SEI. RCT also shows a generally decreasing trend. It is 

concluded that CPAN-Si/CPAN electrode was fully activated after the first 7 cycle because 

the Rs, RINT, RSEI, and RCT stabilized at certain resistances.  

 

Figure 2.12 (a) Equivalent circuit of CPAN-Si/CPAN fabric electrode used to produce fitted 

model data. (b) Nyquist plots of Si/C fabric electrode. (c) Characterized resistances for EIS 

cycles.  

 

We attribute the excellent cycling and C-rates performance of CPAN-Si/CPAN to 

several reasons. First, the interwoven CPAN-Si/CPAN fiber-hybrid framework offers 

effective electron conduction pathways due to the strong interconnectivity from the same 

carbon matrix. Meanwhile, the large void spaces existing in the mat not only accommodate 

the volume change of Si but also offer large accessible area for electrolyte, which facilitates 
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the Li-ion diffusion to the active materials inside. Second, the PAN fibers forms stabilized 

individual fibers after carbonization. The CPAN frame traps Si clusters tightly, which 

prevents the cracking of the electrode during lithiation and delithiation as illustrated in 

Figure 2.13. In addition, the robust Si/C fabric frame is highly flexible and prepared 

without adding inactive polymer binders, conductive additives and the heaviest metallic 

current collector, thus the Si and carbon both acting as active materials contribute to the 

overall capacity. Finally, Wang et al. reported that the surfactant F127 highly enhanced the 

uniformity of Si nanoparticle distributed in carbon matrix. Thus, the cycling stability of 

Si/C electrode via single-nozzle electrospinning has been improved due to the alleviated 

fracturing of Si during lithiation.33 Surfactants which are able to make homogeneous Si 

dispersion are expected to further improve the cycling performance of the C-Si/C fabrics 

in this work.  

 

Figure 2.13 Comparison of Si/C and C-Si/C fabric electrodes during lithium. 
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2.5 Conclusion 

In conclusion, self-supported C-Si/C fabrics are successfully prepared by 

simultaneously double-nozzle electrospinning for binderless current-collector free anode 

applications in Li-ion batteries. The addition of carbon frames to trap Si clusters by double-

nozzle electrospinning enhanced the cycling stability over Si/C fabrics produced by single-

nozzle electrospinning. The as-achieved CPAN-Si/CPAN electrode exhibits an overall 

capacity of 920 mAh g-1 after 100 cycles, which is considerably higher over that of 

conventionally current-collector based electrodes. 92% capacity retention over 100 cycles 

coupled with the excellent rate capability are attributed to the interconnected hybrid 

conductive network, mechanical robustness, porous mat-structure and the capture of Si/C 

in a carbon frames. In addition, electrospinning of Si/C fabric electrodes process offers a 

highly scalable and feasible alternative to conventional slurry-based electrodes for mass 

manufacturing.  
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Chapter 3: Silicon Derived from Glass Bottles as Li-Ion Anodes 

3.1 Introduction 

Green, reliable and energy-efficient lithium ion storage platforms with fast rate 

capability, high energy density and high power density are essential for the new generation 

of electric vehicles (EVs) and plug-in hybrid electric vehicles (PHEVs).1, 2 Conventionally 

graphite-based anodes used in commercial lithium ion batteries (LIBs) have a limited 

theoretical capacity of 372 mAh g-1 due to the inadequate Li-ion intercalation in LiC6. 

Silicon is extensively considered the most encouraging material for the next generation 

anodes owing to the low discharge potential (~0.1 V vs. Li/Li+) and the high theoretical 

capacity of 3572 mAh g-1 corresponding to the formation of Li15Si4 phase at room 

temperature.3, 4 If commercially used LiCoO2 (~145 mAh g-1) is assembled as the common 

cathodes, the full cells based on Si anodes lead to a 34% increase in the total capacity over 

that of graphite-anode based full cells.5, 6 However, Si is able to alloy with a large amount 

of Li-ions during lithiation, resulting in a large volume expansion upwards of 300%.7 The 

lithium-induced mechanical stresses during alloying with subsequent contraction during 

dealloying can cause Si to fracture, which promote the pulverization of active materials 

and the deterioration of the conductive network. The repeated expansion and shrinkage 

during lithiation and delithiation destroy the integrity of solid electrolyte interphase (SEI), 

while increasing the decomposition of electrolyte to reform SEI on the newly exposed Si 

surface.8, 9 

To remedy the above problems, various strategies have been utilized on alleviating 

the structural volume change and optimizing the electrochemical performance of Si anodes. 
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Downscaling the dimensions of silicon structures has been verified to be an effective path 

to mitigate the capacity fading stemming from the cracking of Si during lithiation and 

delithiatioin.10, 11 Well-designed nanostructures, such as Si nanoparticles, double walled Si 

nanotubes, and three-dimensional (3D) porous nano-Si have all been proven to be 

advantageous in efficiently modifying the volume expansion of Si via the void spaces 

generated by their porous or hollow structures.12-14 Moreover, the incorporation of 

electronically conductive coatings across Si is an effective strategy to improve the cycling 

stability of Si anodes. Carbon coatings via thermal decomposition of carbon precursors act 

as soft buffer layers to accommodate the volume expansion of Si.15, 16 In-situ polymerized 

conductive polymer coverings with tunable conductivity, diverse monomer chemistry and 

surface compatibility with electrolyte function as conductive shell-matrixes to enhance the 

rate capability of the electrodes.17-21 

While a large number of routes for designing nanostructured Si with excellent 

electrochemical performance as anode materials have been established, many methods for 

synthesizing Si nanostructures are mainly limited to the costly raw materials, complex 

procedure and the low yield of active martial as shown in Figure 3.1a.22, 23 The pyrolysis 

of silane/halo-silane/polysilane precursors via chemical vapor deposition (CVD) can 

produce various nanostructured silicon, such as nanospheres, nanowires and nanotubes.24-

26 The electrodes based on these structures show stable cycling and high-rate capability. 

However, the pyrolysis process consumes a large amount of energy and requires expensive 

and highly toxic precursors, which make it non-economical and impractical for mass 

manufacturing. Electrochemical anodization of crystalline wafers in toxic acidic 
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environment has been employed to produce porous silicon.27 The silicon wafers have also 

been etched into tunable silicon nanowires via metal-assisted templated and non-templated 

approaches.28, 29 However, the high-cost electronic grade wafers coupled with the 

milligram-per-wafer yield of active material limit the large-scale production on industry 

level. The hydrolysis of tetraethyl orthosilicate (TEOS) to produce nano-SiO2 with 

subsequent reduction into Si has been investigated to generate the high performance anode 

materials.30 However, the extensive procedure to achieve TEOS as SiO2 precursor is 

inefficient for industry-level manufacturing.  

Magnesiothermic reduction has been demonstrated as a morphology-protected 

method to reduce SiO2 into nanostructured silicon due to its relatively low operating 

temperature (~650 oC, < melting point of Si).31, 32 In comparison, carbothermal reduction 

is used to produce metallurgical silicon at a very high temperature (>2000 oC).33 This high 

energy-consuming process melts or liquefies Si, which destroys the original morphology 

of SiO2. Luo et. al. have shown that the addition of NaCl effectively scavenges a large 

amount of heat generated during the highly exothermic reaction, which prevents the 

exceeded heat surpasses the melting point of Si.34 Qian et. al. have demonstrated that the 

incorporation of a molten salt of AlCl3 to SiCl4 decreases the reduction temperature to 200 

oC, which preserves the original structure of SiO2.
35 Recently, silica derived from natural 

resources, such as rice husks,36 beach sand37 and reed leaves38 have been reduced into 

porous Si via Mg-reduction as anode materials with excellent electrochemical performance. 

However, the strong acid leaching and high-temperature annealing process to remove metal 

ions and organic species contained in the natural precursors are time-consuming and 
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energy-intensive, while large quantities of liquid and gaseous waste during etching and 

heating are produced. Also, the yield of SiO2 is low after the whole extraction and 

purification process. In this work, glass bottles are used as the SiO2 precursor to achieve 

high-purity Si with several advantages compared with the aforementioned silica sources 

above: (ⅰ) Glass bottles are directly utilized for reduction without pre-leaching and 

annealing, which offers a more environmentally-benign, energy-saving and efficient route 

to prepare silica. (2) Glass bottles are easily-collected and their abundance in silica without 

any loss due to the non-etching process result in the high yield of SiO2 as the reaction 

precursor. (3) Tons of non-recycled glass ends up in the landfills aggravating the burden 

of waste disposal. This work provides a facile and green avenue to convert glass waste to 

beneficial materials. Accordingly, glass bottles are directly converted into high purity and 

interconnected Si network, and the carbon coated gSi exhibits stable cycling performance 

and high rate capability as anode material for LIBs in this work. We further design a Li-

ion full cell using gSi@C anodes and LiCoO2 cathodes. The full cell demonstrates good 

initial cycling performance with high energy density. Compared with reported routes for 

the preparation of SiO2 (Figure 3.1a), quartz powder derived from glass bottles can be 

directly used for the reduction process without pre-leaching in toxic acid and removing 

organic impurities at very high temperature. The content of quartz in glass is higher than 

those obtained from the majority of natural substances. In addition, several tons of un-

recycled glass bottles produced every year may satisfy the demand for anode materials 

necessary in some energy storage applications. The Mg reduction process is conducted at 

a relatively low temperature, which inherits the original structure of the silica obtained 
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from crushed glass bottles application. The overall process is facile, cheap and scalable for 

large scale fabrication of anode materials.  

 

3.2 Synthesis/Characterization of Silicon Derived from Glass Bottles 

Materials synthesis: Collected beverage glass bottles were first sealed in several 

thick bags and crushed into small pieces by hammer. Crushed glass was hand-milled in an 

alumina mortar for several minutes, transferred into tubes with ultrasonication for 2 hours 

in isopropanol (IPA), and then left for settling big quartz down for 2 hours. Light-weight 

suspended quartz particles in IPA were collected and dried at 90 oC under vacuum for 2 

hours. To sufficiently utilize the raw materials, the left big quartz were further milled into 

small size particles later. Dried small glass powder is mixed with NaCl (>99.5%, Fisher 

Scientific) in a weight ratio of 1 : 10 (3 g : 30 g, w/w) and milled in an alumina mortar. The 

well-mixed SiO2:NaCl powder was added in DI H2O and ultrasonicated for 2 hours with 

subsequent stirring for 3 hours. The mixture was dried overnight at 105 oC in vacuum oven 

to remove water. The resulting SiO2:NaCl powder is grounded with Mg (99.5%, -325 mesh, 

Sigma Aldrich) in a weight ratio of 1 : 0.83 (Si : Mg: 3 g : 2.49 g, w/w) ratio. The well-

mixed powder was loaded into SS 316 Swagelok-type reactors in argon-filled VAC Omni-

lab glove box (<0.5 ppm H2O, <0.5 ppm O2). The reactors were loaded into MTI GSL-

1200X quartz tube furnace and purged with argon. The furnace was ramped to 700 oC with 

a heating rate of 5 oC min-1, held for 6 hours at 0.5 sccm argon environment and cooled to 

room temperature. The resultant powder was washed with DI H2O and ethanol several 

times to remove NaCl, followed by etching unwanted MgO and Mg2Si in concentrated HCl 
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with subsequent washing with DI H2O. Unreacted SiO2 is removed by etching in 5% HF 

for 1 hour and washed with DI H2O and ethanol, and dried under vacuum for 4 hours at 90 

oC. The yield of high-purity gSi derived from glass powder is 40.0-40.3 wt.%. Thin carbon 

layer coated gSi is formed by CVD. The dried and milled gSi powder is loaded in a quartz 

boat and transferred into the center of a quartz tube furnace. 30 sccm C2H2 is introduced 

and carried by Ar/H2 (150 /50, sccm) to produce the amorphous carbon coating across gSi 

surface at 950 oC for 15 minutes. Si-to-C weight ratio is calculated to be 4 : 1 based on the 

weight variation before and after carbon coating.  

Materials characterization: The surface morphology is investigated using optical 

microscopy, scanning microscopy (SEM; leo-supra, 1550) with an X-ray energy-dispersive 

spectroscopy (EDS). Transmission electron microscopy (TEM, Titan Themis 300) operated 

at 300 KV is used to further characterize the purity and morphology of gSi and gSi@C. 

The TEM samples are prepared by dispersing the powder in water for 15 minutes, diluted 

and then dropped onto TEM grids. The phase identification is performed by X-ray 

diffraction (XRD, PANalytical Empyrean) from 10o to 80o. Raman spectroscopy 

(Renishaw DXR) with a 532 nm laser (8mW excitation power, 100X objective lens) source 

is carried to check the purity of gSi. Electrochemical impedance spectroscopy (EIS) 

analysis is obtained with a Biologic VMPs. 

Electrochemical characterization: The anode electrodes were prepared by doctor-

blading a slurry on pre-cleaned Cu foil with a pre-area mass loading for 0.5-0.6 mg cm-2. 

The slurry comprises 70% active material (gSi@C), 20% PAA binder and 10% conductive 

additive (carbon black). A button-type (CR 2032) half-cell configuration was used for the 
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electrochemical measurements. Cells were assembled in an Argon-filled VAC Omni-lab 

glovebox with oxygen and H2O level below 0.5 ppm. Pure Li metal was used as the counter 

electrode for half-cell tests. Full cells were prepared and evaluated in TET USA 

Corporation facility with custom made LiCoO2 (lithium cobalt oxide) cathodes with a 

LiCoO2 mass loading of 5.3-5.5 mg cm-2. A Celgard 3501 porous PP membrane was used 

as the separator. The electrolyte comprising 1 M LiPF6 in fluoroethylene carbonate and 

dimethyl carbonate (FEC : DMC = 1 : 1, v/v) was used as electrolyte for half and full cells. 

Cycling performance and galvanostatic charge-discharge behaviors were conducted on 

Arbin BT300 with a voltage window ranging from 0.01 to 1.5 V (vs. Li+/Li). Capacity and 

C-rates were determined using 1C = 3.6 A g-1. Cyclic voltammetry scans were tested at a 

fixed voltage window between 0.01 V and 1.5 V (vs. Li+/Li). Electrochemical impedance 

spectroscopy measurements were performed to evaluate the impedance information of 

gSi@C anodes on a Biologic VMPs with a frequency range between 0.01 Hz and 1 MHz. 

 

3.3 Materials Characterization of Glass Derived Silicon 

Silica as a common fundamental constituent obtained from sand is melt together 

with several minerals at high temperature to form the non-crystalline amorphous glass. 

Based on the glass ingredients including silica content and mineral components, glasses 

are primarily classified as fused silica glass, soda-lime-silica glass, sodium borosilicate 

glass and lead-oxide glass39. The usages of glasses are in food containers, housing and 

building, electronics and appliance, etc. Here we collect beverage glass bottles 

(corresponding to the soda-lime-silica type of glass with a high SiO2 content of 72 %) as 
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the quartz source in Figure 3.1b. A glass bottle is put in thick bags and crushed into raw 

quartz (Figure 3.1c, left). To reduce the size of quartz, mechanical milling in an alumina 

mortar is followed to downsize the raw SiO2 quartz to micrometer scale within minutes. 

The milled quartz powder is then transferred into tubes and dispersed in isopropanol (IPA) 

by ultra-sonication, which breaks the agglomeration while reducing the quartz into smaller 

size with nanometer and micrometer scale. The dispersion is then left referred to the settling 

process. The massive quartz particles precipitate to the bottom, while the lightweight quartz 

particles are small enough to remain suspended in IPA. These suspended particles are 

collected and assume a bright white appearance in stark (Figure 3.1c, middle). Compared 

with the quartz sources derived from natural substances, the resultant glass powder is 

directly used as SiO2 precursor without leaching and annealing process. This simple and 

straight route to achieve relatively high-purity SiO2 is favorable for large-scale production.  

The dried glass powder is mechanically milled and grounded with sodium chloride 

(NaCl, >99.5%, Fisher Scientific) in a weight ratio of 1 : 10 (w/w). The incorporation of 

NaCl acts as an effective heat scavenger to halt the reaction temperature rise at 801 oC 

during fusion, which assists in preserving the morphology of SiO2 particles below its 

melting point as illustrated in Figure 3.1d. The well-mixed SiO2:NaCl powder is immersed 

in DI H2O and ultrasonicated for 2 hours with subsequent vigorously stirring at 60 oC for 

3 hours. The solution is then dried at 105 oC in vacuum oven to remove the water. Dried 

SiO2:NaCl is grounded to pulverize NaCl crystals and mixed with Mg (99.5%, -325 mesh, 

Sigma Aldrich) powder in a 1 : 0.83 SiO2: Mg weight ratio followed by vortexing for ample 

mixing. The resultant powder is loaded into a SS 316 Swagelok-type reactor in Ar-filled 
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VAC Omni-lab glovebox (H2O < 0.5 ppm, O2 < 0.5 ppm), and then immediately loaded 

into a MTI GSL-1200X 1" diameter quartz tube and purged with argon. The reactor is 

heated to 700 oC at a heating rate of 5 oC and held for 6 hours to ensure the complete 

reduction of SiO2. After cooling down to room temperature, the resulting product is first 

washed with DI H2O several times to remove NaCl and then etched with 2M HCl for 2 

hours under stirring to remove excessive Mg, unwanted Mg2Si and MgO. The MgCl2 

produced after etching can be recycled back to Mg by electrolysis, which is a sustainable 

process for the reproduction from waste to raw material40. The dispersion is centrifuged 

and further etched with 2 wt.% HF in tubes to remove the unreacted SiO2. The gSi powder 

is finally rinsed several times with DI H2O and ethanol, and dried under vacuum for 6 hours 

at 105oC (Figure 3.1c, right). The yield of gSi reduced from glass powder is close to the 

theoretical yield value of 46.7 wt.% (see supporting information), which offers an option 

for Si production on the industry level.    
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Figure 3.1 (a) Flow chart showing existing synthesis routes for nano-Si, including our 

synthesis method from glass bottles. (b) A collected beverage glass bottle. (c) (From left to 

right) vials of crushed glass, milled glass and gSi powder. (d) Schematic of the Mg 

reduction process using NaCl as heat scavenger. 
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The purities and phases of small size glass powder and as-reduced gSi are examined 

by X-ray diffraction (XRD) measurements in Figure 3.2a. The weak XRD peaks associated 

with glass powder (index as black spectra) indicate the as-prepared quartz powder 

comprises minor by-products. The red XRD spectra of gSi demonstrates narrow and sharp 

peaks without amorphous scattering, suggesting the successful reduction from glass quartz 

to high degree crystallinity of Si. The peaks at 2θ of 28.8o, 47.8o, 56.7o, 69.7o and 77.1o 

represent (111), (220), (311), (400) and (331) planes, respectively41. Raman spectroscopy 

is carried to further verify the compositions of glass powder and gSi. The sharp peak at 

521.06 cm-1 signifies the relatively high-purity of as-reduced gSi in Figure 3.2b.30  

 

Figure 3.2 (a) XRD patterns and (b) Raman spectra of pre-reduction milled glass powder 

and post-reduction gSi.  

 

Scanning electron microscopy (SEM) micrographs are used to describe the 

structures and morphologies of the glass powder and gSi. The milled SiO2 powder displays 

a highly irregular-shape morphology with the particle size ranging from micrometer to 

nanometer scale as shown in Figure 3.3a-b. The quantitative analysis obtained from the 
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Energy Dispersive X-ray Spectroscopy (EDS) of quartz powder in Figure 3.4 reveals the 

impurities may include lime (CaO), sodium oxide (Na2O) and alumina (Al2O3), which are 

the common mineral components for soda-lime-silica glass. After reduction, the particles 

remain irregular in shape owing to the morphology-protected Mg reduction process at a 

relatively low reaction temperature. The gSi has slightly reduced size distribution and 

partial porosity existing in gSi compared with the solid bulk SiO2 in Figure 3.3c-d. This 

resulting cross-linked gSi networks with void spaces are attributed to the breakdown of the 

large particles during reaction, while acid-etching to remove MgO and Mg2Si within the 

original solid structure. EDS in Figure 3.5 shows the weight occupancy of elements present 

in the gSi. The quantitative analysis reveals Si is the most dominant element a low residue 

of Mg, and the absences of metallic impurities imply that those oxides are reduced by 

magnesium, and then etched by HCl and HF. The existence of carbon in reduced silicon 

may increase the network conductivity for battery applications.  
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Figure 3.3 (a) Low magnification and (b) High magnification SEM images of milled glass 

powder. (c) Low magnification and (d) High magnification SEM images of gSi after 

reduction and acid-etching.  
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Figure 3.4 EDS elemental mapping of milled glass powder: (a) Electron image with 

superposed elemental maps. (b-h) Elemental maps of C, O, Na, Al, Si, Cl and Ca. (i) 

Elements weight percentages (Si: 39.0%, O: 35.5%, Na: 10.2%, Cl: 6.2%, Ca: 5.8%, C: 

2.9%, Al: 0.5% in weight). 



 54 

 

Figure 3.5 EDS elemental mapping of gSi: a) Electron image with superposed elemental 

maps. b-e) Elemental maps of Si, O, Mg and C. f) Elements weight occupancies (Si: 90.5%, 

C: 9.1%, Mg: 0.4% in weight). 

 

Transmission electron microscope (TEM) is carried out to further examine the 

structural information of glass silicon. Figure 3.6a confirms the existing large sparingly gSi 

comprises interconnected 3D gSi networks with the particle size from ~50 nm to micro 

level rather than the solid structure. This bridge-like interconnectivity is created by the 

selective removal of embedded MgO and Mg2Si in the gSi particles via acid etching. The 

existence of the partially internal porosity is available for buffering the volume expansion 

of Si during lithiation, while the SEI is well preserved, leading to less capacity decay 

resulting from the pulverization of active martials and the regeneration of SEI on exposed 

Si42. High-resolution TEM (HRTEM) and selected area electron diffraction pattern signify 

the highly crystalline nature of the gSi due to the d-spacing of 0.310 nm as shown in Figure 

3.6b and Figure 3.7. Scanning transmission electron microscope (STEM) verifies the small 



 55 

particle size of the connected Si, while the high-angle annular dark-field imaging (HAADF) 

demonstrates the high purity of the reduce Si in Figure 3.6c-d. Despite some void spaces 

generated by gSi network can accommodate volume change during lithiation, the low 

conductivity of Si limits its fast charge-discharge capability.43 Thus, a conformally 

amorphous carbon coating with a thickness of 8-25 nm is introduced across all surfaces of 

gSi particles via CVD as shown in Figure 3.8a-b. The gSi powder is loaded in a quartz boat 

and placed in the center of quartz tube furnace purged with Ar/H2 mixture. Acetylene (C2H2) 

is introduced to form the C-coating at 950 oC. The weight ratio of Si-to-C is ≈80:20 

calculated by the weight variation before and after C-coating. STEM and HAAF of gSi@C 

clearly show the uniform distribution of carbon coating surrounding gSi, validating the 

successful deposition of the corformal carbon layer surrounding gSi in Figure 3.8c-e. The 

seamless connection between C-coating and gSi improves the electrical conductivity of 

gSi@C composite while mitigating the volume change of silicon by the carbon buffer shell. 
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Figure 3.6 (a) Low magnification TEM image of gSi particles. (b) HRTEM image of gSi 

showing the characteristic lattice spacing of Si (111). (c) STEM-HAADF image of gSi and 

(d) EDS elemental map showing the high purity of reduced Si. 
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Figure 3.7 Selected area electron diffraction pattern of gSi, showing the high purity of 

reduced Si. 
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Figure 3.8 TEM images of gSi@C displaying the conformal carbon coating and the carbon 

layer thickness across gSi particles with (a) low magnification and (c) STEM-HAADF 

image of carbon coated gSi particles. (d-e) EDS mapping showing the phase conformal 

carbon coating surrounding gSi. 

 

3.4 Electrochemical Analysis of Glass Derived Silicon Based Anodes 

Button-type half-cell batteries were assembled in an Ar-filled glove box (O2 < 0.10 

ppm, H2O < 0.5 ppm) with gSi@C as the anode material and pure Li-metal as the counter-

electrode. Anode electrodes comprised 70 wt. % gSi@C as active material, 20 wt. % PAA 

as binder, and 10 wt. % carbon black as conductive additive. PAA has been proven to be 

an effective binder system for long-term cycling compared with PVDF and CMC due to 

its good mechanical properties and higher concentration of carboxyl groups to bind Si 
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nanoparticles44. A porous polypropylene membrane (Celgard 3501) was used as the 

separator. The electrolyte contained 1M LiPF6 dissolved in a mixture of fluoroethylene 

carbonate (FEC) and dimethyl carbonate (DMC) in a volume ratio of 1 : 1. The gSi@C 

electrodes demonstrated a discharge capacity of 2936 mAh g-1 with a Coulombic efficiency 

of 85% at C/40 (1C = 3.6 A g-1) for the 1st cycle in Figure 3.9a. After the 2nd cycle at C/20, 

the battery showed consistent current-potential behaviors for the subsequent cycles at C/10. 

The capacity faded very slightly and demonstrated a capacity ~2500 mAh g-1 over 60 cycles 

as supported in Figure 3.9b. The Coulombic efficiency calculated from all the cycles 

excluding the 1st cycle is >99%, which suggests the excellent reliability and reversibility 

for the gSi@C half cells.  

Cyclic voltammetry (CV) was tested in a voltage window range of 0.01 to 1.5 V 

(vs. Li+/Li) with a scan rate of 0.2 mV sec-1 as shown in Figure 3.9c. The first discharge 

curve showed a weak peak around 0.48 V and disappeared in the subsequent cycles, which 

demonstrated the Li-ions were consumed to form stable SEI components (LixSiOy, lithium 

ethylene discarbonate and LiF) and leads to the irreversible charge capacity in the first 

cycle.45  The peaks (0.18 V and 0.10 V) associated with lithiation and the peaks (0.38 V 

and 0.53 V) corresponding to delithiation increased and coincided at the 12th and 13th cycles, 

which suggested a kinetic enhancement process for stabilizing active materials.37 

Conformal C-coating has been verified to be an effective route to improve cycling stability 

and rate capability.15 Rate capability of gSi@C and gSi anodes were demonstrated with 

different current densities measured from C/20 to 2C in Figure 3.9d.  Even up to 2C, the 

gSi@C electrodes showed a much higher capacity of ~1000 mAh g-1 over that of gSi 
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electrodes, which signified the substantial enhancement of conductive coatings on rate 

capability of Si anodes. The charge-discharge profiles of gSi@C and gSi electrodes under 

various C-rates are shown in Figure 3.10a and 3.10c, respectively. For long-term cycling, 

the gSi@C electrodes were properly activated at 40/C, 20/C and 10/C at the initial cycles 

to achieve a stable SEI as confirmed by CV measurements (Figure 3.9e). After the kinetic 

enhancement was completed at low current densities, the gSi@C anodes were cycled at a 

higher C-rate of C/2 and exhibited a reversible capacity of ~1420 mAh g-1 with capacity 

retention of 72% (Coulombic efficiency of >99.5%) after 400 cycles. In comparison, non-

carbon coated gSi electrodes presented a lower capacity of 796 mAh g-1 with capacity 

retention of 20 % (corresponding to Coulombic efficiency of 98.9%) after the same cycling 

process. The cycling results of gSi@C electrodes are comparable to several reported Si 

anodes via Mg-reduction. For instance, silicon electrodes obtained from diatomaceous 

earth showed fast decay from 1400 to 700 mAh g-1 after 30 cycles.46  Reed leaves and rice 

husk derived Si based anodes demonstrated capacities of ~1050 and ~1580 mAh g-1 with 

capacity retentions of 50% and 86% at C/2 after 200 cycles and 300 cycles, respectively.36, 

38 The gSi@C half-cells exhibited ~1790 and ~1660 mAh g-1 (corresponding to capacity 

retentions of 91% and 84%) after 200 and 300 cycles at C/2, respectively, which are similar 

or even slightly superior over the mentioned silicon anode performances. The slopes of 

discharge-discharge curves of amorphous Li-Si are in good agreement with the peaks of 

CV curves in Figure 3.10b and 3.10d.12 This performance difference between gSi@C and 

gSi anodes was mainly due to the low conductivity of non-carbon coated gSi, leading to 

insufficient charge transfer between gSi and the micro-level carbon black within the 
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electrode. Moreover, the carbon coating surrounding gSi improved the cycling stability of 

anodes, which was confirmed by the higher capacity retention and Coulombic efficiency 

of gSi@C electrodes over that of pure gSi after 400 cycles.  
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Figure 3.9 (a) Cycling performance and Coulombic efficiency of gSi@C anodes at a 

current density of C/10. (b) The corresponding galvanostatic charge-discharge profiles of 

gSi@C based half cell. (c) Cyclic voltammetry characteristic of gSi@C anodes. Scan rate: 

0.2 mV sec-1. (d) C-rates cycling performance of gSi@C electrodes. (e) Comparison of the 

cycling performance and Coulombic efficiency between gSi@C and gSi based electrodes 

at a higher current density of C/2. 
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Figure 3.10 The corresponding charge-discharge profiles of C-rates measurements and 

cycling performance for (a-b) gSi@C electrodes and (c-d) gSi electrodes.  

 

To further characterize the practical capability of the as-prepared gSi anodes, a full 

cell comprising gSi@C as anode and LiCoO2 (provided by TET USA Corporation) cathode 

was fabricated. In an aim to achieve a theoretically optimal total capacity of a full cell, the 

capacity ratio of anode to cathode is expected to be close to 1 : 1.47, 48 In this work, the 

gSi@C anodes with a Si loading of ~0.5 mg cm-2 demonstrate a reversible capacity of 

~1800 mAh g-1 at C/2 (1C = 3.6 A g-1) over the first 50 cycles, while the LiCoO2 cathodes 

with a mass loading of ~5.4 mg cm-2 show a reversible capacity of ~160 mAh g-1 at C/2 
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(1C = 163 mA g-1). The practical capacities of gSi@C and LiCoO2 in half cells are 

calculated to be 0.900 mAh cm-2 mAh and 0.865 mAh cm-2. Accordingly, the actual 

capacity ratio of Si anode to LiCoO2 cathode is 1.04 : 1, which suggests this 

gSi@C/LiCoO2 full cell design is suitable for evaluation of anode and cathode effects on 

cycling stability. The slightly higher Si content is favorable to prevent the anodes from 

over-lithiated during full-cell charge. The cycling performance of the full cell is measured 

with a voltage window range from 2.7 to 4.3 V as shown in Figure 3.11a. The initial cycle 

is tested at C/20 for the proper activation of active materials, and a total capacity of ~130 

mAh g-1 (corresponding to a Coulombic efficiency of 78.9% in Figure 3.11b) is displayed. 

Note that the capacity of full cell is calculated only based on the total mass of Si and 

LiCoO2. In the subsequent cycles, the capacity gradually decreases from 116 to 85 mAh g-

1 at C/2 until the 50th cycle. An energy density of 460 Wh kg-1 is demonstrated by this full 

cell for the first cycle. Even after 50 cycles, the cell assembly still exhibits an energy 

density of 298 Wh kg-1, which is comparable to those of reported full cells based on Si 

anodes.47, 49, 50 If the masses of binders (PAA, polyvinylidene fluoride), carbon black and 

current collectors (Cu and Al foils) for gSi@C anodes and LiCoO2 cathodes are also 

included, the full cell shows an energy density of 139 Wh kg-1 for the 1st cycle with 65 Wh 

kg-1 over 50 cycles (Table 3.1). 
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Figure 3.11 (a) Cycling performance of full cells employing gSi@C anode and LiCoO2 

cathode for 50 cycles. (b) The corresponding galvanostatic charge-discharge curves of the 

full cells.  

 

Table 3.1 Mass portion of individual components used in pouch full cell. 

Component 
Anode (gSi, 

PAA, CB) 
Cu Foil 

Cathode 

(LiCoO2, 

PVDF, CB) 

Al Foil Total 

Weight (mg) 1.44 18.03 11.32 7.79 38.58 

Mass portion 

(%) 
3.73 46.73 29.35 20.19 100 

 

Electrochemical impedance spectroscopy (EIS) was used to characterize the 

electrochemical performance of the gSi@C anodes. A small sinusoidal of 10 mV was 

applied to gSi@C anodes and the resultant complex impedance was measured in a 

frequency range between 100 mHz and 1 MHz. The impedance information was modeled 

using an electrical equivalent circuit shown in Figure 3.12a. The real axis interception at 

high frequency, also known as equivalent series resistance (Rs or ESR), denotes the ionic 

resistance of the electrolyte in summation with the electronic resistance of the active 

material within the electrode. Rs declines for the first 7 cycles and then stabilizes thereafter 

in Figure 3.12b and Table 3.2. The high frequency semicircle represents the resistance of 
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SEI layer (RSEI) coupled with resistance stemming from the imperfect contact between 

metal current collector and active materials (RINT).51, 52 The RSEI+INT decreases in diameter 

as the cycle increases, while the semicircle at mid frequency drops sharply for the first 7 

cycles and then stabilizes, indicating the stabilization of charge transfer impedance as 

shown in Figure 3.12c. Interfacial impedance remains constant as cycling, which signifies 

the contact impedance among active particles and current collect is independent with 

cycling.53 This phenomenon can be attributed to the buffering effect of carbon coating on 

the Si volume expansion.54 Besides the high frequency semicircle (corresponding to 

RSEI+INT) and the mid semicircle (owing to charge transfer impedance between electrolyte 

and electrode), another distinct arc, known as the low-frequency (<20 MHz) Warburg 

impedance tail, represents impedance resulting from diffusion of ions into the active 

materials.55, 56 This parameter is related to the diffusion of lithium into gSi@C and salt 

transfer in the electrolyte. The arcs show big difference for the first 7 cycle, while the tails 

of 8th and 9th closely overlap, confirming the anodes tend to stabilize as cycling.    
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Figure 3.12 (a) Equivalent circuit of gSi@C based anodes used to produce fitted model 

data. (b) Nyquist plots of gSi@C half cell. (c) Characteristic resistances for EIS 

measurements. 

 

Table 3.2 Mass portion of individual components used in pouch full cell. 
Cycles ESR Rint RSEI Rct Qint nint QSEI nSEI Qdl ndl Qw1 nw1 Qw2 nw2 

1 19 7 27 100 0.000007 0.8 0.00002 0.83 0.00025 0.68 0.05 0.65 0.01 0.27 

2 18 5 21 70 0.000007 0.77 0.00008 0.75 0.00035 0.75 0.05 0.65 0.015 0.3 

3 18 3.5 11 42 0.000007 0.77 0.0001 0.75 0.00035 0.75 0.055 0.75 0.025 0.35 

4 17 2.5 7 39 0.000007 0.77 0.00015 0.75 0.0004 0.71 0.055 0.8 0.03 0.4 

5 17 2.5 9 37 0.000007 0.77 0.00015 0.75 0.00045 0.71 0.055 0.8 0.035 0.45 

6 17 2.5 9 28.5 0.000007 0.77 0.0002 0.75 0.00055 0.71 0.06 0.8 0.04 0.5 

7 17 2 8 14 0.000007 0.77 0.0003 0.7 0.0008 0.71 0.08 0.85 0.05 0.55 

8 17 1.5 8 15.5 0.000007 0.77 0.0004 0.7 0.0008 0.7 0.09 0.9 0.055 0.55 

9 17 1.5 8 12 0.000007 0.77 0.0004 0.65 0.001 0.7 0.09 0.9 0.055 0.55 

 

Effective strategies have been utilized to alleviate the volume change of gSi 

particles during lithiation/delithiation and improve the cycling stability. First, the addition 

of a large amount of NaCl to glass quartz power produces cross-liked structure during the 

highly exothermic magnesium reduction process. The reaction process generates a large 

amount of heat as shown in Equations 1-2 as follows:33 

2Mg(g) + SiO2(s) → Si(s) + 2MgO(s), ∆H = -546.42 kJ mol-1. (Equation 1) 
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Mg is in excess in this work, 

2Mg(g) + Si(s) → Mg2Si(s), ∆H = -318.91 kJ mol-1. (Equation 2) 

The continuously feeding heat can cause the fusion of silicon, which destroys its 

original morphology and leads to aggregation of Si particles. However, the NaCl is used to 

cover SiO2 particles and behave as heat scavenger to absorb a large amount of heat for self-

fusion, which has been verified to effectively protect the surface morphology of Si after 

reduction. NaCl is low cost, non-toxic and easily recycled to use. The etching of byproduct 

MgO and Mg2Si within Si structure generates the interconnected Si network with empty 

spaces, which mitigates volume change of silicon during alloying and improves Li-ions 

transfer into the active material. Second, a conformal carbon coating on the surface of gSi 

not only acts as buffer layer for accommodating volume expansion, but also enhances the 

rate capability of the electrodes. Moreover, the FEC-containing electrolyte assists the 

formation of SEI thin films with superior surface properties on Si particles compared to the 

thicker films formed in FEC-free electrolyte, and the presence of FEC lowers the 

impedance in electrolyte solutions, which reduces the irreversible capacity of the 

electrodes.57  

 

3.5 Conclusion 

In summary, we have demonstrated the direct conversion from glass bottles to high 

purity silicon using a scalable, facile and low-cost Mg reduction process. The excellent 

electrochemical performance of gSi@C anodes can be mainly attributed to the mitigated 

volume expansion and improved system conductivity resulting from the interconnected gSi 
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network and the conformal carbon coating. A full cell with good initial cycling stability 

and high energy density using gSi@C as anode and LiCoO2 as cathode has been reported.  

The non-etching, easy-collet and abundant glass bottles as SiO2 source offers a promising 

avenue for the large-scale production of Si based anodes.   

  



 70 

3.6 References 

 

1. B. Dunn, H. Kamath and J.-M. Tarascon, Science, 334, 928, (2011). 

 

2. I. Kovalenko, B. Zdyrko, A. Magasinski, B. Hertzberg, Z. Milicev, R. Burtovyy, I. 

Luzinov and G. Yushin, Science, 334, 75, (2011). 

 

3. C. Li, C. Liu, W. Wang, J. Bell, Z. Mutlu, K. Ahmed, R. Ye, M. Ozkan and C. S. 

Ozkan, Chem. Commun., 52, 11398, (2016). 

 

4. C. Liu, C. Li, W. Wang, M. Ozkan and C. S. Ozkan, Energy Technol., n/a, (2016). 

 

5. W. Wang, I. Ruiz, K. Ahmed, H. H. Bay, A. S. George, J. Wang, J. Butler, M. 

Ozkan and C. S. Ozkan, Small, 10, 3389, (2014). 

 

6. J.-K. Park, Principles and applications of lithium secondary batteries, John Wiley 

& Sons, 2012. 

 

7. J. Cho, J. Mater. Chem., 20, 4009, (2010). 

 

8. H. Wu, G. Chan, J. W. Choi, I. Ryu, Y. Yao, M. T. McDowell, S. W. Lee, A. 

Jackson, Y. Yang, L. Hu and Y. Cui, Nat Nano, 7, 310, (2012). 

 

9. M. Ge, J. Rong, X. Fang, A. Zhang, Y. Lu and C. Zhou, Nano Res., 6, 174, (2013). 

 

10. X. H. Liu, L. Zhong, S. Huang, S. X. Mao, T. Zhu and J. Y. Huang, ACS Nano, 6, 

1522, (2012). 

 

11. I. Ryu, J. W. Choi, Y. Cui and W. D. Nix,  J. Mech. Phys. Solids, 59, 1717, (2011). 

 

12. M. Ge, J. Rong, X. Fang and C. Zhou, Nano Lett., 12, 2318, (2012). 

 

13. N. Liu, Z. Lu, J. Zhao, M. T. McDowell, H.-W. Lee, W. Zhao and Y. Cui, Nat 

Nano, 9, 187, (2014). 

 

14. F. M. Hassan, V. Chabot, A. R. Elsayed, X. Xiao and Z. Chen, Nano Lett., 14, 277, 

(2014). 

 

15. N. Dimov, S. Kugino and M. Yoshio, Electrochim. Acta, 48, 1579, (2003). 

 

16. L.-F. Cui, Y. Yang, C.-M. Hsu and Y. Cui, Nano Lett., 9, 3370, (2009). 

 

17. L. Pan, G. Yu, D. Zhai, H. R. Lee, W. Zhao, N. Liu, H. Wang, B. C.-K. Tee, Y. 

Shi, Y. Cui and Z. Bao, Proc. Natl. Acad. Sci., 109, 9287, (2012). 



 71 

 

18. H. Wu, G. Yu, L. Pan, N. Liu, M. T. McDowell, Z. Bao and Y. Cui, Nat. Commun., 

4, 1943, (2013). 

 

19. C. Li, N. Chartuprayoon, W. Bosze, K. Low, K. H. Lee, J. Nam and N. V. Myung, 

Electroanalysis, 26, 711, (2014). 

 

20. L. Karen, C. Nicha, E. Cristina, L. Changling, B. Wayne, V. M. Nosang and N. Jin, 

Nanotechnology, 25, 115501, (2014). 

 

21. K. Low, C. B. Horner, C. Li, G. Ico, W. Bosze, N. V. Myung and J. Nam, Sens. 

Actuat. B: Chem., 207, Part A, 235, (2015). 

 

22. N. Liu, H. Wu, M. T. McDowell, Y. Yao, C. Wang and Y. Cui, Nano Lett., 12, 

3315, (2012). 

 

23. J.-K. Yoo, J. Kim, Y. S. Jung and K. Kang, Adv. Mater., 24, 5452, (2012). 

 

24. Y. Cui, L. J. Lauhon, M. S. Gudiksen, J. Wang and C. M. Lieber, Appl. Phys. Lett., 

78, 2214, (2001). 

 

25. M. Law, J. Goldberger and P. Yang, Annu. Rev. Mater. Res., 34, 83, (2004). 

 

26. Y. Yao, M. T. McDowell, I. Ryu, H. Wu, N. Liu, L. Hu, W. D. Nix and Y. Cui, 

Nano Lett., 11, 2949, (2011). 

 

27. X. Sun, H. Huang, K.-L. Chu and Y. Zhuang, J. Electron. Mater., 41, 2369, (2012). 

 

28. Z. Huang, X. Zhang, M. Reiche, L. Liu, W. Lee, T. Shimizu, S. Senz and U. Gösele, 

Nano Lett., 8, 3046, (2008). 

 

29. A. Vlad, A. L. M. Reddy, A. Ajayan, N. Singh, J.-F. Gohy, S. Melinte and P. M. 

Ajayan, Proc. Natl. Acad. Sci., 109, 15168, (2012). 

 

30. W. Wang, Z. Favors, R. Ionescu, R. Ye, H. H. Bay, M. Ozkan and C. S. Ozkan, Sci. 

Rep., 5, 8781, (2015). 

 

31. Y. Yu, L. Gu, C. Wang, A. Dhanabalan, P. A. van Aken and J. Maier, Angew. 

Chem., Int. Ed., 48, 6485, (2009). 

 

32. R. Zhang, Y. Du, D. Li, D. Shen, J. Yang, Z. Guo, H. K. Liu, A. A. Elzatahry and 

D. Zhao, Adv. Mater., 26, 6749, (2014). 

 

33. B. G. Gribov and K. V. Zinov'ev, Inorganic Materials, 39, 653, (2003). 



 72 

 

34. W. Luo, X. Wang, C. Meyers, N. Wannenmacher, W. Sirisaksoontorn, M. M. 

Lerner and X. Ji, Sci.Rep., 3, 2222, (2013). 

 

35. N. Lin, Y. Han, L. Wang, J. Zhou, J. Zhou, Y. Zhu and Y. Qian, Angew. Chem., 

Int. Ed., 54, 3822, (2015). 

 

36. N. Liu, K. Huo, M. T. McDowell, J. Zhao and Y. Cui, Sci.Rep., 3, 1919, (2013). 

 

37. Z. Favors, W. Wang, H. H. Bay, Z. Mutlu, K. Ahmed, C. Liu, M. Ozkan and C. S. 

Ozkan, Sci. Rep., 4, 5623, (2014). 

 

38. J. Liu, P. Kopold, P. A. van Aken, J. Maier and Y. Yu, Angew. Chem., Int. Ed., 54, 

9632, (2015). 

 

39. D. A. Hickman, Forensic Science International, 17, 265, (1981). 

 

40. R. A. Sharma, JOM, 48, 39, (1996). 

 

41. M. Zhou, F. Pu, Z. Wang, T. Cai, H. Chen, H. Zhang and S. Guan, Phys. Chem. 

Chem. Phys., 15, 11394, (2013). 

 

42. J. Guo, A. Sun and C. Wang, Electrochem. Commun., 12, 981, (2010). 

 

43. L. Xue, G. Xu, Y. Li, S. Li, K. Fu, Q. Shi and X. Zhang, ACS Appl. Mater. 

Interfaces, 5, 21, (2013). 

 

44. A. Magasinski, B. Zdyrko, I. Kovalenko, B. Hertzberg, R. Burtovyy, C. F. Huebner, 

T. F. Fuller, I. Luzinov and G. Yushin, ACS Appl. Mater. Interfaces, 2, 3004, 

(2010). 

 

45. J. Li, N. J. Dudney, J. Nanda and C. Liang, ACS Appl. Mater. Interfaces, 6, 10083, 

(2014). 

 

46. L. Shen, X. Guo, X. Fang, Z. Wang and L. Chen, J. Power Sources, 213, 229, 

(2012). 

 

47. K. Eom, T. Joshi, A. Bordes, I. Do and T. F. Fuller, J. Power Sources, 249, 118, 

(2014). 

 

48. L. Ji, H. Zheng, A. Ismach, Z. Tan, S. Xun, E. Lin, V. Battaglia, V. Srinivasan and 

Y. Zhang, Nano Energy, 1, 164, (2012). 

 



 73 

49. J. H. Lee, C. S. Yoon, J.-Y. Hwang, S.-J. Kim, F. Maglia, P. Lamp, S.-T. Myung 

and Y.-K. Sun, Energy Environ. Sci., (2016). 

 

50. I. H. Son, J. Hwan Park, S. Kwon, S. Park, M. H. Rummeli, A. Bachmatiuk, H. J. 

Song, J. Ku, J. W. Choi, J.-m. Choi, S.-G. Doo and H. Chang, Nat Commun, 6, 

(2015). 

 

51. C. Liu, C. Li, K. Ahmed, W. Wang, I. Lee, F. Zaera, C. S. Ozkan and M. Ozkan, 

Adv. Mater. Interfaces, 3, 1500503, (2016). 

 

52. C. Liu, C. Li, K. Ahmed, Z. Mutlu, C. S. Ozkan and M. Ozkan, Sci. Rep., 6, 29183, 

(2016). 

 

53. C. Liu, C. Li, K. Ahmed, W. Wang, I. Lee, F. Zaera, C. S. Ozkan and M. Ozkan, 

RSC Adv., 6, 81712, (2016). 

 

54. J. Guo, A. Sun, X. Chen, C. Wang and A. Manivannan, Electrochim. Acta, 56, 

3981, (2011). 

 

55. L. Hu, H. Zhong, X. Zheng, Y. Huang, P. Zhang and Q. Chen, Sci. Rep, 2, 986, 

(2012). 

 

56. W. Wang, I. Ruiz, S. Guo, Z. Favors, H. H. Bay, M. Ozkan and C. S. Ozkan, Nano 

Energy, 3, 113, (2014). 

 

57. V. Etacheri, O. Haik, Y. Goffer, G. A. Roberts, I. C. Stefan, R. Fasching and D. 

Aurbach, Langmuir, 28, 965, (2012). 

 

 

 

 

 

 

 

 



 74 

Chapter 4: Binary Si-Polymer Systems as Anodes for Lithium Ion Batteries 

4.1 Introduction 

Efficient and reliable energy storage platforms with high energy density and high 

power density, long life span are essential for the evolution of new generations of portable 

electronics, electrical vehicles (EVs)/plug-in hybrid electric vehicles (PHEVs), as well as 

renewable energy resources.1-4 Rechargeable lithium ion batteries (LIBs) have become 

more dominant over other types of batteries due to their high gravimetric energy density 

(Wh kg-1) as well as the balanced large volumetric energy density (Wh L-1).5 The 

development of anode and cathode materials for LIBs with high capacities are essential to 

achieve the required energy density for EVs/PHEVs. Silicon (Si) is regarded as an anode 

candidate for the high-performance LIBs and has been applied in several commercial 

anodes. This is due to the low discharge potential relative to Li/Li+ (0.5 V vs. Li/Li+) and 

the high theoretical capacity of 3579 mAh g-1 corresponding to the formation of a Li15Si4 

phase at ambient environment. In contrast, conventionally used graphite-based anodes for 

LIBs have a limited theoretical capacity of 372 mAh g-1, owing to the stoichiometric limit 

of Li-ion intercalation in LiC6.
6, 7 Moreover, Si is high abundance as a rock-forming 

element, non-toxic and environmentally benign. However, Si suffers from poor capacity 

retention due to its large volume expansion in excess of 300% produced by alloying with 

large amounts of Li+ during lithiation. The lithiation-induced mechanical stresses during 

alloying with the subsequent contraction during dealloying can cause Si structure to 

fracture, eliminate electrical connectivity while deteriorating the solid electrolyte interface 



 75 

(SEI) layer.8 Accordingly, the repeated huge volume changes during Li-Si lithiation and 

delithiation lead to irreversible capacity loss.  

To alleviate the aforementioned issues, extensive research have been investigated 

on optimizing the performance of Si-based anodes. Decreasing the dimension of Si from 

micro-size to nano-size is an effective route of avoiding pulverization and capacity fading 

during charging and discharging. Several nanostructured silicon such as nanospheres, 

double-walled Si nanotubes, porous silicon structures have been verified to create void 

spaces necessary for huge volume change during alloying and dealloying while preserving 

the crucial SEI layer.2, 9, 10 Another major drawback of Si is its low conductivity. 

Conductive additives such as carbon black (CB), carbon nanotubes (CNTs), or conformal 

carbon coating are used to improve the conductivity of the electrodes while offering 

efficient electric conduction path.11 However, the methods for synthesizing nanostructured 

silicon involve complex, high cost and high energy-consuming process, which limit their 

scalability in industrial-level manufacturing. Moreover, the conductive additives 

potentially increase the cost of the high-throughput fabrication. 

The binders, holding the active materials together onto the current collectors, have 

attracted increased attention to improve the performance of Si anodes. Due to the large 

volume change of Si during charging and discharging, an effective binder is aimed to have 

strong interaction with the surface of active materials rather than weak van der Waals forces 

to accommodate the vast volume change.12 Binders such as PAA, carboxymethyl cellulose 

(CMC), alginate and carboxymethyl chitosan have been found to enhance the cycling life 

compared with the traditional polyvinlidene difluoride (PVDF) binder.13-15 The improved 
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binding performance of those binders is primarily attributed to the high polymer modulus 

values, and the binding between the functional groups on polymer chains and the native 

oxide on the Si particles. However, the interaction is physically weak bond along the 

polymer chains while the one-dimensional polymer chains tends to slide upon the repeated 

volume change of silicon, which lead to the cracking of electrode during lithiation and 

delithiation.16 To improve the electrochemical performance of Si anodes, three-

dimensional (3D) cross-linked binders have been developed to offer a robust network to 

capture Si with chemical interactions. Hybridized networks and calcium-mediated cross-

linked alginate binders have been used as novel gels for Si slurry.17 Self-healing polymers 

via supramolecular interactions have been proposed for Si binders.18 Wang et al. reported 

a superabsorbent PAA-PVA gel for Si anodes, which effectively accommodated the 

volume change due to the adhesively transformable polymer network.19 However, the low 

conductivities of the polymer gel binders restrict the electron transportation efficiency, 

which lower the fast charge and discharge rate of the Si electrodes. The incorporation of 

conductive additives also increase the burden of holding Si particles and those 

carbonaceous agents, decreasing the capability to accommodate large volume change at 

the same amount of binders. 

Polymers combining excellent electronic conductivity and cross-linked gel-

structure to trap Si particles are encouraging binders for Si anodes. An interesting concept 

was demonstrated by poly(9,9-dioctylfluorene-co-Suorenone-comethylbenzoic acid) 

(PFFOMB) binder, which not only forms continuous framework to capture Si, but also 

provides conduction path for electron transport.20 In recent, conductive polymers have been 
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investigated as favorable alternative matrices to resistive binders for Si encapsulation. Of 

notable examples, PANI and PPy have been used to bind SiO2/Si surface adhesively and 

offer effective electron transport networks, resulting in impressive cycle lifes at high 

current densities.21, 22 Herein we attempt to systematically compare and understand the 

roles of typical conductive polymer and non-conductive polymer binders on 

electrochemical performance of Si anodes. PPy- and PANI-coated Si nanoparticles via 

facile and scalable in-situ polymerizations, and Si-PAA blend via mechanical mixing were 

casted and assembled as anodes. Since commercial Si nanoparticles were used as the 

common template for PPy, PANI and PAA to form composites, it was a good model to 

compare the effect of thickness and conductivity of those polymers on the anode 

performance excluding the factor of various degrees of silicon volume expansion. After 

450 cycles at C/2 (1C = 3.6 A g-1), a decreased trend of cycling stability and rate capacity 

is in the order of PPy > PANI > PAA. For simplicity, the electrodes made from PPy-, 

PANI-coated and PAA-blended Si are referred as Si-PPy, Si-PANI and Si-PAA. 

 

4.2 Synthesis/Characterization of Si-Hydrogel Nanocomposites  

Materials synthesis: The Si-PPy composite was prepared via a solution-based sol-

gel polymerization process as follows: the phytic acid (50 wt.% in H2O, Sigma Aldrich) 

was mixed with pyrrole monomer (98 % reagent grade, Sigma Aldrich) in 0.8 ml 

isopropanol (IPA) to produce a gel in a molar ratio of 0.5:1 (phytic acid: 66.4 µL, pyrrole: 

10.0 µL). 32.9 mg ammonium persulfate (APS) dissolved in 0.3 ml deionized water, acting 

as the oxidant was then added to the phytic acid/pyrrole solution and vortexed the mixture 
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for 1 min for ample mixing. The molar ratio of phytic acid/pyrrole/APS is 0.5: 1: 1. After 

that, the solution was immediately transferred to the vial containing 60 mg Si nanopowder 

and sonicated for 10 minutes at room temperature until the mixture became a viscous green 

solution. Si-PANI composite was prepared in ethanol/water solution, and the synthesis 

condition is same as that of Si-PPy hydrogel. The Si-to-PPy and Si-to-PANI ratios are both 

close to 7 : 3 in weight by TGA measurements. To compare the effects between conductive 

polymers and resistive polymers on the electrochemical properties of Si anodes, PAA was 

selected as an insulating binder to mechanically mix with Si in a ratio of 7 : 3 (Si/PAA, 

w/w). Lastly, the formed hydrogel- and blended-slurries were used to doctor blade onto Cu 

foil current collectors and dried in vacuum for overnight at room temperature. The dried 

Si-PPy and Si-PANI electrodes were generally rinsed with deionized water to remove 

undoped phytic acid and excess oligomers, then dried in vacuum for the half cells as 

anodes. 

Materials characterization: The surface morphology is investigated using optical 

microscopy, scanning microscopy (SEM; leo-supra, 1550). Transmission electron 

microscopy (TEM, Titan Themis 300) operated at 300 KV is used to further characterize 

the purity and morphology of Si-PPy and Si-PANI composites. The chemical structures 

were examined using FT-IR from 4000 to 400 cm-1 at a resolution of 4 cm-1 (Equinox 55 

FT-IR, Bruker, Billerica, MA.). TGA measurements were performed in air with a flow rate 

of 50 mL min-1 from 25 oC to 1000 oC at a heating rate of 5 oC min-1. The phase 

identification was performed by X-ray diffraction (XRD, PANalytical Empyrean) from 10o 
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to 80o. Electrochemical impedance spectroscopy (EIS) analysis were obtained with a 

Biologic VMPs.   

Electrochemical characterization: The anode electrodes were prepared by doctor-

blading a slurry on pre-cleaned Cu foil with a pre-area Si mass loading for 0.8-0.9 mg cm-

2. A button-type (CR 2032) two-electrode half-cell configuration was used for the 

electrochemical measurements. Cells were assembled in an Argon-filled VAC Omni-lab 

glovebox with oxygen and H2O level below 0.5 ppm. Pure Li metal was used as the counter 

electrode. A Celgard 3501 porous PP membrane was used as the separator. The electrolyte 

comprising 1 M LiPF6 in fluoroethylene carbonate and dimethyl carbonate (FEC : DMC = 

1 : 1, v/v) was used as electrolyte for half cells. Cycling performance and galvanostatic 

charge-discharge were conducted on Arbin BT300 with a voltage window ranging from 

0.01 to 1.0 V (vs. Li+/Li). Capacity and C-rate were determined using 1C = 3.6 Ag-1. Cyclic 

voltammetry scans were tested at a fixed voltage window between 0.01 V and 1.0 V (vs. 

Li+/Li). Electrochemical impedance spectroscopy measurements were performed to 

evaluate the charge transfer performance of the anodes on a Biologic VMPs at a range 

between 0.01 Hz and 1 MHz.  

 

4.3 Materials Charaterization of Si-Polymer Systems 

In-situ polymerization of conductive polymers has garnered significant attention 

due to its low cost and energy-saving processing at room temperature, compared with other 

high energy consumption methods operated at elevated temperature.23 The Si-PPy and Si-

PANI hydrogel composites are prepared via one-step solution-based polymerization. A 
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detailed schematic of synthesizing conducting hydrogel composites process is shown in 

Figure 4.1. First, pyrrole (or aniline) and phytic acid are dissolved in isopropanol (or 

ethanol) referred as solution 1. In this light yellow solution, the six phosphoric acid groups 

from the phytic acid forms hydrogen bonding with nitrogen contained groups from pyrrole 

(or aniline). Next, ammonium persulfate (APS, oxidizer) in aqueous solution (solution 2) 

is added to solution 1 to form a sol-gel precursor. The mixed solution is immediately 

transfer into a vial containing 60 mg Si nanoparticles. The native oxide on the surface of 

Si binds phytic acid and pyrrole (or aniline) via hydrogen bonding and electrostatic 

interaction to generate continuous coating hydrogel. Then the mixed solution is sonicated 

at room temperature to promote polymerizing and crosslinking of monomers. The resulted 

mixture is a viscously green-gel slurry, which indicates the successful coating of PPy (or 

PANI) on Si.   

 

Figure 4.1 Schematic showing the polymerization route of Si-conductive polymer 

hydrogels. 

 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 

micrographs are shown to illustrate the structures and morphologies of pure Si 
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nanoparticles, Si-PANI and Si-PPy in Figure 4.2a-i. Due to the existence of hydrogen 

bonding and electrostatic interaction among the ternary components (Si, monomer and 

phytic acid in precursor), the polymerized PANI (or PPy) hydrogel produces seamless 

coating to encapsulate Si. Before polymerization, the Si nanoparticles (~50-70 nm) exhibit 

a continuously spherical shape with clear edges in Figure 4.2a-c. After coating with a layer 

of PANI (or PPy), the Si nano-clusters are all well-preserved by uniform coverings. A 

phase separation is observed between the surface of Si and hydrogel coating, and a 

thickness of 20-30 nm PANI shell is across Si as revealed in Figure 4.2e-f. Moreover, the 

morphology of Si-PPy composite is similar to that of Si-PANI, while the coating thickness 

of PPy shell is very close to that of PANI coating in Figure 4.2h-i.   
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Figure 4.2 (a) SEM and (b-c) TEM images of Si nanoparticles. (d) SEM and (e-f) TEM 

images of Si-PANI composite. (g) SEM and (h-i) TEM images of Si-PPy composite. 

 

Thermogravimetric analysis (TGA) was performed to estimate the Si content in the 

Si-PPy and Si-PANI composites (Figure 4.3). Upon heating up to 1000 oC under an air 

atmosphere, Si has an increase of 46.7 % in weight due to the partial oxidation of Si 

particles; Pure PPy gel has totally burned at a temperature around 700 oC with a residue of 

7.8 wt.%. For the TGA behavior of Si-PPy, the weight percentage of this composite drops 

to the minimum with the value of 83.9 wt.% at ~700oC, due to the complete burn of the 
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coated PPy hydrogel. Then the Si nanoparticles immediately start oxidation in air verified 

by the increased weight percentage. Hence, 700 oC is assumed to be the critical temperature 

for estimation of Si-hydrogel ratios. The Si content in the Si-PPy is calculated to be 70.4 

wt.% by using Si-PPy retention (83.9 wt.%) subtracting the retained weight of PPy (7.7 

wt.%) and the slightly increased weight of Si (5.8 wt.%) at 700 oC. Similarly, the Si content 

in PANI-coated Si is 66.5 wt.%. Moreover, to make a fair comparison between conductive 

and resistive polymer binders on the electrochemical performance of Si anodes, the blend 

of Si-PAA is prepared in a weight ratio of 7 : 3. Therefore, Si-PPy, Si-PANI and Si-PAA 

composites exhibit the similar Si-to-polymer ratio, and the electrochemical performance of 

these three electrodes can effectively reveal the order of polymer effects on Si anodes at 

the same degree of Si volume expansion. 

 

Figure 4.3 TGA curves of Si nanoparticles, pure PANI and PPy hydrogels, and Si-PANI 

and Si-PPy composites. 

 

X-ray diffraction (XRD) measurements were carried out to characterize the phase 

and purity of the as-prepared Si-PPy and Si-PANI composites (Figure 4.4a). Both of the 
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sample patterns exhibit narrow and sharp diffraction peaks without obvious amorphous 

scattering at 2θ of 28.6o, 47.7o, 56.4o, 69.4o and 76.4o,  which correspond to the (111), (220), 

(311), (400) and (331) planes of Si crystals, respectively.11 A relatively weak peak at 23.5o 

observed in Si-PPy composite spectra, representing the (104) crystal plane of PPy, implies 

the successful polymerization of PPy coating for Si nanoparticles.24  For Si-PANI pattern, 

the peaks at 15.6o and 20.3o are associated with the periodicity parallel to the polymer 

chains, and the intensity peak located at 25.4o is attributed to the periodicity perpendicular 

to the polymer chains (π-π stacking), indicating the existence of PANI hydrogel.25 Fourier 

transform infrared spectroscopy (FTIR) is used to further examine the compositions of 

PPy- and PANI-coated Si composites in Figure 4.4b. The transmittance peaks of PPy, the 

in-ring stretching of C=C bonds in pyrrole rings at 1548.1 cm-1, the vibrations of C-H at 

1315.6 cm-1 and the C-C stretching at 1457.3 cm-1 are consistently observed in the spectrum 

of Si-PPy composite. Furthermore, the existence of characteristic peak at 1047.3 cm-1 

originating from the in-plane deformation of C-H bond and N-H bond reveal the successful 

polymerization of PPy hydrogel to trap Si.26 The FTIR spectrum of Si-PANI indicates the 

synthesized hydrogel is emeraldine salt form of PANI with two characteristic peaks at 1480 

and 1570 cm-1, corresponding to the stretching vibration of the benzenoid ring and quinoid 

ring.27-29  
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Figure 4.4 (a) XRD patterns and (b) FTIR spectra of Si-PANI and Si-PPy composites. 

 

4.4 Electrochemical Performance of Si-Polymer Systems 

LIB 2032-type half-cell batteries were assembled in an Ar-filled glove box (O2 < 

0.1. ppm), H2O < 0.5 ppm) with Si-PPy, Si-PANI and Si-PAA as the anodes, while pure Li 

metal as the counter electrodes. The electrodes were prepared by doctor-blading the well-

mixed slurries onto copper foil as the active material. Conducting hydrogels act as both the 

binders for Si and the conductive additives to enhance electrical properties. The typical 

mass loadings of Si of all electrodes is 0.8-0.9 mg cm-2, and the specific capacities are 

calculated based on the Si mass. A porous polypropylene (PP) membrane was used as the 

separator. In our work, the electrolyte comprised 1 M LiPF6 dissolved in a 1: 1 (V/V) 

mixture of FEC/DMC. The activation process of Si-PPy electrodes were performed by 

cyclic voltammetry (CV) with a voltage range between 0.01 and 1 V (vs. Li+/Li) at a scan 

rate of 0.2 mV sec-1 in Figure 4.5b. The peak in the potential of 0.45 V during the 1st 

discharge suggests the formation of SEI and is non-existent in the following cycles. The 

reduction peaks associated with the lithiation (0.21 V and 0.10 V) and the oxidation peaks 
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owing to delithiation (0.38 V and 0.50 V) grow in intensity as the cycles increased, which 

indicate a slow motion of Li-ion between electrode and electrolyte before fully activating 

the active materials. The CV of 16th and 17th cycles closely coincide with each other, 

demonstrating the completion of kinetic enhancement. The existence of activation process 

is associated with the interaction of PPy hydrogel shell with electrolyte and the gradual 

alloying of the SiO2 surface and interior Si.7 The CV curves of Si-PANI and Si-PAA exhibit 

the similar behaviors as that of Si-PPy in Figure 4.6a-b.  

Galvanostatic charge-discharge and cycling performance were measured in a 

voltage ranging from 0.01 to 1 V (vs. Li+/Li). Figure 4.5a demonstrates the rate capability 

of the Si-PPy, Si-PANI and Si-PAA composite electrodes up to the 1C, with additional 

long-term cycling up to 450 cycles at C/2 (1C = 3.6 A g-1). The 1st cycle is performed at 

C/40, which is necessary for proper activation of the Si while fostering the formation of a 

stable SEI confirmed by the CV.30 The 1st discharge capacities of Si-PPy, Si-PANI and Si-

PAA electrodes are ~3170, 3200 and 3150 mAh g-1, corresponding to Coulombic 

efficiencies of 80.6, 79.9 and 78.6 %, respectively. The applied potential range (1-0.01 V) 

for alloying lithium with silicon is beyond the lowest unoccupied molecular orbital (LUMO) 

of the carbonate based LiPF6/FEC electrolyte (≈ 1V). Therefore, an amorphous SEI forms 

due to the reductive decomposition of the electrolyte during the lithiation of Si under the 

applied voltage. In the initial lithiation, the native oxide covering the surface of Si is 

destroyed and generates an inner SEI primarily composed of LixSiOy and lithium ethylene 

dicarbonate (LEDC). An outer SEI mainly composed of LEDC and LiF forms as discharge 

continues. These SEI components containing lithium are stable under the applied potential 
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window. Thus, the consumed Li can’t be extracted completely from the established SEI 

components during delithiation, which leads to the irreversible capacity loss and low 

Coulombic efficiency for the 1st cycle.31 The slightly higher Coulombic efficiency in the 

initial charge-discharge of Si-PPy over those of Si-PANI and Si-PAA reveals the superior 

electrochemical compatibility of PPy hydrogel with Si and LiPF6/FEC electrolyte.  

Subsequent cycling at C/20, C/10, C/2 and 1C demonstrates the rate capability of 

the anodes are ordered as follows: Si-PPy > Si-PANI > Si-PAA in Figure 4.5a. This is also 

verified by the typical charge-discharge curves of these electrodes at selected rates, while 

the voltage hysteresis decreases in the order of Si-PAA > Si-PANI > Si-PPy during 

discharge curve at those rates in Figure 4.7a-c. At C/20, cells made from Si-PPy and Si-

PANI display reversible capacities of ~2450 and 2350 mAh g-1, respectively, which are 

higher than ~2220 mAh g-1 exhibited by Si-PAA electrodes. When the rate is further 

increased to 1C, Si-PPy still achieves a high capacity of ~1050 mAh g-1, revealing its fast 

kinetic motion of Li-ions between the electrode and electrolyte or within active materials 

of the electrode; however, Si-PANI and Si-PAA demonstrate lower capacities of 850 and 

550 mAh g-1 at 1C. After comparing the rate capability in the initial cycles, an additional 

cycling stability test is followed at C/2. Si-PPy electrodes show a higher capacity than those 

of Si-PANI and Si-PAA anodes when the current is switched from 1C to C/2, indicating the 

superior robustness and flexibility of PPy as shells to encapsulate Si for accommodating 

large volume expansion and contraction. The anodes made from Si-PPy and Si-PANI 

demonstrate capacities of ~1440 and 1230 mAh g-1 at C/2 after 150 cycles, while Si-PAA 

shows a lower capacity of ~980 mAh g-1. Relative to the first cycle starting at C/2 for the 
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long-term test, the capacity retention obtained at the 150 cycles for these anodes declined 

in the order of Si-PPy (98.7%) > Si-PANI (98.6%) > Si-PAA (98.4%). Even after 450 cycles, 

reversible capacities of ~1400, 1100 and 340 mAh g-1 are still retained for Si-PPy, Si-PANI 

and Si-PAA electrodes in Figure 4.5c-e, respectively, corresponding to capacity retentions 

of 92.4%, 85.3% and 36.7% of their initial capacity for cycling test. It has been reported 

that PPy and PANI react with Li-ions in the voltage window of 2.5-4 V, which indicates 

their stable electrochemical properties operated at the voltage window of 0.01-1 V for Si 

anodes.32 Consequently, the better rate performance of Si-hydrogels over that of 

nonconductive binder (PAA)-Si blend can be attributed to their faster electron and ion 

transport capability. Moreover, PPy hydrogel has superior physical confinement on Si 

compared with PANI confirmed by the more stable cyclability of Si-PPy electrodes, while 

PPy network have a higher electronic conductivity over that of PANI as conductive binders, 

which is indicated by the higher specific capacities of Si-PPy electrodes at high current 

densities.  
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Figure 4.5 (a) Rate capability, cycling performance and Coulombic efficiency of Si-PPy, 

Si-PANI and Si-PAA composite electrodes. (b) Cyclic voltammetry characteristic of Si-

PPy electrodes. (c-d) Galvanostatic charge-discharge profiles of Si-PPy, Si-PANI and Si-

PAA at selected cycles, respectively.  
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Figure 4.6 (a-b) Cyclic voltammetry characteristics of Si-PANI and Si-PAA electrodes, 

respectively. 
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Figure 4.7 (a-c) Galvanostatic charge-discharge profiles of Si-PPy, Si-PANI and Si-PAA 

at selected C-rates, respectively.  

 

4.5 Electrochemical Impedance Spectroscopy of Si-Polymer Anodes 

 The electrode kinetics are mainly related to the conductivity of the whole 

electrode.4 In our system, Si-PPy and Si-PANI composites not only have the same 

structures, but also the thicknesses of conducting hydrogels on Si are close. Therefore, the 

variations of rate capability of Si-PPy, Si-PANI and Si-PAA electrodes are primarily 

affected by the conductivities of those polymer binders. Electrochemical impedance 

spectroscopy (EIS), a powerful electroanalytical route for studying the kinetics occurring 
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in the electrode of Li-ion batteries, has been carried out to better understand the different 

rate capability and cyclability of Si-PPy, Si-PANI and Si-PAA composites, and their 

Nyquist plots of these three electrodes are shown in Figure 4.8, respectively. The intercept 

at high frequency (HF) is generally interpreted as equivalent series resistance (ESR or Rs), 

which is associated with the ohmic portion of the electrode impedance, the ionic 

conductivity of electrolyte, the overall electronic conductivity of the electrodes, as well as 

any electronic contact resistances related to current collectors, electrode materials and cell 

hardware.33 As shown in Figure 4.8b-c, all the Nyquist plots of Si-PPy, Si-PANI and Si-

PAA electrodes consist of two depressed semicircles in HF region, one semicircle in the 

middle frequency region coupled with a slope line in the low frequency region. The 

generally accepted interpretation of the two HF depressed semicircles is that one semicircle 

represents the SEI film resistance, while another HF semicircle is related to the resistance 

of the interphase electronic contacts between the current collector and the active 

materials/conductive additives/binder (CPEsei+int and Rsei+int). The depressed semicircle in 

the mid-frequency region is interpreted as the charge-transfer resistance contributing from 

the reaction at the interface of electrolyte and active material (RCT).34 The linear diffusion 

drift responsible for circuit element at low-frequency (<200 mHz) is Warburg impedance 

tail (Wo), which is associated with the diffusion of salt in the electrolyte and the diffusion 

of Li-ions into active materials on the electrode. All the resistances at different frequencies 

are useful in understanding the kinetics of various anodes.35  

The EIS plots of Si-PPy, Si-PANI and Si-PAA in the first cycle are shown in Figure 

4.8a. The ESR of those three composite systems are similar. However, it is worth noting 
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that Si-PPy shows a slightly lower ESR value than those of Si-PANI and Si-PAA, while Si-

PAA displays much higher interphase electronic contact resistance coupled with SEI 

resistance (Rsei+int) as those of Si-PPy and Si-PANI electrodes, indicating the conductivity 

of the binders and the compatibility of formed SEI decreased in the order of PPy > PANI 

> PAA. To further investigate the EIS evolution and capacity fade mechanism, EIS 

measurements were performed with 7 continuous cycles for all Si-polymer systems, as 

shown in Figure 4.9a-f. Gaberscek et al. demonstrated that the magnitude of the HF 

semicircle of Nyquist plot of negative electrodes reduced as the increase in external load, 

which is in agreement with the behaviors of our Si-polymer electrodes EIS spectra.36 Dees 

et al. reported that superior interphase electronic contact decreases the HF impedance 

semicircle.37 Based on the behavior of our EIS spectra and the previous studies, the 

equivalent circuit for our Si-polymer systems are proposed, as shown in Figure 4.10a-c. 

The fitted impedance plots and their parameters including ESR, Rsei+int and Rct using this 

equivalent circuit are shown in Figure 4.8b-d, respectively.  

All three Si-polymer composites present low and stable ESR values with a small 

fluctuation in the first 7 cycles. The ESRs of Si-PPy of Si-PANI slowly decrease and then 

gradually stabilize afterwards, signifying the formation of stable SEI and the activation of 

active materials. In contrast, the dramatic increase in ESR of Si-PAA after the 3rd cycle 

indicate continuous reformation of SEI due to the volume change of non-preserved Si. 

Figure 4.8f shows the SEI film resistance as function of cycle number. The SEI resistances 

of Si-PPy and Si-PANI start at a similar level, and both exhibit fluctuations with a small 

range in the first 4 cycles and then stabilized at 1-3 Ω in the 7th cycle. The decrease in SEI 
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resistance in the first 7 cycles is primarily owing to the effective encapsulation of Si 

nanoparticles by conductive coatings and the compatible electrochemical interface 

between polymer shells and SEI. Although the SEI resistance of Si-PAA decreases to a 

stable value, the large drop of SEI resistance reveals the formation of SEI consumes large 

amount of electrolyte. The magnitudes of the SEI resistance for Si-PPy, Si-PANI and Si-

PAA are 1.5, 3 and 115 Ω, respectively, which are consistent with their initial irreversible 

capacity sequence of Si-PPy (19.4 %) < Si-PANI (20.1 %) < Si-PAA (21.4%). In addition, 

all three Si-polymer systems exhibit continuous decrease in Rint during the first 7 cycles in 

Figure 4.8f, which is associated with the irreversible electrodes volume increase via the 

insertion/extraction of Li ions. The gradually increased thickness of active materials 

improved the pressure on electrodes pressed by a spring in the coin cell, which results in 

the better electronic contact between current collector and the Si-polymer electrodes. It is 

noteworthy that Si-PPy composite demonstrates lower Rint than those of Si-PANI and Si-

PAA, confirming the superior conductivity of PPy as a binder. As shown in Figure 4.8g, 

the charge transfer resistances of Si-PPy and Si-PANI decrease as the cycle increases, and 

Si-PPy shows a fast drop in a low resistance range. On the contrary, the Rct of Si-PAA still 

demonstrates much higher Rct after 7 cycles compared to those of Si-PPy and Si-PANI 

electrodes. Since the charge transfer reaction primarily takes place on the surface of Si, the 

electronic contact between Si and polymer has great impact on the charge transfer reaction. 

Accordingly, compared with insulating PAA as binder for Si, conducting hydrogels not 

only form uniform coating on Si, but also generate an interconnected conductive network 

to bridge the whole active materials, which facilitate the charge transfer and minimize the 
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degradation of electronic contact of Si-hydrogels. Furthermore, compared to Si-PPy and 

Si-PANI anodes, the low frequency tails of Si-PAA, related to diffusion impedance, is 

shifted off 45o as the cycle increases, indicating the slower and more inefficient diffusion 

of Li-ions into electrode when using resistive polymers as binders.  
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Figure 4.8 (a) Niquist plots of Si-PPy, Si-PANI and Si-PAA based LIB cells in the first 

EIS cycle. (b-d) Niquist plots of Si-PPy, Si-PANI and Si-PAA over 7 charge-discharge 

cycles, respectively. (e) Equivalent series resistance. (f) SEI and interphase electronic 

contact resistance. (g) Charge transfer resistance as a function of cycle number. 

 

 

 



 97 

 

Figure 4.9 (a-f) Niquist plots of Si-PPy, Si-PANI and Si-PAA anodes from 2nd to 7th cycle. 
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Figure 4.10 (a-c) Equivalent circuit of Si-PPy, Si-PANI and Si-PAA anodes used to 

produce fitted model data, respectively.  

  

4.6 Conclusion 

In summary, we have successfully demonstrated the synthesis of conducting 

hydrogels coated Si composites via a facile and scalable in-situ polymerization process. 

Resistive PAA-Si blend is used as control to investigate the difference of electrochemical 

performance with Si-PPy and Si-PANI composites. It is found that Si-conducting hydrogel 

systems showed superior cycling stability and rate capability than that of Si-insulating 

polymer composite in a decreased order of PPy > PANI > PAA in term of the polymer-

binder effects. EIS is employed to verify that the excellent cyclability and rate performance 
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of Si-PPy composite is related to its better conductivity, the formation of a more compatible 

interface between PPy shell and LiPF6/FEC electrolyte, and its superior kinetic capability 

that permits the fast motion of Li-ions between the electrode and electrolyte or within 

active materials. 
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Chapter 5: Silicon/Polypyrrole/Graphene Oxides for Lithium Ion Anodes 

5.1 Introduction 

Efficient and reliable energy storage platforms with high energy densities, high 

power densities and long life spans are essential for the evolution of new generations of 

portable electronics, electrical vehicles (EVs)/plug-in hybrid electric vehicles (PHEVs), as 

well as renewable energy resources.1-4 Rechargeable lithium ion batteries (LIBs) have 

become more dominant over other types of batteries due to their high gravimetric energy 

density (Wh kg-1) as well as their large volumetric energy density (Wh L-1).5 The 

improvement of anode and cathode materials for LIBs with high energy densities and 

power densities are essential to achieve the required energy density necessary for 

EVs/PHEVs. Reactive materials towards lithium (e.g. Si, Sn, Al, Sb, etc.) based on 

alloy/de-alloy mechanism have been widely investigated owing to their high specific 

capacities, high energy densities, and good safety.6, 7 The alloy materials can deliver 

theoretical specific capacities ranging from 385 mAh g-1 for Bi to 4200 mAh g-1 for Si 

during high-temperature lithiation, which are desirable to satisfy the demand of various 

power consuming devices.8  Silicon (Si) is considered to be a promising alloy anode 

material for the next generation LIBs and has been utilized in several commercial anodes. 

This is due to its low discharge potential relative to Li/Li+ and the high theoretical capacity 

of 3572 mAh g-1 corresponding to the ambient temperature formation of a Li15Si4 phase.9 

In contrast, conventional graphite-based anodes for LIBs have a limited capacity of 372 

mAh g-1, owing to its stoichiometric limit of Li-ion intercalation in LiC6 
5. Moreover, Si is 

highly abundant as a rock-forming element, non-toxic and environmentally benign.10 
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However, Si suffers from poor capacity retention due to its large volume expansion in 

excess of 300% resulting from alloying with large amounts of Li during lithiation. The 

lithiation-induced mechanical stresses during alloying with the subsequent contraction 

during dealloying can cause the Si structure to fracture, eliminating electrical connectivity 

while deteriorating the solid electrolyte interface (SEI) layer.11 The repeated huge volume 

change during Li-Si lithiation and delithiation leads to a constant pulverization and the loss 

of active materials being utilized.12  

To alleviate the aforementioned issues, extensive research has been investigated on   

optimizing the performance of Si-based anodes. Downsizing the dimension of Si is an 

effective route of avoiding pulverization during expansion and contraction contributing to 

capacity fading.13, 14 Moreover, several nanostructured silicon materials such as silicon 

nanoparticles, double-walled Si nanotubes/nanowires and porous silicon structures have 

been verified to create the void spaces necessary for large volume change during alloying 

and dealloying while preserving the integrity of the SEI layer.12, 15 The nanostructured Si 

has demonstrated superior cycling stability owing to its large accessible area for electrolyte 

and short Li-ion diffusion length.16 Another major drawback of Si is its low conductivity.9 

Conductive additives such as carbon black (CB), carbon nanotubes (CNTs), or conformal 

carbon coating are used to improve the electronic conductivity of the electrodes for 

efficient electron and ion transport.16-18 However, these conductive additives might 

potentially increase the fabrication cost for the high-throughput manufacturing of battery 

cells. Gel-like conductive polymers, such as polyaniline (PANI) and polypyrrole (PPy) not 

only act as adhesive to bind Si but also offer continuous electro-conductive frameworks,19, 
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20 which can potentially substitute traditional resistive polymer binders (e.g. polyvinlidene 

difluoride (PVDF), polyacrylic acid (PAA)) and carbon black.21, 22 

 In this work, we report on the synthesis of hierarchically nanostructured PPy 

hydrogel to encapsulate SiNPs with the wrapping of rGO sheets via a simple and scalable 

in-situ polymerization process. The conductive PPy hydrogel is conformally coated on the 

surface of SiNPs. The seamless connectivity between the PPy network and Si effectively 

enhances the electric conductivity and electrochemical performance of the electrodes. The 

porous 3D network offers not only large electrolyte-accessible surface area for Li-ion 

diffusion between active material and electrolyte, but also void spaces for volume 

expansion during lithiation and delithiation. The incorporation of rGO sheets to 

hierarchical 3D PPy/SiNPs composite further improves the electronic conductivity of the 

active material. The continuous and seamless PPy coating wrapped with rGO sheets 

produces an interconnected conductive framework, which is used to facilitate electron and 

Li-ion transport of the electrodes. Consequently, the rate capability of PPy/Si/rGO is highly 

improved owing to the efficiently conductive PPy/rGO hybrid network. The LIB anodes 

based on PPy/SiNPs/rGO demonstrate an excellent reversible capacity of 1066 mAh g-1 

over 500 cycles at a current density of 2.1 A g-1 (1C = 3.6 A g-1).  

 

5.2 Synthesis/Characterization of PPy/SiNPs/rGO Composite 

Synthesis of rGO sheets:  Graphene Oxide (GO) flasks were made using the 

improved Hummers method 23, where 360 mL of H2SO4 and 40 mL of H3PO4 were added 

to a mixture of 3 g Graphite flakes and 18 g of KMnO4. The solution was then heated to 50 
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oC and kept at the temperature for 12 hours while stirring. The solution was then poured 

into ice made from 400 mL of deionized water and 3 mL of 30 % H2O2 was added. The 

GO was collected by centrifuging and then washed multiple times with water and ethanol. 

rGO was made by adding 150 mg of GO to 300 mL of water with 1 mL of Hydrazine. The 

solution was stirred for 24 hours in a 100 oC oil bath. After 24 hours, the solution was 

filtered, washed and suspended in water.  

Materials characterization: Surface microstructure and elemental analysis were 

characterized by scanning electron microscopy (SEM, FEI NovaNanoSEM 450) with energy 

dispersive X-ray spectroscopic (EDX) detector. Crystalline phase was determined by X-ray 

diffraction (XRD, PANalytical Empyrean) with Cu-K radiation and scan rate 3.5o min-1. 

Nanostructure and crystalline phase were investigated by transmission electron microscopy (TEM, 

Philips FEI CM300) operated at 300 kV with selected area electron diffraction. TEM samples were 

prepared by dripping RuO2 nanoparticles dispersed in ethanol onto C film coated TEM grid. 

Chemical states of RuO2 were examined by X-ray photoelectron spectroscopy (XPS, Kratos AXIS 

ULTRA DLD XPS system) with Al K monochromated X-ray source and 165-mm mean radius 

electron energy hemispherical analyzer. 

Synthesis of PPy/SiNPs/rGO electrodes: The rGO wrapped PPy/SiNPs electrodes 

were prepared via a solution-based sol-gel polymerization process as follows: the phytic 

acid (50% wt.% in H2O, Sigma Aldrich) was mixed with a pyrrole monomer (98 % reagent 

grade, Sigma Aldrich) in 0.8 ml isopropanol (IPA) to produce a gel in a molar ratio of 0.5:1 

(phytic acid: 66.4 µL, pyrrole: 10.0 µL). 32.9 mg ammonium persulfate (APS) was 

dissolved in 0.3 ml deionized water, acting as an oxidant, and then added to the phytic 

acid/pyrrole solution and vortexed for 1 min for ample mixing. The molar ratio of phytic 
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acid/pyrrole/APS is 0.5: 1: 1. After that, the solution was immediately transferred to a vial 

containing 60 mg Si nano-powder (Nanostructured & Amorphous Materials, Inc) and 

sonicated for 10 minutes at room temperature until the mixture became a viscous green 

solution. Then 0.4 ml rGO dispersion (2.5 mg/ml in IPA) was added to the above viscous 

gel-like solution and then vigorously stirred for 2 hours. Lastly, the formed hydrogel slurry 

was used to doctor-blade onto a Cu foil current collector and dried in vacuum overnight at 

room temperature (23 oC). The dried electrodes were gently rinsed with deionized water to 

remove undoped phytic acid and excess oligomers, then dried in vacuum. 

Materials characterization: The surface morphology is investigated using optical 

microscopy, scanning microscopy (SEM; leo-supra, 1550). The chemical structures were 

examined using FT-IR from 4000 to 400 cm-1 at a resolution of 4 cm-1 (Equinox 55 FT-IR, 

Bruker, Billerica, MA.). TGA measurements were performed in air with a flow rate of 50 

mL min-1 from 25 oC to 1000 oC at a heating rate of 5 oC min-1. The phase identification 

was performed by X-ray diffraction (XRD, PANalytical Empyrean) from 10o to 80o. The 

thickness of electrodes were measured via micrometer (Starrett). Electrochemical 

impedance spectroscopy (EIS) analysis were obtained with a Biologic VMPs.   

Fabrication and testing of lithium ion battery: The electrodes were prepared by 

doctor-blading a slurry on a pre-cleaned Cu foil with a pre-area mass loading of 0.5-1 mg 

cm-2. A button-type (CR 2032) two-electrode half-cell configuration was used for the 

electrochemical measurements. Cells were assembled in an Argon-filled VAC Omni-lab 

glovebox with oxygen and H2O level below 1 ppm. Pure Li metal was used as the counter 

electrode. A Celgard 3501 porous PP membrane was used as the separator. The electrolyte 
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comprised of 1 M LiPF6 in ethylene carbonate and diethyl carbonate (EC:DEC = 1:1, v/v) 

with additional 2% vol. vinylene carbonate (VC) additive. Cycling performance and 

galvanostatic charge-discharge were conducted on Arbin BT300 with a voltage window 

ranging from 0.01 to 1.0 V (vs. Li+/Li). Capacity and C-rates were determined using 1C = 

3.6 A g-1. The capacities of this work were calculated based on the Si weight in the 

PPy/SiNPs/rGO composite. Cyclic voltammetry scans were tested at a fixed voltage 

window between 0.01 V and 1.0 V (vs. Li+/Li). Electrochemical impedance spectroscopy 

measurements were performed to evaluate the charge transfer performance of the anodes 

on a Biologic VMPs at a range between 0.01 Hz and 1 MHz. 

 

5.3 Materials Characterization of Ternary PPy/SiNPs/rGO 

In-situ polymerization of conducting polymers has garnered significant attention 

due to its low cost and energy-efficient processing at room temperature, compared with 

high energy consuming methods such as chemical vapor deposition (CVD) operated at 

elevated temperatures.19, 24 The detailed schematic illustration of the synthesis of rGO 

sheets wrapping of PPy/SiNPs hydrogel network is shown in Figure 5.1. SiNPs are 

uniformly dispersed in IPA containing pyrrole (Py), phytic acid and APS. The phosphoric 

acid groups from phytic acid forms hydrogen bonds with the nitrogen groups from Py, 

while at the same time the native oxide on the surface of SiNPs binds phytic acid and 

pyrrole via hydrogen bonding and electrostatic interaction.25 Next, a conformally 

interconnected hydrogel coating on SiNPs forms when the ammonium persulfate (APS, 

oxidizer) starts to oxidize pyrrole doped with phytic acid.  The resulting solution is a 
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viscous green-gel mixture formed through polymerizing and crosslinking of Py monomers. 

The conformal PPy coating on SiNPs helps confine the SiNPs inside the PPy shell and 

preserves the integral SEI layer. Therefore, the continuously formed conductive PPy/SiNPs 

framework offers electron conduction pathways and short Li-ion diffusion lengths, which 

promotes the electrochemical properties of the electrodes.26 The porous nanostructured 

network increases surface area, which accepts more Li-ions for Si alloying while 

accommodating volume change of Si during lithiation.27  In addition, the incorporation of 

rGO sheets not only strengthens the stability of the 3D network due to the formation of 

hydrogen bonds via carboxyl and hydroxyl functional groups from rGO with the functional 

groups from PPy/SiNPs hydrogel, but also potentially prevents the Si detaching from the 

framework. More significantly, rGO forms an effective conductive frame coupled with 

continuous PPy coating.28 

 

Figure 5.1 Illustration of PPy/SiNPs/rGO composite formation through in-situ 

polymerization.  

 

Scanning electron microscopy (SEM) micrographs are shown to illustrate the 

structures and morphologies of the PPy/SiNPs/rGO composites in Figure 5.2a. Due to the 
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existence of interactive hydrogen bonds and electrostatic interaction among the ternary 

components: SiNPs, Py and phytic acid in the precursor, the polymerized PPy hydrogel 

produces a uniform coating to encapsulate SiNPs. Before polymerization, the diameter of 

SiNPs ranges from 50 to 70 nm. A thickness of 10–20 nm of the gel-like conductive layer 

is formed to coat SiNPs, which is confirmed by an increase in the diameter of SiNPs to 80–

90 nm after polymerization, as shown in Figure 5.2a. The PPy coating helps maintain the 

integrity of the SEI layer during expansion.20 The PPy gel also generates a continuous 

conductive framework to shorten the electron and ion transport length while preventing 

SINPs detaching from the electrode. The rough surface has a 30–60 nm nano-scale pores 

which is assisted in the fast diffusion of Li-ion, and the micron pores alleviate the volume 

expansion of Si during lithiation (Figure 5.2b). It is worth noting that PPy/SiNPs are either 

wrapped inside the rGO sheets, or flatly covered by rGO on Si surface (Figure 5.2a-b). 

Therefore, rGO is able to improve the electrochemical stability of the network owing to its 

functional groups (e.g. carboxyl and hydroxyl) bonding with PPy/SiNPs surface.  

Furthermore, the outstanding conductivity of rGO can promote the electron and charge 

transfer, resulting in a higher rate capability. 

X-ray diffraction (XRD) measurements were carried out to characterize the phase 

and purity of the as-prepared PPy/SiNPs/rGO nanocomposite (Figure 5.2c). The 

PPy/SiNPs/rGO sample pattern exhibits narrow and sharp diffraction peaks, at 2θ of 28.6o, 

47.7o, 56.4o, 69.4o and 76.4o, corresponding to the (111), (220), (311), (400) and (331) 

planes of Si crystals, respectively.16 A relatively weak and amorphous scattering peak at 

23.5o is observed in PPy/SiNPs/rGO spectra, representing the (104) crystal plane of PPy. 
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This implies the successful polymerization of PPy hydrogel coating for SINPs.29 For rGO 

spectra, a broad peak of around 24.6o, stemming from the partial restacking of exfoliated 

graphene layers, demonstrates the amorphous nature of the synthesized rGO.30 

The formation of the PPy/SiNPs/rGO composite is examined by Fourier transform 

infrared spectroscopy (FTIR), along with the FTIR spectra of pure PPy, Si nano-powder 

and rGO sheets as comparison in Figure 5.2d. The transmittance peaks of PPy, the in-ring 

stretching of C=C bonds in pyrrole rings at 1548.1 cm-1, the vibrations of C-H at 1315.6 

cm-1 and the C-C stretching at 1457.3 cm-1 are consistently observed in the spectrum of the 

PPy/SiNPs/rGO composite. Furthermore, the characteristic peak at 1047.3 cm-1 originating 

from the in-plane deformation of C-H bond and N-H bond are clearly observed in the 

spectra of PPy/SiNPs/rGO, which indicates the successful polymerization of PPy hydrogel 

and the formation of PPy/Si/rGO composite.31 For reduced graphene oxide spectra, the 

peak at 1658.7 cm-1 is assigned to the C=O stretching from carbonyl group and the band at 

1551.8 is attributed to the stretching of C=C from aromatic structure. The vibrations of C-

O from epoxy and alkoxy groups from rGO spectra display their characteristic peaks at 

1377.6 cm-1 and 1165 cm-1.32 The peak at 2358.9 cm-1 stems from the C-O vibration of the  

CO2 gas background. 
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Figure 5.2 (a) Low magnification and (b) High magnification SEM micrographs of 

PPy/SiNPs/rGO. (c) XRD patterns of SiNPs, pure PPy and PPy/SiNPs/rGO composites. 

(d) FTIR spectra of PPy, SiNPs, rGO and PPy/SiNPs/rGO composites. 

 

Thermogravimetric analysis (TGA) was performed to estimate the Si content in the 

PPy/SiNPs composite as shown in Figure 5.3. Upon heating up to 1000 oC under an air 

atmosphere, SiNPs has an increase of 46.7 wt.% in weight due to the partial oxidation of 

Si particles; Pure PPy gel has totally burned at a temperature range from 650-700 oC with 

a residue of 7.8 wt.%. For the TGA behavior of PPy/SiNPs, the weight percentage of 

PPy/SiNPs drops to the minimum with a value of 83.9 wt. % at 700oC, due to the complete 

burning of the coated PPy hydrogel. Then the SiNPs immediately start oxidation in air. 
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Hence, 700 oC is assumed to be critical temperature for estimation. The Si content in the 

PPy/SiNPs is calculated to be 70.3 wt. % by using PPy/SiNPs retention (83.9 wt. %) 

subtracting the retained weight of PPy (7.8 wt. %) and the slightly increased weight of Si 

(5.8 wt. %) at 700 oC. Thus, the Si mass loading in electrode is 0.35-0.7 mg cm-2. 

 

Figure 5.3 TGA curves of Si nano-powder, PPy and PPy/SiNPs composites. 

 

5.4 Electrochemical Performance of PPy/SiNPs/rGO Composite 

LIB 2032-type half-cell batteries were assembled in an Ar-filled glove box (O2 < 

0.1. ppm), H2O < 0.5 ppm) with PPy/SiNPs/rGO as the anodes and pure Li metal as the 

counter electrodes. The electrodes were prepared by doctor-blading a slurry containing 

70.4 wt. % SiNPs as the active material, 29.6 wt. % PPy acting as the conductive additive 

and binder for SiNPs and 1 mg rGO dispersion which was added to the slurry to improve 

the conductivity and stability of the electrodes. A porous polypropylene membrane was 

selected as the separator. In our work, the electrolyte comprised a 1 M LiPF6 in a 1: 1 (V/V) 

mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC). The activation process 

of the electrodes was performed by cyclic voltammetry (CV) with a voltage range between 
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0.01 and 1 V (vs. Li+/Li) at a scan rate of 0.2 mV sec-1 in Figure 5.4a. The peak in the 

potential of 0.45 V during the 1st discharge suggests the formation of SEI and was non-

existent in the following cycles. The reduction peaks associated with the lithiation (0.21 V 

and 0.10 V) and the oxidation peaks attributed to delithiation (0.38 V and 0.50 V) grew in 

intensity as the cycles increased. The CV of 16th and 17th cycles closely coincided with 

each other, which indicates the complete activation of the active material.9  The existence 

of the activation process is associated with the interaction of PPy-shell hydrogel coating 

with electrolyte and the gradual alloying of the SiO2 surface and interior SiNPs. 

Galvanostatic charge-discharge and cycling performance is measured in a voltage 

range from 0.01 to 1 V (vs. Li+/Li).  Figure 5.4c demonstrates the rate capability of the 

PPy/SiNPs/rGO composite electrodes up to the 2.1 A g-1, with additional cycling up to 500 

cycles at 2.1 A g-1. The 1st cycle is performed at 0.1 A g-1, followed by 9 cycles at 0.2 A g-

1 and 10 cycles at 0.4 A g-1. This process is necessary for proper activation of the Si while 

fostering the formation of a stable SEI confirmed by above CV cycling measurements. The 

1st discharge of the PPy/SiNPs/rGO electrodes exhibit a capacity of 3323 mAh g-1 and a 

charge capacity of 2639 mAh g-1, corresponding to a Coulombic efficiency of 79.4 %. The 

applied potential range (1-0.01 V) for alloying lithium with silicon is beyond the lowest 

unoccupied molecular orbital (LUMO) of the carbonate based LiPF6/EC electrolyte (≈ 1V). 

Therefore, an amorphous SEI forms due to the reductive decomposition of the electrolyte 

during the lithiation of Si under the applied voltage.33, 34 In the initial lithiation, the native 

oxide covering the surface of Si is destroyed and generates an inner SEI primarily 

composed of LixSiOy and lithium ethylene dicarbonate (LEDC).  An outer SEI mainly 
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composed of LEDC and LiF forms as discharge continues.35 These SEI components 

containing lithium are stable under the applied potential window. Thus, the consumed Li 

can’t be extracted completely from the established SEI components during delithiation, 

which leads to the irreversible capacity loss and low Coulombic efficiency for the 1st 

cycle.36 After the kinetic enhancement is achieved via the activation process at three low 

current densities (0.1, 0.2 and 0.4 A g-1) for the first 20 cycles, an integrated SEI is formed 

and the stabilized electrodes are cycled at a higher rate of 2.1 A g-1.16, 37 The 

PPy/SiNPs/rGO electrodes show reversible capacities of 1312, 1285 and 1066 mAh g-1 at 

100, 250 and 500 cycles after being discharged at a high rate of 2.1 A g-1. An average 

Coulombic efficiency (>99%) cycled at 2.1 A g-1 suggests the PPy/SINPs/rGO anodes 

possess great stability and reversibility. In comparison, PPy/SiNPs without rGO sheets 

shows a capacity of 742 mAh g-1 after 500 cycles at 2.1 A g-1, supporting that the addition 

of rGO highly improved the stability and rate capability of the electrodes.  

The discharge and charge profiles of the PPy/SiNPs/rGO electrodes in Figure 5.4b 

are in good agreement with the CV curves and their sloping curves for the lithiation 

potential at the high current density (2.1 A g-1) coincide with the reported alloying of 

amorphous LixSi, which indicates the fast transport of Li+ ions through PPy layer to the 

SiNPs inside.19 C-rate capability of the PPy/SiNPs/rGO electrodes are tested from 0.1 to 

2.1 A g-1 as shown in Figure 5.4d-e. Furthermore, the thickness of the PPy/SiNPs/rGO film 

coated on the copper foil is measured to be 11.82 µm with its mass loading of ≈0.8 mg cm-

2. The density of this composite is estimated to be 0.677 g cm-3 (ρ = 0.8 mg cm-2/11.82 µm 

= 0.677 g cm-3). Therefore, the volumetric capacities (Cv = Cg x ρ) at 100, 250 and 500 
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cycles are calculated to be 888, 870 and 721 mAh cm-3. Table 5.1 displays the estimations 

of volumetric capacities for several main alloys electrodes. The calculated Cv of 

PPy/SiNPs/rGO composite is close to that of graphite based anodes.  

 

 

 

Figure 5.4 (a) CV plot of the first 17 cycles using a scan rate of 0.02 mVs-1. (b) Selective 

charge/discharge profiles for 500 cycles of PPy/SiNPs/rGO. (c) Cycling data of 

PPy/SiNPs/rGO and PPy/SiNPs. (d) Rate capability of PPy/SiNPs/rGO with selected C-

rates (C = 3.6 Ag-1). (e) Galvanostatic charge/discharge profiles of C-rates test measure 

from 0.1 to 2.1 A g-1. 
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Table 5.1 Estimations of volumetric capacities for alloys based anodes. 

Element C Sn Al Mg Sb Bi 

Si 

(this 

work) 

Lithiated phases LiC6 Li4.4Sn LiAl Li3Mg Li3Sb Li3Bi Li3.75Si 

Density (g cm-3) 2.25 7.29 2.7 1.3 6.7 9.78 2.33 

Theoretical 

volumetric 

capacity (mAh 

cm-3) 

837 7246 2681 3350 2681 3765 8322 

Reported 

volumetric 

capacity (mAh 

cm-3) 

719 
8 

832, 

1964 8 
1411 8 

0-1658 
38 

1771 39 883 39 721-888 

 

We attribute the superior cycle performance of PPy/SiNPs/rGO composite to the 

following reasons: (a) the in-situ polymerized PPy-coating helps form a stable SEI layer. 

The formation of SEI on binder-free SiNPs appears to be sluggish. An integrated and stable 

SEI is generated to cover SiNPs after 20 cycles.35 During the continuous growth of SEI, 

the volume expansion upon lithiation and contraction during delithiation of Si result in the 

fracturing of the formed SEI, followed by subsequent reformation of new SEI. The uniform 

PPy coating serves to alleviate the fracture of Si at the initial cycling and helps form a 

deformable and stable SEI.19 The established SEI covers the nanostructures, which not only 

prevents the further decomposition of electrolyte while allowing transport of Li+ ions 

within Si, but also contributes to mitigating the volume expansion via a creation of a buffer 

shell.9, 40  The PPy encapsulation upon long cycles helps maintain the material structure, 

resulting in excellent electrochemical and cycling stability of the electrodes. (b) The 

continous PPy framework prevents detaching of SINPs and creates a large Li-ion 

accessible area. The high concentration of amine groups in the conducting PPy hydrogel 
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forms strong hydrogen bonds with hydroxyl groups in Si with a minimized distance. This 

decreased space allows for efficient electron and ion transport between the active material 

and electrolyte. The porous fiber network also mechanically accommodates volume 

expansion and contraction during lithiation and delithiation. (c) The phytic acid doped PPy 

framework may have limited conductivity adversely affecting fast electron and ion 

transport at high C-rates. The addition of rGO effectively improves the rate capability due 

to its superior conductivity over that of PPy. The functional groups on the surface of rGO 

bind with the PPy/Si surface, which forms interconnected conduction pathways. The 

“traditional” method: electrode slurries are made from a mixture of carbon coated Si by 

CVD operated at elevated temperature, non-conductive polymer binders (e.g. PAA) and 

conductive additives (e.g. carbon black).16, 41. Compared with conventional electrode 

fabrication, this method of in-situ polymerization of PPy hydrogel is energy efficient, 

environmentally benign and a low cost process for scalable manufacturing of Si-based 

electrodes.  

Electrochemical Impedance Spectroscopy (EIS) was used to characterize the 

kinetic and diffusion parameters of PPy/SiNPs/rGO electrode. A solid fitting line through 

the scatter plots demonstrates the accuracy of our model’s prediction, which uses the 

equivalent circuit shown in Figure 5.5a. This circuit models the electrode as three parallel 

impedances branches in series with an equivalent series resistance (ESR). ESR is 

commonly attributed to electrolyte resistance, but other electronic resistance contributions 

from metallic extensions may also contribute to this element.  The first parallel impedance 

branch is responsible for impedance behavior observed toward the high frequency end of 
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the spectrum. It comprises of a constant phase element (CPE) in parallel with a resistance 

– both of which correspond to internal capacitance and resistance of a nanostructure. It can 

also be visualized as the impedance arising from imperfect contact between the nano-

spheres and other nanostructures within the electrode. The second impedance branch 

models the solid-electrolyte interphase (SEI).42 It also includes a diffusion element that 

corresponds to diffusion of ions near the electrode surface in the electrolyte. This is distinct 

from the diffusion element in the third impedance branch, which corresponds to diffusion 

of lithium atoms within the solid phase of the electrode (e.g. silicon nanoparticles). 43 This 

third impedance branch also includes double-layer capacitance and the redox reaction 

resistance (or charge transfer resistance). All capacitances used in this model demonstrate 

spatially non-uniform behavior, and is therefore represented using CPEs.   

Figure 5.5b shows the impedance spectra obtained after applying a small 

sinusoidal with 10mV amplitude for a frequency range between 100 mHz and 1 MHz, 

which indicates improvement in some electrochemical parameters with initial cycling 

through 7 cycles. All relevant resistances decrease substantially in the first three cycles, 

and thereafter stabilizes (Figure 5.5c). RCT (charge transfer resistance) decreases 81% in 

the first three cycles, and thenceforth decreases 33% in the next three cycles. Decreased 

RCT denotes a lower over-potential at the electrode surface, which should minimize 

parasitic/irreversible reactions while facilitating reversible alloying/de-alloying of lithium 

in our PPy/SiNPs/rGO anode. ESR decreases 39% in the first four cycles and thenceforth 

stabilizes, indicating increased favorability for high-rate capability of our electrode. ESR 

is commonly used as a parameter to judge rate capability of emerging LIB technologies. 
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We also observed significant decrease in SEI resistance (67% over first three cycles) and 

internal resistance (50% over first three cycles), further verifying the stability of our 

electrode which resisted deterioration in electrochemical kinetics during initial cycling.     

 

 

Figure 5.5 (a) Equivalent circuit of PPy/SiNPs/rGO electrodes used to produce fitted-

model data. (b) EIS curves for selected cycles for PPy/SiNPs/rGO composite. (c) 

Resistance data for selected cycles for PPy/SiNPs/rGO electrodes (ESR: equivalent series 

resistance; Rint: resistance of contact interface; Rsei: resistance of SEI film; Rct: resistance 

of charge transfer). 

 

5.5 Conclusion 

In conclusion, we have reported a highly scalable, cost-effective and 

environmentally benign synthesis route for producing PPy/SiNPs/rGO anodes with 

outstanding electrochemical performance over 500 cycles.  The excellent performance of 

the anodes can be attributed to several factors including the hierarchical interconnected 

PPy framework, the conformal PPy coating on SiNPs, and the incorporation of rGO sheets 
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as the conductive additive for PPy/SiNPs electrodes. In addition, the solution-based 

synthesis process at room temperature offers a feasible alternative to the conventional 

slurry cast Li-ion battery anodes by the substitution of non-conductive polymer binders 

and carbon black. The excellent electrochemical performance coupled with the highly 

scalable fabrication process allow this material to be a promising mass-fabrication of 

anodes for electric vehicle applications and portable electronics. 
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