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Abstract 

Despite silicon being a promising candidate for next-generation lithium-ion battery 

anodes due to its high theoretical capacity of 3590 mAh/g (Li15Si4, at room temperature), 

self-pulverization and the formation of an unstable solid electrolyte interface, caused by the 

large volume expansion during lithiation/delithiation, have slowed its commercialization. To 

overcome these challenges, this thesis aims to design a stable and deformation-resistant 

crumpled reduced graphene oxide (rGO) shell to accommodate the severe volume 

expansion/shrinkage of silicon during lithiation/delithiation and meanwhile limit the 

exposure of fresh silicon surface to the electrolyte.  

In the first experimental chapter, a comprehensive study was conducted to understand 

the effect of basic spray drying conditions (including nitrogen flow rate, dispersion 

concentration and mass ratio of rGO/silicon) on the physical morphology and 

electrochemical performance of the resulting electrode material. Although the optimized 

crumpled structure exhibited significantly improved rate performance and cyclic stability, it 

was hypothesized that the crumpled rGO shell may not be mechanically robust enough or 

leak-tight enough to buffer the volume expansion alone and prevent direct exposure of the 

electrolyte to the silicon anode. Therefore, we further expanded on the crumpled rGO 

approach by sealing the graphene shell with an additional layer of polydopamine. As 

demonstrated by a significant improvement to the initial coulombic efficiency (76.3% from 

57.2% for the bare silicon control) and a remarkable cycle life with the anodes exhibiting a 

capacity of 1038 mAh/g after 200 cycles at 1 A/g, this approach indeed improved the 

structural stability of the shell and helped to reduce the amount of solid electrolyte interface 
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(SEI) formed. The resulting composite displayed a high capacity of 1672 mAh/g at 0.1 A/g 

and can still retain 58% when the current density was increased to 4 A/g. This work 

established a comprehensive understanding of the importance of spray drying conditions 

and how to affect the resulting morphology and battery performance, which layed the 

foundation for the later thesis chapters. 

Building on this approach, it was recognized that graphene tightly wraps around the 

silicon core during the spray drying process and provides little void space for volume 

expansion of the silicon. Thus, a simple strategy was developed to engineer void-space 

within the rGO framework which was used to buffer the volume change of Si nanoparticles 

by incorporating varying amounts of similarly sized polystyrene (PS) nanoparticles in the 

spray drier feed mixture. The PS completely decomposes during thermal reduction of the GO 

shell and results in Si cores of varying porosity. The best performance is achieved at a 1:1 

ratio of PS/Si, leading to high capacities of 1638 mAh/g, 1468 mAh/g, and 1179 mAh/g at 0.1 

A/g, 1 A/g, and 4 A/g, respectively. Moreover, at 1 A/g, the capacity retention was 80.6% 

after 200 cycles. At a practical active material loading of 2.4 mg/cm2, the electrodes could 

achieve an areal capacity of 2.26 mAh/cm2. This work further improved the resulting cyclic 

stability compared to the first work, especially at high mass loading, suggesting that the 

reserved void space is important even after graphene encapsulation. Moreover, the rate 

capability was found to be much better after the introduction of an optimal amount of void 

space, which may have been a result of a thinner, more Li-ion permeable shell and an 

improved distribution of rGO within the core. The method also reduced the number of 

processing steps compared to the polydamine sealing approach. However, it still required a 
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high-temperature heat treatment to 800°C and slow ramp rate which negatively impacts 

potential manufacturability. 

To eliminate the slow and energy-intensive high temperature step, a novel method was 

developed whereby a responsive poly (ethylene oxide) - carboxymethyl cellulose hydrogel 

was incorporated into the core of the crumpled rGO framework during spray drying. Taking 

advantage of the volume change of the hydrogel in the hydrated vs. dehydrated state, we 

demonstrated the ability to control the void space within the core which can be 

spontaneously created by immersion of the powder in water and “locked-in” upon chemical 

reduction of the GO shell. In this design, the strong interaction between the polymer core 

and the silicon and rGO and its ionic conductivity were expected to lead to improved 

performance. This composite displayed impressive cyclic stability, which retained ~ 81.7% of 

the initial capacity (1055 mAh/g after 320 cycles at 1 A/g with active material loading of 1 

mg/cm2. Even at an increased mass loading (2.5 mg/cm2), the areal capacity of this material 

only dropped from 2.04 mAh/cm2 to 1.61 mAh/cm2 after 200 cycles at 1 A/g. While the rate 

performance of this composite was not as impressive as the high temperature case, we 

believe that the low temperature, higher-throughput, aqueous processing method and 

significantly enhanced cycle-life make the resulting composite promising for commercial 

applications.
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1 Introduction 

1.1  Background and Motivation 

In December 2015, 195 countries adopted the first-ever universal, legally binding global 

climate change agreement at the twenty-first session of the Conference of the Parties 

(COP21).1 To avoid accerlating climate change and in an attempt to get the global climate 

back on track, COP21 developed a global action plan for all countries to limit the global 

temperature rise to below 2°C and pursue efforts to limit it to 1.5°C compared to the 

pre-industrial level. Before the Industrial Revolution,2 the concentration of carbon dioxide 

(CO2) in the atmosphere was 280ppm (0.028%), which is also the average level for most of 

human history. However, the current concentration has exceeded 400 ppm (0.04%), hence 

limiting carbon emissions has become the key to addressing this global environmental crisis. 

The utilization of fossil fuels is the primary source of excess carbon emissions from 

human activities. According to the Fifth Assessment Report (AR5) released by the 

Intergovernmental Panel on Climate Change (IPCC) in 2014,3 the combustion of fossil fuels 

and industrial processes contributed more than 78% of the total greenhouse gas emissions 

increase from 1970 to 2011. Hence, in order to effectively reduce the global annual carbon 

emissions, it is imperative to develop renewable energy sources (such as wind, solar, etc.)4 

as well as corresponding advanced energy storage technologies to substitute traditional 

fossil fuels. Electrochemical energy storage devices such as lithium-ion batteries have begun 

to enable advances toward these goals.5, 6 Actually lithium-ion batteries have already 
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become ubiquitous in modern daily life and serve as the power source for nearly all smart 

phones and laptops.7 However, for applications requiring higher energy density,8 such as 

pure or hybrid electric vehicles,9 lithium-ion batteries are still not sufficient to completely 

replace traditional internal combustion engines due to their cost, short distance per charge, 

long charging times, fast decay of battery capacity, and various safety issues. Therefore, in 

order to accelerate the adoption of these various clean technologies, more advanced Li-ion 

batteries with higher energy densities, longer cyclic stability, lower costs and improved 

safety performance are required. 

The anode material is one of the key factors determining the performance of lithium-ion 

batteries. Different anode materials can achieve lithium storage by 1) intercalation, 2) 

alloying or 3) conversion reactions.10 At present, most commercial lithium-ion batteries use 

graphite anodes.11 Although the graphite anode has outstanding cyclic stability, rate 

capability and safety, its theoretical capacity is only 372mAh/g,12 which significantly restricts 

the overall theoretical capacity of lithium-ion batteries. Therefore, we need to study new 

anode materials to replace graphite, thus breaking one of the main bottlenecks limiting the 

energy density of commercial lithium-ion batteries. Silicon, which is regarded as one of the 

most promising candidates to substitute graphite for next-generation lithium-ion batteries, 

converts electrical energy into chemical energy by reacting with lithium ions to form a Li-Si 

alloy.13, 14 Silicon has a much higher theoretical capacity (3590 mAh/g) at room temperature 

than that of graphite (372 mAh/g) and has a low nominal half-cell potential (~0.1 V vs. Li/Li+), 

making it suitable for significantly enhancing the energy density of a Li-ion cell. Furthermore, 

silicon has many other advantages, including low cost, environmental friendliness and is one 
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of the most abundant materials in the earth’s crust, motivating significant attention over 

recent decades. However, the significant volume change (~300% - 400%) during battery 

charge/discharge and the formation of an unstable solid electrolyte interface (SEI) hinder its 

large-scale commercialization.15 In industry, people mainly address these issues by 

introducing carbon-based materials with small volume change and high conductivity to 

stabilize silicon.16, 17 Presently the commercialization of Si/C anodes have achieved periodic 

victory, the battery used (made by Panasonic) in Tesla`s Model 3 electric vehicles starts with 

an anode made up of 10% silicon, providing 30% boost in energy density.18 In this thesis, the 

main goal is to design a stable carbon-based scaffold to accommodate the large volume 

expansion that occurs in high silicon content anodes, enabling the utilization of more silicon 

and resulting in further improvements to energy density. 

1.2  Thesis Outline 

Table 1.1 The flow chart of thesis overview 

 

This thesis aims to design a graphene-based scaffold capable of buffering the volume 

change of a high loading, high silicon content anode (> 35wt%) while maintaining an efficient 
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electric and ionic transport pathway capable of achieving high cyclic stability and sustaining 

fast charging rates. This goal is achieved in three sequential works that build upon each 

other as shown in Table 1.1, which are briefly introduced below. In the first work, a 

comprehensive understanding was constructed about how to produce the optimized 

crumpled graphene to encapsulated silicon nanoparticles with optimal electrochemical 

performance by a mini spray dryer. Then, a layer of polydopamine, which can be carbonized 

to amorphous N-doped carbon, was polymerized at the surface of graphene shell to further 

seal the graphene and enhance its structural stability. In the second work, polystyrene 

nanoparticles were synthesized and mixed with silicon nanoparticles as the sacrificial 

template. Polystyrene is easily removed by heating, leaving well-distributed void space 

separating the silicon core from the graphene shell. Upon the controllable engineering of 

void space volume, the resulting voided composite provided enhanced battery performance, 

especially the rate performance and high-loading cycle life. In the last work, a novel method 

is designed to spontaneously create void space between silicon and graphene by swelling  

of a hydrogen binder encapsulated in the core. The resulting polymer also acts as ionic 

conductive binder to further ehance the stability of crumpled structure. The resulting 

composite exhibited a significantly improved cycle life as well as rate capability. 

The thesis is organized into six chapters: Chapter 1 provides a general background about 

the motivation of this thesis. Chapter 2 briefly introduces the operation mechanism and 

advantages of lithium-ion batteries, and also provide an overview in the field of anode 

materials, especially fousing on challenges and recent strategies to overcome the challenges 

of silicon based anode materials. General theory about spray drying, the main process used 
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to make crumpled graphene is also introduced in this chapter. Chapter 3, Chapter 4 and 

Chapter 5 present the three main works of my thesis, which are described in the first 

paragraph, in terms of experimental details, results, discussion and conclusion. Finally, 

Chapter 6 summarizes the various contributions and discusses suggested future work in this 

area. 
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2 Literature Review 

2.1  Lithium-ion Batteries 

Lithium-ion batteries, also known as lithium-ion secondary (i.e., rechargeable) batteries, 

are one of the most common energy storage systems commercialized so far. After the 

electrochemical intercalation of lithium ions into graphite was demonstrated by Samar Basu 

at the University of Pennsylvania in 1977, which provided an alternative to lithium metallic 

electrode batteries, lithium-ion batteries have achieved rapid development and occupied 66% 

of all portable secondary battery sales in Japan in 2011.16 In 2019, the Nobel Prize in 

Chemistry was awarded to John Goodenough, Stanley Whittingham and Akira Yoshino due 

to their outstanding contributions in the development of lithium-ion batteries.17  

A lithium-ion battery typically consists of a cathode, an anode, a separator, two current 

collectors and the electrolyte as shown in Figure 2.1. Common cathode materials are lithium 

intercalation compounds formed with transition metal oxides, such as LiCoO2,
18 LiNiO2,

19 

LiMn2O4,
20 etc. Commercialized anodes are usually made of carbon,21 including graphitized 

carbon materials and amorphous carbon materials such as soft carbon and hard carbon. 

Since the electrochemical alloying of lithium metal with other metals including Sn, Pb, Al, Au, 

Pt, Zn, Ag, Mg, and Cd was demonstrated by Dey et al.,22 and some metallic or semi-metallic 

elements, such as Sn,23 Ge,24 Sb,25 and Si13, 14 alloy-based anodes have attracted significant 

attention during the past few decades. The function of the separator is to isolate the positive 
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and negative electrodes and prevent the internal short circuit of the battery. This is typically 

a layer of microporous polymer membrane that only allows ions to pass through freely and  

 

Figure 2.1 A typical commercial lithium-ion battery schematic (adapted from ref. 32) 

thus prevent electrical shorting of the anode and cathode.26 The current commercially used 

separators are made of microporous, multi-layer composites of polyethylene (PE) and 

polypropylene (PP).27 The electrolyte for the lithium-ion battery is usually a polar organic 

solvent in which a lithium salt (LiPF6, LiAsF6, LiBF4, LiClO4, etc.)28 is dissolved. The most 

commonly used organic solvents are ethylene carbonate (EC), dimethyl carbonate (DMC), 

ethyl-methyl carbonate (EMC), propylene carbonate (PC) and diethyl carbonate (DEC) and so 

on chosen for their electrochemical stability and moderate dielectric constant enabling the 

dissolution of high concentrations of lithium salts.29 The form factor of commercial 
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lithium-ion batteries can be mainly divided into coin cell, cylindrical cell, prismatic cell and 

pouch cell, which often include many layers of anode/separator/cathode in order to 

minimize the relative mass/volume of inactive casing or packaging.30  

Lithium-ion batteries store energy by converting electrical energy to chemical energy 

through the transfer of lithium ions, whose operation mechanism is briefly introduced 

here.31 A typical lithium-ion battery32 with a positive electrode material of LiCoO2
 and a 

negative electrode material of graphite is taken as an example, and its internal structure and 

working principle are shown as in the Figure 2.1. The reactions that occur during charging 

and discharging are written as follows: 

Positive electrode:                            
            (1.1) 

Negative electrode:                                  (1.2) 

Overall Reaction:                                          (1.3) 

Li+ ions are extracted at the positive electrode from the unit cell of LiCoO2 during the battery 

charging process by an external power supply. At the same time, the Co3+ in LiCoO2 is 

oxidized to Co4+ and releases electrons to the external circuit. At the negative electrode, the 

charge is balanced by lithium intercalating into the graphite layers, which combined with 

electrons from the external circuit. In the discharge process, the equilibrium potential of the 

positive electrode (now the cathode) is higher than that of the negative electrode (now the 

anode) and is capable of a spontaneous, galvanic reaction in which the reactions are shown 

above reverse in direction and can be used to discharge power through a load. In the fully 

lithiated state (LiC6), Li+ ions de-intercalate and electron are released to the external circuit. 
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Li+ ions then re-insert into the LiCoO2 cathode via the electrolyte, Co4+ ions are reduced to 

Co3+ ions while the cathode obtains electrons from the external circuit.  

 Except for lithium-ion batteries, there are four other main commercialized rechargeable 

batteries, including lead-acid, Ni-Cd and Ni-MH batteries. Key characteristics based on 

average ratings for these four types of batteries are summarized in Table 2.1. Although the 

lithium-ion battery is a relatively young technology, it is superior in nearly all aspects, 

especially in gravimetric and volumetric energy density. However, compared to other 

secondary batteries, lithium-ion batteries are still suffering from some disadvantages, such 

as high cost and low safety. In addition, current commercial lithium-ion batteries cannot 

meet the rapidly increasing demand for energy density in varying fields, such as electric 

vehicles and portable electronics. Hence, further study and improvement are required for all 

components in lithium-ion batteries. Considering that this thesis focuses on the design of 

Si/rGO based anodes, we will briefly introduce some of the other most promising anode 

materials being considered in the next section. 

Table 2.1 Main characteristics of varying secondary batteries (adapted from ref. 8) 
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2.1.1 Anode Materials  

To develop next-generation lithium-ion batteries with enhanced safety, high energy 

density, long cycle life and low cost, the ideal anode materials for lithium-ion batteries 

should have the following properties: 1) high theoretical gravimetric and volumetric 

capacities, 2) low and stable operating voltage (vs Li/Li+, which decides the working voltage 

of the full cell), 3) being insoluble in the selected electrolyte, 4) good structural stability 

during lithiation and delithiation, 5) high electric and ionic conductivities, 5) abundant, 

low-cost and eco friendly. 

Anode materials for lithium-ion batteries can be classified into three types according to 

their lithiation mechanisms:10 1) Intercalation/deintercalation - This mechanism typically 

requires a material with a two-dimensional layered structure (e.g., graphite, Li4Ti5O12 and 

TiO2)
33-36 or 1D channels (e.g., CNT)37, 38, which are capable of intercalating lithium-ions 

without irreversibly destroying the host lattice; 2) conversion reactions – transition metal 

oxides (e.g., NiO,39 Co3O4,
40 Fe2O3

41 and MnO2
42etc.) usually store lithium ions via this 

reaction, that metal oxides are converted to their pure metallic state along with Li2O during 

lithiation and then reversibly return to their initial oxide state after delithiation; 3) 

alloying/dealloying – some elements (mainly from Group IV and Group V), such as silicon 

(Si),13 germanium (Ge),24 tin (Sn)23 and zinc (Zn)43 can alloy with multiple lithium ions (per 

atom). Thus, these materials usually possess very high capacity, which have tremendous 

potential for next-generation lithium-ion batteries requiring high energy density. Next, some 

main commercial anode materials are briefly introduced below.  
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For the past two decades, graphite has been the most important anode material in the 

field of rechargeable lithium-ion batteries, and still accounts for most of the anode market.44 

Compared with other anode materials, it has many advantages, including low cost, abundant 

raw material source, low working potential, excellent electric conductivity, high lithium-ion 

diffusivity and a relatively small volume change (~10%) during lithiation/delithiation. The 

small volume change is the key to its success as this has enabled a relatively stable 

solid-electrolyte interface (SEI) to form at the low potentials experienced at high levels of 

lithiation. This stable passivation layer prevents the electrolyte from continuously 

decomposing during cycling.  

Another important anode is lithium titanate45, 46 (Li4Ti5O12, LTO), which is converted 

from a face-centered cubic spinel structure into Li7Ti5O12 with a rock-salt structure after 

lithiation. LTO has become a successful commercial anode due to its excellent thermal 

stability, cycle life (> 6000 cycles), first charge Coulomb efficiency (> 98.8%), rate capability, 

low temperature performance and high volume specific capacity.47 The volume change of 

LTO is very small (only ~0.2%) upon intercalation of lithium ions, hence, it is often referred to 

as a “zero strain” material.48, 49 Furthermore, its high equilibrium potential (1.55V vs. Li/Li+) is 

above the decomposition potential of most electrolytes and thus LTO anodes avoid the 

formation of SEI altogether and the risk of lithium platiing and dendrite formation is 

effectively eliminated. This reduces irreversible capacity loss and improves safety. However, 

LTO still has many shortcomings such as low overall cell voltage (due to its high equilibrium 

potential), low theoretical capacity (175 mAh/g) and high production cost. At present, it has 
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certain application prospects in the field of high-power lithium-ion batteries through 

modification by nanostructuring and carbon coating. 

The theoretical specific capacity and corresponding potential vs Li/Li+ are plotted in 

Figure 2.2, illustrating that silicon has ideal properties (which are close to lithium metal) to 

archieve the goal of designing next-generation lithium-ion batteries with high energy density. 

Although lithium metal is still the most ideal anode material, low coulombic efficiency and 

severe lithium dendrite growth have largely limit its pratical applications. Similarly, silicon 

also suffers from various related challenges, which will be further discussed in section 2.2. 

 

Figure 2.2 Schematic of anode materials for next-generation lithium-ion batteries and their 

corresponding specific capacity vs. Li/Li
+
.(adapted from ref.50) 

2.1.2 Batteries Metrics 

This section will introduce some important metrics which indicate the performance of a 

rechargeable battery. The first important metric is the theoretical gravimetric capacity (Q) of 

each electrode, which is related to the specific half-cell reaction according to Faraday’s law: 
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M

nF
Q

6.3
 ,         (2-1) 

where n is the number of electrons transferred, the factor of 3.6 is used to convert the units 

from C/g to mAh/g and M is the molecular weight of electrode material. The theoretical 

total capacity Qtotal of a full cell composed of an anode and a cathode can be calculated by 

capacity matching as: 

anodecathodeotal QQQ

111

t

       (2-2) 

where the units of Qtotal are in mAh per gram of total active material. It does not include the 

masss of any inactive materials such as separator, electrolyte, membrane, packaging, etc. 

Another significant parameter, the cell voltage (Ucell), is the thermodynamic driving 

force, which is dictated by the difference in equilibrium potential between the cathode 

(Ucathode) and anode (Uanode): 

anodecathode UUU cell  ,      (2-3) 

These reduction potentials are related to both the standard reduction potential of the 

electrode, as well as the activities of the oxidized and reduced species through the Nernst 

equation: 

R

O

v

R

v

O

a

a

nF

RT
UU ln0  ,         (2-4) 

where U is the reduction potential of the electrode, U0 is the standard reduction potential of 

the electrode, R is the gas constant, T the working temperature, n is the number of electrons 
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transferred in the half-cell reaction, F is Faraday’s constant, aR and aO are the activities of 

reduced species and oxidized species in the half-cell reaction respectively, vR and vO are their 

stoichiometric coefficients.  

Another important metric of full cells is the energy density of the cell, which is decided 

by both cell voltage and total cell capacity. Assuming a constant potential, the theoretical 

gravimetric energy density, reported in Wh/kg is: 

totalQUE cell          (2-5) 

Upon different requirements in practice, the theoretical gravimetric energy density can 

be converted into areal energy density or volumetric energy density by multiplying areal 

density, ρA or volumetric density, ρv. 

However, a real battery does not only consist of two electrodes but also includes 

separators, electrolyte, current collectors and packaging. Hence a correction factor, F, has to 

be considered to calculate cell`s total gravimetric energy density: 

totalcellQFUE real         (2-6) 

total

active

m

m
F  ,         (2-7) 

where mactive is the weight of active materials, including cathode and anode materials, and 

mtotal is the weight of a single battery cell. For commercial cells, F ~ 30wt% is enabled by 

using thick or high loadings (in mg/cm2) of active material to increase their fraction 

compared to other battery components. 
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2.2 Silicon Anode 

Silicon is the second most abundant element (~28wt%) in the earth's crust, which only 

follows oxygen.51 Thanks to decades of explorations and accumulations in the 

semiconductor industry, the source of elemental silicon is very rich, and the preparation and 

purification processes are quite mature. As an anode material for lithium-ion batteries, 

silicon is alloying/dealloying during the charge/discharge process to achieve energy storage 

and release of lithium ions. At around 450°C, silicon can form a variety of alloy phases with 

lithium ions, including Li22Si5, Li13Si4, Li14Si6 and Li12Si7.
52 The corresponding theoretical 

capacity with the fully lithiation states (Li22Si5) reaches 4200 mAh/g, which is around 11.3 

times larger than that of the graphite anode (372 mAh/g) for commercial lithium-ion 

batteries. Such a remarkable value makes silicon one of the most promising candidates for 

next-generation lithium-ion batteries, and related research has become a hot topic in the 

scientific community. 

 

Figure 2.3 Si charge/discharge curves including the theoreticl voltage curve (black) at 450°C, lithiation 

curve (red) and delithiation curve (green) of crystalline Si at room temperature. (adapted from ref. 53) 
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Figure 2.3 shows the ideal charge (delithiation process, green curve) and discharge 

(ltihiation process, red curve) curves of the silicon anode during the first cycle.53 According to 

the equilibrium phase diagram, silicon undergoes a series of different alloy phase transitions 

when it reacts with lithium. Theoretically, this reaction happens at gradually decreasing 

voltage plateaus (as the black voltage curve in Figure 2.3) with the increasing degree of 

lithiation, and finally reaches its fully lithiated state (Li22Si5). However, this process with 

multiple reactions only takes place at high temperature.52 At room temperature, only a long 

discharge plateau appears in the range of 0.1V - 0.05V (as shown by the red line in Figure 2.3) 

in most silicon anode discharge curves. Via in-situ XRD, Obrovca et al.54 demonstrated that 

the full lithiation state of silicon during discharge is Li15Si4 instead of Li22Si5 at room 

temperature, which corresponds to a theoretical specific capacity of about 3590mAh/g. Li et 

al.55 further confirmed the structural change of silicon in the initial charge and discharge. 

Crystalline silicon first reacts with lithium ions to form an amorphous LiySi (y=~3.5) alloy 

during the first discharge, which exhibits a long voltage plateau at about 0.1 V. When the 

voltage decreased to around 0.05 V, amorphous LixSi (0 <x<3.5) rapidly changed to a 

metastable crystalline structure of Li15Si4 to reach the full lithiation state. Upon delithiation, 

the voltage plateau is stabilized at about 0.3-0.4V, and the crystalline Li15Si4 is 

re-decomposed into amorphous LizSi (z=1-2) and finally delithiated to amorphous silicon. 

Given that two-phase coexistence regions can result in capacity fading due to 

inhomogeneous volume change, they suggested that the working voltage can be limited to 

be greater than 0.05V to eliminate crystal phase generation, which can make silicon always 

stay in an amorphous state after the first discharge.55, 56 Due to the alloying process, silicon 
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undergoes a severe volume change and inner stress, we will introduce these main challenges 

in the next section. 

2.2.1 Main Challenges 

This section will briefly introduce the most serious issues that hinder the large-scale 

commercialization of silicon anodes:13, 14 1) large volume change during alloying/dealloying 

and transitions between crystalline and amorphous states, which generate large internal 

stress leading to rapid self-pulverization during initial cycling, and 2) formation of unstable 

SEI due to the volume change. 

Material Pulverization 

Electrochemical lithiation of silicon at room temperature is consistent with a two-phase 

reaction mechanism.54, 55 During lithiation, crystalline silicon is gradually converted into 

amorphous lithiated silicon (LixSi), there is an obvious voltage platform at around 0.1 V in its 

constant current discharge curve. When the voltage drops below 0.05 V, LixSi will crystallize 

and form metastable Li15Si4. In this lithiation process, the silicon material undergoes a severe 

volume expansion (~300%-400%). And the lithiation reaction rate for crystalline silicon (c-Si) 

at the interface between the c-Si core and the amorphous LixSi is different upon lattice faces, 

resulting in an anisotropic volume expansion.57 Since the growth rate at the <110> is the 

fastest, the volume expansion in the <110> direction is also the most severe.58, 59 For 

amorphous silicon, the volume expansion during lithiation is isotropic. However, whether it 

is crystalline silicon or amorphous silicon, the volume expansion is over 300% after complete 

lithiation, which generates large stress inside the material.60 Chon et al.61 demonstrated that 
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during initial lithiation, a moving phase boundary advances into the Si wafer starting from 

the surface facing the lithium electrode, transforming crystalline silicon into amorphous LixSi. 

The resulting biaxial compressive stress in the amorphous layer is measured in situ and it 

was determined to be around 0.5GPa. By carrying out high resolution TEM, they also 

revealed that the crystalline/amorphous phase boundary is very sharp, with a thickness of 

~1nm. During delithiation, the stress rapidly reverses, becomes tensile and the amorphous 

layer begins to deform plastically at around 0.5GPa. The tensile stress rapidly increased with 

further delithiation, leading to sudden cracking originating from the surface of the silicon 

water.  

 

Figure 2.4 Schematic of three main failure mechanisms for pure Si anodes, including the mechanical 

degradation at (a) particle level and (b) electrode level, (c) electrode failure due to the formation of 

unstable SEI (adapted from ref.62) 

Repeating lithiation/delithiation of silicon particles is required during battery cycling, 

hence the resulting volume expansion and shrinkage may further affect the overall structural 

stability of silicon-based electrodes. During lithiation, silicon particles expands and impinge 
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on their neighbours (including binder, conductive additive and other Si particles), while the 

volume shrinkage during delithiation may cause the detachment of silicon from the 

conductive network. This drastic structural change leads to the potential cracking of the 

electrode and even may cause the anode material to fall off from the current collector and 

lose electrical contact as shown in Figure 2.4, which seriously affects its cyclic stability and 

rate capability. However, Liu et al.63 discovered that the self-pulverization of silicon particles 

at very initial cycles can be effectively slowed down by limiting its size below a critical value 

(~150 nm) as shown in Figure 2.5. According to Griffith`s theory,64 the propagation of a crack 

only happens when the pre-existing crack length is long enough or the applied stress is 

strong enough to overcome the increase in surface energy created by exposing the fresh 

interface. When the diameter of Si NPs is less than 150 nm, the stored strain energy inside 

the nanopaticlrs during lithiation/delithiation is not enough to drive crack propagation. This 

suggests that the nanostructuring of silicon is very important for its application in lithium-ion 

batteries. 

 

Figure 2.5 The schematic illustration of critical size for Si self pulverization, Si nanoparticles can be 

lithitated without cracking when the diameter is below 150 nm. (adapted from ref. 63) 
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Unstable Solid-State Electrolyte Surface 

When the potential of anode is below about 1 V (vs. Li/Li+), the electrolyte decomposes 

on the electrode surface and forms a SEI layer.65, 66 The dense and stable SEI can effectively 

prevent further decomposition of the electrolyte and other side reactions. However, the SEI 

formed on the surface of the silicon material is destroyed by the expansion and contraction 

of silicon during the lithiation/delithiation process as shown in Figure 2.4(c). In the 

subsequent lithiation process, the SEI is reformed on the surface of the newly exposed 

silicon material. On the one hand, the repeated formation of SEI continues to consume 

electrolyte and lithium ions, reducing the coulombic efficiency and cycle life. On the other 

hand, the thickening of SEI will hinder the charge transport and lithium-ion diffusion, 

reducing the rate performance and causing the deterioration of the cycle performance of 

the electrode. Although the addition of electrolyte additives (such as fluoroethylene 

carbonate (FEC) and vinylene carbonate (VC)) can significantly enhance the stability of SEI at 

the surface of silicon, other performance is sacrificed for improved cyclic stability.67 For 

example, the addition of VC increased the thickness of SEI, resulting in increased impedance 

of the cell. Moreover, silicon has a lower conductivity (~10-3 S/cm, 102 S/cm after lithiation) 

and a lower lithium-ion diffusion coefficient (10-14-10-13 cm2/s) compared to that of 

graphite.13 This leads to poor rate performance, which also affects the application of 

silicon-based materials in the negative electrode of lithium-ion batteries. 

In the next section, the brief recent progress will be introduced from silicon 

nanostructuring and Si/C based composites. 
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2.2.2 Recent Progress 

Silicon Nanostructuring 

Nanostructuring of silicon can be achieved in variosu ways, like limiting the particle size 

(silicon nanoparticles), engineering the shape to make at least one dimension reach the 

nano-level (e.g., silicon nanotubes, nanowires) or introducing nano-sized pores into a 

monolithic silicon structure.53 Not only does nanostructuring effectively prevent the silicon 

anode from self pulverization in initial cycles, but it improves the resulting electrochemical 

performance and volume change tolerability because 1) the shortened distance enables 

faster lithium-ion diffusion and improved electron transport supporting the higher rate 

battery operation; 2) the smaller dimension leads to improved fracture resistance because 

the total elastic energy generated in a small structure may not be sufficient to initiate 

cracking and crack propagation; 3) the resulting larger specific surface area (SSA) increases 

the interfacial area between silicon and binder, conductive additives or electrolyte to release 

the stress. Some significant advances are briefly introduced here. 

Taeseup Song et al.68 prepared a sealed hollow silicon nanotube as the anode for 

lithium-ion batteries. The axial free void space in the nanotube provided the additional 

surface to accommodate the volume expansion and meanwhile avoided direct contact with 

electorlyte, making the electrode displayed high initial coulombic efficiency (>85%) and 

stable capacity retention (>80% after 50 cycles). It was demonstrated that the internal 

surface of the silicon nanotubes bears the mechanical stress, resulting in a reversible volume 

change along the axial direction where only a relatively small (< 35%) volume change 
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occurred as shown in Figure 2.6. Byoung et al.69 utilized 10 m micro-silicon powder to 

obtain 3D porous silicon particles by silver-induced chemical etching by HF/H2O2. This porous 

silicon was prepared as anode after carbonization, showing improved reversible specific 

capacity of 2050 mAh/g with an excellent coulombic efficiency of 94.4%. Ge et al.70 proposed 

a low-cost and large-scale production method of porous silicon. Commercial metallurgical 

silicon powder was ground into micron silicon powder via ball milling, and then nanoporous 

silicon was obtained by stain-etching using ferric etchant to remove the high concentration 

of impurities in metallurgical silicon. The resulting electrode exhibited a very high SSA of 70 

m2/g with a pore volume of 0.133 cm3/g, making this material able to maintain above 1100 

mAh/g after 600 cycles at 2000 mA/g. 

 

Figure 2.6 Schematic illustration of hollow silicon nanotube before reachtion and after full lithiation 

and delithiation (a) and corresponding volume change in different directions (b). (adapted from 

ref.68) 
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Carbon Coated Silicon Composites 

In addition to the large volume change, the conductivity of silicon is also unsatisfactory 

as a typical semiconductor material. Compositing silicon with a second phase having 

excellent structural stability and electrical conductivity, such as carbon71 and other metallic 

conductors72, 73, enables the improvement in both cycle life and capacity retention at large 

current density.  

Interfacing Si particles with conductive carbonaceous additives is one of the most 

common methods used to buffer the volume fluctuation of the silicon and limit or decrease 

the direct formation of SEI on the silicon surface.74, 75 This has been demonstrated via several 

methods including mechanical mixing,76 in situ chemical polymerization,77 and chemical 

vapor deposition.78 However, a conformal but relatively inelastic carbon coating cannot 

sustain a stable electrode structure from the large volume change of Si during long-term 

cycling as shown in Figure 2.7. 

 

Figure 2.7 The hypothetical failure mechanism of conformal carbon carbon coated silicon without 

reserved void. (adapted from ref.79) 
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2.2.2.1 Carbon Coated Silicon Composites with Reserved Void Space 

To prevent the rupture of the carbon protective layer, methods that introduce void 

space between silicon and carbon have been developed to accommodate the 

expansion/contraction of the Si. For example, Liu et al.80 proposed a novel method to 

prepare carbon-coated Si nanoparticles with a yolk-shell structure as shown in Figure 2.8. A 

void space for buffering the volume change was created by removing an artificially created 

silicon oxide (SiO2) layer between a carbonized polydopamine shell and silicon core via HF 

etching. Using this structure, the electrode material maintained a reversible capacity of 

~ 1110 mAh/g (retention of 74%) after 1000 cycles. Based on a similar method, Liu et al.44 

synthesized a pomegranate-like structure of a micro-size Si/C particle using a bottom-up 

microemulsion method. This large pomegranate-like structure effectively increased the 

density of the electrode material which further increased its volume-specific capacity by 

enabling a higher tap density due to the larger particle size. Moreover, one 

pomegranate-like particle is composed of hundreds of nano-size Si/C particles, which largely 

decreased the SSA exposed to electrolyte resulting in improved initial coulombic efficiency. 

Based on the design of the yolk-shell structure, Zhang et al.81 demonstrated a co-deposition 

method to obtain CaCO3-Si microspheres, which were successively coated by SiO2 and 

carbon. Finally, the void space was introduced by removing the CaCO3 by immersing the 

structure in diluted hydrochloric acid (HCl) solution. This method avoids the use of HF and 

also improves the material density upon the introduction of ferric oxide (Fe2O3) 

nanoparticles and carbon nanotubes (CNTs). However, these methods involve more complex 

or even hazardous synthesis techniques (e.g., HF-etching) that also add to the costs 
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associated with fabricating the anode. Hence, a simpler and more efficient strategy for 

carbon coating is desired to promote the role of silicon-based anodes in the market of 

commercial Li-ion batteries. 

 

Figure 2.8 The schematic of a yolk-shell design C/Si anode with reserved buffer space between carbon 

shell and silicon yolk. (adapted from ref.80) 

In contrast, silicon can be also be loaded into a carbon scaffold with pre-reserved voids 

or pores. Liu et al.82 deposited silicon particles with a particle size of about 10 nm in the 

interior of porous carbon by chemical vapor deposition (CVD), taking advantage of these 

pores to accommodate the volume expansion of silicon particles while the carbon 

framework also provides good electric and ionic conducting pathways. Wang et al.83 

prepared carbon nanotube (CNTs) array by CVD method and obtained CNT/Si composites 

after depositing silicon particles on their surface. Taking advantage of the free space 

between aligned pristine carbon nanotubes, the volume change of silicon is effectively 

accommodated, leading to a tiny decay in the capacity of ~0.15% per cycle over the first 25 

cycles. Due to the high mobility of lithium ions and electrons in CNTs, the rate capability was 

also be significantly improved. Wu et al.84 creatively encapsulated silicon nanoparticles 
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inside the carbon nanotubes through electrospinning upon the hollow structure of CNTs and 

its large aspect ratio. This design effectively insulated the direct contact between silicon and 

electrolyte, making the composite exhibited a 90% capacity retention rate after 200 cycles in 

the charge and discharge test. 

Although these novel designs by using chemical etching, CVD or other methods have 

achieved significantly impressive progress, this thesis aims to find a more scalable method to 

produce Si/C based anodes with improved electrochemical performance. In the next section, 

I will briefly introduce the preparation, properties and relevant applications of crumpled 

graphene, which is a very promising protective scaffold to buffer the volume change of 

silicon.  

2.3 Crumpled Graphene Shells Produced by Spray Drying 

 

Figure 2.9 Schematic illustrating the drying of microdroplet containing dispersed nanoparticles 

(adapted from ref.85) 

The spray drying technique has been widely applied in the fields of food, medicine and 

energy storage, which can easily transfer materials from dispersion to dry powder with 

tailored structure and components distribution. The process can be simply described as 

below, which mainly includes three steps: 1) formation of microdroplets; 2) solvent 
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evaporation and segregation of dispersed components inside the microdroplet; 3) capillary 

collapse. The features of the precursor suspension (e.g., initial particle size, type of material, 

physical and chemical properties, and surface charge) and process conditions (e.g., 

temperature, atomization pressure) play an important role in producing products with 

various morphologies (such as spherical structures, hollow spherical structures and 

donut-like structures).85-87 Here, we only briefly discuss the formation of spherical products. 

As shown in Figure 2.9, after the formation of microdroplets via the spray nozzle, the solvent 

starts to evaporate at the air/liquid interface. As the droplet shrinks, more and more 

dispersed particles accumulate at the vicinity of air/liquid interface, resulting in a 

concentration gradient form surface to core. Hence, the dispersed particles spontaneously 

move to the core driven by diffusion. The dimensionless number known as the Peclet 

number (Pe) defined as (R2/tdry)/D describes the ratio of convective transport to diffusive 

transport and can be used to compare the time-scales associated with products at the 

moving interface (i.e., convective transport) vs. redistribution into the core (i.e., diffusive 

transport).88, 89 Here, R is the radius of the droplets, D is the diffusivity of the dispersed 

component, and tdry is the drying time. When Pe is small, convection does not play a 

significant role and particles can diffuse within the droplet which causes a relatively 

homogeneous radial distribution of primary particles within the final dried micro-particle. In 

contrast, a hollow structure forms when diffusion is relatively very slow. Similarly, the Pe 

number of different dispersed components can decide their radial distributions since 

materials with large diffusivity prefer to maintain their concentration balance in the 
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microdroplet while materials with low diffusivity are controlled by convective process and 

accumulate at the surface of the dried micro-particle. 

 

Figure 2.10 Schematic of ultrasonic atomization drying and formation mechanics of graphene 

crumpled balls (adapted from ref.90) 

Graphene is a well-known 2D nanomaterial that is composed of a monolayer of sp2 

hybridized carbon atoms arranged in a hexagonal lattice.91 In this thesis, the work “graphene” 

is used in particular to refer to reduced graphene oxide (rGO) rather than pristine graphene, 

whose precursor (graphene oxide (GO)) has plenty of oxygen-containing functional groups 

providing sites for further modifications. Its sub-nanometer thickness makes it flexible 

enough to be converted to a 3D crumpled graphene92, 93 by spray drying. In 2011, Huang et 

al.90 were the first to demonstrate crumpled graphene oxide ball by a home-made spray 

drying system, which mainly includes an ultrasonic atomizer and a tube furnace. Considering 

that the tube furnace can provide a very high temperature to driven varying thermal 

reactions, it is better to be termed as spray pyrolysis rather than spray drying. As shown in 

Figure 2.10, the crumpled graphene balls were collected in hundreds of nanometers after 

graphene sheets containing microdroplets, which were produced by ultrasonic atomization, 

passed through a tube furnace. In this process, GO sheets were reduced and meanwhile 
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compressed at the same time in the furnace. They found this crumpled structure is stabilized 

by the plastically deformed graphene wrinkles due to strong π-π interaction, displaying 

several special properties: 1) the resulting folded paper ball structure has excellent 

aggregation resistance, which can still maintain 45% of original SSA even under compression 

at 55 MPa; 2) the crumpled balls have a high specific surface area (567 m2/g by thermal 

shock) and rich electric/ionic conducting channels, leading to excellent performance for use 

in fuel cells and supercapacitors. 

In recent years, more researchers have realized the promise of the large-scale spray 

drying technique by using widely available and relatively inexpensive commercial spray 

dryers.94, 95 Although their drying temperature (outlet temperature: < 100°C, which is 

controlled by inlet temperature in the range of 100°C - 220°C) is much lower than spray 

pyrolysis methods which use tube furnace, the mild processing temperature is more 

appropriate for processing thermally sensitive materials. Meanwhile, the low-temperature 

drying process can effectively limit the SSA of rGO, resulting in decreased electrolyte 

consumption by SEI formation. Ruoff’s group96 adopted the spray drying method to prepare 

the crumpled GO microspheres, followed by microwave reduction and potassium hydroxide 

activation, exhibiting a high capacity of 172 F/g at 2 A/g which only dropped by ~6% after 

1000 cycles. Zhou et al.97 introduced nano iron trioxide (Fe203) into the GO dispersion, and 

then used a commercial spray dryer to prepare crumpled Fe203@GO microspheres. The low 

drying temperature slowed the reaction between Fe203 and carbon to ensure all of the Fe20 

was successfully preserved and could be used as an anode material. This composite 

displayed a capacity of 800 mAh/g with excellent cyclic stability (retaining ~83% of initial 
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capacity after 200 cycles at 1 A/g) and small volume change, which was significantly better 

than that of pure iron trioxide and graphene. The enhancement was attributed to the 

increase of the overall conductivity by the coating of crumpled rGO and the reserved elastic 

space for the volume expansion of the iron trioxide, reducing the aggregation of 

nanoparticles, which can stabilize the structure in the multiple charging and discharge 

cycles. 

Crumpled graphene, which has enhanced mechanical strength and controllable inner 

space, is also a strong carbon scaffold used to tolerate the large volume change of Si anode. 

Huang and his co-operators98 firstly trapped silicon nanoparticles into crumpled graphene 

balls, this composite retained 83% of the charge capacity after 250 cycles at 1A/g with 

relative low mass loading (0.2 mg/cm2). As shown in Figure 2.11, Lin et al.99 prepared 

pomegranate-like Si/GO composite vial spray dring and doped N via hydrazine reduction so 

as to promote Li storage ability. The resulting reversible specific capacity at 100 mA/g 

remained as large as 1141.6 mAh/g after 150 cycles, with a high capacity retention of 96.1% 

from the 2nd to 150th cycle. However, only ~300 mAh/g was displayed at 5000 mA/g due to 

the poor conductive network. Recently, Chen et al.100 designed a double-coated 

silicon-based composite, carbon coated Si nanoparticles (50-80 nm) were uniformly wrapped 

in crumpled graphene using a novel radio frequency induction plasma technology. The 

composite electrode at 0.1 A/g presented a high initial discharge/charge capacity of 2389.8 

mAh/g, representing high initial coloumbic efficiency of 87.1%. However, its capacity 

dropped by 44.6% after 200 cycles and only 20.4% of capacity was retained when current 

density was increased from 0.1 A/g to 1.6 A/g.  
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Figure 2.11 SEM images of pomegranate-like Si/rGO composite at increasing magnifications 

(adapted from ref. 93) 

However, all above results showing the improved structure stability are mainly 

attributed to crumpled graphene’s excellent compression-resistance. To be used as a 

scaffold to buffer the significant volume expansion of Si nanoparticles, the 

deformation-resistance of crumpled graphene from inside is more important to prevent it 

from unfolding. Besides, the increasing concentration of dispersed components, which are 

trapped in crumpled graphene balls, will affect the degree of crumpling. Chen et al.101 spray 

dried GO sheets together with varying loading of silver nanoparticles. At high loading, the 

crumpled structure can still be observed as shown in Figure 2.12b and c, but with fewer 

creases compared to the sample prepared at low loading (Figure 2.12a). Hence, the optimal 

ratio between Si nanoparticles and graphene is required to be further studied. Furthermore, 

according to the current literature on Si/C anodes, the cycle life with a reasonable 

degradation (> 80% of capacity retention) of crumple graphene encapsulated silicon 

anodes98-100 is usually much worse than that of conformal carbon coated silicon with 

properly reserved buffer space,44, 80, 81 suggesting that crumpled graphene shell may require 

further enhancement or additional void space is essential to buffer the volume expansion to 

observe further improvements in electrode performance. The above discussion about 
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crumpled graphene supports my hypothesis that it may not have a strong enough 

deformation-resistance to sufficiently prevent silicon from destroying the structure via its 

severe volume change. Hence, the deformation-resistance of crumpled graphene and 

methods that enable control over the void space created within the core require further 

investigation and may yield further improvements to performance. Moreover, the poor rate 

capability results also suggest that the conductive framework of this crumpled structure 

requires further optimization. 

 

Figure 2.12 SEM images for GO/Ag with (a) low silver loading (Ag/GO: 0.06) and (b and c) high silver 

loading (Ag/GO: 2) (adapted from ref. 100)
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3 Enhanced Cycle Stability of Crumpled Graphene 

Encapsulated Silicon Anodes via Polydopamine Sealing 

This chapter is based on the paper published in ACS Omega:  

Z. She, M. Gad, Z. Ma, Y. Li and M. A. Pope. “Enhanced Cycle Stability of Crumpled Graphene 

Encapsulated Silicon Anodes via Polydopamine Sealing”. ACS Omega, 6 (18), 12293-12305, 

2021. 

Please see Statement of Contributions for details.  

In this work, a controllable and efficient synthesis route to create crumpled reduced GO 

(crGO) encapsulated Si nanoparticles is achieved using a mini spray drying system (Figure 1). 

The effects of spray drying parameters on the morphology and battery performance of the 

resulting powders were studied by synthesizing crumpled GO/Si (cGO-Si) and crGO/Si 

(crGO-Si) composites with varying N2 flow rates, feed concentrations, and GO/Si ratios. 

Finally, polydopamine (pDOPA) was deposited on the surface of the cGO via self-oxidization 

polymerization, with the goal of further enhancing the structural stability of the cGO and 

limiting the direct contact between the electrolyte and silicon nanoparticles. This step was 

followed by heat treatment to reduce the GO, where the pDOPA layer was also carbonized 

to create nitrogen-doped carbon (cpDOPA). This not only enhanced the structural stability of 

the material but also formed an electrically conductive matrix with efficient lithium-ion 

transport. This significantly retarded the capacity fading from 0.20%/cycle to 0.12%/cycle 

compared to the uncoated sample with an improved capacity of 1379 mAh/g at 1 A/g. 
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Figure 3.1 Schematic illustration of the synthesis process of cpDOPA-crGO-Si and diagram of the BUCHI-290 

mini spray dryer used. (①N2 flow in ②Spray nozzle ③Drying chamber ④Cyclone ⑤Product vessel ⑥Filter) 

3.1 Experimental Methods 

3.1.1 Synthesis of Graphite Oxide 

GO was synthesized from natural flake graphite (Alfa Aesar) by Tour’s modified 

Hummer’s method,102 3 g of graphite and 18 g of KMnO4 were added into a continuously 

stirred acid mixture composed of 360 ml of sulfuric acid (H2SO4) and 40 ml of phosphoric 

acid (H3PO4). The oxidation reaction was conducted at 50°C for 16 h. About 6 ml of hydrogen 

peroxide (H2O2) was added to the resulting mixture after cooling down to room temperature 

where the color changed from purple to golden yellow. The resultant suspension was then 

centrifuged for 30 min (3000 rpm, rotor diameter 15 cm). The supernatant was decanted 

and discarded, and the precipitant GO was dispersed in 30% HCl and centrifuged again using 



 

  35 

the same settings. The above washing step was repeated twice using 10% HCl and four times 

using wash ethanol. In order to transfer GO from ethanol to deionized (DI) water, a dialysis 

bag with 12-14 kDa molecular weight cut off (MWCO) was used to exchange the GO 

dispersion’s ethanol solvent with DI water. The DI water was frequently replaced with a 

fresh amount for 3 days and the resulting GO aqueous dispersion was stored for subsequent 

steps. 

3.1.2 Preparation of Encapsulated Silicon 

Both neat cGO and cGO-Si were produced via a BUCHI-290 mini spray dryer, as shown in 

Figure 1. An inlet temperature of 200°C (with an outlet temperature of ~ 80°C) and a feed 

pump rate of 20% of the machine’s maximum (which converts to ~6 ml/min of water) were 

used. As a control, neat crumpled GO (i.e., not with Si) was produced at varying N2 flow rates 

(246, 473 and 742 L/h) and GO concentrations (0.2, 0.5 and 1 mg/ml) to determine the ideal 

structure of carbon scaffold to encapsulate Si. Si nanoparticles (~50 nm, Strem Chemical Inc.) 

were then added into a GO aqueous dispersion based on two GO/Si mass ratios (1:0.3 and 

1:0.6) and spray dried at different GO concentrations (0.5 and 1 mg/ml) at a fixed N2 flow 

rate of 742 L/h. For subsequent electrochemical testing, the obtained cGO-Si was thermally 

reduced to crGO-Si to increase its electrical conductivity in a tube furnace (Carbolite). To 

maintain its crumpled structure during thermal treatment, cGO-Si was reduced at a low 

initial heating rate (1°C/min) under a flowing mixture of argon (95%) and hydrogen (5%) 

gases from room temperature to 400°C. It was held at 400°C isothermally for 2 h. It was then 
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heated at a faster rate (5°C/min) up to 800°C and held isothermally for 3 hours before 

allowing to cool down to room temperature. 

3.1.3 Preparation of Carbonized Poly(dopamine) coated crGO-Si 

(cpDOPA-crGO-Si) 

For a typical synthesis of cpDOPA-crGO-Si, 150 mg of cGO-Si were mixed with 150 mg of 

dopamine hydrochloride (DOPA·HCl) in 75 ml Tris-HCl buffer (10 mM, pH = 8.5) and stirred 

for 24 hours. This suspension was then divided into two 50 ml centrifuge tubes and 

centrifuged for 15 min (3000 rpm, rotor diameter 15 cm). The supernatant was discarded, 

and the precipitated pDOPA-cGO-Si was dispersed in DI water and centrifuged thrice again. 

The dried pDOPA-cGO-Si powder was collected using a LABCONCO freeze dryer. In order to 

carbonize pDOPA and reduce cGO, pDOPA-cGO-Si powder was heat treated in the same way 

as the other powders. 

3.1.4 Materials Characterization 

Scanning electron microscope (SEM) images were taken on a field emission scanning 

electron microscope (Zeiss LEO1550) with an acceleration voltage of 10 kV. The size 

distributions of crGO and crGO-Si prepared at varying conditions were obtained by counting 

at least 100 composite particles in SEM images for each sample. Thermogravimetric analysis 

(Q500, TA Instruments) was performed by heating the sample under air flow from room 

temperature to 650°C at a rate of 5°C/min. Transmission electron microscope (TEM) images 

were taken on an energy-filtered transmission electron microscope (Zeiss Libra 200MC) with 



 

  37 

an acceleration voltage of 200 kV. A Bruker energy-dispersive X-ray spectrometer (EDX) 

system integrated into the TEM system was used for elemental mapping, and 

Fourier-transform infrared (FTIR) spectra were acquired using an FTIR spectrometer 

(PerkinElmerSpectrum TwoTM). Hydrodynamic radii were determined by dynamic light 

scattering (DLS, Zetasizer Nano-ZS90, Malvern). X-ray photoelectron spectroscopy (Thermal 

Scientific KAlpha XPS spectrometer, 150 eV) was carried out to analyze the surface 

elemental composition and chemical bonding. XRD was carried out using an XRG 3000 X-ray 

diffractometer (Cu Kα radiation). An FEI Titan 80-300 LB was used to obtain high-resolution 

TEM (HRTEM) images of cpDOPA-crGO-Si. The specific surface area of various samples was 

measured by Micrometritics Gemini VII surface area analyzer based on Brunauer–Emmett–

Teller (BET) theory. 

3.1.5 Electrochemical Testing 

In order to investigate and compare the electrochemical performance of crGO-Si and 

cpDOPA-crGO-Si prepared at varying conditions, the working electrode was prepared by 

mixing active material, carbon black (carbon super P, MTI) and sodium alginate (Sigma 

Aldrich) in DI water with a mass ratio of 65:20:15 using a rotor/stator homogenizer. The 

resulting slurry was cast onto copper foil by a typical film casting doctor blade method, 

followed by drying at 80°C under vacuum overnight. All rate capability and cyclic stability 

results were obtained by assembling the fabricated working electrode (~ 1 mg/cm2 of active 

material for all studies except for Figure 3.14b, where ~ 2.5 mg/cm2 of active material was 

applied) with a lithium metal foil (Sigma Aldrich, 99.9% trace metal basis) in a coin-type 
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half-cell. A Whatman glass microfiber (Grade GF/A) was used as a separator, and 1 M LiPF6 in 

a 1:1 v/v mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) containing 5 vol.% 

FEC purchased from Canrd China was used as electrolyte. All cells were assembled in an 

Ar-filled glove box (< 1 ppm O2 and water) and cycled between 0.01 V and 1.5 V versus Li/Li+ 

using a LANHE multi-channel battery tester (Wuhan LAND Electronics Co.). Electrochemical 

impedance spectroscopy (EIS) was carried out on a SP-300 potentiostat (BioLogic) in the 

range of 1 MHz to 100 mHz with an AC amplitude of 10 mV. Nyquist plots were recorded 

after the first full cycle (after one discharge and one charge at 0.1 A/g) or after 200 cycles at 

1 A/g. The electrodes were charged (delithiated) to 1.5 V, disconnected from the battery 

tester and connected to the potentiostat where the OCV was around 1.2 V for each sample. 

EIS was then carried out at this DC voltage vs. lithium metal. 
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3.2 Results and Discussion 

 

Figure 3.2 SEM images for cGO produced from same concentration (0.5 mg/ml) but at various N2 flow rate: (a) 

742 L/h, (b) 473 L/h, (c) 246 L/h and (d) corresponding size distributions. 

In order to achieve the desired highly crumpled GO morphology, we optimized our spray 

drying conditions to achieve the best operating conditions for our system. This was first 

carried out with GO only (no silicon) with a concentration (Cf) of 0.5 mg/ml at varying N2 flow 

rates (vf) of 246 L/h, 473 L/h and 742 L/h through the two-fluid atomizer. The resulting 

powders were then investigated by SEM (Figure 3.2a-c). The size distribution for each 

sample is shown in Figure 3.2d. With increasing N2 flow rate, the average cGO diameter 

dropped from approximately 3100 nm to 730 nm. The distribution also narrowed with 

increasing flow as observed by the standard deviation decreasing from approximately 630 

nm to 130 nm. The SEM images (Figure S1) revealed the significant morphology changes for 

samples produced at three different flow rates. At high flow rates, the cGO structures are 



 

  40 

more spherical in shape with sharp undulations suggesting a highly crumpled morphology. 

At lower flow rates the particles transition to a smoother and larger-sized, oblong 

morphology. The large size difference is attributed to the increasing droplet size expected at 

lower N2 flow rates (same solution feed rate in each case). As shown schematically in Figure 

1, high velocity N2 flows through the two-fluid atomizer of the spray dryer and creates 

droplet sizes which are inversely proportional to the N2 flow rate. Droplets in the size range 

of 5 – 30 µm are achievable according to the data provided by the manufacturer.103 Thus, 

low N2 flow rates result in an increase in the number of GO sheets in a single droplet for the 

same concentration. Since GO is known to accumulate at the interface during droplet 

evaporation, low flow rates lead to a thicker solid shell. This thicker shell likely prevents the 

further deformation and shrinkage of microdroplets. On the other hand, the smaller number 

of GO sheets per droplet at high flow rates leads to a thinner, more deformable shell which 

is more easily crumpled by the capillary forces generated during evaporative drying. Since 

Luo et al.101, 103 demonstrated that the formation of wrinkles enhances the structural stability 

of crumpled GO, the maximum N2 flow rate (742 L/h) was used to generate highly crumpled 

structures for all the samples discussed below.  
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Figure 3.3 SEM images for cGO produced from (a) 1 mg/ml, (b) 0.5 mg/ml and (c) 0.2 mg/ml GO suspension at 

742 L/h of N2 flow rate and (d) corresponding size distributions. 

Figure 3.3 shows the size distribution determined by SEM of cGO obtained by spray 

drying at varying concentrations of GO. While all particles exhibit the similar crumpled 

morphology, cGO balls are smaller on average with a narrower particle size distribution 

when decreasing the dispersion concentration from 1 mg/ml (1165 ± 210 nm) to 0.5 mg/ml 

(726 ± 128 nm), which is attributed to the decreasing number of GO sheets in each 

microdroplet. However, there is an insignificant change when the concentration was 

reduced from 0.5 to 0.2 mg/ml. This may be a limit of the spray drying system as the cyclone 

collector can only efficiently capture particles down to ~1 m. Since the average size of the 

resultant particles is close to the threshold, a significant amount of powder may pass to the 

filter just prior to the system’s exhaust instead of being collected by the cyclone (Figure 1). 

This hypothesis is supported by the drop in the yield observed from > 70% at 0.5 mg/ml to 

< 40% at 0.2 mg/ml. Hence we chose to move forward with cGO prepared at the N2 flow rate 
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of 742 L/h and the concentration of 0.5 mg/ml as the combination exhibiting a smaller 

particle size, a narrower size distribution and a relatively good yield with highly crumpled 

morphology which we expect would form a more efficient conductive network to electrically 

contact Si and minimize the effect of volume change in the electrodes.  

 

Figure 3.4 SEM images of (a,b) crGO-Si (1:0.6) (1 mg/ml), (c,d) crGO-Si (1:0.6) (0.5 mg/ml) and (e,f) 

crGO-Si (1:0.3) (0.5 mg/ml) prepared at 742 L/h of N2 flow rate and (g) corresponding size distributions. 
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To incorporate silicon into the cGO, we added Si nanoparticles to the 0.5 mg/ml 

dispersions and tested two different GO to Si mass ratios (1:0.6 and 1:0.3). To investigate the 

impact of an increased particle size on the performance, we also prepared samples at a 

dispersion concentration of 1 mg/ml and a GO to Si mass ratio of 1:0.6. The size distributions 

of the Si-modified powders obtained are plotted in Figure 3.4g. Due to the increased solids 

loading in each droplet (i.e., additional Si), a slight shift to larger diameters compared to that 

of the unfilled cGO can be observed. All samples displayed a similar crumpled morphology as 

shown in Figure 3.4a-f. There are no silicon nanoparticles evident in the images even under 

high magnification suggesting that most, if not all, of the Si nanoparticles are trapped inside 

the crGO shells. The formation of this core-shell structure is attributed to the diffusivity 

difference between GO and Si nanoparticles, which is caused by their different 

hydrodynamic radii (Figure 3.5b). Convectionwithin the droplet during drying (droplet 

shrinkage) generates the flow of dispersed components to the droplet surface. The resulting 

concentration gradient causes diffusion in an attempt to redistribute the particles about the 

droplet volume. The competition between the characteristic time-scales associated with 

these two transport processes is typically quantified by the Peclet number (Pe):104 
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where Ri is the initial radius of microdroplets, D is the diffusivity of the dispersed component, 

and tdry is the drying time. Since the Si nanoparticles are much smaller in hydrodynamic 

radius than GO sheets (~ 41 nm vs. ~ 660 nm on average), according to the Stokes-Einstein 

relations, they have a much higher diffusivity than that of GO sheets. Thus, Si nanoparticles 
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quickly diffuse to the core to maintain a uniform concentration during droplet shrinkage 

while the GO sheets accumulate at the air/water interface.88, 105 The drying time of the 

droplet in this system is unknown. However, the droplet’s residence time has been 

estimated to be ~1.5 s in a previous work that used the same spray drying system.89 A drying 

time of ~ 0.1 - 10 ms has also been estimated101 suggesting drying occurs nearer the inlet. 

The effect of N2 flow rates and feed concentrations on the resulting morphology of crGO-Si is 

summarized in Figure 3.5a, samples prepared at high vf and low Cf displayed a thin shell and 

small diameter core. 

 

Figure 3.5 (a) Relationship between processing parameters and resulting morphology of crGO-Si, (b) 

hydrodynamic radius of GO sheets and Si nanoparticles before spray drying 

To evaluate and compare the performance of these core-shell structures as anodes, 

crGO-Si electrodes with the three different ratios were cycled at varying current densities 

from 0.1 A/g to 4 A/g as shown in Figure 3.6a. In this work, all gravimetric capacities are 
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reported based on the total mass of Si and carbon shell (including rGO and cpDOPA). For the 

same GO/Si ratio (1:0.6), the sample prepared with a GO concentration of 0.5 mg/ml 

retained a higher capacity (38% of 1849 mAh/g at 0.1 A/g) at 4 A/g compared to that of  

 

Figure 3.6 Electrochemical performance of various crGO-Si composites: (a) rate performance; (b) Nyquist plots 

after the 1st cycle at 1.2V vs. Li. The equivalent circuit used is shown in the inset; (c) charge/discharge curves at 4 

A/g; (d) charge/discharge curves of crGO-Si (1:0.3) (0.5 mg/ml) at varying current densities; (e) long-term cycling 

performance. 
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sample prepared at 1 mg/ml (25% of 1793 mAh/g at 0.1 A/g) at the same current density. 

This result aligns with our expectation (Figure 3.5a) that crGO-Si prepared at low 

concentration results in smaller structures with less silicon in its core leads to a more 

efficient conductive network. For the same GO concentration (0.5 mg/ml), crGO-Si prepared 

at the GO/Si ratio of 1:0.3 displayed a higher capacity at 4 A/g (49% of 1631 mAh/g at 0.1 

A/g) exceeding the capacity of crGO (1:0.6) (0.5 mg/ml) at 2 A/g even with a lower content 

of Si. Since rGO is more conductive compared to Si, this result could also be attributed to the 

higher overall conductivity due to the increased proportion of rGO in the electrode. The 

improvement in rate capability due to increased conductivity was also evident in the 

electrochemical impedance spectroscopy (EIS) results (Figure 3.6b). The semi-circle in the 

high frequency region is attributed to charge transfer resistance (Rct) while the straight line 

in the low frequency region represents the Warburg diffusion process (Zw).106, 107 

Furthermore, the intersection between the semi-circle and x-axis shows the internal 

resistance (Rs). All Nyquist plots were well-fitted using the equivalent circuit model shown in 

the inset of Figure 3.6b. The order of the electrode conductivity was determined to be: 

crGO-Si (1:0.3) (0.5 mg/ml) > crGO-Si (1:0.6) (0.5 mg/ml) > crGO-Si (1:0.6) (1 mg/ml). As 

shown in Figure 3.6c-d, the voltage profiles show the typical shape for lithiation and 

de-lithiation of silicon with plateaus at ~ 0.3 V - 0.01 V and ~ 0.2 V - 0.6 V, respectively.55 

The long-term cycling performance of each sample is shown in Figure 3.6e. The low 

conductivity and larger number of Si nanoparticles in one crGO sack caused a dramatic drop 

in the capacity of crGO-Si (1:0.6) (1 mg/ml) from 1793 mAh/g at 0.1 A/g to ~1178 mAh/g at 1 

A/g. Only 67% (795 mAh/g) of the initial capacity was retained after 100 cycles. The curves 
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for the other two samples, prepared at low concentration, show similar tendencies and 

retained a reasonable capacity at high current. Howeer, the crGO-Si (1:0.3) (0.5 mg/ml) 

displayed a much higher capacity of 1016 mAh/g (78% of the initial capacity) while crGO-Si 

(1:0.6) (0.5 mg/ml) only retained 68% (925 mAh/g) of the initial capacity after 100 cycles. 

With the protection of optimized crumpled rGO shell, crGO-Si (1:0.3) (0.5 mg/ml) displayed 

much better cyclic stability compared to that of rGO-Si (1:0.3) which was prepared without 

spray drying the mixture. Moreover, we also examined the cyclic stability of crGO-Si (1:0.3) 

(0.5 mg/ml) produced at low N2 flow rate (246 L/h), whose capacity significantly dropped by 

52.5% after 100 cycles. Hence, crGO-Si (1:0.3) (0.5 mg/ml) produced at high N2 flow rate (742 

L/h) exhibited the best cyclic stability given its higher rGO:Si ratio which buffers the volume 

fluctuation of Si most efficiently among these three samples while maintaining an effective 

conductive network. From here on, all samples prepared in the following works were based 

on a GO concentration of 0.5 mg/ml. 

Huang et al.98 directly spray dried and heat treated crGO/Si at 600°C via a modified spray 

drying system which displayed better cyclic stability (250 cycles vs. 200 cycles for ~ 80% 

capacity retention) and a higher initial coulombic efficiency (73%) compared to that of crGO 

(1:0.3) (0.5 mg/ml) (68.6%). We suspect that the reduction step in our procedure might 

affect the structural stability of cGO/Si due to the possible exfoliation of the GO exposing 

more Si nanoparticles directly to the electrolyte. Hence, we further reinforced the cGO shell 

by coating it with an external layer of polydopamine (pDOPA). Inspired by the adhesive 

nature of mussels for attachment to wet surfaces, pDOPA coating is a simple and versatile 

method for surface functionalization through spontaneous self-polymerization of DOPA 
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monomers in basic aqueous solutions.108 The following heat treatment converts the pDOPA 

into a nitrogen-doped carbon layer on the surface of crGO which could improve both cyclic 

stability and charge transfer. To confirm the successful coating of pDOPA, FTIR was carried 

out on pure cGO and pDOPA-cGO as shown in Figure 3.7a. Two new peaks emerged in the 

spectra of pDOPA-cGO related to N-H bond and C-N bond at 1504 cm-1 and 1385 cm-1 

respectively, suggesting the existence of nitrogen-containing groups that were introduced by  

 

Figure 3.7 Characterization of pDOPA-coated cGO and crGO: (a) FTIR spectra of cGO and pDOPA-cGO; SEM 

images of cGO stirred in DI water for 24 hours without pDOPA (b) and with pDOPA (c); (d) rate performance and 

(e) cyclic stability of cpDOPA-crGO scaffold at 2 A/g. 

the polydopamine layer. And GO was partially reduced during the polymerization of 

dopamine, as indicated by the decreased peak intensity at 1735 cm-1 (C=O) in the spectra of 

cGO.109 Furthermore, pure cGO and pDOPA-cGO were stirred in DI water for 24 hours and 

then freeze dried for SEM analysis as shown in Figure 3.7b and 3.7c, respectively. All pure 

cGO sacks are found to have a completely different morphology upon re-dispersion in water. 

They no longer appeared as crumpled balls but thick lamellae suggesting that the rGO 
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unfolded and aggregated in water resulting in the collapse of crumpled structure. On the 

other hand, the pDOPA-cGO sacks are able to maintain their original crumpled morphology. 

This suggests that the pDOPA effectively “glued” the structure together and prevented it 

from restructuring in water. The polymerization reaction involving pure dopamine only takes 

a few minutes as indicated by the rapid change in color from transparent to light brown, 

implying that this process is faster than the restructuring of cGO in water. Furthermore, 

pDOPA is also found to enhance the structural stability of cGO during heat treatment as 

shown in Figure 3.8. Without the pDOPA coating, the cGO exfoliated in the tube furnace due 

to the rapid expansion of gases generated upon thermal reduction of GO to rGO. The pDOPA 

coating rigidified the structure enabling the gases to escape without undergoing damaging 

expansion. 

 

Figure 3.8 (a) Pure cGO exfoliated during reduction, SEM images for exfoliated cGO (b) and polydopamine 

coated crGO (c) after being heated to 800°C. 

Cell performance of pDOPA-crGO without Si was first investigated to study the 

electrochemical stability of the carbonaceous material formed. Cells assembled using this 
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material were cycled at varying current densities ranging from 0.1 A/g to 4 A/g (Figure 3.7d), 

exhibiting a relatively small drop in capacity from 323 mAh/g to 216 mAh/g. Additionally, as 

shown in Figure 3.7e, cpDOPA-crGO displayed excellent cycling stability with an average 

coulombic efficiency of > 99.9% and only ~10% loss in capacity observed over 1000 cycles. 

According to these results, cpDOPA-crGO is a stable carbon scaffold which will be used to 

protect Si nanoparticles as discussed in the sections to follow. 

 

Figure 3.9 Characterization of crGO-Si composites with and without cpDOPA coating: (a) TGA curves of 

varying samples; (b) TEM image of a single cpDOPA-crGO-Si ball and elemental mapping images showing the 

distribution of carbon (c), nitrogen (d) and silicon (e). 

 After the addition of Si nanoparticles into cpDOPA-crGO based on a GO/Si ratio of 1:0.6, 

we first investigated the amount of cpDOPA coated on the surface of crGO-Si using TGA 

where samples were pyrolyzed under air flow to 650°C. As shown in Figure 3.9a, there is a 

significant mass loss at around 500°C which should be attributed to the decomposition of 

the carbonaceous materials. Some mass gain is observed at higher temperatures due to the 
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oxidation of Si nanoparticles. Since the addition of cpDOPA would not affect the mass ratio 

between crGO and Si, according to the carbon content detected in cpDOPA-crGO-Si (1:0.6) 

and crGO-Si (1:0.6), the content of cpDOPA is calculated to be around 17.5wt%. Here, it 

should be noted that the cpDOPA is coated on crGO-Si (1:0.6) rather than crGO-Si (1:0.3), 

which exhibited better electrochemical performance, in order to maintain its theoretical 

capacity by avoiding the use of too much carbon. By comparing cpDOPA-crGO-Si (1:0.6) and 

crGO-Si (1:0.3) containing similar carbon content, a fairer conclusion can be drawn about 

whether or not the extra cpDOPA sealing can help to improve the electrochemical 

performance of our materials. A representative TEM image of a cpDOPA-crGO-Si particle is 

shown in Figure 3.9b. Some parts near the outside of the crumpled structure are nearly 

transparent to the electron beam and are likely just folds of pDOPA-coated rGO. The inner 

structure is much darker in contrast likely due to the denser Si-containing core. According to 

the EDX mapping for carbon, nitrogen and silicon shown in Figure 3.9c-e, silicon is 

concentrated in the core and the texture of individual silicon nanoparticles approximately 

50 nm in diameter can be seen. A strong carbon signal throughout the sample and a lower 

intensity nitrogen signal are detected and distributed uniformly across the crGO surface. 

HRTEM was carried out on the crumpled edge of a cpDOPA-crGO-Si (1:0.6) sample at varying 

magnifications as shown in Figure 3.10. The resulting images clearly suggest that silicon 

nanoparticles are covered by a layer of rGO combined with amorphous carbon (cpDOPA) 

with a thickness of ~5 nm. The lattice fringes (d = 0.31 nm) reflect the (111) crystal face of Si, 
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Figure 3.10 High-resolution TEM images of cpDOPA-crGO-Si (1:0.6) at low (a) and high (b) magnifications. 

indicating that the Si nanoparticles inside are still highly crystalline. After spray drying, Si NPs 

were not be significantly oxidized as indicated by a negligible increase in oxygen content 

observed by EDX and no additional peaks appearing in the XRD profiles as shown in Figure 

3.11. 

 

Figure 3.11 (a) SEM-EDX results for oxygen content from 5 randomly selected area (10μm x 10μm) and (b) XRD 

patterns for Si NPs before and after spray drying 

XPS was carried out to characterize the surface elemental composition of bare silicon, 

crGO-Si (1:0.3) and cpDOPA-crGO-Si (1:0.6). As depicted in Figure 3.12a, the presence of a N 

1s peak in the spectrum of cpDOPA-crGO-Si (1:0.6) suggests the successful introduction 
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ofcpDOPA. Approximately 1.21% N is doped into the carbon shell. Moreover, according to 

the surface elemental analysis, the silicon content decreased from 47.5% to 7.68% while the 

carbon content increased from 27.14% to 73.49% after spray drying and heat treatment 

together with GO sheets. This reduction in the silicon signal, due to the short penetration 

depth of the XPS system, demonstrates that rGO effectively covers the surface of the Si 

nanoparticles. After the coating of cpDOPA, the Si content dropped further to 2.13% while 

the carbon content reached 82.38%. To obtain chemical bonding information, we carried out 

a more detailed analysis for the C 1s peak and N 1s of cpDOPA-crGO-Si (1:0.6). For the C 1s 

spectrum (Figure 3.12b), the main peak was well-fitted and deconvoluted into three peaks 

which are attributed to O-C=O (288.9 eV), C-N (285.7 eV) and C-C (284.8 eV).110, 111 The small 

area of O-C=O illustrates that most oxygen containing groups were removed during heat 

treatment, and the presence of C-N suggests the doping of nitrogen due to the coating of 

cpDOPA. To determine the type of doped nitrogen in this material, we also did peak fitting 

for the N 1s spectrum. As shown in Figure 3.12c, the three peaks are assigned to graphitic 

nitrogen (403.6 eV), pyrrolic nitrogen (400.4 eV) and pyridinic nitrogen (397.9 eV), 

respectively.110, 111 XRD profiles are plotted in Figure 3.12d. The peaks at 28.4°, 47.3°, 56.1° 

and 69.1° were assigned to (111), (220), (311) and (400) lattice planes of crystalline silicon, 

respectively. A broad and nearly undiscernible peak around ~27° in the XRD pattern of 

crGO-Si indicates that the rGO shell indicates little to no restacking of the rGO.112 However, 

this peak effectively disappears after the introduction of cpDOPA which, as expected, forms 

an amorphous carbon layer. 
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Figure 3.12 Characterization of crGO-Si, cpDOPA-crGO-Si and bare Si: (a) high-resolution XPS survey spectra 

of varying samples; high-resolution XPS narrow scan spectra of cpDOPA-crGO-Si for C 1s (b) and N 1s (c); (d) 

XRD patterns of varying samples. 

Galvanostatic charge/discharge testing and EIS were carried out on 

cpDOPA-crGO-Si (1:0.6) to demonstrate the improvement in cell performance by adding the 

cpDOPA coating as compared to samples without the coating. As shown in Figure 3.13a, 

cpDOPA-crGO-Si (1:0.6) delivered 1672 mAh/g at 0.1 A/g which dropped to 975 mAh/g at 4 

A/g retaining 58% of its capacity at the high rate of lithiation. In contrast, crGO-Si (1:0.3) 

retained only 49% of its initial capacity at 0.1 A/g after the current density was increased to 

4 A/g. The improved rate capability suggests that the conductive network is further 

improved in the cpDOPA-coated sample, which is consistent with the results of EIS where 

cpDOPA-crGO-Si (1:0.6) exhibited the smallest Rct (72 Ω) as indicated by the smallest semi-  
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Figure 3.13 Electrochemical performance of crGO-Si composites with and without cpDOPA coating: (a) rate 

performance, (b) Nyquist plots after the 1st cycle and equivalent circuit (inset); (c) first charge/discharge curves at 

0.1 A/g; (d) charge/discharge curves of cpDOPA-crGO-Si (1:0.6) at varying current densities. 

-circle in the high frequency region of the Nyquist plot (Figure 3.13b). Although 

cpDOPA-crGO-Si (1:0.6) has a similar carbon content to that of crGO-Si (1:0.3), the 

nitrogen-doped carbon coating provided a more efficient pathway for lithium-ion transfer. 

The first charge/discharge curves of cpDOPA-crGO-Si (1:0.6) and crGO-Si (1:0.3) are plotted 

in Figure 7c, the sharp slope at ~ 1.5 V - 0.1 V in the first discharge curve indicates the 

formation of the SEI layer while the long platform at ~ 0.1 V - 0.01 V is attributed to the 

transformation from crystalline Si to an amorphous LixSi. And crGO-Si (1:0.3) exhibited more 

irreversible capacity to form an SEI layer, leading to a lower initial coulombic efficiency 

(68.6%) compared to 76.3% for the cpDOPA-crGO-Si (1:0.6). The improvement suggests that 
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the cpDOPA-crGO shell may better seal the Si from direct contact with the electrolyte than 

just the crGO alone. For reference, pure Si exhibited an even poorer initial coulombic 

efficiency of 57.2%. The improvement in initial coulombic efficiency may also be explained 

by the significant drop in surface area estimated by gas adsorption of 48.4 m2/g to 9.2 m2/g 

before and after the cpDOPA coating procedure, respectively. After the first discharge, the 

silicon anode only converts between amorphous LixSi and amorphous silicon corresponding 

to the typical potential plateaus at ~ 0.3 V - 0.01 V during discharging and ~ 0.2 V - 0.6 V 

during charging as shown in Figure 3.13c and 3.13d.53 With increasing current density, the 

polarization of Si led to an apparent increase in the delithiation potential and reduction the 

of lithiation potential. 

 

Figure 3.14 Cyclic stability of cpDOPA-crGO-Si with varying loadings: (a) Comparison of cycle life between 

crGO-Si and cpDOPA-crGO-Si; (b) cycling stability of cpDOPA-crGO-Si with an increased mass loading.  
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The long-term cyclic stability of cpDOPA-crGO-Si (1:0.6) was investigated by 

galvanostatic charge/discharge and compared to uncoated crGO-Si (1:0.3) as shown in 

Figure 3.14a. cpDOPA-crGO-Si (1:0.6) displayed an outstanding cyclic stability, which only 

dropped from 1379 mAh/g to 1206 mAh/g after 100 cycles and 1038 mAh/g after 200 cycles 

with corresponding capacity retentions of 87.5% and 75%, respectively. Uncoated crGO-Si 

(1:0.3) only achieved a capacity of 783 mAh/g after 200 cycles, exhibiting a capacity decay 

rate of 0.20%/cycle which is significantly worse than the cpDOPA coated sample where a 

decay rate of 0.12%/cycle is observed. The SEM images of cpDOPA-crGO- Si (1:0.6) after 200 

cycles are shown as in Figure 3.15a and b, which indicates no obvious cracking or 

delamination and  

 

Figure 3.15 SEM image for cpDOPA-crGO-Si after 200 cycles at low magnification (a) and high magnification 

(b), (c) Nyquist plots for cpDOPA-crGO-Si (1:0.6) after the 1st cycle and the 200th cycle 
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that the original crumpled structure of the crGO appears largely maintained. The Nyquist 

plot of cpDOPA-crGO- Si (1:0.6) after 200 cycles was also measured and plotted in 

Figure 3.15c, which still exhibited a similar shape, comprised of a semi-circle at high 

frequency region and a straight line at low frequencies compared to the plot obtained after 

the 1st cycle. The small increase in the semi-circle diameter indicates that this cpDOPA 

coated crGO-Si can maintain a relatively intact electrochemical structure even after 

long-term cycling. Based on the capacity of pure cpDOPA-crGO shell (323 mAh/g at 0.1 A/g 

and 216 mAh/g at 4 A/g as shown in Figure 3.7d) and TGA analysis (containing ~42.1 wt% of 

carbon as shown in Figure 3.9a), we calculated the contribution of carbon in 

cpDOPA-crGO-Si (1:0.6) which suggests that only 8.1% and 9.3% of capacity should be 

attributed to the carbon shell at 0.1 A/g and 4 A/g, respectively. Based on the above 

calculations, the silicon alone displayed capacities of ~2654 mAh/g at 0.1 A/g and ~1527 

mAh/g at 4 A/g, which is around 73.9% and 42.5% respectively of its theoretical capacity 

(3590 mAh/g) at room temperature.113 To meet the high energy densities required for 

practical application of this battery technology, we also checked the cycling stability of 

cpDOPA-crGO-Si (1:0.6) with increased active material loading (2.5 mg/cm2). Even with a 

2.5 increase in mass loading, this material still showed a promising cycle life as shown in 

Figure 3.14b. The areal capacity of cpDOPA-crGO-Si (1:0.6) only dropped from 2.46 mAh/cm2 

to 2.05 mAh/cm2 after 100 cycles, and this capacity is very closed to the value of commercial 

graphite anodes.114 Hence, we can conclude that the coating of cpDOPA significantly 

improved the structural stability of crGO-Si composite. Compared to other Si/C anodes 

prepared based on the same spray drying technique (Table 3.2), cpDOPA-crGO-Si displayed 
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competitive capacity and improved cycling stability with a simple and efficient production 

process. Although Yan et al.112 very recently conducted a similar polydopamine coating 

method, our material exhibited better cycle life and used much less electrolyte additives (5% 

FEC vs. 10% FEC & 2% vinylene carbonate (VC)), which is attributed to the optimization of 

spray drying parameters.  

Table 3.1 The 1st coulombic efficiency of varying samples 

 cpDOPA-crGO-Si 

(1:0.6) 
crGO-Si(1:0.3) crGO-Si(1:0.6) Pure Si 

1st Coulombic 

efficiency 
76.3% 68.6% 64.2% 57.2% 

 

 

Table 3.2 Summary of recent works about Si/C anode using spray drying technique 

Material 

Initial 

capacity 

during cycling  

(mAh/g) 

No. of cycles 

(retention) 
Journal [ref.] Note 

C–Si/cGr 
~1250 mAh/g 

at 0.5C 
100 (63%) 

Curr Appl Phys, 

2019[117] 
 

Si/C-3 
1397 mAh/g 

at 0.2 A/g 
300 (37%) 

Electrochim. 

Acta, 2019[118] 
 

MSC250 
1555 mAh/g 

at 0.5C 
500 (87%) 

Electrochim. 

Acta, 2019[124] 
10% FEC 

PSi/C 

1357.43 

mAh/g 

At 0.1 A/g 

100 (69%) 

ACS Appl. Mater. 

Interfaces, 

2018[121] 

 

PSNGM 
1340 at  

0.1 A/g 
150 (87%) 

Electrochim. 

Acta, 2016[98] 
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Si@C@CNT-PG 
820 mAh/g  

at 0.2C 
100 (84%) 

J. Alloys Compd. 

2019[114] 
5% FEC 

Si/C@NGs 
483.3 at  

0.1 A/g 
100 (88%) 

Chem. Eng. J. 

2017[125] 
 

Si/CNT/C 1989 at 1 A/g 100 (70%) 
J. Power Sources, 

2018[175] 
 

Si@G@PDA-C 1200 at 1 A/g 150 (84.8%) 

ACS Appl. Mater. 

Interfaces, 

2019[136 

10% FEC and 

2% VC 

Si@crumpled GO 1132 at 1 A/g 250 (83%) 
J. Phys. Chem. 

Lett., 2012[97] 
 

Si/C/rGO 947 at 0.1 A/g 70 (98%) 
J. Electroanal. 

Chem., 2017[119] 
 

Si@po-C 1366 at 4 A/g 150 (91%) 
Nano Lett., 

2013[146] 

5% FEC, 

HF-etching 

Si@C@rGO 
1599 at 0.1 

A/g 
100 (94.9%) 

J. Alloys Compd., 

2017[122] 
 

Si@FL-GB 
1499 at 0.5 

A/g 
100 (70.9%) 

Nanoscale, 

2020[178] 
5% FEC 

cpDOPA-crGP-Si 
1379 mAh/g  

at 1 A/g  
200 (75%) This work 5% FEC 

3.3 Conclusions 

In summary, the effect of feed concentration, nitrogen flow rate and GO/Si ratio on the 

resulting physical morphology, size distribution and battery performance of crGO-Si was 

evaluated. It is confirmed that a highly crumpled structure with a small and uniform size 
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distribution is produced at high N2 flow rate of approximately 742 L/h and a diluted GO 

dispersion concentration of 0.5 mg/ml with a low GO/Si ratio (1:0.3), which resulted in an 

electrode with the highest structural stability and most efficient conductive network to 

buffer the volume change of Si. When cycled at a current density of 1 A/g in the range of 

0.01 V to 1.5 V, crGO-Si (1:0.3) (0.5 mg/ml) delivered an improved cycle life with a capacity 

loss rate of 0.20% per cycle over 200 cycles. A layer of nitrogen-doped carbon (cpDOPA) was 

then coated on the surface of crGO-Si (1:0.6) (0.5 mg/ml) to further enhance the sealing and 

stability of the Si-C core-shell structure. Based on a carbon content (57.9%) which is similar 

to that of crGO-Si (1:0.3), cpDOPA-crGO-Si (1:0.6) displayed much better rate capability and 

cyclic stability. It can still maintain a high capacity of 1007 mAh/g after 200 cycles at 1 A/g, 

the reinforced material displayed significantly enhanced cycle stability displaying a lower 

decay rate of 0.12% per cycle. Meanwhile, the optimized initial coulombic efficiency (76.3%) 

also demonstrated that the addition of cpDOPA coating effectively decreased direct contact 

of Si by the electrolyte.
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4 Controlling Void Space in Crumpled 

Graphene-Encapsulated Silicon Anodes using Sacrificial 

Polystyrene Nanoparticles 

This chapter is based on a manuscript submitted to ChemSusChem (just accepted), see 

Statement of Contributions for details. 

As we discussed in Chapter 3, additional sealing of the crumpled graphene shell can 

lead to improved structural stability. However, we noticed that there was litte void space in 

the core of the crumpled rGO to buffer volume expansion. Herein, we discuss an approach 

to control void space in the Si NP core of the crumpled rGO shell using a one-step 

encapsulation approach. As shown in Figure 4.1, polystyrene nanoparticles (PS NPs) of 

similar size to the Si NPs are spray dried together to obtain a PS/Si composite encapsulated 

with crumpled GO. Thermal decomposition of the PS and reduction of the GO lead to a 

composite with void fraction and porosity which is tunable by the PS to Si ratio. The impact 

of introducing void space in this way on the electrochemical performance of the composite 

structure was used to determine the optimal PS/Si ratio of 1:1 which displays both the best 

rate capability and cyclic stability. These electrodes exhibited a high capacity of 1183 mAh/(g 

Si+rGO) after 200 cycles at 1 A/g with a promising capacity retention of 80.6%. Due to the 

improved conductive network, 71.9% of initial capacity (1638 mAh/(g Si+rGO) at 0.1 A/g) was 

retained when current density was increased from 0.1 A/g to 4 A/g. 
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Figure 4.1 Schematic illustration of the synthesis process of voided CrGO encapsulated Si NPs (VCrGO@Si-X, 

where X is ratio of PS/Si), where the spray drying process (in the box) can be divided into diffusion/convection 

segregation process (① to ②) and the capillary collapse process (② to ③). 

4.1 Experimental Section 

4.1.1 Synthesis of Graphite Oxide 

Graphene oxide (GO) was synthesized by Tour’s modified Hummer’s method from 

graphite flakes (Alfa Aesar, natural, -10 mesh, 99.9% (metals basis)).102 360 ml of 98% 

sulfuric acid (H2SO4) and 40 ml of 97% phosphoric acid (H3PO4) were continuously stirred in a 

3-neck round bottom flask followed by the slow addition of 3g of graphite flakes and 18g of 

potassium permanganate (KMnO4). The oxidation reaction was conducted in an oil bath at 

50°C for 16 h, followed by the addition of 6 ml of hydrogen peroxide to reduce unreacted 

manganese species when the suspension cooled to room temperature. The resultant 

suspension was then washed in 10% HCl and then ethanol for three times and four times, 

respectively via centrifugation (3000 rpm, rotor diameter 15 cm). Finally, a dialysis bag with 
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12-14 kDa molecular weight cut off (MWCO) was used to transfer GO from ethanol to 

deionized (DI) water for subsequent steps. 

4.1.2 Synthesis of Polystyrene Nanospheres 

Polystyrene nanoparticles (PS NPs) were synthesized by emulsion polymerization 

following the procedure of Zhang et al..115 In a typical experiment, 72 mg of sodium 

bicarbonate (NaHCO3, as buffer agent) and 9 mg of sodium dodecyl benzene sulfonate (SDBS, 

as emulsifier) were dissolved in 33 ml water/ethanol (10:1 in volume) in a single neck round 

bottom flask. 3 ml of styrene monomer was slowly injected into the mixture which was then 

agitated by an ultrasonic probe forming a stable white emulsion. The emulsion was then 

degassed by nitrogen bubbling to remove oxygen under continuous stirring for 30 mins at 

room temperature. After the reaction system was slowly heated to 80°C, and 30 mg of 

potassium persulfate (KPS) (20 mg/ml in water) was slowly injected to initiate the 

polymerization for 7 hours under nitrogen flow protection. The resulting emulsion was 

broken by adding 2 g of sodium chloride (NaCl), and then washed by DI water and ethanol 

for four times and three times, respectively via centrifugation (3000 rpm, rotor diameter 

15 cm) and re-dispersion of the pellet containing the PS.  

4.1.3 Preparation of Electrode Materials 

500 mg of GO and 300 mg Si NPs (~50-100 nm, Strem) were dispersed in 1 L of 

water/ethanol (4:1 by volume). PS NPs were added with four different mass ratios (0:1, 0.5:1, 

1:1 and 2:1 of PS:Si) under continuous stirring. The uniformly mixed suspension was 
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ultrasonicated in a water bath for 30 mins, followed by spray drying using a BUCHI-290 Mini 

Spray Dryer with input temperature of 200°C, aspirate rate of 100%, and nitrogen flow rate 

of 742 L/h. The resulting dry powder was placed in an alumina combustion boat and heated 

under a flowing mixture of argon (95%) and hydrogen (5%) gases from room temperature to 

450°C for 2 hours with a ramping rate of 1°C/min, and then heated at 800°C for 3 hours after 

ramping to this temperature at 5°C/min. The resulting voided crumpled reduced graphene 

oxide encapsulated Si NPs with varying PS/Si mass ratios are denoted as VCrGO@Si-0, 

VCrGO@Si-0.5, VCrGO@Si-1 and VCrGO@Si-2 based on the amount of PS from low to high. 

As a control group, VCrGO was prepared using the same procedure but only mixing GO 

sheets with PS NPs as the initial feeding dispersion for spray drying, where the mass ratio of 

GO/PS is same with that of VCrGO@Si-1. The sample before heat treatment is denoted as 

CGO@Si-X, where X=0, 0.5, 1 and 2. When necessary, to attain high quality SEM images and 

eliminate charging of the non-conductive CGO@Si material, partial reduction under 250°C 

for 2 hours with a ramping rate of 1°C/min in Ar/H2 was carried out. 

4.1.4 Materials Characterization 

Scanning electron microscope (SEM) images were taken on a field emission scanning 

electron microscope (Zeiss LEO1550) with an acceleration voltage of 10 kV. 

Thermogravimetric analysis (TGA, Q500- TA Instruments) was performed by heating the 

sample under air or nitrogen flow from room temperature to 650°C at a rate of 5°C/min. 

Transmission electron microscope (TEM) images were taken on an energy-filtered 

transmission electron microscope (Zeiss Libra 200MC) with an acceleration voltage of 200 kV. 
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The size distributions of polystyrene nanospheres were obtained by counting at least 200 

particles in TEM images. A CMOS detector for electron energy loss spectroscopy (EELS) 

integrated into the TEM was used for elemental mapping. Hydrodynamic radii were 

determined by dynamic light scattering (DLS, Zetasizer Nano-ZS90, Malvern). The density of 

PS and Si NPs was calculated based on the volume measured by a gas pycnometer (AccuPyc 

II, micromeritics) using helium gas. X-ray photoelectron spectroscopy (Thermal Scientific 

K-Alpha XPS spectrometer, 150 eV) was carried out to analyze surface elemental 

composition and chemical bonds. X-ray diffraction (XRD) was carried out using an XRG 3000 

X-ray diffractometer (Cu Kα radiation). FEI Titan 80-300 LB was used to obtain the 

high-resolution TEM (HRTEM) image of VCrGO@Si-1. The pore size distributions of various 

samples were measured by a dynamic vapor sorption instrument (DVS, Surface 

Measurement Systems) and the corresponding specific surface area was calculated based on 

Brunauer–Emmett–Teller (BET) theory. 

4.1.5 Electrochemical Characterization 

Electrodes were cast by mixing active material (Si + rGO), carbon black (MTI Corp., 

TIMCAL Graphite and Carbon Super P® Conductive Carbon Black) and sodium alginate (Sigma 

Aldrich) in DI water with a mass ratio of 65:20:15 using a rotor/stator homogenizer. The 

resulting slurry was cast onto copper foil by a typical film casting doctor blade method and 

then was dried at 80°C under vacuum overnight. The mass loading of active material (Si + 

rGO) was adjusted to around 1 mg/cm2 for all electrochemical measurements except for 

Figure 4.13a (where the mass loading was increased to 2.4 mg/cm2). Coin-type half cells 
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were assembled with lithium metal foil (Sigma Aldrich, 99.9% trace metal basis) in an 

Ar-filled glove box (< 1 ppm O2 and water). A Whatman glass microfiber (Grade GF/A) was 

used as a separator, and 1 M LiPF6 in a 1:1 v/v mixture of ethylene carbonate (EC) and 

dimethyl carbonate (DMC) containing 5 vol.% FEC purchased from Canrd China was used as 

electrolyte. For the coin-type full cell fabrication, VCrGO@Si-1 was first lithiated to 0.01 V at 

0.1 A/g in a half cell and then immediately coupled with LiFePO4 cathode (LFP) using the 

same fabrication procedure. The LFP cathode (~ 12 mg/cm2 in terms of the weight of LFP) 

was prepared by mixing commercial LFP powder (Gelon Chemical), polyvinylidene difluoride 

(PVDF, Kynar® HSV 900 Arkema) and carbon black with a mass ratio of 8:1:1 in 

N-methyl-2-pyrrolidone (NMP) and then cast as the electrode using the same procedure as 

for the anode materials. To match with the LFP cathode (~1.62 mAh/cm2 at 1.14 mA/cm2 

(0.5C) in half cells) at the N/P ratio of ~1.1, the active material mass loading (Si + rGO) of 

VCrGO@Si-1 is determined to be ~1.5 mg/cm2 (~1.79 mAh/cm2 at 1.14 mA/cm2 in half cells). 

All cells were cycled in the voltage range of 0.01 V - 1.5 V for half cells and 2 V – 3.9 V for full 

cells using a LANHE multi-channel battery tester (Wuhan LAND Electronics Co.). 

Electrochemical impedance spectroscopy (EIS) was carried out on a SP-300 potentiostat 

(BioLogic) in the range of 1 MHz to 100 mHz with an AC amplitude of 10 mV. Nyquist plots 

were recorded after the first full cycle (after one discharge and one charge at 0.1 A/g) or 

after 200 cycles at 1 A/g. The electrodes were charged (delithiated) to 1.5 V, disconnected 

from the battery tester and connected to the potentiostat where the OCV was around 1.2 V 

for each sample. EIS was then carried out at this DC voltage vs. lithium metal. 
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4.2 Results and Discussion 

 

Figure 4.2 size distribution of PS nanospheres by counting 200 particles in TEM images (inset). 

As shown in Figure 4.2, the average diameter of PS NPs prepared is approximately 95 

± 8 nm, which is comparable to the size of commercial Si NPs (~100 nm). The hydrodynamic 

diameter of PS NPs, Si NPs and GO sheets was also estimated by dynamic light scattering 

(DLS in Figure 4.3a) which indicated average diameters of ~101 nm, ~89 nm and ~1022 nm, 

respectively, in the same liquid system (ethanol/water mixture with a volume ratio of 1:4). 

The similar sizes of the PS NPs and Si NPs suggest that the two particles will have a similar 

diffusivity, which is significantly higher than that of the GO sheets. This is important in 

designing the core-shell structure where it is known that larger GO sheets will mostly 

accumulate at the droplet interface during drying while the smaller NPs are able to 

redistribute while the aerosol dries and forms the core.89, 98, 101 Moreover, The convection 

induced during the drying process may also pin the GO at the interface where it acts to 

lower the surface energy.101 This process is summarized in Figure 4.1. 
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Figure 4.3 (a) Distribution of hydrodynamic diameter as estimated by DLS for GO, Si NPs and PS NPs. 

Corresponding TEM image for PS and SEM images of Si and GO are shown as inset. (b) TGA profiles for pure PS 

and CGO@Si-1 conducted under N2 flow and SEM image (inset) of CGO@Si-1 which was partially reduced at 

250°C to render the sample conductive for easier imaging. 

A scanning electron microscope (SEM) image of the VCrGO@Si-1 before removing PS 

template (CGO@Si-1) is shown in Figure 4.3b inset. All composite particles display a similar 

crumpled structure to what has previously been reported for neat and cargo-filled GO.98 The 

lack of any obvious PS or Si on the outside of the crumpled GO, indicates that most of the 

NPs were successfully encapsulated within the CGO framework. Thermogravimetric analysis 

(TGA) was carried out on both the PS NPs and CGO@Si-1 under nitrogen flow as shown in 

Figure 4.3b in order to mimic the thermal reduction procedure under inert conditions 

(where the corresponding derivative curves are shown in Figure 4.4a). The PS NPs slowly 

degrade starting around 300°C and are completely decomposed beyond ~430°C. For 

CGO@Si-1 samples, an earlier mass loss is observed between 150°C and 225°C which is 

attributed to the thermal reduction of GO with a more significant mass loss observed at 

higher temperatures corresponding to the PS decomposition. As a control group, TGA was  
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Figure 4.4 (a) TGA derivative curves of polystyrene and CGO@Si-1, TGA curves of (b) pure Si and (c) PS/Si 

spray dried from 3 batches of feeding solution containing PS NPs and Si NPs with a designed mass ratio of 1:1 

under N2 protection. 

carried out on pure Si NPs under similar conditions (Figure 4.4b). There was no significant 

mass loss under nitrogen protection. Pure PS/Si mixtures made by spray drying (without GO) 

with a mass ratio of 1:1 from three separate batches were also analyzed by TGA and found 

to contain 53.0  0.3wt% (error estimated as the standard deviation) of silicon as shown in 

Figure 4.4c. The slight deviation from the designed 1:1 mass ratio is attributed to 

experimental error and the slight oxidation of Si NPs beyond 400°C which is apparent in the 

TGA curves (Figure S2d) as a mass increase between 400 °C and 600 °C.  

Transmission electron microscope (TEM) images for the high temperature annealed 

VCrGO@Si material are provided in Figure 4.5a for varying initial PS/Si ratios. Under TEM, 
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rGO is relatively transparent due to its atomically-thin nature and low atomic number. Thus, 

regions with brighter contrast indicate empty space where the electron-beam is not blocked 

by the dense silicon particles. It is clear from Figure 4.5a, that there is a transition from a 

dense core to one that becomes more transparent to the electron beam as the proportion of 

void space is increased. The inner structure of VCrGO@Si-1 was better revealed using 

high-resolution TEM (HRTEM) imaging. Images for a single composite ball at varying 

magnifications are shown in Figure 4.5b. Relatively low magnification images reveal spatially 

separated Si NPs. At higher magnification, it becomes clear that crystalline Si NPs (d=0.31 nm 

as indicated by white arrows, which belongs to Si (111)) are completely encapsulated by a 

layer of carbon which is attributed to multilayered crumpled rGO sheets with a thickness of 

around 15 nm in the region labeled by white dashed lines. The spatial distribution is better 

revealed by the electron energy loss spectroscopy (EELS) mapping as shown in Figure 4.5c. 

As expected, the carbon signal is generated from the entire structure while a faint signature 

of oxygen and a stronger signal for silicon reveal the inner structure of silicon within the core, 

suggesting that void space is successfully created. Si NPs do not appear to aggregate 

significantly within the VCrGO capsule after the PS template is removed.  
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Figure 4.5 (a) TEM images of VCrGO@Si prepared using varying mass ratio of PS/Si, (b) HRTEM images of 

VCrGO@Si-1 at varying magnifications, (c) EELS elemental mapping of VCrGO@Si-1 for carbon, oxygen and 

silicon respectively and (d) pore size distributions of VCrGO@Si prepared using varying mass ratio of PS/Si. 

The pore size distributions of VCrGO@Si with varying PS/Si ratios were determined by 

dynamic vapor sorption (DVS) using cyclohexane as the organic adsorbent and plotted in 

Figure 4.5d. Without the addition of PS, VCrGO@Si only exhibited one sharp peak at ~2 nm 

with a broad shoulder extending to ~5 nm, which includes the voids created by partially 

restacked rGO in the shell and voids between inter-particle and particle-rGO contacts. The 

small pore size suggests that Si NPs are compressed tightly and wrapped by rGO due to the 
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strong capillary forces known to be generated during the rapid drying of the aerosol.90, 98 

After the addition of PS with a mass ratio of 0.5:1 PS to Si, a shoulder, now at ~3 nm is 

significantly larger. This may be attributed to the thermal decomposition and evaporation of 

PS during the heat treatment. The vapor generated likely led to some expansion between 

the Si NPs themselves or Si NPs and inner rGO framework. Additionally, a broad hump can 

be observed in the range of ~40-90 nm which is attributed to the void space created by the 

removal of the PS NPs. With the increased amount of sacrificial PS, more void space was 

introduced inside which resulted in the emergence of higher intensity peaks in this region 

which gradually broadened and shifted towards larger sizes. The SSA was estimated based 

on BET theory, which was found to be 41.9 m2/g, 35.9 m2/g, 34.7 m2/g and 36.8 m2/g for 

VCrGO@Si-0, VCrGO@Si-0.5, VCrGO@Si-1 and VCrGO@Si-2, respectively. Since the removal 

of PS was conducted at a very slow heating rate (1°C/min) and long isothermal time (2 hours) 

at 450°C, the decomposition rate of PS is likely low and should not significantly impact the 

structure of the CrGO framework resulting in only minute changes in SSA. In contrast, the 

specific pore volume increased with the addition of PS NPs: 0.04 cm3/g, 0.11 cm3/g, 0.25 

cm3/g and 0.36 cm3/g for VCrGO@Si-0, VCrGO@Si-0.5, VCrGO@Si-1 and VCrGO@Si-2, 

respectively. It must be noted that the emergence of macropores (diameter > 50 nm) and 

pores with complex shapes might cause the measured results to be less than the actual pore 

volume, especially when using larger content of PS NPs. To approximate the void space 

introduced, the density of the as-prepared polystyrene nanospheres was determined by 

pycnometer using helium gas to be ~1.06 g/cm3. This is around half of the density of Si 

nanoparticles (~2.27 g/cm3). Based on the PS/Si mass ratio designed for VCrGO@Si-0, 
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VCrGO@Si-0.5, VCrGO@Si-1 and VCrGO@Si-2, the theoretical void space created by burning 

off the polystyrene template to buffer the volume expansion of silicon is estimated to be 0%, 

107.1% (~100%), 214.2% (~200%) and 428.3% (~400%), respectively. 

X-ray photoelectron spectroscopy (XPS) was carried out to analyze the surface elemental 

composition for pure CGO@Si-1, CrGO@Si-1 and pure PS NPs as shown in Figure 4.6a. Both  

 

Figure 4.6 XPS survey of (a) varying samples and (b) pure silicon nanoparticles. 

the carbon 1s peak (at ~284 eV) and oxygen 1s peak (at ~532 eV) are present at the surface 

of all samples. Only two low intensity peaks belonging to Si 2s (at ~149 eV) and Si 2p (at ~99 

eV) arise from the inside of the structure despite their composition being 28.9at% and 

37.1at% in the bulk in both CGO@Si-1 and VCrGO@Si-1. This is due to the low penetration 

depth (~10 nm) intrinsic to XPS which limits analysis to the surface of the crumpled structure. 

PS is theoretically composed of aromatic and aliphatic carbon as well as hydrogen,116 the 1.9 

at% of oxygen presented in the measurement should be attributed to the impurities 

introduced during the sample preparation. CGO@Si-1 only contains 2.5 at% of silicon which 

is much lower than that at the surface of pure silicon (47.5 at% as shown in Figure 4.6b) and 

its C/O (~2.13) is consistent with well-oxidized GO (~2.15) which was produced by the same 
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method as shown in our previous work.117 These results provide further evidence that most 

PS and Si NPs are successfully encapsulated and since the XPS signal is dominated by the 

signature of the crumpled GO shell. The Si content increased to 6.3 at% after the reduction 

of GO and removal of PS. To better understand the surface chemical composition, the C 1s 

narrow scan spectra was examined for pure PS, CGO@Si-1, and the annealed VCrGO@Si-1.  

 

Figure 4.7 high-resolution XPS narrow scan spectra of CGO@Si-1 (a), VCrGO@Si-1 (b) and pure PS (c) for their 

C 1s peaks, (d) XRD patterns of varying samples. 

The C 1s spectra of CGO@Si-1 (Figure 4.7a) and the annealed VCrGO@Si-1 (Figure 4.7b) can 

be deconvoluted into four peaks at around 284.8 eV, 286.9 eV, 287.9 eV, and 288.8 eV, 

which belong to C-C bonds, C-O bonds, C=O bonds, and C(O)OH bonds, respectively.118 After 

thermal reduction, the amount of all oxygen-containing functional groups decreased, 

particularly the C=O and C-O bond. As this is a surface-sensitive technique, this is indicative 
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of graphene oxide (GO) transformation into reduced graphene oxide (rGO). As depicted in 

Figure 4.7c, the C 1s peak of pure PS can be deconvoluted into 3 peaks. The main peak at 

284.8 eV includes the aliphatic and aromatic carbon bond while the small shoulder at 286.36 

eV indicates C-O-C or C-OH groups coming from surface impurities. The satellite peak at 292 

eV is attributed to a shake-up structure originating from ππ* excitations in the aromatic 

ring structures.116, 119 X-ray diffraction (XRD) profiles for pure PS, CGO@Si-0, CGO@Si-1 and 

CrGO@Si-1 are plotted in Figure 4.7d, the sharp and intense peaks presented at 28.4°, 47.3°, 

56.1° and 69.1° in all XRD patterns except for pure PS were assigned to (111), (220), (311) 

and (400) lattice planes of crystalline silicon.120 The large and broad peak at 2 ~15°-23° in 

the XRD pattern of pure PS indicates its amorphous structure. This peak emerged in the XRD 

pattern of CGO@Si-1 suggesting the successful introduction of PS NPs within the spray dried 

crumpled structure. After being thermally annealed from CGO@Si-1 to VCrGO@Si-1, this 

broad peak disappeared while a broad and nearly indiscernible peak emerged at around 2 

~20°-27° attributed to the characteristic (002) carbon peak indicating that PS NPs were 

removed and the rGO shell is nearly X-ray amorphous. 

The electrochemical performance of each of the materials containing different amounts 

of void space were then tested as the active material for battery electrodes using half-cells 

cycled against lithium metal. The rate performance was tested by progressively increasing 

charging rates between 0.1-4 A/g (~C/20-2C). As shown in Figure 4.8a, VCrGO@Si-1 

displayed the best performance, achieving 1638 mAh/(g Si+rGO) at 0.1 A/g and retaining 1179 

mAh/(g Si+rGO) at 4 A/g with a capacity retention of 71.9%. For the VCrGO@Si-0 sample (no PS 

template), the capacity at 1 A/g was similar but dropped considerably at 4 A/g while 
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VCrGO@Si-0.5 can still maintain 63.2% of capacity, suggesting that the PS addition had a 

significant and beneficial impact on the high rate performance. However, for the sample 

with 400% void space (VCrGO@Si-2), the rate performance was not as good at 4 A/g, 

delivering only 61.7% of the capacity achieved at 0.1 A/g. This indicates that excess void 

space may reduce the number of effective electrical and/or ionic (for Li+ ions) contacts 

between the Si particles and the shell. The Nyquist plots are presented in Figure 4.8b for all 

four samples. They exhibit a semi-circle in the high frequency region and a straight line in 

the low frequency region, which are attributed to charge transfer resistance (Rct) and 

Warburg diffusion process (Zw), respectively. The slope of all straight lines at the low 

frequency region is obviously larger than 45° suggesting a deviation from ideal semi-infinite 

diffusion condition, which might be attributed to the short solid-state diffusion lengths in  

 

Figure 4.8 (a) Electrode capacity at various current desities, (b) Impedance Nyquist plots of varying samples after 

1st cycle and equivalent circuit (inset) 

small Si NPs and additional capacitive behavior caused by the complex porous structure of 

the VCrGO framework.121, 122 The smallest semicircle in the curve of VCrGO@Si-1 indicates it 

has the lowest charge transfer resistance (58.6 Ω), leading to lower internal resistance when 
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compared to VCrGO@Si-0 (87.9 Ω). The improvement in both rate capability and charge 

transfer resistance may be attributed to an improved radial distribution of GO within the 

microdroplet driven by the addition of PS during the spray drying as shown in Figure 4.9. As 

discussed earlier, as water evaporates from the aerosol droplet in the step1 (① to ② in 

Figure 4.1), the GO sheets may become trapped at the air-water interface while NPs attempt 

to maintain a uniform concentration. The initial size of the microdroplet should remain 

constant under the same spray drying parameters as the droplet size is controlled by the 

flow rate of carrier gas in the two fluid nozzle as well as the liquid viscosity and surface 

tension – which do not change significantly upon addition of the PS NPs.The presence of  

 

Figure 4.9 Schematic illustration of improved conductive network: radial spray drying components concentration 

distributions of VCrGO@Si-0 (1) and VCrGO@Si-1 (2) at stage① (a) and stage② (b). 

more material within the core (the additional PS NPs) could prevent some of the GO from 

reaching the interface, causing some material to be trapped in the core. The hypothesized 
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radial distributions of each component for VCrGO@Si-0 and VCrGO@Si-0.5 before and after 

step1 are shown in Figure 4.9a and 4.9b respectively, suggesting VCrGO@Si-0.5 theoretically 

has a larger GO/Si ratio in the core region compared to the sample without PS. As silicon is a 

poorer electronic and lithium ion conductor, after heat treatment, contacting the rGO 

instead of another Si NP would improve the overall conductivity. We also surmise that the 

void space, introduced via PS removal, is able to effectively buffer the volume expansion of 

silicon and maintain a good conductive network during charge/discharge. On the other hand, 

excess void space made the charge and/or ion transfer route too long, resulting in a larger 

Rct (75.6 Ω) of VCrGO@Si-2. The similar effect of void space on electrochemical performance 

was observed by Guo et al. for a conformal carbon coated silicon anode, where excess void 

space led to poorer electrode performance.123 The voltage profiles in terms of specific 

capacity of VCrGO@Si-1 are plotted in Figure 4.10a, showing a typical shape for lithiation 

(discharge) and de-lithiation (charge) process of silicon at 0.2 A/g with the plateaus at ~ 0.3 V 

- 0.01 V and ~ 0.2 V - 0.6 V, respectively.55 With the increasing current density from 0.2 A/g 

to 4 A/g, the polarization of Si led to an apparent increase in the de-lithiation potential and 

reduction of the lithiation potential. 

mailto:HCGO@Si-0.5
mailto:HCGO@Si-0.5
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Figure 4.10 (a) Charge/discharge curves for VCrGO@Si-1 at varying current densities, (b) cyclic stability of 

varying samples, (c) TGA under air low of VcrGO@Si-1 and (d) analysis of the capacity contribution of 

VCrGO@Si-1. 

The cycle-life of all samples was investigated by applying a 0.1 A/g current for the 1st 

cycle and a 1 A/g current for the following 200 cycles, which were plotted in Figure 4.10b. 

VCrGO@Si-1 displayed the best cyclic stability, which only dropped from 1468 mAh/(g Si+rGO) 

to 1183 mAh/(g Si+rGO) with a capacity retention of 80.6% compared to that of VCrGO@Si -0 

(61.3%) and VCrGO@Si -2 (79.5%). VCrGO@Si-1 also displayed an improved columbic 

efficiency (70.6%) of the 1st cycle which is much higher than that of pure silicon (57.2%), 

suggesting that the crumpled rGO shell with mesopores can partially prevent Si NPs from 

directly being exposed to electrolyte. In addition, the cycle life of VCrGO@Si-0.5 is also 

plotted for comparison, which only displayed a minor improvement in capacity retention 

(64.2%) after 200 cycles. Based on the above experimental facts, we conclude that 
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VCrGO@Si with a mass ratio of PS/Si at 1:1 possesses the most appropriate void space to 

buffer the volume expansion of Si during cycling. According to the TGA result (Figure 4.10c), 

the content of rGO in VCrGO@Si-1 is around 43.6 wt%. As shown in Figure 4.10d, since pure 

VCrGO can provide a capacity of ~294 mAh/(g rGO) at 1 A/g, the capacity per gram of 

VCrGO@Si-1 contributed from Si core is around 1340 mAh at 1 A/g (the real specific capacity 

of Si core is ~2376 mAh/(g Si)). In theory, the pure silicon anode can display a theoretical 

capacity of 3590 mAh/g with a volume expansion of ~300% at room temperature.56, 124 

Considering only ~66% of theoretical capacity is displayed, the average real volume 

expansion can be assumed as ~198%. As we discussed before, VCrGO@Si with a mass ratio 

of PS/Si at 1:1 can theoretically create a void space to buffer ~200% volume expansion. This 

designed theoretical value of VCrGO@Si-1 is just above the estimated volume expansion of 

the Si core at 1 A/g, which explains the reason why VCrGO@Si-1 displayed the best 

electrochemical performance. As shown in Figure 4.11a, the density of VCrGO@Si should 

decrease with the increasing amount of sacrificial PS template. The density is estimated to 

1.5 g/cm3, 1.28 g/cm3, 1.13 g/cm3 and 0.91 g/cm3 for VCrGO@Si-0, VCrGO@Si-0.5, 

VCrGO@Si-1 and VCrGO@Si-2, respectively. To compare these four samples in a fairer way, 

their capacities were also converted into a volumetric capacity as shown in Figure 4.11b. 

Even with a lower electrode density, VCrGO@Si-1 still displayed the best volumetric capacity 

of 1337 mAh/cm3 at 1 A/g after 200 cycles, which is around 75.33% of the theoretical 

volumetric capacity for this composite (1774 mAh/cm3) estimated by excluding the volume 

of extra void space (i.e. using the density of VCrGO@Si-0). 
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Figure 4.11 (a) Electrode densities of varying samples, (b) volumetric capacities of varying samples before and 

after cycling, Nyquist plots of VCrGO@Si-0(c) and VCrGO@Si-1(d) after 1st cycle and 200 cycles. 

The EIS results were recorded for VCrGO@Si-1 after the 1st cycle and the 200th cycle and 

plotted in Figure 4.11c. The Nyquist plots maintain a similar shape and only a small 

expansion is observed for the semi-circle in the high frequency region, while obvious growth 

in both ohmic resistance (Ro) and Rct can be observed for VCrGO@Si-0 (Figure 4.11d), 

suggesting the void space reserved crumpled rGO shell can help silicon based anodes 

maintain a good electrochemical structure after long--term cycling. For VCrGO@Si-0, after 

200 cycles, the emergence of an additional semicircle at lower frequencies may indicate 

resistance through a thicker SEI that has developed as a result of cycling due to the absence 

of enough void space in this sample.125 In addition, SEM images of VCrGO@Si-1 before and 

after cycling were taken as shown in Figure 4.12, no significant cracks were observed and 
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still the crumpled core-shell structure was maintained, suggesting most of the volume 

expansion of Si is buffered in the rGO shell. To better confirm the improvement of Si anodes  

 

Figure 4.12 SEM images of VCrGO@Si-1 after 200 cycles at varying magnifications 

using our VCrGO protective layer, we increase the mass loading of active materials (Si + rGO) 

from 1 mg/cm2 to 2.4 mg/cm2
. With such a high loading, VCrGO@Si-1 displays an initially 

high areal capacity of 2.26 mAh/cm2 which maintains > 80% of capacity after 145 cycles as 

shown in Figure 4.13a. To compare with other works in literature based on similar methods 

of creating void space to buffer volume expansion of Si/C anodes, their main electrochemical 

performance has been summarized in Figure 4.13b. Our material exhibits competitive cycle 

life and areal mass loading with a relatively simple preparation method among all these 

works. For electrodes meeting the following conditions: (1) capacity retention ≥ 90% after 

100 cycles and (2) mass loading ≥ 1 mg/cm2, their capacity at varying current densities are 
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recorded in Figure 4.13c, suggesting our material also displayed an outstanding rate 

capability compared to other similar works. 

 

Figure 4.13 (a) Cyclic stability of VCrGO@Si-1 at increased mass loading, (b) capacity retention of recent works 

about Si/C based composites with artificially or naturally reserved void space44, 80, 81, 98, 112, 123, 126-143 and (c) 

comparison of rate capability for varying Si/C based anodes with void space. 

 To evaluate the feasibility of our material being used in a full-cell lithium-ion battery, 

VCrGO@Si-1 was coupled with a LiFePO4 cathode (LFP) with the capacity ratio between 

negative electrode and positive electrode (N/P) of ~1.1. The voltage profiles at different 

cycling stages are illustrated in Figure 4.14a, the VCrGO@Si-1//LFP full cell exhibited a 

slightly slanting discharge plateau in the range of ~ 3.35 V – 2.85 V (which is consistent with 

the voltage difference between the charge plateaus of VCrGO@Si-1 and the discharge 

plateau of LFP in half cells) with minimal polarization after 100 cycles. As shown in Figure 
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4.14b, this full cell maintains 91.4% of its initial capacity (~109 mAh/(g LFP)) after 100 cycles 

at 0.5C (~0.76 A/g in terms of the mass of VCrGO@Si-1) despite the LFP cathode not 

providing a significant excess of Li+ ions as is the case when lithium foil is used in half cells. 

 

Figure 4.14 Characterization of full cell using VCrGO@Si-1 as anode and LFP as cathode: (a) voltage profiles 

and (b) cyclic stability performance at 0.5C for 100 cycles. 

4.3 Conclusions 

In summary, polystyrene nanospheres were synthesized by a simple emulsion 

polymerization with a diameter of 85 ± 8 nm and used as sacrificial material which can be 

thermally removed at 450°C in inert gas atmosphere. Then, PS NPs were spray dried 

together with Si NPs and GO sheets, followed by the reduction of GO and the removal of PS 

in tube furnace. The mass ratio of PS/Si is set as 0:1, 0.5:1, 1:1 and 2:1 for comparison, 

aiming to buffer the volume expansion of 0%, 100%, 200% and 400% respectively. According 

to various electrochemical tests, VCrGO with a PS/Si ratio of 1:1 was determined as the 

optimal composition exhibiting outstanding electrochemical performance in terms of 

minimizing internal resistance, increasing tolerance to high rate cycling, and maintaining 

long-term cyclic stability when compared to bare Si or encapsulated Si (with no PS). 
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VCrGO@Si-1 retained around 80.6% of the initial capacity after 200 cycles while VCrGO@Si-0 

only retained 61.3%. At a higher active material loading of 2.4 mg/cm2, VCrGO@Si-1 

displayed a high areal capacity of 2.26 mAh/cm2 which only dropped by around 20% after 

145 cycles. Based on the calculation for the capacity contributed by pure silicon (94.3%) at 1 

A/g, the reserved void space of VCrGO@Si-1 can effectively buffer the volume change of Si 

NPs in the core, without introducing excess volume, improving overall performance. In 

addition, the simple preparation route using a one-step spray drying encapsulation following 

the heat treatment also provides the possibility to achieve large-scale commercial 

production.
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5 Controlling Void Space in Crumpled Graphene Using 

Responsive Hydrogels for stable silicon anodes 

This chapter is based on the manuscript which is ready for submission, please see Statement 

of Contributions for details. 

In the previous work, polystyrene was used as a template to create void space. 

However, polystyrene itself connot contribute anything to battery performance. On the 

contrary, residues due to insufficient heat treatment could significantly cause the decay in 

electrochemical performance. Hence, in this chapter, we developed a novel method to 

prepare crumpled rGO encapsulated Si nanoparticles with reserved void space upon the 

swelling/shrinkage of carboxymethyl cellulose - poly (ethylene oxide) (CMC-PEO) hydrogel. 

The brief process, depicted in Figure 5.1, involves mixing and spray-drying CMC/PEO 

polymer chains, citric acid, GO sheets, and Si nanoparticles. Upon the distribution difference 

of varying components during the aerosol evaporation, a quasi-core-shell structure formed 

(Figure 5.1b) where the core is composed of Si NPs, CMC/PEO chains, citric acid, and a small 

quantity of GO sheets while the shell mainly contains partially restacked crumpled GO sheets. 

The resulting composite balls were heated at 80°C to initiate the cross-linking reaction 

between CMC and PEO where citric acid is used as the cross-linker. The hydrogel containing 

composite (denoted as GO/Gel/Si) was then immersed in water to make the inside hydrogel 

fully swell, resulting in increased overall volume, followed by chemical reduction to remove 

oxygen-containing functional groups from GO and lock its dimension. Finally, the rGO/Gel/Si 

was slowly dried from water along with the shrinkage of hydrogel, leading to the separation 
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of Si NPs from the crumpled rGO framework. The reserved void space makes this material 

displayed an outstanding cycle life, which only drops by ~18.3% of capacity from 1055 

mAh/(g rGO+Gel+Si) at 1 A/g after 320 cycles. 

 

Figure 5.1 Schematic illustration of the synthesis process of rGO/Gel/Si, where the orange region in (b) represents 

non-cross-linked hydrogel and the green chains in (c-e) represents cross-linked hydrogel. 

5.1 Experimental Methods 

5.1.1 Synthesis of Graphite Oxide 

GO was synthesized using Tour’s modified Hummer`s method,102 which exhibits a C/O is 

~2.1 according to the XPS results in our previous work.117 In a typical preparation process, 3 

g of graphite flakes (Alfa Aesar) and 18 g of potassium permanganate (KMnO4) were slowly 
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added into the acid mixture, which is composed of 360 ml of 98% sulfuric acid (H2SO4) and 

40 ml of 97% phosphoric acid (H3PO4). The oxidation reaction was conducted at 50°C for 16 h 

under continuous stirring, the resulting thick purple slurry was poured into 400 g of ice when 

it was cooled down to room temperature. Around 6 ml of hydrogen peroxide (H2O2) was 

then slowly added until the color of the suspension completely turned to a golden or yellow 

colour. After washing with 10% hydrochloric acid (HCl) and ethanol for three times and four 

times respectively via centrifugation (3000 rpm, rotor diameter 15 cm), the GO suspension 

was transferred from ethanol to deionized water (DI water) using a dialysis bag with 

12-14 kDa molecular weight cut off (MWCO). 

5.1.2 Preparation of Pure CMC/PEO Hydrogel 

Sodium CMC and PEO powder (Sigma Aldrich) with a mass ratio of 3:1 were dissolved in 

DI water with a concentration of 4% (w/v). Then, citric acid with concentrations of 10% and 

20% (w/w) compared to CMC/PEO was added into the CMC/PEO homogenous solution and 

then stirred for 12 h. The resulting thick solution was poured into an aluminum dish 

(diameter: 6cm) and dried at 40°C for 6h. The dried CMC/PEO hydrogel was punched into 

discs and cross-linked at 80°C for 6h. 

5.1.3 Preparation of Void Space Reserved rGO/Gel/Si 

500 mg of GO and 200 mg of amorphous Si NPs (~ 50 - 100 nm, Strem) were mixed in 

1000 ml of DI water during water bath ultrasonication. CMC/PEO (3:1 by mass) was 

dissolved in GO/Si dispersion with a concentration of 20% (w/w) compared to GO. Then, 
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citric acid with a concentration of 10wt% compared to CMC/PEO was added and stirred for 

12 h. The uniformly mixed suspension was then spray dried using a BUCHI-290 Mini Spray 

Dryer with input temperature of 100°C, aspirator set to 100%, and a nitrogen flow rate of 

742 L/h. The gel encapsulated within the dry powder was cross-linked by heating at 80°C for 

6h and the powder was then immersed in DI water in a one-neck flask at a concentration of 

3 mg/ml for 12 h. Chemical reduction to convert the GO to rGO was then conducted by 

placing the one-neck flask in an oil bath at 80°C for 12 h under continuous stirring. Hydrazine 

(35wt%) solution was added as a reducing agent (1μl for 3mg of reactant). The final product 

was dried in a vacuum oven at 40°C for 12 h and denoted as rGO/Gel/Si. Spray dried Gel/Si 

was prepared in the same way without the addition of GO. Non-spray dried rGO/Gel/Si was 

prepared using air drying at 40°C to substitute the spray drying process. rGO/Gel/Si (10%) 

was prepared in the same adding 10% (w/w) of CMC/PEO rather than 20%. 

5.1.4 Material Characterization 

Scanning electron microscope (SEM) images were taken on a field emission scanning 

electron microscope (Zeiss LEO1550) with an acceleration voltage of 10 kV. The size 

distributions of GO/Gel/Si and GO/Si crumpled balls were obtained by counting at least 200 

particles in SEM images by ImageJ. Thermogravimetric analysis (Q500, TA Instruments) was 

performed by heating the sample under air flow from room temperature to 650°C at a rate 

of 5°C/min. Transmission electron microscope (TEM) images were taken on an 

energy-filtered transmission electron microscope (Zeiss Libra 200MC) with an acceleration 

voltage of 200 kV. X-ray photoelectron spectroscopy (Thermal Scientific KAlpha XPS 
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spectrometer, 150 eV) was carried to analyze the surface elemental composition and 

chemical bondings. A FEI Titan 80-300 LB was used to obtain high-resolution TEM (HRTEM) 

image of rGO/Gel/Si. A CMOS detector for electron energy loss spectroscopy (EELS) 

integrated into the TEM was used for elemental mapping. The depth profiling of rGO/Gel/Si 

was detected by an Auger Microprobe (MicroLab 350) with an argon ion gun. 

5.1.5 Electrochemical Characterization 

The working electrode was prepared by mixing the active material, carbon black 

(carbon super P, MTI), and sodium alginate (Sigma Aldrich) in DI water with a mass ratio of 

65:20:15 using a rotor/stator homogenizer. The resulting slurry was cast onto copper foil by 

a typical film casting doctor blade method, followed by drying at 80°C under vacuum 

overnight. All rate capability and cyclic stability results were obtained by assembling the 

fabricated working electrode (~ 1 mg/cm2 of active material for all studies except for Figure 

6b, where ~ 2.5 mg/cm2 of active material was applied) with a lithium metal foil (Sigma 

Aldrich, 99.9% trace metal basis) in a coin-type half-cell. A Whatman glass microfiber (Grade 

GF/A) was used as a separator, and 1 M LiPF6 in a 1:1 v/v mixture of ethylene carbonate (EC) 

and dimethyl carbonate (DMC) containing 5 vol.% FEC purchased from Canrd China was used 

as electrolyte. All cells were assembled in an Ar-filled glove box (< 1 ppm O2 and water) and 

cycled between 0.01 V and 1.5 V versus Li/Li+ using a multi-channel battery tester (Wuhan 

LAND Electronics Co.). Electrochemical impedance spectroscopy (EIS) was carried out on an 

SP-300 potentiostat (BioLogic) in the range of 1 MHz to 100 mHz with an AC amplitude of 10 

mV. Nyquist plots were recorded after the first full cycle (after one discharge and one charge 
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at 0.1 A/g). The electrodes were charged (delithiated) to 1.5 V, disconnected from the 

battery tester and connected to the potentiostat where the OCV was around 1.2 V for each 

sample. EIS was then carried out at this DC voltage vs. lithium metal. 

5.2 Results and Discussion 

 

Figure 5.2 (a) FTIR patterns of Gel/Si before and after cross-linking, pure hydrogel, (b) SEM image of Gel/Si 

after spray drying. 

To clearly reveal the bonding environment and confirm the success of cross-linking, FTIR 

was conducted on Gel/Si without GO before and after cross-linking as shown in Figure 5.2a 

(the corresponding SEM image is shown in Figure 5.2b). The peak at around 1704 cm-1 

belongs to the ester linkage of cross-linking, whose intensity significantly increased after 

heated Gel/Si at 80°C for 12 h suggesting CMC/PEO polymers were successfully cross-linked 

by citric acid. Although the spray drying time for every single microdroplet was estimated in 

the range of ~0.1-10ms,144 the inlet temperature of spray dryer must be set above 100°C 

which caused the Gel/Si to be partially cross-linked and results in an observable peak in the 

curve of the non-cross-linked sample. Furthermore, an increased peak intensity is observed 

at ~3456 cm-1 (–OH stretching) due to increased intramolecular and intermolecular hydrogen 
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bonding which has been shown to occur after the crosslinking reaction.145 This can also be 

attributed to moisture trapped inside the cross-linked hydrogel network. Figure 5.3b and e 

show the snapshot images of cross-linked CMC/PEO with 10% of citric acid hydrogel before  

 

Figure 5.3 Images of CMC/PEO hydrogel prepared at varying conditions before (a-c) and after (d-f) immersed in 

water for 24h, (g) swelling ratios in diameter and weight of varying hydrogels. 

and after immersed in water for 24 h. Immersion resulted in immediate CMC/PEO swelling 

with an equilibrium reached after 6 h. The gel was able to maintain its shape without 

dissolution during the full 24 h immersion. The diameter of the hydrogel pellet increased 

from 14.6 mm to 22.9 mm, displaying a swelling ratio of 58% in diameter and 355% in weight 

(as summarized in Figure 5.3g). When the concentration of citric acid was increased to 20%, 

the swelling ratios in diameter and weight dropped to 14% and 63%, respectively. Since each 
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citric acid molecule can bridge at most two polymer chains either between the same or 

different polymers, the increased amount of citric acid led to the formation of stronger 

bonding and a tighter crosslinked network which limited the swelling in water. For both of 

these two well cross-linked hydrogel pellets, the swelling behavior was determined to be 

reversible as the pellet shrunk to its original dimension after being dried and expanded again 

after it was re-immersed in water. Usually, the hydrogel pellet further shrinks after being 

dried under vacuum. This is accompanied by the emergence of cracks generated due to the 

large stress during volume shrinkage. In contrast, non-cross-linked CMC/PEO hydrogel 

swelled quickly in water and gradually lost its shape and formed a paste-like structure. 

Finally, this paste was nearly completely dissolved in water after 24 h (Figure 5.3d). 

Considering its large swelling ratio and outstanding structural stability, the cross-linked 

CMC/PEO hydrogel containing 10% of citric acid was selected for use in the following 

electrode preparation. 

As shown in our previous chapter, Si NPs in suspension exhibited a much smaller 

hydrodynamic radius compared to that of GO (~ 41 nm vs. ~ 660 nm on average, which was 

estimated by dynamic light scattering), suggesting Si NPs have much larger diffusivity 

according to the Stokes-Einstein relation. The drastic difference between Si NPs and GO 

sheets in both dimensions and diffusivity is important in designing the quasi-core-shell 

structure as shown in Figure 5.1b. During spray drying, most GO sheets will accumulate at 

the air/water interface due to the shrinkage of water droplets.86, 95 Since CMC, PEO, and 

citric acid can be easily dissolved in water, these hydrogel components are able to 

redistribute within the core to maintain the concentration balance along with a small 
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quantity of GO sheets and the majority of Si NPs. The SEM images of spray dried GO/Gel/Si 

are shown in Figure 5.4, all materials displayed a similar spherical shape with plastically 

 

Figure 5.4 SEM images of spray dried GO/Gel/Si with gold coating at varying magnifications. 

plastically deformed GO wrinkles distributing around the surface. Few Si NPs were observed 

in these images suggesting they, along with the gel, were successfully encapsulated within 

the crumpled GO. The size distributions for GO/Si and GO/Gel/Si are depicted in Figure 5.5a 

and b, respectively. After being immersed in water for 12h, the average diameter of 

GO/Gel/Si increased from 1006.1 nm to 1353.0 nm (swelling ratio in diameter: 34.5 %) while 

that of GO/Si only increased from 856.3 nm to 919.3 nm with a welling ratio of 7.4 %. The 

increased swelling ratio is attributed to the hydrogel becoming swollen upon exposure to 

water. FTIR was also used to confirm cross-linking occurred within the crumpled GO. As 

shown in Figure 5.5c, the newly emerged 1704 cm-1 peak in the curve of rGO/Gel/Si 

indicates that CMC/PEO polymers were successfully cross-linked by citric acid and 

introduced into the rGO framework. The enhanced peak at 1595 cm-1 is caused by more 

carboxylate anion (COO-) coming from CMC and PEO. Similarly, the larger peak at 1590 cm-1 
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which belongs to C-O stretching also suggests the successful introduction of cross-linked 

CMC/PEO hydrogel.145 

 

Figure 5.5 size distributions of GO/Si (a) and GO/Gel/Si (b) before and after immersed in water for 12h, (c) FTIR 

patterns of rGO/Si (after crosslinking and high temperature reduction) with and without hydrogel, TEM images of 

rGO/Si (d) and rGO/Gel/Si (e). 

A TEM image of an rGO/Si particle without the addition of hydrogel is shown in 

Figure 5.5d, the uniformly dark contrast across most of the particles suggests a dense 

packing of the silicon which prevents transmission of the electron beam. Whereas the edge 

reveals the appearance of transparent sheet-like structures with wrinkles corresponding to 

the rGO wrapping around the Si aggregates. The TEM transparency of rGO stems from its 

low atomic number and thin structure consisting of single- to few-sheet graphene. After the 

addition of the hydrogel (Figure 5.5e) and being fully dried under vacuum, the particles 

become more transparent to the electron beam and more features of rGO are revealed 

around regions of darker contrast which likely belong to dense Si NPs and shrunken hydrogel. 

Moreover, these dark regions are concentrated at one side, illustrating that the shrinkage of 
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hydrogel leads to the partial separation of Si/rGO core from rGO shell. The inner structure 

was more clearly investigated by using HRTEM as shown in Figure 5.6a-c at varying 

magnifications. At low magnification (Figure 5.6a), the inner void space can be divided into 

two types: 1) interparticle void space and 2) the void space between rGO edge and Si/rGO 

aggregates. The former should be attributed to the breakage of the hydrogel, while the 

latter is caused by the separation/shrinkage of hydrogel from the rGO shell during drying. 

This is consistent with what we observed for the pure hydrogel, the expansion and shrinkage 

are usually accompanied by the emergence of cracks. At high magnification (Figure 5.6c), no 

obvious lattice fringes can be found in the region of Si NPs and the quasi-transparent part of 

rGO exhibits an amorphous feature. At the winkled region of rGO, some lattice fringes can 

be observed, suggesting some restacking of rGO sheets in the shell. These wrinkles and 

ridges formed by capillary consolidation during spray drying are known to stabilize the 

crumpled structure and lead to the compression and aggregation resistance of the crumpled 

balls.92, 146 As shown in Figure 5.6d-g, elemental mapping was conducted for the same 

composite ball using EELS. By comparing Figure 5.6d with e, we see carbon uniformly 

distributed about the structure suggesting that a 3D crumpled rGO framework formed and 

wrapped all of the other components within. Na from the NaCMC was also detected (Figure 

5.6f) and distributed uniformly about the structure suggesting the gel was able to 

completely fill the core space. The distribution of O and Si are localized within the shell 

(Figure 5.6g and h). In particular, the spatially separated distribution of silicon is apparent in 

Figure 5.6h, which is partially contained within the dried hydrogel network with the oxygen 
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signal emanating from the PEO, CMC, and the thin surface SiO2 layer expected to cover the Si 

NPs. 

 

Figure 5.6 (a-c) HRTEM at varying magnifications, (d) survey image, (e-h) EELS elemental mapping for C, Na, 

O, and Si respectively. 

XPS was carried out to analyze the surface chemical composition and bonding 

information for GO/Si, GO/gel/Si, and rGO/gel/Si as shown in Figure 5.7a-d. All samples 

displayed two sharp and intense peaks at ~284 eV and ~532 eV which belong to the carbon 

1s and oxygen 1s peaks, respectively. Two peaks belonging to Si 2s (at ~149 eV) and Si 2p (at 

~99 eV) arise from the inside of the structure is very small in rGO/Gel/Si and become 

negligible in GO/Si and GO/Gel/Si, suggesting that the removal of functional groups on the 

surface of GO might expose more signal from inside silicon. However, since the composite of 

silicon in the bulk of the rGO/Gel/Si is around 21.5 at% according to EDS results, it can be 

confirmed that most Si NPs are wrapped inside. The C/O ratio of the crosslinked GO/Gel/Si  
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Figure 5.7 (a) high-resolution XPS survey spectra, high-resolution XPS narrow scan spectra of GO/Si (b), 

GO/Gel/Si (c) and rGO/Gel/Si (d) 

(~1.92) is slightly smaller than the GO/Si (~2.01), indicating that some of the polymer 

constituents of the hydrogel might adsorb to the surface of GO during spray drying because 

the C/O ratios of all components are less than 2, and the cross-linking upon esterification 

caused further loss of oxygen. Moreover, the new nitrogen 1s peak emerged in rGO/Gel/Si 

at ~400 eV, which was doped by hydrazine reduction as described in the literature.147 High 

resolution C 1s spectra given in Figure 5.7b-d for GO/Si and GO/Gel/Si materials can be 

deconvoluted into four peaks at around 284.8 eV, 286.9 eV, 287.9 eV, and 288.8 eV, which 

belong to C-C bonds, C-O bonds, C=O bonds, and C(O)OH bonds, respectively.148 The slight 

increase in the peak area of C-O and C=O bonds indicates that residual hydrogel components 

are adsorbed to the surface of the crumpled rGO shell. Considering the strong interaction 
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between GO and hydrogel due to a large number of oxygen-containing functional groups (ex. 

–OH and –COOH), some hydrogel components might be adsorbed or entrapped at the 

surface or between the inter-layer of crumpled rGO shell during spray drying since they can 

be easily dissolved in water at the molecular level. After immersion in water and hydrazine 

reduction, the surface of rGO still contains a large amount of oxygen-containing bonds and 

the C/O ratio only increased from ~1.92 to ~5.6. This poor reduction efficiency can be 

attributed to the complex crumpled structure, leading to the decay of reduction efficiency of 

hydrazine in the deeper place away from the surface of the crumpled rGO framework. This 

can also be attributed to the volume expansion of the hydrogel before which could expose 

more polymers to the surface because that the swelling is trying to unfold the crumpled rGO 

host and escape from its limit. This hypothesis is consistent with our observations when we 

tried to increase the hydrogel concentration from 20% to 40%, the crumpled rGO 

unwrapped and Si NPs escaped the carbon host and settled down during the centrifugation 

washing as shown in Figure 5.8.  

 

Figure 5.8 (a) Image of rGO/Gel/Si (40%), where Si came out after chemical reduction and settled down to the 

bottom during centrifugation washing, (b) and (c) SEM images of resulting material from (a) where crumpled rGO 

framework is broken. 
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To better characterize the radial elemental distribution within the crumpled rGO/Gel/Si 

composite, the elemental intensity ratio of C, O, and Si was detected by AES and plotted as 

the function of sputter time as shown in Figure 5.9a. Electrons were focused on a single 

crumpled composite ball. Both the C/O ratio and C/Si ratio increase until this detect area has 

been sputtered for 260 s, which confirmed our expectation that most rGO sheets will 

concentrate at the surface while other components stay inside after spray drying. Even after 

swelling and chemical reduction, rGO/Gel/Si still maintained such radial elemental 

distribution. TGA analysis was conducted on both the pure gel and rGO/Gel/Si as shown in 

Figure 5.9b to determine the mass fraction of silicon in this composite. Two significant mass 

drops are observed in the curve for the pure gel at ~220-300°C and ~400-450°C which are 

attributed to the thermal decomposition of the hydrogel. Similar behavior was detected for 

rGO/Gel/Si, but the loss at ~400-450°C is significantly larger because rGO was also burned 

off at this temperature range. Since the mass ratio of Si to hydrogel is 2:1, the mass fraction 

of silicon was calculated based on mass retentions in Figure 5.9b and determined as ~ 

38.1 wt% Si while the hydrogel occupied around 19.1wt%. In the following electrochemical 

measurement, all specific capacities are reported based on the total mass of rGO, hydrogel 

and silicon. 
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Figure 5.9 (a) AES depth profiling of rGO/Gel/Si, (b) TGA results for of pure CMC/PEO hydrogel and 

rGO/Gel/Si. 

The rate capability of rGO/Gel/Si and rGO/Si was conducted at varying current densities 

(where 1 A/g is around 0.73C) in the range of 0.1 A/g to 4 A/g and plotted in Figure 5.10a. 

rGO/Gel/Si displayed much better capacity retention (64.1%) compared to that of rGO/Si 

(48.6%), which only dropped from 1333 mAh/(g rGO+Gel+Si) at 0.1 A/g to 854 mAh/(g rGO+Gel+Si) 

at 4 A/g. The Nyquist plots are presented in Figure 5.10b for these two samples. All curves 

exhibit a semi-circle in the high-frequency region and a straight line in the low-frequency 

region, which are attributed to charge transfer resistance (Rct) and Warburg diffusion 

process (Zw).149The slope of all straight lines at the low-frequency region is obviously larger 

than 45° suggesting the deviation from the ideal semi-infinite diffusion condition, which 

might be attributed to the additional capacitive behavior caused by the complex porous 

structure of the crumpled rGO framework.121, 122 rGO/Gel/Si show a much smaller semi-circle 

compared to that rGO /Si, indicating a smaller Rct which is consistent with the conclusion 

drawn in rate capability. That the addition of hydrogel markedly optimized the conductive 

network of rGO/Si can be explained from three points: 1) the reserved void space provided 

enough space to buffer the rapid charge/discharge; 2) CMC/PEO, which are common binder 
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and solid electrolyte used in lithium-ion batteries, have a good ionic conductivity; 3) the 

small amount of rGO left in the core can be regarded as the conductive additives to improve 

the electric conductivity of hydrogel. The voltage profiles in terms of specific capacity of 

rGO/Gel/Si at varying current densities are plotted in Figure 5.10c, showing a typical shape 

for lithiation (discharge) and de-lithiation (charge) process of silicon at 0.2 A/g with the 

plateaus at ~ 0.3 V - 0.01 V and ~ 0.2 V - 0.6 V, respectively.56, 150 With increasing current 

density from 0.2 A/g to 4 A/g, the polarization of Si led to an apparent increase in the 

de-lithiation potential and reduction of lithiation potential. The capacity contribution of all 

components from the active materials of rGO/Gel/Si is discussed in Figure 5.10d. The weight 

percentage of Gel, rGO, and Si can be estimated based on the TGA results (Figure 5.9b), 

which are 19.05wt%, 42.85wt%, and 38.1wt% respectively. Assuming the capacity 

contribution from pure Gel is 0 and hydrazine reduced pure rGO displayed a capacity of ~200 

mAh/(g rGO) at 1 A/g,151 the capacity of 1 gram rGO/Gel/Si contributed by rGO is only 38.1 

mAh and by Si is 1016.9 mAh. Hence, the inside Si nanoparticles displayed a true capacity of 

2669.03 mAh/(g Si) at 1 A/g, which is around ~74.34% of its theoretical capacity at room 

temperature. 
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Figure 5.10 (a) rate capability and (b) Nyquist plots of rGO/Si and rGO/Gel/Si, (c) Voltage profiles of rGO/Gel/Si 

in terms of capacity at varying current densities, (d) discussion of the capacity contribution from varying 

components to rGO/Gel/Si. 

The cyclic stability of varying samples was measured at 1 A/g for 320 cycles after a 

forming cycle at 0.1 A/g. As shown in Figure 5.11a, rGO/Gel/Si displayed the best cycle life, 

which only dropped from 1055 mAh/(g rGO+Gel+Si) to 862 mAh/(g rGO+Gel+Si) with a capacity 

retention of 81.7%. As control groups, the capacity rGO/Gel without spray drying and rGO/Si 

rapidly decayed to 530 mAh/(g rGO+Gel+Si) (~52.6%) and 564 mAh/(g rGO+Gel+Si) (~49.3%) after 

320 cycles, indicating that the electrode displayed the best performance only when certain 

void space was reserved between crumpled rGO shell and Gel/Si core. To improve the 

overall capacity, we also tried to decrease the addition amount of CMC/PEO during sample 

preparation from 20% to 10%, the resulting material only retained ~62.5% of capacity with a 

small improvement in capacity but worse cycle life. As we discussed previously, increasing  
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Figure 5.11 (a) cyclic stability of rGO/Si and rGO/Gel/Si prepared at varying conditions, (b) cyclic stability of 

rGO/Gel/Si at varying mass loadings of active materials. 

the volume of hydrogel beyond 40% introduces stresses on the rGO framework leading to 

rGO unwrapping and exposure of Si NPs after hydrazine reduction. rGO/Gel/Si with 20% of 

CMC/PEO addition formed an optimized inner structure and exhibited the best 

electrochemical performance. Even after the mass loading of active materials (rGO+Gel+Si) 

was increased from 1 mg/cm2 to 2.5 mg/cm2, rGO/Gel/Si still can retain around 79% of the 

initial capacity (~ 2.1 mAh/cm2) after 200 cycles as shown in Figure 5.11b. This is the first 

time that the void space between carbon shell and silicon core is achieved taking advantage 

of the swelling/shrinkage of hydrogel in wet/dry states, the resulting material displayed 
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competitive electrochemical performance as shown in Figure 5.12 although the hydrogel 

fille cannot provide capacity to store lithium ions. 

 

Figure 5.12 Capacity retention of recent works about Si/C based composites with artificially or naturally 

reserved void space44, 80, 81, 98, 112, 123, 126-143 

5.3 Conclusions 

In summary, we have developed a novel method to improve the electrochemical 

performance of Si/C based anodes. PEO and CMC polymer chains were successfully 

cross-linked and wrapped inside a crumpled rGO framework with Si NPs. This process takes 

advantage of the inate feature of the CMC/PEO hydrogel which swells in water and shrinks 

after drying, thereby expanding the volume of GO framework during water immersion. The 

void space between rGO shell and Gel/Si core is then introduced by drying in air, meanwhile, 

the GO was chemically reduced. The resulting void space was visually demonstrated by 

HRTEM and EELS elemental mapping. With the optimized structure, rGO/Gel/Si displayed a 
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significantly improved cyclic stability, which only dropped by 18.3% from 1055 mAh/(g 

rGO+Gel+Si) after 320 cycles at 320 cycles. Although the weight content of silicon is only 

38.1wt%, around 96.4% of capacity is contributed by silicon with a real capacity of 2669.03 

mAh/(g Si). 
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6 Conclusion and Future Works 

6.1 Conclusion 

In this thesis, the battery performance of silicon was improved by crumpled graphene 

wrapping via three different methods as discussed in above chapters. In the end, the main 

progress of each work is briefly summarized below. 

In Chapter 3, we first optimized the spray drying procedure to make the resulting 

composited achieve the best battery performance. It was determined that the CrGO/Si 

produced at N2 flow rate of 742 L/h, GO concentration of 0.5 mg/ml and GO/Si mass ratio of 

1:0.3 displayed the most crumpled morphology and the most uniform size distribution with 

small particle size. By fabricating with lithium metal as half-cells, this material displayed the 

best rate capability and cyclic stability. To further enhance the structural stability, a layer of 

polydopamine was deposited at the surface of GO and then carbonized to an N-doped 

carbon shell. This second carbon shell is coated at CrGO/Si (1:0.6) rather than CrGO/Si 

(1:0.3), aiming to maintain the carbon content at a similar level (~45%). The resulting 

cpDOPA/CrGO/Si exhibited a high capacity of 1007 mAh/g even after 200 cycles at 1 A/g, the 

reinforced material displayed significantly enhanced cycle stability displaying a lower decay 

rate of 0.12% per cycle. Meanwhile, the optimized initial coulombic efficiency (76.3%) also 

demonstrated that the addition of cpDOPA coating effectively decreased direct contact of Si 

by the electrolyte. 
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In Chapter 4, polystyrene nanoparticles, which has similar particle size with Si NPs (~100 

nm), were synthesized by simple seeded emulsion polymerization. Since this polymer can be 

fully removed under nitrogen flow at around 450°C, it used as sacrificing materials to creat 

the void space in CrGO/Si composite. It was observed that the capacity retention of voided 

CrGO/Si gradually increased from 49.0% to 63.2% and finally reached 71.9% when the mass 

ratio of PS/Si was increased from 0 to 0.5 to 1. However, the retention decreased to 61.7% 

after the PS/Si ratio was increased to 2, suggesting that 1:1 is the optimal ratio to make a 

voided crumpled graphene with improved inside conductive network, meanwhile, the 

medium volume of void avoid making the transport/diffusion pathway of ions/electros too 

long. The optimized voided composite also displayed a high capacity of 1468 mAh/g at 1 A/g 

and only dropped by 19.4% after 200 cycles. 

In Chapter 5, we have developed a novel method to improve the electrochemical 

performance of Si/C based anodes. PEO and CMC polymer chains were successfully 

cross-linked and wrapped inside a crumpled rGO framework with Si NPs. Depending on the 

feature of hydrogel which will swell in water and shrink after drying, the volume of GO 

framework was expanded during water immersion. And then the void space between the 

rGO shell and Gel/Si core was created by drying in the air. Meanwhile, the GO was 

chemically reduced by hydrazine. The resulting void space was visually demonstrated by 

HRTEM and EELS elemental mapping. With the optimized structure, CrGO/Gel/Si displayed a 

significantly improved cyclic stability, which only dropped by 18.3% from 1055 mAh/g after 

320 cycles at 320 cycles. Although the weight content of silicon is only 38.1wt%, around 96.4% 

of capacity is contributed by silicon with a real capacity of 2669.03 mAh/g. 
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Comparing all of these three materials produced in this thesis, the voided CrGO/Si upon 

removal of polystyrene displayed the best rate capability because of the optimized inside 

conductive network. The hydrogel containing CrGO/Si exhibited outstanding cyclic stability 

since Gel can work as the glue, enhancing the structural stability, as well as the template to 

create void space inside crumpled graphene framework. 

6.2 Future Works 

 In Chapter 3, although the second carbonized polydopamine layer can significantly 

improve the electrochemical performance of CrGO/Si and effectively limit the direct contact 

of Si to electrolyte, the inside Si NPs are still severely aggregated together. The double 

enhanced carbon shell (cpDOPA+rGO) can only tolerate the volume expansion of silicon, but 

cannot release the large stress generated at the interface of C/Si. Hence, applying the 

cpDOPA sealing on a voided CrGO/Si may be a good idea to further improve the 

performance. 

 Since polystyrene, which was used as sacrificial materials in Chapter 4, is a very poor 

electric conductor and cannot provide capacity, its residue may cause severe performance 

decay if it is not fully removed during heat treatment. In fact, this was observed if the inert 

gas flow-rate was not sufficient in the tube furnace during thermal reduction/decomposition. 

Enough inert gas flow has to be provided to ensure all decomposed PS vapor can be 

effectively blown away. To avoid this problem, some carbon precursors with similar 

dimensions and significant volume shrinkage after carbonization can be used to substitute 

the role of polystyrene in this work.  
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Although the hydrogel containing work (Chapter 5) displayed the best cyclic stability 

among all three materials in this thesis, its capacity is relatively low compared to other two 

works due to the introduction of hydrogel, which cannot provide contributions to overall 

capacity. Meanwhile, without enough amount, the shrinkage of hydrogel cannot provide 

enough void and strength to lead to a stable cycle performance. Hence, there might be two 

routes to further improved performance: 1) optimizing the conductivity of hydrogel by 

doping or other modification methods, and 2) changing the type of polymers which can form 

a hydrogel with larger volume change between wet state and dry state. 
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