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ZUSAMMENFASSUNG 

Energieknappheit ist seit Jahrzehnten ein vieldiskutiertes Thema. Die Entwicklung neuer In-

dustrien und die zunehmende Sorge um Umweltverschmutzungen erfordern nicht nur eine hohe 

Energiedichte, sondern auch saubere Energieressourcen. Unter allen Energiequellen haben sich 

erneuerbare, saubere Energien in den letzten Jahren dramatisch entwickelt aber sie erfordern 

Energiespeicher wie Batterien und Superkondensatoren. Ihre Nutzung im schnell wachsenden 

Markt tragbarer elektronischer Geräte und elektrischer Fahrzeuge bietet eine vielversprechende 

Lösung für die Nutzung erneuerbarer Energie. 

Normalerweise arbeiten elektrochemische Energiespeicher wie Batterien und Superkonden-

satoren mit einem flüssigen Elektrolyten, entweder organisch oder anorganisch, der normaler-

weise giftig und umweltschädlich ist. Wir präsentieren jedoch einen ungiftigen, umweltfreundli-

chen und kostengünstigen Kondensator auf Basis von β-FeSi2 Nanopartikeln, der in gesättigtem 

Wasserdampf arbeitet. Im Gegensatz zu herkömmlichen parallelen Doppelplattenkondensatoren 

wird eine innovative interdigitalisierte Kondensatorstruktur verwendet. Das Gerät ist elektrisch ro-

bust und kann auch nach Anlegen einer Hochspannung mehrfach wiederverwendet werden. Die 

β-FeSi2 Nanopartikel des aktiven Materials werden auf die goldinterdigitalisierte Struktur aufge-

schleudert, die mittels Lithographie auf ein SiO2 Substrat (4 × 4 mm2) gedruckt wird. Die Interdigi-

tal-Struktur wird verwendet, um – verglichen mit herkömmlichen Doppelplattenkondensatoren – 

Wasserdampf einen leichteren Zugang zu den β-FeSi2 Nanopartikeln zu ermöglichen. Das Aktivma-

terial β-FeSi2 Nanopartikel wird durch direkte Gasphasensynthese hergestellt und ermöglicht eine 

Massenproduktion zu einem niedrigen Preis. 

Der mit β-FeSi2 Nanopartikeln beschichtete interdigitalisierte Kondensator, der unter gesättigtem 

Wasserdampf getestet wurde, zeigt eine spezifische Kapazität, die drei Größenordnungen höher ist 

als die Kapazität des unter trockener Luft getesteten interdigitalen β-FeSi2 Kondensators. Auch der 

Interdigital-Kondensator ohne β-FeSi2 Dünnfilm weist im Vergleich zum mit Nanopartikeln be-

schichteten Kondensator vernachlässigbare Kapazität auf. In dieser Arbeit wird die Wirkung von 

Wasserdampf und β-FeSi2 Nanopartikeln während des Lade- und Entladevorgangs untersucht so-

wie der Lade- und Entlademechanismus einschließlich des Ladungsübertragungsverhaltens von 

halbleitenden Materialien unter Wasserdampfatmosphäre. Ein Arbeitsmodell des interdigitalen β-

FeSi2 Kondensators wird erstellt. Darüber hinaus wird die Speicherkapazität des Interdigital-Kon-

densators unter unterschiedlichen Arbeitsatmosphären und mit weiteren Aktivmaterialien unter-

sucht, getestet und verglichen. 
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ABSTRACT 

Energy shortage has always been a hot topic for decades. New industries' development and 

more significant concern over environmental pollutions require high energy density and clean en-

ergy resources. Among all the energy sources, renewable clean energies have developed dramati-

cally in recent years, however, they require storage systems such as batteries and supercapacitors. 

Their utilization along with the fast-growing market of portable electronic devices and electric ve-

hicles provide a promising solution for the utilization of renewable energies.  

Usually, electrochemical energy storage devices such as batteries and supercapacitors work 

with liquid electrolyte, either organic or inorganic, which is usually toxic and harmful to the envi-

ronment. However, we present a non-toxic, environmentally friendly, and cost-effective capacitor 

based on β-FeSi2 nanoparticles that works in air saturated water vapor. Unlike traditional parallel 

double plate capacitors, an innovative interdigitated capacitor structure is employed. The device is 

electrically robust, can be reused many times, even after applying high voltage. The active material 

β-FeSi2 nanoparticles are spin-coated onto the gold interdigitated structure printed on the SiO2 

substrate (4×4 mm2) using lithography. The interdigitated structure enables easier access for water 

molecules to the β-FeSi2 nanoparticles, compared to conventional double plate capacitors. The ac-

tive material β-FeSi2 nanoparticles are produced via direct gas-phase synthesis and enable mass 

production at a low price.  

The β-FeSi2 nanoparticles-coated interdigitated capacitor tested in the air saturated water va-

por shows a specific capacitance, which is three orders of magnitude higher than the capacitance 

of the β-FeSi2 interdigitated capacitor tested under dry air. The interdigitated capacitor without β-

FeSi2 thin film exhibits a negligible capacitance, compared to the interdigitated capacitor with na-

noparticles. In this work, the effect of water vapor and β-FeSi2 nanoparticles during the charging 

and discharging process is studied as well as the charging and discharging mechanism, including 

the charge transfer behavior of semiconducting materials in the air saturated with water vapor. A 

working model of the β-FeSi2 interdigitated capacitor is established. Besides, the storage capacity 

of interdigitated capacitors under different working atmospheres and with additional active mate-

rials, are also investigated, tested and compared.  
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1 Background and Motivation  

Traditional energy resources, petroleum, and coal produce numerous carbon dioxide, nitro-

gen oxides, and sulfur oxides[1]. Such atmospheric pollutants trigger serious issues such as acid 

rain and extreme weather, leading to frequent heat waves, storms, and droughts. It causes a large 

number of deaths and property losses every year, due to the reasons above. Hence, a clean energy 

resource with low atmospheric pollutant emission is investigated to replace the traditional energy 

source in the past years.  

Electrochemical energy storage (supercapacitors and batteries) has become a promising op-

tion under such a situation. The mechanism of electrochemical energy storage is to convert elec-

trochemical energy to electric energy through electrochemical reactions. Usually, there is no pol-

luting gas produced during the reaction, making electrochemical energy storage more environmen-

tally friendly than coal and petroleum. Lithium-ion batteries[2], sodium-ion batteries[3], and flexi-

ble asymmetric supercapacitor[4] are hot research topics in recent years.  

It must be noticed that the explosive development of electrochemical energy storage is driven 

by the prosperity of the electric vehicle (EV) market. Electric vehicles have no gas emissions (no air 

pollutions), higher energy efficiency, simpler construction (no internal combustion engine, trans-

mission, fuel tank, and exhaust system), and lower noise than conventional cars. The electric luxury 

car Tesla Model S appeared first time in the market in 2009 and set off a wave of automobile de-

velopment worldwide. The worldwide electric car sales reached 2.3 million in 2020, with an explo-

sive growth speed (Figure 1.1). The Y-axis on the left represents the sales on a million scale.  

 

Figure 1.1  Global electric car sales by key markets, 2010-2020. (IEA analysis based on IEA data and 

EV-Volumes (2020)). The light blue color represents the sales in China, and purple rep-

resents the USA, green represents Europe, yellow represents Japan, and the orange 

color represents the worldwide sales[5] 
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Another noticeable trend is the popularity of portable electronic products, e.g., smartphones, 

laptops, and other electronic devices. With the variety of electrical and electronic products, the 

demand for various electrochemical energy storage methods is greater. In another sentence, en-

ergy storage methods with high energy density (large capacity, Wh/kg, Wh/m3) and high power 

density (high charging and discharging rate, W/kg, W/m3) are both required. 

Electrochemical energy storage, i.e., battery and electrochemical capacitor, can fulfill the de-

mands mentioned above and developed rapidly in recent years. A battery is composed of two elec-

trodes (cathode and anode), a separator, and a liquid/solid electrolyte in between. It is a device 

that converts the chemical reaction energy via chemical reactions taking place in electrolyte/cath-

ode interface and electrolyte/anode interface to electrical energy during the discharging process, 

and vice versa for the charging process[6]. Batteries usually have high energy density (Wh/kg or 

Wh/m3), i.e., high energy storage capacity.  

Capacitors, particularly supercapacitors, can provide instantaneous power due to their high 

power density (W/kg, W/m3), i.e., high energy storage speed. Supercapacitors can work as a good 

supplement in engines or any nonstop power systems. The supercapacitor can store charge via 

either a redox reaction (oxidation reaction and a reduction reaction) or the polarization of positive 

ions and negative ions, which will be introduced in detail in section 3.1.  

An environmentally friendly capacitor with a β-FeSi2 thin film on an unconventional interdigi-

tated microstructure is fabricated and studied in this work. The nanomaterial β-FeSi2 is a semicon-

ducting material that is used in solar cells[7, 8], optoelectronic and photonic[9, 10], and thermoe-

lectric devices[11-13], but seldom used as active material in the energy storage system. The previ-

ous study[14] by Theis et al. indicates that -FeSi2 can be used in the storage charging system, dis-

playing a potential of charge storage. This work is a continuation of Theis's previous work, and an 

environmentally friendly, micro-sized, open-type, interdigitated capacitor with β-FeSi2 thin-film 

working in the air saturated with water vapor is measured, and the mechanism behind the charging 

and discharging process is studied.  

The employment of water vapor as an electrolyte is another innovative point of this work, 

which differs from other conventional electrochemical capacitors that work with either liquid/solid 

electrolyte or organic/inorganic electrolyte. The open-type structure enables the water vapor in 

the air to reach the β-FeSi2 capacitor, broadens its applications under different occasions, such as 

in an island or the outdoor environment in the highly humid tropical areas, or even in the pipeline 

where the clean water vapor is discharged from the cooling tower of a thermal power station. 
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2 Introduction 

An environmentally friendly capacitor on an unconventional interdigitated microstructure is 

fabricated in this work, with a β-FeSi2 as the active material. And its charging and discharging mech-

anism is studied.  

In Chapter 3, the equipment needed for nanoparticle synthesis, nanoparticles characteriza-

tion (Scanning Electron Microscope, X-ray diffraction, Brunauer-Emmett-Teller test, X-ray photoe-

lectron spectroscopy, etc.), capacitor assembly (lithography mechanism and the needed equip-

ment), and the types of electrical measurement are introduced. 

The detailed introduction of the -FeSi2 nanoparticles, the mechanism of synthesizing -FeSi2 

nanoparticles with the gas-phase synthesis method, and the synthesis set-up (hot-wall reactor) is 

introduced in Chapter 4. The parameters during the synthesis, i.e., the tube temperature, the pres-

sure inside the reaction tube, the precursors' mass flow, is set to produce pure phase -FeSi2 na-

noparticles. 

The fabrication method of the interdigitated capacitor with lithography and the double-plate 

capacitor is introduced in Chapter 5 to compare the pros and cons of these two different capacitor 

configurations in the latter experiments. Besides, the self-assembly electrical measurement setup 

is presented.  

Also, to understand the charge storage mechanism, the detailed physical and chemical prop-

erties of -FeSi2 are highly demanded. The characterization result of the as-synthesized materials 

β-FeSi2 is shown in Section 6.1. Preliminary Analysis of the interdigitated capacitor's electrical 

measurement with -FeSi2, including potentiostatic measurement, galvanostatic measurement, 

and cyclic voltammetry measurement, are introduced in Section 6.2. The contribution of water and 

-FeSi2 nanoparticles to the stored charge is preliminarily figured out. 

The mechanism of charge storage is studied in Section 6.3, based on the result of Section 6.2. 

The charge transfer behavior of the interdigitated capacitor with semiconducting -FeSi2 NPs is 

studied. By comparing the charge transfer behavior under dry/humid atmosphere separately, wa-

ter molecules' influence on the charge transfer behavior is figuring out. A simplified schematic 

model with two adjacent nanoparticles is presented to understand the charging/discharging mech-

anism. The role water molecules play in the charging/discharging process is figured out. Besides, 

an equivalent circuit model has been developed. 

Section 6.4 is about the electrical measurement with parallel plate capacitor with -FeSi2 na-

noparticles. The influence of different capacitor configurations on electrical performance is com-

pared and discussed. Also, the electrical performance of other materials, such as SiO2 nanoparticles, 

is tested, eliminating the charge contribution of the SiO2 shell on the surface of -FeSi2 nanoparti-

cles. 
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3 Fundamentals and Techniques 

3.1 Introduction of the capacitors  

There are three types of capacitors, including the electrostatic capacitor, the electrolytic ca-

pacitor, and the electrochemical capacitor in Figure 3.1[15, 16]. The electrostatic capacitor is sym-

metric, employing metals as electrodes. The common dielectric materials are ceramics[17], poly-

mer[18], and even papers[19].  

 

Figure 3.1  There are three types of capacitors, including the electrolytic, electrochemical, and elec-

trostatic capacitors. The electrochemical capacitors have two categories, double-layer 

capacitor and pseudocapacitor, and the combination of these two types is called the 

hybrid capacitor.  

The electrostatic capacitor's capacitance consists of two conductive electrodes, a positively 

charged electrode and a negatively charged electrode. And between the two electrodes is a non-

conductive dielectric in Figure 3.2. The dielectric keeps the charges separated, forming an electrical 

field that stores electrical energy. The electrostatic capacitance can be calculated with the following 

Equation 3.1,  

 0 rε ε /C A d    (3.1) 

In this equation, A is the electrode area, d is the distance between two electrodes, 0 is the 

permittivity of vacuum, and r is the dielectric medium constant, also known as relative static per-

mittivity[20]. According to Equation 3.1, the bigger A is, or the smaller d is, the bigger the electro-

static capacitance will be. Using different dielectric mediums (different r-value) is also a usual way 

to change the electrostatic capacitance, based on Equation 3.1. It needs to be noticed that, Equa-

tion 3.1 is universal for all the parallel-plate capacitors, including the following electrolytic capacitor. 
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Figure 3.2 The electrostatic capacitor's configuration, which includes a positively charged conduc-

tive electrode and a negative charged conductive electrode with a non-conducting die-

lectric. 

 

Figure 3.3 The electrolytic capacitor's configuration with the aluminum foil as the anode and its 

aluminum oxide layer as the dielectric. Unlike other capacitors, the liquid or solid elec-

trolyte works as the cathode electrode in the electrolytic capacitor. 

An electrolytic capacitor (Figure 3.3) is an asymmetric capacitor that consists of the metal foil 

(usually in Al[21], Ta[22], and Nb[23]) as the anode electrode and the electrolyte (either liquid or 
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solid) as the cathode electrode. The oxidation film on the surface of the metal foil (anode electrode) 

acts as the dielectric. Usually, the oxidation layer is relatively thin, which means the value of d is 

quite small. According to Equation 3.1, capacitors with small d can provide much higher capaci-

tance than the electrostatic capacitor mentioned above. The metal foil is usually etched to increase 

the surface area A to increase the capacitance, according to Equation 3.1. Also, the etching process 

creates millions of micro-scaled structures on the surface of the metal foils, forming a rough surface 

that enables the electrodes a good contact with the electrolyte, hence decreasing the series re-

sistance of the electrolytic capacitors and increasing the electric performance of the electrolytic 

capacitor.  

 

Figure 3.4  The configuration of the electric double-layer capacitor. The black-shaped material cov-

ering the current collectors is the materials with large specific surface area, such as gra-

phene[24], activated carbon[25], and carbon nanotube[26]. 

The electrochemical capacitor also noted as the supercapacitor, or the ultracapacitor, is a high-

capacity capacitor. It stores charge in the electric double layer at the electrode-electrolyte interface 

and by electrochemical reactions[20]. It consists of two electrodes and a liquid/solid electrolyte. 

The charges are stored at the interfaces of the electrode/electrolyte or via Faradaic reactions, 

which will be later explained in Section 3.1.1. An electrochemical capacitor is categorized into elec-

tric double layer capacitor [27-29], pseudocapacitor[30-33], and hybrid capacitor[34-36], combin-

ing the electric double layer capacitor and pseudocapacitor[37-39]. The electrochemical capacitor 

achieves several orders of magnitude higher capacitance than that of electrolytic[40-42] and elec-

trostatic capacitors[43-45]. Electric double-layer capacitor (EDLCs) (Figure 3.4) is an electrochemi-

cal capacitor that stores electrostatic charge via reversible adsorption of ions in the electrolyte onto 

the surface of electrode materials (Non-Faradaic process). Usually, the electrode materials should 

be highly conductive, electrochemically stable, and have a large specific surface area (SSA)[46], 

such as porous carbon materials[47, 48] or 2D materials[49, 50] with large SSA, to achieve good 

performance. Besides, the shape of the porous will also influence the electrochemical performance. 
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Models of the electric double-layer are built and introduced, to understand more about the 

electric double-layer. The Helmholtz model is put forward by von Helmholtz[51]. The model in Fig-

ure 3.5 shows, on the solution side, the same amount of opposite charge (opposite to the electrode 

side) accumulated near the electrode-electrolyte interface, thus forming an electric double layer. 

i.e., the Helmholtz model. Later, the Gouy-Chapman model is proposed, a diffusion layer is intro-

duced to the original Helmholtz model due to the thermal fluctuations[52]. A diffusion electric 

double layer is involved in the model, rather than rigid distribution like the Helmholtz model. The 

concentration of the distribution of counterions follows the Boltzmann distribution[53]. The Gouy-

Chapman model fits reality better than the Helmholtz model. However, it is based on an assump-

tion, i.e., the ions are point-like, which means the ions' size is ignored. So the Stern modification of 

the Gouy-Chapman model is put forward to consider the size of ions. 

 

Figure 3.5  Helmholtz model (left), Gouy-Chapman model (middle) and Gouy-Chapman- Stern 

model (right)[54] 

According to the model, the rigid inner layer close to the interface is called the Helmholtz layer. 

The capacitance CH of the Helmholtz layer is a constant, independent from the applied voltage. The 

capacitance of diffusion layer CD is in series connection with CH. So, the total capacitance C of the 

Gouy-Chapman-Stern layer is   

 1 / 1 / 1 /H DC C C   (3.2) 

When the low voltage is applied, and CD is smaller than CH, CD contributes mainly to capaci-

tance C. While at high voltage, the value of CD is large, the value of C approaches more to the value 

of CH. 

As the complement of the double-layer electrochemical capacitors, the pseudocapacitors 

store charge in the electrosorption processes, redox reactions, or intercalations processes on the 

electrode surfaces. The pseudocapacitance exits on the electrode's surface and inside the elec-

trode, providing much higher capacitance and energy density than a regular double-layer capacitor. 

Metal oxides[55] and conductive polymers[56] are often used as the active materials in the pseu-

docapacitor, such as MnO2[57], RuO2[58], Co3O4[59], Polypyrroles[60], Polyaniline[61], and Polyvi-

nylferrocene[62], etc. The theoretical specific capacitance of the electrode materials, the conduc-

tivity of the electrodes, the morphology of the electrode materials, and the employment of various 

electrolytes will all have a huge influence on the electrochemical performance of the pseudocapac-

itors. The theoretical specific capacitance and the pseudocapacitors' energy density are usually 
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higher than the electric double-layer capacitor. In reverse, the electric double-layer capacitor has 

higher power density, superior rate performance, and cyclic performance (excellent electrochemi-

cal stability). 

A hybrid capacitor[63] combines an electric double-layer capacitor electrode, storing charges 

in a non-Faradaic way, with a pseudocapacitor electrode storing charge in a Faradaic way. Hybrid 

capacitor combines the advantage of batteries and electric double-layer capacitors, achieving a 

higher energy density and longer cycle life. 

 Faradaic process and non-Faradaic process 

On the electrode-electrolyte interface, both non-Faradaic processes and Faradaic processes 

can take place. Non-Faradaic processes usually take place in the electric double-layer capacitor. 

Theoretically, there are no electron transfers across the electrode-electrolyte interface during the 

non-Faradaic process. The charges are stored electrostatically. The positive charges and negative 

charges reside by the side of two interfaces, separated by dielectrics, such as air or oxidized film. 

In cyclic voltammetry curve, the non-Faradaic process exhibits a flat profile. 

For the Faradaic process, the electrons transfer through the interfaces, and a redox reaction 

takes place. The whole process follows Faraday’s law, i.e., the react chemicals' mass is a function 

of the current passing the electrode, as shown in Equation 3.3.  

 q qE Em It Q     (3.3) 

In Equation 3.3, m is the mass of the reacted chemicals, I is the current flowing through the 

electrode, t is the time, Q is the consumed charge over time, and Eq is a constant. Eq is named as 

the electrochemical equivalent. Its value can be achieved via Equation 3.4. 

 / FqE M n       (3.4) 

F is Faraday constant, F= 96485 C/mol, M is the molar mass of the reacted chemicals (g/mol), 

while n is the charge number of ions of chemicals. The Faraday law fits with all the redox reactions 

on the electrode. The Faradaic process is the dominant process in the pseudocapacitors and bat-

teries. Usually, the Faradaic process's existence can be determined by checking the reduction and 

oxidation peaks in cyclic voltammetry, as shown in the later Section 3.4.2. 

 The configurations of electrochemical capacitors 

The conventional configuration of the electrochemical capacitor includes two electrodes, the 

separator and the electrolyte. The widely used configuration of capacitors is the cylinder capacitor 

or the button capacitor impregnated with an electrolyte. 

The proper electrode materials should be highly conductive to achieve superior electric per-

formance. For electric double-layer electrode material, a high specific surface area is also required. 

Highly porous carbon[64], carbon nanotube[65], graphene[66] with a large specific surface area 
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(maximum 3000 m2/g) are commonly employed as electrode materials.  

The electrolyte can be either solid or liquid, organic or inorganic. The aqueous electrolyte, 

such as KOH or H2SO4, the working voltage is usually under 1.23 V because the electrolysis of water 

in the electrolyte requires a minimum potential difference of 1.23 V. The organic electrolyte usually 

dissociates at a voltage above 2.5 V, providing a much higher working voltage. 

The membrane is usually used as the separator, which is highly ionic conductive instead of 

being electronic conductive. Polymer[67] or paper[68] separators are generally used in the elec-

trochemical capacitor with organic (nonaqueous) electrolyte. For the aqueous electrolyte, glass 

fibers[69] or ceramic[70] separators are widely employed. 

In addition to the conventional parallel-plate capacitors, cylindrical capacitors[71], button cell 

capacitors[72], and parallel-plate capacitors[73], the interdigitated capacitors (also called comb 

structure)[74] is also an option for “unsealed capacitors” (Figure 3.6). The interdigitated capacitor 

is a new type of micro capacitor that features flexibility, transparency. Microcapacitors are mainly 

used in portable, flexible, and smart electric devices, such as foldable cellphones, google glasses, 

and microsensors. Compared to the conventional supercapacitor, its smaller size makes microstruc-

ture a promising candidate for the integration with other microelectronic devices[75]. In addition, 

the interdigitated microcapacitors can be used as sensor systems or photoelectronic devices (e.g., 

solar cells), because the open structure provides a path for gas/ light to get access to the system 

easily. The detailed information will be introduced in the following Section 5.1. 

 
Figure 3.6  The schematic diagram of the interdigitated pattern, produced via lithography. The size 

of the overall interdigitated pattern is on a scale of several millimeters. The width of 

each finger of the interdigitated electrode can be several micrometers. 

 Popular research directions 

The choice of electrode materials (0D, 1D, 2D, and 3D nanomaterials) is always the hottest 

topic in the field of supercapacitors. The 0D materials, such as nanoparticles and quantum dots[80] 

are widely used in the industry as the primary active materials of the electrodes. Nanotubes and 

nanowires[76, 77] are the commonly used 1D material. The 2D materials, especially graphene[78] 

and the transition metal carbide MXene[79], have arisen considerable attention in recent years. 

Moreover, 0D can be employed with other 0D, 1D, and 2D materials to form 3D nanostructure[81-
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83]. The small size of the 0D material makes it easily accessible to the electrolyte and appropriate 

for any configuration of energy storage devices. However, the 0D material has lower electrical con-

ductivity due to its point-to-point contact[84]. It usually requires an additional binder to bond the 

nanoparticles, leading to decreased power density. The 1D material has better electrical conduc-

tivity and doesn’t need a binder. However, the packing density of the 1D material is low, resulting 

in lower power density[85]. The 2D material has a fast charging and discharging speed, because of 

its high specific area which has a sufficient contact with electrolyte. The 2D material’s in-plane 

conductivity is high, but the electronic conductivity between two layers is quite low[86]. Restacking 

of the layers is a huge problem[87]. Therefore, the 0D and 2D materials are mixed to construct the 

3D materials[88-90], which can resolve the restacking issues and increase the conductivity effi-

ciency between planes.  

Also, the configurations of supercapacitors are one of the famous research directions. The 

emergence of portable and foldable electric devices brings the development and prosperity of flex-

ible supercapacitors. The electrodes, the separator, and the encapsulated shell are adjustable that 

they can be fitted into different shapes. There are roughly three categories of flexible supercapac-

itors: fiber-like 1D flexible supercapacitors[91], which can be used in flexible microelectronic de-

vices, paper-like 2D flexible supercapacitors[92], which can be employed in foldable mobile phones, 

such as Huawei Mate Xs, and 3D porous flexible supercapacitors[93] which is suitable for large scale 

power supplier.  

3.2 Techniques of assembling the interdigitated capacitor 

The interdigitated capacitor assembly process includes the “printing” of the interdigitated 

structure on the substrate via photolithography and the bonding of the electrodes onto the chip 

carriers. The theoretical mechanism and the overall process of lithography are introduced in this 

chapter and the experimental instruments employed during the capacitor assembly, i.e., the mask 

aligner, the evaporator, and the bonder.  

 Photolithography 

Photolithography, also known as optical lithography, or UV lithography, is commonly used in 

the semiconductor industry as a microfabrication method. It transfers the geometric pattern from 

a mask to a photosensitive photoresist coated on the substrate. The photolithography process in-

cludes the photoresist coating, exposure, and developing in Figure 3.7.  
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Figure 3.7  The flow chart of the lithography process, including photoresist coating, exposing and 

developing. It briefly explains how the positive photoresist and the negative photoresist 

work differently. 

The first step of photolithography is the photoresist coating. A photoresist is a resist that can 

be chemically changed because of the exposure to specific wavelengths applied. There are two 

kinds of photoresists, positive photoresist and negative photoresist. Their different working func-

tion will be illustrated in the third step (Figure 3.7). The photoresist (introduced later in this session) 

is spin-coated on the substrate, forming a photoresist film. The substrate coated with photoresist 

film is subsequently baked on the hot plate (soft bake) at a specific temperature for a short time 

(usually at 100 C for 1 min) to remove the residual solvent, e.g., water inside the photoresist coat-

ing film. The other purpose of the soft bake is to enhance the resist adhesion to the substrate and 

to prevent the formation of diazonaphthoquinone (DNQ) -based resists during the exposure. DNQ 

is a side-product of the photoreaction. This procedure also minimizes the dark erosion of positive 

resists during development[94] (Cited from published book Photolithography Basics of Micro struc-

turing). 

The second step of lithography is exposure. A mask aligner (Karl Süss) is employed in the ex-

posure process. The machine employs ultraviolet light, transferring a template or a pattern from a 

photomask to a micro Si substrate. The type of mask aligner is shown in Figure 3.8.  
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Figure 3.8  The mask Aligner (Karl Süss) is used to transfer the pattern from the mask to the sub-

strate. 

The photomask is prepared with Cr coated quartz substrate via electron beam lithography. 

The photomask is usually a quartz plate covered by a Cr layer, with some transparent areas that 

allow light to pass through it. The transparent areas (non Cr coated area) and the non-transparency 

areas (Cr thin-film coated area) form the pattern/template on the substrate in Figure 3.9[94]. 

 

Figure 3.9  The schematic graph of a photomask with a simple pattern, formed by three transpar-

ent areas and Cr thin-film area. 

The photomask is placed onto the Si substrate coated with photoresist (close contact) to com-

plete the exposure. The ultraviolet light irradiates onto the mask, and further reaches the photo-

resist-coated Si substrate surface through the transparent areas. The whole exposure process lasts 

for a specific time (on the scale of a minute or second).  

The third step after the exposure is the developing process. The substrate is placed in the 

developer solution for a particular time. The developer can dissolve photoresist selectively. The 

photoresist that needs to be developed has a much higher dissolution rate than the photoresist 

area's dissolution speed that should remain on the substrate.  

As mentioned before, photoresists are categorized into positive photoresists and negative 

photoresists. The dissolution rate of the exposed area and the unexposed area of the coated pho-

toresist is different, leading to the realization of a structured photoresist mask[94]. For the positive 
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photoresist, the area exposed to UV light will be dissolved in a developer, and the UV light unex-

posed photoresist will stay on the substrate. While for the negative photoresist, the area exposed 

to UV light will remain, and the unexposed area will be soluble in the developer (Figure 3.7). 

After development, the pattern of the photomask is successfully displayed on the substrate. 

Later, the substrate is dipped into the stopper solution (i.e., deionized water) to stop overreacting 

between the developer and the photoresist, preventing the damage of the as-prepared pattern on 

the substrate.  

 Evaporating 

Evaporator (Figure 3.10) is usually used for thin-film deposition. Metal is evaporated under 

vacuum conditions (10-5 mbar to 10-6 mbar) by either electron beam or thermal heating. The metal 

is evaporated and ejected onto the target sample during evaporation, cooling down and forming a 

thin metal film on the sample surface. The electron beam is usually employed to evaporate tita-

nium, nickel, and platinum, etc., while thermal heating is for evaporating gold, silver, and gold ger-

manium. The evaporator used here is BOC-Edwards Auto 500.  

 
Figure 3.10  The evaporator BOC-Edwards Auto 500. 

The liftoff procedure is carried after evaporation. The substrate covered with metal thin-film 

is socked into the hot acetone (60 C – 70 C), so the residual photoresist will dissolve in it. Hence 

the above metal thin-film will exfoliate from the substrate. In contrast, the metal thin-film that 

contacts directly with the substrate will still stick on the surface. Until this step, an interdigitated 

gold structure is lithographically printed on the substrate. 

 Bonding 

The bonder (Kulicke & Soffa 4123 Wedge Bonder, Figure 3.11 (left)) is a machine using thin Al 

wire (Al 0.99 Si, diameter 25 m) to connect the gold interdigitated structure to the chip carrier. The 

schematic graph in Figure 3.11 (right) shows how the interdigitated pattern is electrically attached 

to the chip carrier.  
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Figure 3.11 Left: Kulicke & Soffa 4123 Wedge Bonder. Right: The schematic graph showing how 

the gold interdigitated pattern is connected to the chip carrier.  

3.3 Materials characterization techniques 

To characterize the morphology, composition, and surface information of as-prepared β-FeSi2 

nanoparticles, traditional techniques such as X-ray diffraction, Brunauer–Emmett–Teller method, 

scanning electron microscopy, and X-ray photoelectron spectroscopy are employed. A brief intro-

duction of the above experimental apparatuses is introduced in this chapter.  

 Scanning electron microscopy 

Scanning electron microscopy (SEM)[95] [96] (Figure 3.12) is a typical laboratory apparatus, 

which is widely used in the field of material science and engineering. SEM's mechanism is based 

on the principle of scanning materials with a highly focused high-energy electron beam to excite 

the atoms, emit secondary electrons, and backscattered electrons out of the specimen. The sec-

ondary electrons and backscattered electrons are collected by a detector locating above the sam-

ple and converted into optical signals by a scintillator. They again are converted into the electrical 

signals by a photomultiplier tube and an amplifier, thus displaying a scanned image synchronized 

with the electron beam. When an electron beam hits a point on the sample surface, a correspond-

ing bright spot shows on the computer screen, and the brightness of the spot is proportional to 

the excited electron energy. SEM can be used to perform the three-dimension topography of na-

noparticles, metals, and alloys, etc., and to analyze the composition of materials (i.e., the elemental 

mapping) of a particular area. Besides, biological sample observations can also be conducted with 

SEM. 
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Figure 3.12  The photo of Scanning Electron Microscope (Inspect F, FEI). 

 Focused ion beam  

The equipment of the Focused ion beam is shown in Figure 3.13[97]. When the focused ion 

beam is shot onto the tested surface, the secondary ions and secondary electrons are emitted from 

the surface, forming an image, similar to SEM. Except for SEM, the focused ion beam can also cut 

samples by bombarding and etching the atoms away from the sample. The focused ion beam in-

strument used in this work is produced by FEI (Helios NANO LAB), including a scanning electron 

microscopic component.  

 

Figure 3.13  The photo of the focused ion beam machine (Helios NANO LAB).  
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 X-ray diffraction 

X-ray diffraction (XRD) is a non-destructive analysis technique wildly used in material sci-

ence[98]. During X-ray diffraction measurement, when a beam of focused monochromatic X-rays 

is shot onto the sample crystal, the electrons around the atoms in the crystal vibrate and produce 

electromagnetic radiations. The Bragg equation (Equation 3.5) is the foundation of XRD theory. In 

Equation 3.5, n is an integer (n > 0),  is the wavelength of the incident waves,  is the angle formed 

by the incident waves and the crystal plane, and d is the distance of the two parallel crystal planes. 

  2 sinn d   (3.5) 

All the atomic diffraction waves in the direction satisfying the Bragg Equation will add up (con-

structive interference). In contrast, all the atomic diffraction waves in the direction which don’t 

meet the Bragg Equation will diminish to zero (destructive interference). Due to the periodicity of 

crystal structure, the emitted waves will superimpose. The diffraction pattern with diffraction 

peaks is achieved as a result of the interference of numerous atomic scattered waves.  

 

Figure 3.14 The schematic diagram of the incident waves and their corresponding atomic diffract 

tion waves on the crystal planes. 

In the material research, X-ray diffraction is employed to figure out the crystalline structure, 

crystallite size, and compositions of nanoparticles. Different crystals have different diffraction pat-

terns based on the size, shape, species of atoms, and their position in the unit cell. Other anode 

targets, such as copper target or cobalt target, are employed in the X-ray diffraction. However, 

using different targets mainly affects the diffraction peak positions, and the relative strength of the 

diffractions is slightly different. 

 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is widely used as a surface chemical analysis tech-

nique[99]. It is a quantitative energy spectrum technology employed to figure out the elemental 

composition of the materials, the chemical state and the electronic state of any element, etc. The 
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materials that need to be measured are exposed under X-ray. The XPS machine measured the ki-

netic energy and the number of the escaped electrons, hence achieving the X-ray photoelectron 

spectroscopy.  

More precisely speaking, during the measuring process, the electrons in the atoms or the 

molecules are irradiated by a beam of monochromatic X-rays (Figure 3.15), and the kinetic energy 

Ekenetic of the emitted electrons is measured simultaneously to analyze the elemental composition, 

the chemical state of the tested sample surface. Usually, the XPS test needs to be conducted under 

a high vacuum condition (10-9 – 10-8 mbar). But in recent years, there is a new XPS instrument 

named the near-ambient-pressure X-ray photoelectron spectroscopy (NAP-XPS) that allows the 

testing process to run at a higher pressure, making it possible to test the biology samples, liquids, 

or gases[100, 101]. The testing depth ranges from 1 nm and 10 nm underneath the material surface. 

 

Figure 3.15  Schematic graph of photoelectron emission irradiated by X-ray.  

According to the Ernest Rutherford Equation:  

  binding photon kinetic kineticE E E h E          (3.6) 

Ebinding is the binding energy, while Ephoton = h is the energy of X-ray photon. The monochro-

matic X-rays employed in the XPS equipment nowadays are either the Al Kα X-ray with the Ephoton 

of 1486.7 eV or the Mg Kα X-ray with the Ephoton of 1253.6 eV. The kinetic energy Ekinetic and the 

number of electrons emitted can be measured by an electron energy analyzer and an electron 

detector. Ø  is the XPS instrument's work function, rather than the testing samples, which is caused 

by the photoelectron absorption of the XPS detector. The value of Ø  is only a few eV and usually 

can be negligible[102].  

 Brunauer–Emmett–Teller  

Brunauer–Emmett–Teller method (BET) is a theoretical module that is commonly used to ex-

plain gas molecules' physical adsorption onto a solid surface[103]. The BET module is widely used 

in particle surface adsorption research to characterize nanoparticles' specific surface area.  

A certain amount of the produced nanoparticles is placed in a testing chamber cooled by liq-

uid nitrogen. The gas nitrogen is used as the adsorbate, with the hydrogen/helium works as the 

carrier gas. The nitrogen and hydrogen/helium are mixed in a certain ratio, and go through the 
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tested nanoparticles under a certain relative pressure. The physical adsorption of nitrogen takes 

place on the surface and reaches the equilibrium state. When the temperature of the testing cham-

ber reaches room temperature, the desorption of nitrogen happens. By measuring the relative 

pressure and the area of the desorption peaks, the nitrogen adsorption volume Vm of the mono-

layer is calculated. 

This theory builds the BET equation, connecting the monolayer adsorption volume Vm with 

the multi-layer adsorption volume V. And the specific surface area S is calculated by Equation 3.7 

and 3.8 below.  

 
0 0

1 1
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p C p

V p p V C V C p


  

  
  (3.7) 

In Equation 3.7, p is the partial pressure of the inert gas, p0 is the saturated pressure of the 

inert gas at the liquid nitrogen temperature. C is noted as a BET constant describing the interaction 

condition between the adsorbent and the adsorbate. So the specific surface area S is achieved in 

Equation 3.8. NA represents the Avogadro number, m is the mass of the tested materials. s and Vmol 

represent the adsorption cross-section and the molar volume of the absorbate gas, respectively.  
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For the adsorbate gas nitrogen, 

14.36     (m )A

mol

N s

V
                           (3.9) 

3.4 Electric measurement 

In this chapter, the configuration of measurement setup and the detailed information of meas-

uring condition is introduced. To figure out the electric performance of micro capacitors with -

FeSi2, potentiostatic and galvanostatic test is carried out, with source meter Keithley 2400. To un-

derstand the mechanism of the charging and discharging process of micro capacitors with -FeSi2, 

cyclic voltammetry, and linear sweep voltammetry are employed. The principle and needed types 

of equipment are introduced in the following text. 

 Potentiostatic and galvanostatic test 

Potentiostatic tests and galvanostatic tests are pretty frequently employed measuring meth-

ods in the electrochemistry field. The galvanostatic test (Figure 3.16) is to impose a constant cur-

rent on the tested device, measuring the time-dependent voltage plot (V-t curve)[54]. 
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Figure 3.16 Galvanostatic test of thin-film batteries as an example[104]. The red horizontal line rep 

resents the applied current (left), and the blue curved line is the measured potential 

(right). 

Potentiostatic test applies a specific constant voltage to the electrical device, e.g., capacitor, 

and measures the time-dependent transient current (I-t curve) or time-dependent current density 

(j-t curve) (Figure 3.17)[105]. And the stored charge Q is achieved by integrating the discharge cur-

rent transient over the discharge time. Usually, in the measurement, different voltages are applied 

onto the capacitor to study the voltage-dependent current (V-I curve) or charge behavior (V-Q 

curve)[54]. 

 

Figure 3.17 The current transient over time I(t) of a capacitor's potentiostat measurement (at a 

particular applied potential). The current transient behaves exponentially, and the 

area filled with the horizontal bars represents the stored charge Q. 
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 Cyclic voltammetry 

Cyclic voltammetry (CV) is a commonly used electrochemical analysis technique, researching 

electron transfer and probing subsequent chemical reactions[106]. CV measurement can be con-

ducted in either the two-electrode system (composed of the working electrode and the counter 

electrode) or the three-electrode system (composed of the working electrode, the reference elec-

trode, and the counter electrode). The potential of the working electrode increases at a certain 

speed (V/s or mV/s), from a starting voltage to an ending voltage. Then, the working electrode 

potential decreases back to the starting voltage with the same speed. Thus one cycle is completed 

(Figure 3.18 (a)). Such a procedure can be repeated as many times as needed. The measured cur-

rent is plotted versus working electrode potential (Figure 3.18 (b)). In the CV curve, information 

about oxidation and reduction reaction can be achieved and the reversibility condition of a redox 

reaction, the absorption and desorption process of gas molecules. Cyclic voltammetry can also be 

conducted in the two-electrode system in the batteries and supercapacitors research. 

The background current (blue dashed line) in Figure 3.18 (right) usually means the non-Fara-

daic process, i.e., the electric double-layer capacitance. In contrast, the peaks of the red line rep-

resent the Faradaic process, i.e., oxidation and reduction process. Such characteristics will help 

figure out the Faradaic/ non-Faradaic process in a CV diagram. 

 

Figure 3.18 Single-cycle of cyclic voltammetry scan shows how the applied voltage varies with time 

(left). The cyclic voltammetry curve of the applied voltage-dependent current (right). 

The blue arrows indicate the direction of the scanning voltage[107]. 

A simple capacitor can be viewed as an equivalent R-C circuit, composed of resistors (R) and 

capacitors (C)[54]. The transient current of potentiostatic measurement is an exponential function 

of time. Take the simplest R-C (Figure 3.19 (a)) series circuit, for example, the transient current 

 0exp( / )I I t RC    (3.10) 

Parameter RC, also named as , is the time constant of the circuit, means the time it takes to 

charge to 63.2% (1-1/e) of capacity. The practical current transient can be fitted with varied forms 
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of exponential formula, based on Equation 3.10. For example, a bi-exponential equation consists 

of two mono-exponential equations with different time constants, two resistances, and two capac-

itors. The tri-exponential equation consists of three-time constants, three resistances, and three 

capacitors.  

Another basic form of the R-C circuit is a parallel circuit (Figure 3.19 (b)). Complicated circuits 

are composed of these two basic circuits, sometimes with the introductory of inductors (L). For 

example, the electrochemical capacitor's circuit model is usually more complicated, and more ele-

ments such as Faradaic resistance are introduced. 

 

Figure 3.19  The two basic R-C circuits: series circuit (a) and parallel circuit (b). 

 Linear sweep voltammetry 

Linear sweep voltammetry (LSV) applies a specific voltage (lower voltage V1) on the working 

electrode. The applied voltage is increased stepwise (increasing unit: mV/s) until reaching the final 

voltage (higher voltage V2)[108]. Rotating disk electrode (RDE) is employed in linear sweep voltam-

metry in the electrocatalyst field, such as the study of oxygen evolution reaction (OER), oxygen 

reduction reaction (ORR), hydrogen evolution reaction (HER), and hydrogen reduction reaction 

(HRR). RDE, also known as a hydrodynamic electrode, is a high-speed rotating electrode in a three-

electrode system. The characteristics of RDE are that the mass transference and current density 

are dependent on electrochemically active materials[109]. 

3.5 Charge transfer mechanism 

There are roughly three mechanisms describing the charge transfer behavior of semiconduc-

tors, i.e., space-charge-limited current (SCLC)[110, 111], Fowler-Nordheim tunneling[112], and 

Poole-Frenkel transport mechanism[113]. 

Fowler-Nordheim tunneling usually happens in metal-semiconductor junctions, indicating 

electrons tunneling through barriers in a high electric field. And its current-voltage can be fitted 

with the following equation[114]. 

 
2exp( / )I V a V    (3.11) 



 

 23 

Poole-Frenkel transport mechanism happens when electrons move through insulators in a 

relatively high electric field. And it follows the equation[115, 116]. 

 0.5 exp( )I V aV    (3.12) 

According to R. N. Pereira’s study on silicon nanocrystals, the silicon nanocrystals have similar 

electric behavior with the -FeSi2 NPs[122], and its charge transfer behavior can be fitted with 

Equation 3.13. In the equation, the steady-state current is used to avoid the time influence on the 

current at different applied voltage. The steady-state current is the current that reaches a plateau 

and keeps stable afterward. When m equals one, and the current is linearly correlated with voltage, 

it means the current-voltage follows the Ohmic behavior. When m equals 2, it indicates that the 

space-charge-limited current dominates.  

 mI aV bV      (3.13) 

The charge transfer behavior of semiconducting polymers, conducting polymers[117], metal 

oxides[118], and Si nanocrystals[119, 120] can be interpreted by the space-charge-limited current 

model. The space-charge-limited current appears when the uncompensated current is ejected into 

the whole system. In this case, the current density follows Equation 3.13[110, 121],  
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where J is the current density, V is the applied voltage. 
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4  -FeSi2 Synthesis  

In Chapter 4, the synthesis β-FeSi2 regarding the basic properties of β-FeSi2, the synthesis 

mechanism, and its setup will be introduced. β-FeSi2 NPs are synthesized with the direct gas-phase 

method in this chapter, and the appropriate synthesis parameters are fixed to produce β-FeSi2 with 

a relatively uniform size. Nanoparticle synthesis control is the first step to maintain the reproduci-

bility of the capacitors’ electrical performance.  

4.1 Basic information of -FeSi2  

Orthorhombic -FeSi2, i.e., iron disilicide, is a stable, non-toxic semiconductor with an indirect 

bandgap is 0.78 eV[123] direct band gap of 0.83 – 0.87 V[124, 125]. It is thermodynamically stable 

at room temperature. Usually, -FeSi2 can be used in the field of photoluminescence[126-129]. 

Moreover, its large absorption coefficient is over 105 cm-1 at 1 eV (much larger than that of crystal-

line silicon), which is a good option for solar cell materials[130-132].  

 

Figure 4.1 The cell structure of ß-FeSi2 crystal[133, 134]. The purple spheres are Fe ions, and the 

green spheres are Si ions.  

Besides, -FeSi2 can be used in thermoelectric devices due to its large Seebeck coefficient and 

relatively high oxidation resistivity[11, 135-137]. The lattice structure of -FeSi2 is shown in Figure 

4.1[133]. The purple balls represent Fe, and the green balls represent Si. 

-FeSi2 is composed of two non-toxic elements, Fe and Si, which numerously exist on earth, 

making -FeSi2 a cost-effective material for industry. Throughout decades, various methods were 

carried out by scientists to synthesize -FeSi2, such as mechanical alloying[138], ion implanta-

tion[139], sputtering[130, 140], thermal annealing[141], and chemical vapor transport 

method[142]. In this work, gas-phase synthesis is employed to produce -FeSi2. 

4.2 Synthesis setup and mechanism 

Gas-phase synthesis of the -FeSi2 NPs was previously proposed by Kameyama in 1993[143] 
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using a radio frequency coupled plasma torch system. According to Kametama, silane (SiH4) and 

iron pentacarbonyl (Fe(CO)5) are employed as precursors. These two precursors decompose and 

form the final -FeSi2 nanomaterials under a certain temperature, theoretically. However, in the 

real experiment, the materials produced are usually mixed compounds with iron silicides, such as 

Fe5Si3, FeSi, -FeSi2, α-Fe and SiC. The production control, for example, the purity of a certain phase, 

cannot be guaranteed. According to the iron-silicon phase diagram (Figure 4.2), various compounds 

can be formed, such as Fe2Si, Fe5Si3, FeSi, -FeSi2 and -FeSi2[144]. 

  

Figure 4.2  The Fe-Si binary phase diagram[145]. 

Iron disilicide is formed by the decomposition of two precursors, iron pentacarbonyl (Fe(CO)5) 

and silane (SiH4). The whole gas-phase synthesis system is composed of a gas delivery pipeline, 

hot-wall reactor, and particle collecting tube (Figure 4.3).  

Precursors go through the pipeline to the hot-wall-reactor at a mass flow controlled by flow 

controllers. A bottle filled with Fe(CO)5 (99%, Sigma-Aldrich) is located inside the thermalized bub-

bler equipment, and Fe(CO)5 is carried by nitrogen flow (99.999%, Air Liquide). Besides, SiH4 mixed 

with argon (UHP, Air Liquide) in a ratio of 1: 9 is employed. 

Notably, the vapor pressure of iron pentacarbonyl (IPC) increases with the rising temperature, 

and the pressure influences the flow of iron pentacarbonyl. In this case, the temperature is main-

tained at 22°C inside the thermalized bubbler equipment to deliver the needed amount of iron 

pentacarbonyl (IPC). The mass flow of the IPC together with the carrying gas nitrogen is 200 SCCM. 

Before the synthesis of -FeSi2, nitrogen gas is pumped down and refilled several times to 

ensure that the oxygen concentration inside the tube is below 0.03%. The oxygen concentration is 

tested with an oxygen flow sensor at the end of the tube. When the synthesis starts, the valve of 

silane is turned on first, and then the valve for Fe(CO)5. The stoichiometric ratio of Si to Fe is 

2.6:1[146], indicating the amount of Si is a little bit excessive, and pressure inside the tube is main-

tained around 500 mbar. Meanwhile, the reaction temperature stays at 620 C (900 K). The exper-

iment undergoes around 2.5 hours and produces 7.04 g -FeSi2, with a yield of 68.4%. The yield is 

calculated by the ratio of the produced -FeSi2 NPs to the consumed amount of Fe(CO)5 and SiH4. 
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The amount of the consumed precursors are calculated by the difference of the remaining amount 

in the precursor bottle before and after the reaction. 

 

Figure 4.3 The hot-wall reactor for the direct gas-phase synthesis of -FeSi2, including the gas de-

livery pipelines (top), the hot-wall reactor (middle), and a particle collecting tube with 

the powder separator and the particles collecting bottle (right-down). Dr. Hans Orthner 

provides this graph. 

In the synthesis of -FeSi2, an optimized gas-phase synthesis method[146] is employed, ena-

bling large quantity and pure phase production. To produce pure -FeSi2, the partial pressure of 

the two precursors inside the reaction tube, the pressure and the temperature inside the reactor, 

and the ratio of these two precursors are the critical factors needed to be fixed. Based on a previous 

study by Petersen, E.L in 2003[147], the chemical reaction formulas of the decomposition of the 

precursors are shown from Equation 4.1 to Equation 4.11. 

 4 2 2SiH +M SiH +H +M  (4.1) 

In this equation, M is the bath gas. In this case, Argon works as the third-body impact partner 

that carries silane. When the reactor's pressure is less than 1 atm (especiall in quite diluted system) 

and the bath gas during the decomposition process doesn’t react, the decomposition of silane can 

be written in the following equation 4.2. 

  4 2 2SiH SiH +H  (4.2) 

The decomposition of iron pentacarbonyl is much more complicated than the decomposition 

of silane. When Fe(CO)5 decomposes at a temperature of 705 K and a pressure of 0.35 atm[148], a 
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series of reactions take place. To begin with, Fe(CO)5 is decomposed to Fe(CO)2. Then, Fe(CO)2 

works as intermediates, continues to react and produces elemental Fe in the end. The main reac-

tions are listed in Equation 4.3 to Equation 4.11[146, 149]. 

 2 2Fe(CO) +Fe Fe CO+CO       (4.3) 

 2 +2Fe CO+Fe Fe +CO     (  = 2 6)n n n   (4.4) 

 2 +1 2Fe(CO) +Fe CO Fe (CO) +CO     (  = 1, 2)n n n   (4.5) 

 2 2 2 3Fe(CO) +Fe(CO) Fe (CO) +CO   (4.6) 

 2 2 +2Fe (CO) +Fe Fe CO+CO     (  = 1 5)n n n   (4.7) 

 3 2 4Fe (CO) +Fe Fe CO+CO   (4.8) 

 2 3 3 2Fe (CO) +Fe Fe (CO) +CO   (4.9) 

 2 2Fe CO Fe +CO   (4.10) 

 2 +2Fe CO+Fe Fe +CO     (  = 1  7)n n n   (4.11) 

A previous study by Wen, J.Z in 2007[149] also suggests that under the temperature of 

around 900 K, iron carbonyls Fe(CO)n decomposes so fast that Fe(CO)5 decomposes into Fe and CO 

rapidly. Under such a situation, the Fe(CO)2 reactions (from Equation 4.3 to Equation 4.11) can be 

neglected.  
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5 Capacitor Assembly and Electrical Measurement    

Equipment 

In this chapter, different capacitor assembly methods are employed to assemble the interdig-

itated structure and the parallel structure, aiming at enhancing the reproducibility of the capacitors’ 

electrical performance.  

5.1 Interdigitated structure capacitor 

The microscope photo of the mask is shown in Figure 5.1. According to the scalebar in the 

image, the interdigitated electrode's overall size is 1.96 m  1.96 m.  

 

Figure 5.1  The structure of Cr coated photomask and the standard size of the pattern. The dark 

area is the area coated with Cr, and the light area is the transparent quartz substrate, 

with no Cr covered. 

The assembly process of the interdigitated capacitors can be divided into several steps:  

1) the formation of the interdigitated pattern on silica substrate using optical lithography,  

2) the formation of the gold electrode via metal evaporation, 

3) the connection of the interdigitated electrode to the chip carrier, bonded with Al 0.99 Si 

wire, 

4) and last, the formation of the interdigitated electrodes by the spin-coating of -FeSi2 NPs 

onto the surface. 

The whole preparation process of the interdigitated micro capacitors assembly is conducted 

in the cleanroom. The configuration of the capacitor is shown in Figure 5.2. The golden color in 

Figure 5.2 represents that the interdigitated electrodes are positively charged. In contrast, the gray 

color means the interdigitated electrodes are negatively charged, i.e., the electrodes are connected 
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to the source meter's positive and negative contact, separately. 

 

Figure 5.2 The interdigitated capacitor's schematic figure from Top view (top) and the side view 

(down). The golden color indicates that the interdigitated electrodes are positively 

charged, and the gray color indicates the electrodes are negatively charged. 

Gold interdigitated structure in Figure 5.3 (a) is lithographically printed on a 4  4 mm2 silica 

substrate or a silicon substrate with an oxidation layer on top. The substrate is cleaned in acetone 

and isopropanol with an ultrasonic cleaner, and later on, dried with nitrogen. The positive photo-

resist (AZ1518, Microchemicals) is spin-coated onto the substrate's surface, with a rotating speed 

of 250 revolutions per minute (rpm) for 30 s. Later, the substrate with photoresist is baked on a hot 

plate at 100 C for 60 – 65 s. Then the substrate with photoresist is exposed for 14 s in mask aligner 

with chromium mask. Afterwards, the substrate is dipped into a developer (AZ351B, Microchemi-

cals) and subsequently in a stopper (deionized water). The exposed area will be dissolved in the 

developer AZ351B, producing an interdigitated structure on the substrate.  

Au evaporation procedure is carried out in an evaporator. A thin film of 5 nm Ti and then a 50-

nm-Au film are deposited on the surface. The 5-nm-Ti film is for increasing the adhesiveness of Au 

to the substrate. The liftoff procedure is done in hot acetone (around 70 C), which means that the 

Au layer on the photoresist exfoliates as the photoresist melts in hot acetone. At the same time, 

the other part remains on the surface. Thus the Au interdigitated structure is accomplished. Al 

wires are employed to bind the interdigitated structure to the chip carrier by the bonder machine. 

The microscope photo of the gold interdigitated pattern on the silica substrate is shown in 

Figure 5.3 (a). The size of the interdigitated structure is 1.96 mm  1.96 mm. There are 18 fingers 

(9 fingers for each electrode). The width of each finger is 20 m, and the length 18 mm. The dis-

tance between two fingers is 10 mm. 

A dispersion with -FeSi2 NPs in ethanol or deionized water with 10 mg/ml concentration is 

produced via ultrasonication. 6 l suspension (via a pipette) with 60 l -FeSi2 NPs in it is spin-
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coated onto the as-prepared empty micro capacitor and dried in a ventilation hood. A interdigi-

tated capacitor coated with -FeSi2 is produced, shown in Figure 5.3 (b).  

To maintain the homogenous distribution of the β-FeSi2 nanoparticles, different spin-coating 

rates (50 rpm, 250 rpm, 450 rpm, and 650 rpm) with the same amount of β-FeSi2 dispersion (6 l) 

is carried out. It turns out that a rotation speed of 250 rpm is the best for the spin-coating process, 

because a speed of 50 rpm ruins the unity of the thin-film thickness, and the speed of 450 rpm and 

650 rpm spin some β-FeSi2 nanoparticles out of the substrate’s surface.  

 

Figure 5.3 (a) A microscope image of the gold interdigitated structure on the silica substrate and 

(b) the photo of an assembled β-FeSi2 micro capacitor.  

5.2 Double-plate capacitor 

Besides the interdigitated structure capacitor, the traditional parallel-plate capacitor is also 

produced for a reference study. A layer of a thickness of 50 nm Au is evaporated onto a quartz plate 

(3.8 cm  2.6 cm 1 mm), and 6 l -FeSi2 dispersion (10 mg/ml) is spin-coated on it. The diameter 

of the NPs coated area is around 0.75 cm. The thickness at the edge of the ink is thicker than the 

central part of the ink, as shown in Figure 5.8(left), a common situation called the coffee stain effect, 

due to the capillary flow caused by the evaporation of the drop. During the evaporation, the dis-

persed nanoparticles are carried to the edge by the liquid from the central area, causing the aggre-

gation of nanoparticles on the edge[150]. Figure 5.4 (right) is the microscope photo of the -FeSi2 

thin-film in Figure 6.13 (left) with a scale bar of 150 m.  
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Figure 5.4 Parallel-plate quartz electrode coated with 50 nm Au layer, and then 60 g -FeSi2 

spin-coated on top (left). The microscope photo of -FeSi2 ink, magnified 10 times 

(right). 

The conductive cables with the isolating coating layer are bonded with Silver glue to the Au 

surface (Figure 5.5). Afterwards a plate electrode is completed. The separator used here is the po-

rous glass microfiber paper (GF/D CAT No. 1823-090, Whatman). The paper thickness is around 

0.67 mm, and the pore size is about 2.7 μm. Two plate electrodes and the separator are assembled, 

as shown in Figure 5.5, forming a double-plate capacitor. Clips are needed to make sure the close 

contact of electrodes and separator. Before the test, the double-plate capacitor is placed in a sealed 

container saturated with water vapor for a longer time, typically 24 h. The electrode plate covers 

the other electrode, with a separator in between, making it harder for the nanoparticles to be 

infiltrated by water vapor in the air. Two or more clips are used to fix the position of these two 

electrodes, to maintain the stability of the structure of this double-plate capacitor (Figure 6.34). 

 

Figure 5.5 The double-plate capacitor configuration, with two double plates coated with gold as 

electrodes and a sheet of porous glass fiber as a separator.  

5.3 The equipment of electrical measurement 

The electric measurement (e.g., galvanostatic and potentiostatic test, cyclic voltammetry) 

setup (Figure 5.6) is composed of three parts, i.e., a container where the micro capacitor with -

FeSi2 locates and is measured, a power supplier which provides the applied voltage/current, and a 

computer installed with LabVIEW (National Instrument) program. The machine is Source Measure 

Unit (SMU) Instruments Keithley’s Series 2400. Keithley 2400 is used as a source meter, applying 
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voltage/current onto the sample and measuring the resistance, current, and voltage. The LabVIEW 

(National Instrument) program commands the Keithley 2400, computer, and humidity sensor (Ar-

duino), records the real-time voltage/current, relative humidity, and temperature in TXT files. Data 

points are usually taken every 0.1 s. The relative humidity and temperature are measured with the 

humidity probe sensor plugged inside the container, measuring the real-time temperature and the 

real-time humidity. 

 
Figure 5.6 The experimental setup configuration, with a sealed chamber where capacitors locate, 

a source measure unit that provides the voltage (current) and measures the output, 

and a computer that controls the whole setup with LabView software.  

The micro capacitor -FeSi2 is measured in the air saturated water vapor to achieve the max-

imum stored charge. Before electric measurement starts, a beaker filled with deionized water and 

the micro capacitor with -FeSi2, is placed inside the container. The time-dependent relative hu-

midity is measured to test how fast the relative humidity changes and the time needed to reach 

equilibrium status (Figure 5.6). The ambient temperature is 25 C. 

 

Figure 5.7 Relative humidity is measured in the sealed container, which varies along with the 

time and gets stable after a particular time. The real-time temperature is measured 

and recorded together with the relative humidity. 

The container is first dried using silica gel to 16.9% RH. Then a beaker of deionized water is 

placed inside the chamber. The relative humidity increases immediately to 66.8% RH (at around 
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25 C), at a speed of approximately 10% RH/min, and gets saturated after around an additional 

5 min to nearly 100% RH (Figure 5.7). 

To make sure that the nanoparticle film on the capacitor is thoroughly infiltrated with water 

vapor, usually, a longer time (several hours) is needed before the measurement starts. Notably, 

when the relative humidity is 100% RH (under ambient pressure and ambient temperature), the 

absolute humidity's corresponding value is 0.023 Kg/m3[151].  
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6 Result and Discussion 

In this chapter, the successful synthesis of β-FeSi2 is confirmed by the characterization results, 

including the scanning electron microscopy, X-ray diffraction, X-ray photoelectron spectroscopy, 

and the Brunauer-Emmett-Teller test. Besides, the electric performance of the interdigitated ca-

pacitors is shown through the potentiostatic test, the galvanostatic tests, and cyclic voltammetry. 

The stored charge is measured and calculated.  

The function of β-FeSi2 nanoparticles and water molecules on charge storage is checked. Con-

sidering the properties of β-FeSi2 as semiconducting material, the semiconducting material's 

charge transfer behavior needs to be studied. A schematic model of the unit capacitor consisting 

of two adjacent nanoparticles is established, based on the working mechanism's analysis. Addi-

tionally, the capacitor's equivalent circuit is built, and a rough estimation of the capacitance is made.   

Furthermore, the structure of the parallel double plate capacitor is tested. In this section, ca-

pacitors with β-FeSi2 are tested to compare the capacitor structure's influence on charge storage 

ability. The capacitors with different nanomaterials such as SiO2 and boron-doped Si (B-Si) are also 

tested to extend other materials' application on the capacitors. Different amounts of the additive 

polyacrylic acid (PAA) are mixed with the β-FeSi2 nanoparticles to determine whether binders can 

improve the capacitors' electrical. We investigate which ratio of PAA leads to the best electrical 

performance. Meanwhile, the mass-dependent stored charge relationship is tested. 

6.1 Characterization of β-FeSi2  

 Scanning electron microscope 

The scanning electron spectroscopy of as-synthesized β-FeSi2 nanoparticles is shown in Figure 

6.1. The scale bar shown in the graph is 500 nm. The figure shows that the -FeSi2 nanoparticles 

have the shape of a sponge. A rough idea regarding the nanoparticles' size (in the scale of tens of 

nanometers) can be achieved with this graph. According to Figure 6.1, the diameter of a single 

nanoparticle ranges from 20 – 60 nm. 
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Figure 6.1 Scanning electron spectroscopy of as-synthesized β-FeSi2 nanoparticles, the scale bar 

is 500 nm. The figure shows that the -FeSi2 nanoparticles have a sponge-like shape. 

The rough size of the nanoparticles (in the scale of tens of nanometers) can be thus 

estimated.   

Two hundred fifty particles are employed to complete particle distribution analysis[152]. The 

nanoparticle size distribution closely fits with a log-normal distribution relation, and according to 

equation 6.1 below, 

 
1/( ) N

g ix x    (6.1) 

N is the total number of calculated nanoparticles. In this case, 250 particles are involved in 

this calculation. xi is the size for a single particle. The calculated geometric mean diameter of 250 

particles is 35.3 nm.  

Particle distributions are often lognormal distributed, the lognormal equation is shown in 

Equation 6.2[153].  
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g is the geometric standard deviation characterizing the diversity of nanoparticle size. CMD 

is the count median diameter. There are 50% of the particles that are larger/smaller than CMD.  

Through the histogram with size distribution, the geometric standard deviation g and CMD 

are achieved (Figure 6.2). The calculated g is 1.27, based on, which means the nanoparticle size is 

narrowly distributed. The Count median diameter is 34.5 nm. 
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Figure 6.2 Histogram with size distribution. The particle distribution analysis achieved from the 

SEM spectroscopy, showing that the particle size distribution of the -FeSi2 nanoparti-

cles conforms to the law of log-normal distribution, and the particle size distributes 

from 20 nm to 70 nm, with the most considerable portion of the -FeSi2 NPs’ size 

ranging between 25 nm and 50 nm. 

 X-ray diffraction 

The X-ray diffraction measurement of the as-synthesized -FeSi2 powder is applied with Cu-

K X-ray radiation source. And the x-ray tube voltage (Cu K radiation) is 40 kV, and the working 

current is 40 mA. The scan angle 2 ranges from 15 to 95, with a scan rate of 8 /min and a step 

size of 0.02.  is the angle formed by the incident waves and the crystal plane in Figure 3.14. 

 

Figure 6.3 The X-ray diffraction pattern of the as-synthesized NPs with the typical characteristic 

peaks of -FeSi2 NPs noted as (202/220)(313)(422)(024)(224), proves that -FeSi2 NPs 

can be successfully synthesized at a SiH4: Fe(CO)5 ratio of 2.6:1.  
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XRD pattern (Figure 6.3) shows that the peaks of produced nanoparticles are perfectly aligned 

with the characteristic peaks of β-FeSi2 in the literature[146]. The sharp peak shape indicates the 

crystalline structure of the -FeSi2 nanoparticles. According to the Scherrer formula, the size of the 

nanoparticles can be roughly estimated (Equation 6.3).  

 
 

K

Dcos







     (6.3) 

 is the full-width, half-maximum of the intensity(FWHM),  is the Bragg angle, 𝐾 is the 

shape factor that varies with the shape of the crystallites, and for spherical crystals, it is usually in 

the value of 0.89[154].  is the wavelength of X-ray, which is 0.154 nm in this case (the average 

value of 1 and 2), while D is the mean size of crystallite. Taking the peak at 29.06, the  is 

0.0094 rad. Hence the calculated D according to Equation 6.3 is 15.2 nm, smaller than the calcu-

lated size of the SEM result. The significant deviation at the particle size analysis is caused by the 

severe XRD peak broadening issue[155], when the Scherer formula is used to calculate the particle 

size less than 100nm. 

 X-ray photoelectron spectroscopy 

In this work, XPS is used to characterize the near-surface chemical status of the as-prepared 

β-FeSi2 nanoparticles. The black line is the measured XPS spectrum, the green, yellow, purple, blue, 

and light blue lines are the fitted composites (Figure 6.4). The red line is the sum of all the above-

fitted lines. It shows the surface composite includes -FeSi2, SiO2, and elemental Si. The peak at 

high binding energy (around 103 eV) corresponds to the Si2p photoelectrons emitted from Si bound 

to oxygen. The peak at a lower binding energy of approximately 99 eV to 100 eV corresponds to 

the Si2p photoelectrons emitted from Si bound to FeSi2. It needs to be noticed that the small peaks 

between these two peaks (from around 100.5 eV to 102 eV) are due to the transition compounds 

of SiOy (0y2) [156].  

 

Figure 6.4 The experimental (black) and fitted (red) X-ray photoelectron spectrum of Si. The peaks 

of the experimental spectrum of -FeSi2 NPs can be divided and fitted into the peaks of 

SiO2, FeSi2, and elemental Si. 
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The measured and fitted X-ray photoelectron spectrum of O are shown in Figure 6.5, as sup-

plementary. The spectrum indicates that almost all O (green line) exist in the form of SiO2. There is 

a small peak (blue line) at 531 eV, which is the binding energy of C=O in residual carbon dioxide on 

the surface. 

 

Figure 6.5 The experimental (black) and the fitted (blue and green) X-ray photoelectron spectrum 

of oxygen. 

 

Figure 6.6 The X-ray Photoelectron Spectroscopy of -FeSi2 NPs, measured with Al Kα X-rays and 

Mg Kα X-rays, respectively, proving the core-shell structure of the -FeSi2 NPs, with a 

thin layer of Si/SiO2 covering the -FeSi2 sphere NPs. 

Al Kα X-ray (1486.7 eV) and Mg Kα X-ray (1253.6 eV) are employed in the measurement to 

characterize β-FeSi2 nanoparticles. Ephoton of Al Kα X-ray is larger than Mg Kα X-ray. The inelastic 

mean free path means how far on average an electron can travel through solid before losing any 

energy. According to the inelastic mean free path curve shown in Figure 6.7, the photoelectron 

excited by Al Kα X-ray has larger kinetic energy than that of Mg Kα X-ray. It means that Al Kα X-ray 

measurement provides more information regarding the deeper part of the nanoparticle than the 

measurement carried out with Mg Kα X-ray does. 
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Figure 6.7 The inelastic mean free path (IMFP) curve of electrons in elements as a function of ex-

cited electron energy[157]. 

According to Figure 6.6 and Figure 6.7, the atomic concentration of SiO2 and Si measured with 

Al Kα X-ray is lower than that measured with Mg Kα X-ray, which means that SiO2 is mainly covering 

the surface. β-FeSi2 mainly aggregates in the core, rather than the surface, indicating that the β-

FeSi2 nanoparticle is a core-shell structure, surrounded by SiO2 and Si as the shell. The existence of 

SiO2 is caused by the oxidation of Si when the -FeSi2 powder is stored in a glass bottle filled with 

air.  

 Brunauer-Emmett-Teller test 

According to Brunauer-Emmett-Teller (BET), the specific surface area of β-FeSi2 nanoparticles 

is around 32.9 m2/g.  

 

Figure 6.8 The adsorption isotherm plot of β-FeSi2 NPs, showing that the -FeSi2 nanoparticles 

are non-porous nanomaterials. 

Based on the adsorption isotherm theory of BDDT (established by Brunauer, Deming, Deming, 

and Teller, adsorption isotherms were categorized into five types), the adsorption isotherm plot of 

β-FeSi2 is classified as Type III[158, 159]. It indicates that β-FeSi2 is a non-porous particle. The low-
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pressure regime slope is smaller than 1, suggesting that the tested nitrogen molecule has a weak 

adsorbate-adsorbent interaction (Figure 6.8). 

6.2 Preliminary analysis of the electrical performance on the     

interdigitated capacitor 

 Mass control of the β-FeSi2 

To maintain the electric measurement's reproducibility afterward and to find out the optimal 

thickness of the β-FeSi2 layer (neither too thick nor too thin), the mass and thickness control of the 

deposited β-FeSi2 NPs thin-film is carried out. And the thickness of at different positions A (Center), 

B (Half center), C (Near edge) in Figure 6.9 is measured via the focused ion beam (FIBs).  

 

Figure 6.9 The schematic drawing of tested spots on the micro capacitor, A (center), B (half cen-

ter), and C (near the edge). 

FIBs are employed to sputter the ions out of the surface, etching the nanoparticles and some 

part of the silica substrate. In other words, FIB can be applied to dig a hole into the nanoparticle 

thin film. By checking the cross-section height, the thin film's thickness is measured through the 

measuring function of FIBs. The cross-section SEM photo of the cut β-FeSi2 film on SiO2 substrate 

is shown in Figure 6.10(b). The sample plate is slightly tilted so that the cross-section of nanopar-

ticle thin film and SiO2 substrate can be observed clearly. The thickness is measured after consid-

ering the tilted angle. According to Figure 6.10(b), the loosely stacked nanoparticles on top are β-

FeSi2, and the condensed and dark part is the silica substrate. The boundary is quite clear, measur-

ing the thickness of β-FeSi2 film feasible. Figure 6.10(a) is the SEM photo of β-FeSi2 thin film from 

the top view. 
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Figure 6.10 The top view SEM graph of the micro capacitor (a) and the cross-section SEM graph 

(b) of β-FeSi2 nanoparticle thin film on the interdigitated structure. The darker part in 

(b) is the Si substrate.  

Different amount of β-FeSi2 nanoparticle dispersions are spin-coated at a rotation speed of 

250 rpm onto the top of substrate, i.e., 2 l (20 g -FeSi2), 4 l (40 g -FeSi2), 6 l (60 g -FeSi2), 

and 8 l (80 g -FeSi2). Again, film thickness measurement is carried out on Position A, B, and C 

(Figure 6.9). Unfortunately, the thickness of the -FeSi2 thin film in 20 g sample is too thin to 

detect. For a mass loading of 80 g, the thickness of -FeSi2 thin film on edge is too thick to detect. 

The tilting angle of the sample is not big enough, the edge of the NPs thin films and Si substrate 

cannot be observed.  

The correlation between the loading mass (40 g, 60 g, and 80 g) and the thickness on dif-

ferent positions (A, B, and C) are shown in Figure 6.11. Also, because of the coffee ring effect, the 

thickness of position B (Half center) is slightly larger than position A (Center). While the thickness 

of position C (Near edge) is much bigger than that in the center. The thickness of position C (Near 

edge) of 80 g is too big to be measured. Fortunately, because the gold interdigitated pattern is 

within the range of position A and position B in Figure 6.9, the highly increased thickness of the 

nanoparticles on the edges can be neglected.   

 

Figure 6.11 The loading mass of -FeSi2 dependent thin-film thickness at different positions A, B, 

and C follows a linear correlation.  
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The thickness at position A and position B at different loading mass is linearly correlated, in-

dicating the positive correlation between the mass and its thickness. The average thickness is plot-

ted in Figure 6.12.  

 

Figure 6.12 The arithmetic mean value of the thickness (at the same position spot A/B of the thin-

film) of different -FeSi2 loading mass (40 g, 60 g and 80 g), indicating a positive 

linear correlation. The average thickness of multiple capacitors achieves the data, the 

error bar shows the variability of data. 

The porosity of the -FeSi2 thin film coated on the substrate is also an important parameter 

that should be noticed because the gaps between nanoparticles are the place where the water 

vapor stays and forms the electric double layer during the charging and discharging process. Be-

sides, the looseness of the stacked nanoparticles provides easier access for the water molecules to 

the nanoparticles underneath. 

 

Figure 6.13 The porosity of -FeSi2 thin-film coated on the substrate, calculated with ImageJ. The 

red area represents the gaps between nanoparticles, and the gray areas are the na-

noparticles. 
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Using the ImageJ software (Figure 6.13), the top-view porosity is roughly calculated by calcu-

lating the red area (representing gaps between nanoparticles) percentage over the whole area. The 

top-view porosity of -FeSi2 thin-film is estimated to be around 44.4%, based on the 2D SEM image. 

The cross-section view porosity is 48.1%, which is more or less similar to 44.4%. This relatively high 

porosity of the -FeSi2 thin film provides abundant space to keep water molecules, which is bene-

ficial for charge storage. 

 Cyclic voltammetry 

The cyclic Voltammetry (CV) is employed to determine the electrochemical reaction taking 

place during the charging and discharging process (Figure 6.14). The measurement is carried out 

under the same condition as the previous test (water vapor, ~ 100% RH), with Keithley 2400 on -

FeSi2 interdigitated capacitor. The scanning voltage range is from 0 V to 3 V. The scanning rate is 

0.1 mV/s.  

According to the CV plot, no reduction peaks are observed, the curve is flat below around 

1.7 V, and rises sharply after 2 V. The shape is quite similar to the shape of the oxygen evolution 

reaction of electrocatalyst, considering there is only water and -FeSi2 nanoparticles, the possibility 

of water electrolysis is taken into consideration. And further electrocatalyst measurement is carried 

out to figure out whether the -FeSi2 nanoparticles can split water in Appendix 11.1 [160].  

 

Figure 6.14 The cyclic voltammetry plot of the -FeSi2 capacitor, measured at a scanning rate of 

1 mv/s, from 0 V to 4.5 V. 

 Potentiostatic measurement  

As stated previously in Section 5.3, the micro capacitor coated with -FeSi2 is placed in a 

sealed container filled with air saturated water vapor for 12 h. Later the potentiostatic measure-

ment is conducted with a source meter (Keithley 2400) to achieve voltage-dependent stored charge, 

i.e., voltage-dependent rate performance.  
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During potentiostatic measurement, a specific voltage is applied onto the micro capacitor for 

120 s (i.e., charging process), and then the circuit is a shortcut (0 V) for 300 s (i.e., discharging pro-

cess). One hundred twenty seconds of charging and 300 seconds of discharging is long enough for 

the current to reach a steady plateau (the current gets stable), which means the capacitor is fully 

charged and discharged. The applied voltage increases from 0 V to 3 V, each step width is 0.1 V. 

The whole process takes about 3.5 h. The current - time transient, i.e., I(t)-curve, at different volt-

age is shown in Figure 6.15. To have a clearer view of the plots, the charging voltage step width in 

Figure 6.15 is 0.2 V.   

When a particular voltage is applied, the measured transient current decreases in an expo-

nential mode becomes steady in 120 s. In Figure 6.15, the ending current of the charging process 

increases along with the applied current. While for the discharging process, transient current also 

shows an exponential behavior. After 300 s, the discharge current is below 10-3 A, which is only 

0.67% of the starting charging current of 0.15 A at 3 V, indicating the capacitor is fully discharged. 

 

Figure 6.15 Typical I(t) curve of β-FeSi2 nanoparticle film in the charge and discharge process. The 

applied charging voltage ranges from 0.2 V to 3 V. The color scale on the right side 

indicates that different colors correspond to varying voltages in the figure. 

The colors of the discharging plots are consistent with the colors of the charging plots. The 

zoom-in discharge graph (right-top) in Figure 6.15 shows that the discharging current plots first 

increase with the increasing charging voltage dramatically. However, after a specific applied voltage 

(around 2 V), the discharge transients' value has a much smaller change than before and almost 

overlap with each other, unlike the charging current plots that increase with the applied voltage. 

The stored charge Q (As or C) is achieved by integrating the shadowed area of discharge 

transient current plot over time (Figure 6.16), based on Equation 6.4.  
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Figure 6.16 Typical I(t) curve of β-FeSi2 nanoparticle film in the charging (3 V) and discharging pro 

cess, under 100%RH of water vapor in the tested atmosphere. The area of the region 

filled with a dashed horizontal line is the stored charge. 

The baseline for the integration is the average current value of the last 50 data points of the 

current transient, rather than 0 A, which is due to the equipment's measurement error. The spe-

cific charge (As/g or C/g) can also be employed as an essential index to characterize the capacitors' 

electrical performance. 

                             Q Idt                                  (6.4) 

The integrating area of discharge transient at different charging voltage (0.1 V – 3 V) is calcu-

lated and plotted versus the applied voltage in Figure 6.17 (red line). Thus the stored charge-ap-

plied charging voltage (Q-V) plot of -FeSi2 micro capacitor is achieved. In Figure 6.17, the Q-V plot 

shows different behavior in different voltage range. From 0.1 V – 1.4 V, the plot shows a linear 

correlation. While from 1.5 V to around 1.9 V, a steep increase of charge takes place. Above 2 V, 

this increasing trend slows down, and the charge gets saturated after 2.5 V. The maximum capaci-

tance of the interdigitated capacitor with β-FeSi2 nanoparticles is around 0.4 F.  

As a reference, an interdigitated capacitor without β-FeSi2 nanoparticles is also measured un-

der the same condition, and the voltage-dependent stored charge plot is shown in Figure 6.17 

(black line). The charge of the empty capacitor (no -FeSi2) is 2.4% of the charge of a capacitor with 

60 g -FeSi2 (regardless of lost particles during the spinning coating) at 3 V, showing the -FeSi2 

nanoparticles contribute most of the charge. 
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Figure 6.17 Redline: Stored charge-applied charging voltage (Q-V) plot of -FeSi2 micro capacitor 

at different charging voltage (0.1 V – 3 V). Blackline: Stored charge – applied charging 

voltage (Q-V) plot of the bare electrode without NPs under the same condition (100% 

RH of water vapor) 

Besides, to verify the function of water vapor in the charge and discharge process, a reference 

test is carried out. A micro capacitor with -FeSi2 nanoparticles is tested in the air saturated with 

water vapor (100% RH) and dry air (3.9% RH). The voltage-dependent charge curves are plotted in 

Figure 6.18. The charge of the same capacitor under dry air is only 3% of the charge in the air 

saturated with water vapor, indicating water plays a significant role in this charge-storage process. 

 

Figure 6.18 The stored charge of the capacitor measured in the air saturated with water vapor 

(black line) and in dry air (blue line), respectively, showing that the capacitance 

tested in the air saturated with water vapor is dramatically higher than in dry air.    

Notably, the micro capacitors tested in Figure 6.17 and Figure 6.18 are different. Multiple ca-

pacitors are measured to make sure reproducibility. Identical capacitors are measured repeatedly 
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at other times to assure their robustness and stableness. In Figure 6.19, the interdigitated struc-

ture's cyclic performance at a charging voltage of 3 V is carried out. The cycle number is 140, and 

each cycle includes 2 min charging and 5 min discharging process.  

 

Figure 6.19  The interdigitated capacitor's cyclic performance with -FeSi2, at a charging voltage 

of 3 V, for 140 cycles, showing high retention of the capacitance. 

According to Figure 6.19, the same capacitor's stored charge keeps more or less the same, 

even after 140 cycles, proving that the -FeSi2 interdigitated micro capacitor is a robust system.  

 Galvanostatic measurement 

The galvanostatic test on the micro capacitors with 60 g -FeSi2 is carried out to study the 

charging and discharging behavior from another angle. A current of 0.1 A is applied onto the mi-

cro capacitor for 10 min until the voltage reaches a plateau. Later on, the open-circuit voltage is 

measured for 15 min. The change in voltage is plotted in Figure 6.20. Figure 6.20 shows that at the 

beginning of the charging process, the voltage increases rapidly in several seconds and gradually 

reaches a plateau of around 1.7 V, representing two different processes, and will be illustrated in 

detail in Section 6.3.2. There is a voltage plummet between the ending charging point and the 

starting point of discharge due to the series resistance of the circuits and hence named IR drop[161]. 

The measured voltage decreases swiftly below 1 V for the discharging period and finally reaches a 

plateau of around 0.55 V at 15 min.  
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Figure 6.20 The Galvanostatic curve V (t), charge at a constant current of 0.1 A. The voltage is 

measured during the charging process, and the open-circuit voltage is measured as 

well.  

The followed galvanostatic tests with different current values (0.04 A, 0.06 A, 0.08 A, 

0.10 A, 0.12 A, 0.14 A, 0.16 A, 0.18 A, 0.2 A, and 0.22 A) is carried out, and the charging 

and discharging voltage-time curves are plotted in Figure 6.21. The plots show the higher the charg-

ing current is, the faster the capacitor is charged.  

 

Figure 6.21 Voltage - time plot of galvanostatic test of different charging current (0.04 A, 

0.06 A, 0.08 A, 0.10 A, 0.12 A, 0.14 A, 0.16 A, 0.18 A, 0.2 A, and 0.22 A). 

The steady voltage in Figure 6.21 increases as the charging current increases. To find out the 

applied current versus the steady-state voltage correlation, the applied voltage-dependent con-

stant state of charging voltage Vgc (gc means galvanostatic charging) is plotted in Figure 6.22. It is 

stable as the charging current increased in Figure 6.21. However, according to Figure 6.22, Vgc still 

keeps growing with a slight slope.  
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Figure 6.22 The plot of the charging current dependent Vgc of the galvanostatic measurement, 

showing a gradual growth of the voltage value.   

When the capacitor is discharged, the ending point of the voltage Vgd stays around 0.55 V 

(Figure 6.23), even after 15 min, due to the series resistance (pure Ohmic behavior) of the whole 

circuit. 

 

Figure 6.23 The Vdg versus the charging current plot of galvanostatic measurement, showing a sta 

ble trend of the current.  

6.3 Mechanism discussion 

 Charge transfer behavior  

We name the current at the starting charging point as Ic1, the current at the ending charging 
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point as Ic2, the current at the starting discharging point as Id1, and the current at the ending dis-

charging point as Id2 in Figure 6.24. Ic2 is noted as the steady-state current. 

 

Figure 6.24 The plot of the current transient charged at 3 V. The starting charging point Ic1, the 

ending charging point Ic2, and starting discharging point Id1 and ending discharging 

point of the transient Id2 is marked with red dots in this figure, separately. 

The plot of the steady-state current Ic2 versus the applied voltage (from 0.1 V to 3 V) in the dry 

air is drawn in Figure 6.25 to figure out the charge transfer behavior under a dry atmosphere. As a 

comparison, the same method will be carried out with the interdigitated capacitor that runs in the 

air saturated with water vapor (Figure 6.27 and Figure 6.28), to figure out the function of water in 

the charge transfer behavior of this semiconducting -FeSi2. 

 

Figure 6.25 Plot of the voltage-dependent steady-state current Ic2 of the interdigitated capacitor 

coated with -FeSi2 thin film, which is measured in the dry air. 

The equations of Fowler-Nordheim tunneling, space-charge-limited current (SCLC), and Poole-

Frenkel transport mechanisms are used to fit the log(I)-log(V) plot in Figure 6.26 to figure out the 

charge transfer mechanism under low relative humidity. A double logarithmic plot of Figure 6.25 is 
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plotted in Figure 6.26. The voltage-dependent current plot's fitting results show that the only sat-

isfactory fitting (R-Square above 0.99) is with the space-charge-limited current equation, as shown 

in Equation 6.5 below. 

 mI aV bV   (6.5) 

When the injected charges are less than the charge carriers in the sample, linear I-V charac-

teristics can be observed. At a voltage range between 0.1 V and 3 V, the steady-state current in-

creases linearly with the applied voltage, indicating the Ohmic behavior.  

 

Figure 6.26 Dependence of the steady-state current Ic2 on the applied voltage (up to 3 V), meas 

ured on the interdigitated capacitor at the ambient atmosphere. Red lines represent 

numerical fits of the experimental data. 

The same approach is applied to the same interdigitated capacitor tested under the atmos-

phere (~ 100% RH water vapor). The applied voltage is from 0.1 V to 3 V, and the voltage-depend-

ent steady-state current is plotted in Figure 6.27.  

 

Figure 6.27 The plot of steady-state current Ic2 versus the applied voltage (0.1 V to 3 V) in the air 

saturated with water vapor (100% RH) 
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The double logarithmic plot of Figure 6.27 is plotted in Figure 6.28. Similarly, the equations of 

Fowler-Nordheim tunneling, space-charge-limited current (SCLC), and Poole-Frenkel transport 

mechanisms are used to fit the log(I)-log(V) plot in Figure 6.28. It confirms that SCLC pattern fits 

well with the experimental result. The fitting result proves that below 1.1 V, the value of m in Equa-

tion 6.5 equals 1, indicating only Ohmic current exits (Figure 6.28). This phenomenon is similar to 

Figure 6.26.  

The region between 1.1 V and 1.9 V, m is 4, which is the trap SCLC region, indicating the exist-

ence of “traps” in the charge transport system[162, 163]. The SCLC region with traps begins at a 

voltage that is noted as VTFL, TFL means traps filled limit. VTFL is 1.1 V in Figure 6.28. In this region, 

the unfilled traps' density is much greater than that of the density of the injected electrons. In 

other words, all the injected electrons are trapped.  

While for the high voltage from 2 V to 3 V, the traps are filled, the current is dominated by the 

excessive injected charges through the electrode-semiconductor contact, which enters directly into 

the conduction band. In this case, m = 2, and this charge transfer behavior is also named the space-

charge-limited current that is mainly governed by the Mott-Gurney law or the Child’s trap-free 

square law solids[164]. And the corresponding voltage is the starting point of the SCLC trap-free 

region, which in this case is at the voltage of 2 V. Considering the value of VTFL , it is well fitted with 

the Henderson, H Thurman[165] conclusion, i.e., the starting voltage of SCLC trap free region is 

approximately twice as big as VTFL. 

Theoretically, the trap-filled-limited curve should be vertical, but the experimental result from 

different materials, such as CdS[166-168], ZnS[169], and Si[170], shows that the curves are usually 

non-vertical. The reason for this deviation is still unknown. The three regions form the so-called 

Lampert Triangle in the dashed-line triangle in Figure 6.28, typical for semiconductors.  

 

Figure 6.28 Double logarithmic plot of charging ending point Ic2 versus charging voltage. The Red 

line (below 1 V) represents the Ohmic regime, the green line (1.1 V to 1.9 V) de-

scribes the SCLC regime, and the yellow line (2 V to 3 V) represents the SCLC regime 

withtraps. 

It is noticed that the log(I) – log(V) plot in the ambient atmosphere (Figure 6.26) is different 
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from the log(I) –log(V) plot (Figure 6.28) achieved in the air with saturated water vapor. Water 

molecules work as traps under an atmosphere with high relative humidity (1.1 V – 1.9 V). Later on, 

the water hydrolysis produces lots of cations and anions that can fill the traps (above 2 V), hence 

influencing the charge transportation behavior.[171] 

 The establishment of a working model 

The electric double-layer capacitor exits because of the water thin-film on the -FeSi2 surface. 

According to Björneholm and Verdaguer[172, 173], in the ambient air with saturated water vapor, 

a bulk layer of the water film is formed on the nanoparticle surface. The thickness of the thin layer 

is assumed to be around 3 nm (Figure 6.29) in the air with saturated water vapor[174] (100% rela-

tive humidity), which is about ten times the diameter of one water molecule (0.28 nm)[175]. Hence 

the air with saturated water (100% RH)/–FeSi2 interface can be viewed as a bulk water liquid/–

FeSi2 interface. The mechanism of the double electric layer in the solid/liquid interface fits this 

situation well. 

Besides, as mentioned in Section 5.1, the porosity of the -FeSi2 thin film is around 45%, the 

loosely stacked nanoparticles (Figure 6.10 and Figure 6.13) proving full access for water molecules 

approaching to all the -FeSi2 nanoparticles, providing more space to accommodate water mole-

cules, which means each single -FeSi2 nanoparticle has full access to the water molecules. In the 

discussion above, it is assumed that the water film covers all nanoparticles, and the later discussion 

is based on this. 

 

Figure 6.29 The Schematic graph of air with saturated water vapor (100% RH)/-FeSi2 interface, 

more than 3 nm of the water thin film[173] is formed (around ten layers of water 

molecules). Red spots represent oxygen atoms, and blue spots represent hydrogen 

atoms. 

Two adjacent particles can be viewed as an interdigitated capacitor to simplify the problem 
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for the sake of the later discussion. The schematic graph of two adjacent -FeSi2 nanoparticles, 

charged oppositely, in the air saturated with 100% RH H2O is shown in Figure 6.30. According to 

Figure 6.30 and Figure 6.6 (XPS result), the dark grey core is -FeSi2, and the light grey shell is Si/SiO2, 

while the light blue circle represents the water thin film.  

 

  

Figure 6.30 The Schematic graph of the charge distribution on nanoparticles while charging in 

the air saturated water vapor.  

A mono-exponential function (Equation 6.6) is employed to fit the current transient in Figure 

6.31. However, the current transient cannot be fitted with the mono-exponential equation. 

 1 0 exp( / )I I I t    ,  (6.6) 

It indicates that more than one process taking place during the charging process. A bi-expo-

nential Equation 6.7 is employed to fit the current transient. The coefficient of determination R 

squared is above 0.99, indicating that the bi-exponential equation fits well with the experimental 

data. The fitting result (red line) is shown in Figure 6.31.  

 0 1 1 2 2exp( / ) exp( / )I I I t I t        (6.7) 

The time constant  is the time a capacitor needed to charge from 0% to 63.25% of fully 

charged capacitance, or the time required to discharge from 100% to 36.8% capacitance. It is a 

parameter characterizing the charging/discharging speed of the capacitor. Based on Equation 6.7, 

the current in the charging process can be fitted with bi-exponential equations, and the current is 

composited of three parts, I0, I1exp (-t/1), and I2exp (-t/2). I0 is the leakage current of the capacitor, 

I1exp (-t/1) is the current contributed by the electrical double layer, and I2exp (-t/2) is contributed 

by electrostatic capacity.  

In this case, the two time constants of the charging process vary quite a lot from each other, 

2 (14.7 s) is almost 20 times higher than 1 (0.7 s), indicating that two different processes are taking 
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place. These two time constants represent the electric double layer's formation and the static elec-

tric capacitor, respectively. For the discharging process, the value of the time constant 1’ (1.1 s) 

and 2’ (14.3 s) are close to the value of the charging process, indicating the reversibility of these 

two processes. 

 

Figure 6.31 Bi-exponential fit with charge and discharge current transient, in which the charging 

voltage is 3 V. The charging process has two time constants 1(0.7 s) and 2(14.7 s), 

and the discharging process 1’ (1.1 s) and 2’ (14.3 s). 

According to the schematic graph in Figure 6.30 and the fitting result of the current transient 

in Figure 6.31, the overall capacitance of the -FeSi2 capacitor is composed of the electric double-

layer capacitance (with green dashed line representing the electric double-layer capacitor), and 

the electrostatic capacitance (red dashed line representing the electrostatic capacitor) produced 

by the adjacent nanoparticles in Figure 6.32.  

 

Figure 6.32 The Schematic graph of the charge distribution on nanoparticles while charging in 

the air saturated water vapor. The electrostatic capacitance exists between two nano-

particles with opposite charges (Red dashed line). The electric double-layer capaci-

tance exists on the interface of -FeSi2/H2O (Green dashed line). 
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For the capacitor of the adjacent -FeSi2 nanoparticles, the core part of the -FeSi2 nanopar-

ticle can be viewed as the electrodes, and the Si/SiO2 layer and water thin film with higher re-

sistance can be considered to be the dielectric medium. In the charging process, the opposite 

charges accumulate on each side of the nanoparticles. The charges are electrostatically stored in 

the nanoparticles.  

The equivalent circuit is a widely used method to analyze the circuit physically while maintain-

ing the system's electrical characteristics. Based on the conventional model of the B.E. Conway’s 

illustration in his work Electrochemical Supercapacitors: Scientific Fundamentals and Technological 

Applications (1999), together with the schematic model mentioned in Figure 6.32, an equivalent 

circuit of the micro capacitor composed with multiple pairs of the adjacent nanoparticles that 

works in the air with 100% RH is shown in Figure 6.33. The equivalent circuit is a typical multi-RC-

element ladder network that comprises Rk, and Ck (k = 1, ……, n). By a rough estimation of the 

volume of nanoparticle film and the average particle, there are numerous micro capacitors, in the 

magnitude of 13, which act together in parallel as the whole capacitor. Hence, the interdigitated 

capacitor's equivalent circuit can be viewed as the multiple parallel plate capacitors connected in 

parallel (Figure 6.33).  

This circuit model is the classic universal circuit model. A more accurate and detailed circuit 

model needs to be clarified further with electrochemical impedance spectroscopy. 

 

Figure 6.33 The equivalent circuit model of the multi pairs of the adjacent-nanoparticle micro ca 

pacitor.  

So the overall capacitance is the superimposition of unit capacitance. Considering all pairs of 

electrodes are with same structure and parameters, the unit capacitance should be the same. The 

overall capacitance equation is shown in Equation 6.8. 

 1 2 nC C C C nC       (6.8) 

Besides, the capacitance value can also be calculated by “transforming” the original capacitor 

structure to the conventional double-plate capacitor and summing the charge stored on the inter-

face of the nanoparticles and water molecules.  
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Based on the conventional electrical double layer capacitor[176] and the traditional capaci-

tor’s capacitance (Equation 6.9), a rough and straightforward calculation of the theoretical capaci-

tance is conducted. 

 0εε
dl

d

A
C      (6.9) 

0 also can be noted as 0 is the permittivity of the vacuum, F/m.  is the dielectric constant, 

also known as relative permittivity. Dielectric constant  of the air saturated with water vapor 

under room temperature is 1.00021[177]. A is the surface area of capacitance (m2 or m2/g). In this 

case, A is the specific surface area of -FeSi2 nanoparticles, i.e., 32.86 m2/g. d is the distance be-

tween two capacitor plates: m. The rough capacitance calculation is Capacitance is around 8.7 F 

for 60 g β-FeSi2, assuming the thickness of the electric double layer is from 0.3 nm to 3 nm, which 

is the size of one molecule to ten water molecules. Usually, the practical capacitance is around 20% 

of ideal capacitance, or even lower[54].The actual capacitance of the -FeSi2 capacitor is approxi-

mately 0.1 – 3 F, based on the thickness of the electric double layer, which agrees reasonably well 

with the experimental data. 

 Oxygen sensing measurement 

Based on the assumption that the water-splitting does exist at a specific voltage (the accurate 

water-splitting voltage is varied on different materials), so in this session, the exact water-splitting 

voltage of -FeSi2 is determined by measuring the oxygen produced in the charging process. By 

roughly estimating the interdigitated capacitor oxygen production, it is found out that the amount 

of oxygen produced by the interdigitated capacitor is far below the limit of the available oxygen 

sensing technique. Hence here parallel-plate capacitor that is fully covered by -FeSi2 thin film is 

employed. Clamps are used to make sure effective and close contact between electrodes and sep-

arator. The real capacitor and its schematic structure are demonstrated in Figure 6.34. 

  
Figure 6.34 The configuration of a real parallel-plate capacitor (above) and the schematic struc-

ture of a parallel plate capacitor (down). 

The oxygen sensing set-up (Figure 6.35) comprises a water vapor chamber, a sample chamber, 

and an oxygen sensor. The type of oxygen sensor is OxyTrans II from Pro-Chem Analytik, which uses 

a particular micro fuel cell to measure the oxygen concentration. The measurement of the full 

range is from 0 to 1000 ppm. After the sample is put inside the sample chamber, the whole setup 

is pumped down to around 0.01 mbar. As a gas carrier, a constant nitrogen flow goes through the 

water chamber till the pressure in the sample chamber gets stable reaches around 20 mbar. Repeat 

the above process three times, ensuring that before the voltage is applied to the interdigitated 
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capacitor, the chamber's oxygen concentration stays below three ppm (parts per million).  

  

Figure 6.35 The in-situ oxygen sensing system (Left). The oxygen-sensing system's schematic com 

ponents (right) consist of an oxygen sensor, a sample chamber where the interdigitated 

capacitor locates and a water chamber that the nitrogen gas can go through. 

As a reference, the parallel-plate capacitor is first placed in the sample chamber for 10 min to 

observe the oxygen concentration stability in the whole sealed setup. Later on, 3 V is applied to 

the capacitor for another 10 min, and again for 10 min, 0 V is applied to observe the difference in 

Figure 6.36.  

 

Figure 6.36 The plot of oxygen concentration versus time. The whole testing process includes three 

steps: I, no voltage is applied for the first ten minutes. II, 3 V is applied for the next 

10 minutes. III, Stop applying voltage and wait another 10 minutes.  

According to Figure 6.36, nitrogen flow runs continuously and constantly during the process, 

and the oxygen concentration change is observed and recorded. The oxygen concentration varia-

tion through time is plotted in Figure 6.36. According to the plot, oxygen concentration stays at 

around 3 ppm during the first 0 V period. The oxygen concentration increases at 1 min after apply-

ing 3 V, reaching 70 ppm after 10 min. The initial current after applying 3 V is 5 mA and gradually 

decreases to 2.61 mA. Then 0 V is applied for 10 min, and the oxygen concentration decreases 

again to 3 ppm. It is worth pointing out that there is a 1 min delay of oxygen signals due to the 

postponement of oxygen transmission in the chamber of the whole system. This result initially 

proves the ability of water splitting of -FeSi2 parallel-plate capacitor. 
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The yielded oxygen concentration versus applied voltage is shown in Figure 6.37. Oxygen con-

centration produced below 2.5 V is too low to be measured. After 2.5 V, the concentration of oxy-

gen starts to increase and rise sharply afterward. The oxygen concentration can reach 250 ppm at 

3.75 V.  

 

Figure 6.37 The oxygen concentration measured at a different applied voltage (2 V to 3.75 V) of 

the -FeSi2 interdigitated capacitor.  

 

Figure 6.38 The steady-state charged current Ic2-Voltage plot of -FeSi2 capacitor. The applied 

volt age ranges from 2 V to 3.75 V.  

The voltage-dependent Ic2 plot (Figure 6.38) synchronizes perfectly with the trend of the ox-

ygen concentration-voltage plot above, proving the positive correlation with oxygen production 

and the steady-state charged current Ic2 (Ic2 is shown in Figure 6.24). 

According to Figure 6.36 and Figure 6.38, at 3 V, the produced amount of oxygen Po is 

70 ppm/s in the stable status (ppm: parts per million), the overall molar flow rate of a mixed of the 

carried gas nitrogen fn is 50 SCCM. SCCM represents the standard cubic centimetre per minute. 

One SCCM euqals to 7.45·10-7 mol/s, so 50 SCCM is 3.725·10-5 mol/s. The actual O2 produced per 
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second mo is 2.61·10-9 mol, as shown in the following equation. 

o n op f m                                 (6.10) 

The steady-state current at a charging voltage of 3 V (Io) is 2.61 mA. Hence the moles of the 

charged-in electrons per second me is 2.71·10-8 mol/s.  

  a/ N eo e mI     (6.11) 

e is the elementary charge 1.6x10-19 C. Na is the Avogadro constant, 6.02·1023 mol-1. Accord-

ing to the oxygen evolution reaction (OER),  

 + -
2 22H O O +4H +4e  (6.12) 

The moles of O2 can be calculated with the oxygen evolution reaction equation, by the moles 

of electrons divided by 4, which is 6.78·10-9 mol/s. The roughly calculated efficiency per second  

is 38.5%. 

 / ( / 4)o em m     (6.13) 

The amount of the electrons used to produce oxygen divided by the total amount of the 

charged-in electrons divided is 38.5%, which means that 38.5% of all the electrons charged into 

the capacitor is used for water splitting. That is a tremendous wasted, so this capacitor's working 

voltage is better under 2.5 V when no apparent water splitting occurs. 

In summary, the -FeSi2 is a semiconducting material, so the interdigitated capacitor with -

FeSi2 nanoparticles is related to the field of semiconductor electrochemistry. Based on the charge 

transfer behavior of semiconductors. The charge transferred behavior follows the rule of the space-

charge-limited current pattern. The water molecules can work as the “traps.” Also, the schematic 

model with two adjacent nanoparticles is established. According to the model, the capacitance is 

composed of the capacitance coming from the electric double layer and the static capacitance be-

tween two adjacent nanoparticles with the opposite charge. As it is known to all, that water split-

ting also exits at a higher range of the applied voltage, so the accurate voltage of water splitting 

with -FeSi2 is tested in in-situ oxygen sensing measurement. The results show that after around 

2.5 V, oxygen starts to be observed, indicating the beginning of the water splitting. So the working 

voltage of -FeSi2 interdigitated capacitor is from 0 V to 2.5 V.  

6.4 Parallel plate capacitor with different materials 

Except for the interdigitated structure, the conventional structure, i.e., the possibility of using 

the double plate structure with -FeSi2, is also explored. And the contradistinction in the electric 

performance of these two structures is made. 

Besides, it is clear that on the surface of -FeSi2 NPs, there is a thin layer of Si/SiO2. Different 

materials need to be tested to figure out how much charge Si/SiO2 can contribute to the overall 

charge and to explore the possibility of applying other materials onto the same interdigitated micro 



 

 62 

capacitor. So in this session, the parallel-plate capacitor is employed to study the different materials, 

i.e., SiO2, B-doped silicon. 

 Parallel plate capacitor with -FeSi2 nanoparticles 

The synthesis process of the parallel plate capacitor can be found in Section 5.2. 60 g -FeSi2 

NPs are spin-coated on each single electrode plate, so the total active material is 120 g. The whole 

capacitor package with the separator (glass fiber) is placed in the sealed container filled with satu-

rated water vapor in the air for over 24 h, making sure the water molecule can have full access to 

the nanoparticles.  

The charge-voltage plot (Figure 6.39) can also be divided into three zones, zone I, zone II, and 

zone III, based on the plot's slope. The plot indicates similar behavior as the interdigitated capacitor 

(Figure 6.17). This proves that the three-zone of the voltage-dependent stored charge plot has 

nothing to do with geometry but is related to the -FeSi2 nanoparticles and water vapor. 

The capacitance of different zones is the slope of the linear fitting equation. Based on the 

fitting, zone I's capacitance is 0.19 F/g, zone II is 0.39 F/g, and zone III has a capacitance of 0.29 F/g. 

The specific capacitance is comparable to the 3D printing flexible electric double-layer capacitors 

with a specific capacitance of 38.5 mF/g [178]. 

 

Figure 6.39  The charge-voltage plot of a parallel plate capacitor with -FeSi2  

Since the mass loading of the parallel-plate capacitor and the interdigitated capacitor is dif-

ferent, so the specific capacitance is calculated and plotted in Figure 6.40, in the convenience com-

paring the electric performance. The capacitance of the parallel-plate capacitor at 2.5 V is about 

11.7 times the capacitance of the interdigitated capacitor. The reasons can be explained with cyclic 

voltammetry of the double plate capacitor with -FeSi2 in Figure 6.41. 
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Figure 6.40 Specific charge of a parallel-plate capacitor, compared with an interdigitated capaci 

tor. 

According to the cyclic voltammetry plot in Figure 6.41, unlike the cyclic voltammetry plot of 

the interdigitated structure, the plot of one cycle of scanning (forward and reverse scanning) is in 

the shape of a rhombus, indicating that the geometry of double plate capacitor also plays a pretty 

important role, together with -FeSi2. The resistance of the whole capacitor is quite significant. The 

high resistance is due to the low conductivity of -FeSi2 as semiconducting materials. 

 

Figure 6.41  Cyclic Voltammetry of double plate capacitor with -FeSi2 nanoparticles 

The voltage-dependent series resistance (V/Ic2) of the double plate capacitor with β-FeSi2 na-

noparticles is plotted in Figure 6.42. The maximum resistance is up to 8 M, which is only 0.1% of 

the resistance of the β-FeSi2 interdigitated capacitor. The double plate capacitor's series resistance 

goes down to 1 M as the applied voltage goes up. This trend is similar to that of -FeSi2 interdig-

itated capacitor, i.e., the series resistance goes down as the applied voltage goes up. 



 

 64 

 

Figure 6.42  The series resistance of β-FeSi2 parallel-plate capacitor. 

 Parallel plate capacitor with SiO2 nanoparticles 

According to the XPS result, there is a thin layer of SiO2 on the surface of β-FeSi2. A parallel 

plate capacitor with the same amount of pure SiO2 (Aerosil OX50, Evonik) is charged and discharged 

at the same voltage range to figure out the charge contribution of SiO2. Need to be mentioned, the 

specific surface area of SiO2 (around 50 m2/g) is similar to β-FeSi2 (approximately 32.9 m2/g). A plot 

of voltage depended stored charge with SiO2 nanoparticles is shown in Figure 6.43. 

 

Figure 6.43  The stored charge of the parallel-plate capacitor with SiO2 nanoparticles. 

The Q-V plot of SiO2 and -FeSi2 NPs are plotted in Figure 6.44. The Q-V plot of SiO2 doesn’t 

show similar behavior as -FeSi2, and the stored charge is only 0.08 As. The stored charge of -

FeSi2 is 4 orders of magnitude as the charge stored in the same amount of SiO2, indicating that the 

contribution of SiO2 to charges is nearly negligible. The reason for the poor electric performance is 

the high series resistance which is shown in Figure 6.45. 
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Figure 6.44 Stored charge comparison between β-FeSi2 and SiO2(both in parallel plate capacitor 

configuration). 

A series resistance V/Ic1 is 2100 M at 3 V, three orders of magnitude higher than the series 

resistance of β-FeSi2 (around 1.5 M). It is most probably because of the low conductivity, which 

leads to poor power performance. 

 

Figure 6.45  The series resistance of the SiO2 parallel-plate capacitor. 

 Parallel plate capacitor with B-doped silicon  

Besides the SiO2 mentioned above, B-doped silicon's storage capability is also tested to ex-

plore the possibility of applying other materials in the potentiostatic test under the same condition 

(100% RH, water vapor). In this case, highly boron-doped silicon is employed, which is provided by 

IVG (Institute for combustion and gas dynamics university of Duisburg-Essen).  
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Figure 6.46  The stored charge-applied voltage plot of a parallel plate capacitor with B-doped Si. 

Boron doped silicon is with a 0.4% mass concentration of boron and a specific surface area of 

19.5 m2/g. The stored charge is surprisingly high (Figure 6.46). The stored charge at 3 V is around 

1400 As under the same measuring condition, which is approximately 10-20 times higher than β-

FeSi2 capacitor with the same mass loading.  

The series resistance (when the capacitor is fully charged) of B-doped silicon is a maximum of 

5 M, down to 200 k, much lower than that of the β-FeSi2 capacitor (Figure 6.47). Under the 

same applied voltage, the larger the series resistance is, the smaller the current transient. The se-

ries resistance difference is 1 – 2 orders of magnitude, which primarily influence the current tran-

sient by order of magnitude. As the earlier chapter described, the stored charge is achieved by 

integrating the current transient over time. Therefore the lower series resistance becomes one of 

the main reasons for higher capacitance. 

 

Figure 6.47 The series resistance (V/Ic2) of the B-doped silicon capacitor, with a sharp decreasing 

trend before 1 V and a gentle decrease afterward.  
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6.5 Mass-dependent stored charge 

The β-FeSi2 interdigitated capacitors with different loading mass are electrically measured. 

The stored charge at different mass (20 g, 40 g, 60 g, 80 g, and 100 g) applied at different 

applied voltage (1 V, 2 V, and 3 V) is plotted in Figure 6.48.  

The charge doesn’t have a linear correlation with mass, it increases first and then decreases, 

as the mass increase and get stable later on. For less mass loading capacitor (20 g – 40 g), nano-

particles are both electric well connected and have good access to water vapor. For extensive mass 

loading (above 60 g), the nanoparticles on top are not electric well-connected, which might ex-

plain the charge decreases along with the increasing mass.  

 

Figure 6.48 Stored charge dependence on the loading mass of -FeSi2 nanoparticles coated inter 

digitated capacitor.  

 

Figure 6.49 Stored charge dependence on the parallel plate capacitor's loading mass coated with 

-FeSi2 nanoparticles. 
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Mass dependence is also measured with a parallel-plate capacitor in Figure 6.49. The charge 

and discharge current transient of capacitors with 120 g, 240 g, 480 g, 720 g, and 960 g are 

measured. Not surprisingly, the mass-charge correlation shows a similar behavior as the interdigi-

tated structure.  

6.6 Additive polyacrylic acid 

The β-FeSi2 nanoparticles coated on the interdigitated micro capacitor have a pretty weak 

contact with each other, as well as with the interdigitated structure, i.e., the conductive electrodes, 

according to SEM photo (Figure 6.1). To solve this problem, polyacrylic acid (PAA) is employed as 

the binder to enhance the contact between the -FeSi2 nanoparticles.  

Polyacrylic acid[179] is an amorphous high-molecular polymer with long-chain carbon chains 

and carboxyl functional groups (Figure 6.50). It is an adhesive additive widely used in the battery 

industry and can largely improve the contact between the active material nanoparticles and the 

current collector. Polyacrylic acid has better adhesion strength[180], higher thermal stability, 

smaller volume expansion, and larger diffusivity than the other adhesive additive, such as polyvi-

nylidene difluoride (PVDF) and Carboxymethyl Cellulose (CMC)[181]. Most importantly, polyacrylic 

acid is electrochemical inert under the working voltage. There are no side reactions needed to be 

considered.  

The stored charge of interdigitated capacitors gets higher as the PAA concentration goes up 

until 16.7% because PAA is a helpful adhesive additive that enhances the inter-contact between 

nanoparticles. However, PAA is not conductive, so excessive PAA will negatively influence conduc-

tivity and lead to poorer electrical performance. 

 

Figure 6.50  The molecular structure of polyacrylic acid. 

Polyacrylic acid is a white powder and soluble in water and ethanol and is often used in the 

form of a gel (light yellow). 25% polyacrylic acid gel (in water) is employed and added to the β-FeSi2 

suspension. Figure 6.51 shows the micrograph of the micro capacitor spin-coated with 60 -FeSi2 

and 20 wt.% PAA. The β-FeSi2 suspension with a different ratio of PAA is spin-coated with a rotating 

speed of 1300 rpm for 2 min. However, PAA is so sticky that -FeSi2 NPs are not homogeneously 

distributed. Hence the thickness of -FeSi2 thin film on edge is thicker than that on the center. 
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Figure 6.51 The microscope graph of the micro capacitor coated with 60 g -FeSi2 and 20 wt.% 

PAA. 

In addition, 3 g (4.76 wt.%), 9 g (13 wt.%), 12 g (16.7 wt.%), and 15 g (20 wt.%) of poly-

acrylic acid gel is added to capacitors with same amount of β-FeSi2 (60 g) under 100% RH. The 

stored charge of -FeSi2 with various PAA concentrations (Figure 6.52) shows 12 g polyacrylic acid 

gel (16.7 wt.%) in the capacitor can provide the best performance of all. The capacity is four times 

higher than the pure β-FeSi2 capacitor.  

 

Figure 6.52 Charge storage of capacitor with different PAA concentrations in the air saturated wa 

ter vapor (100% RH). 

To get a hint of the stored charge-PAA concentration relationship, series resistance RC1 and Rc2 

are calculated and plotted in Figure 6.53 and Figure 6.54. RC1 is defined as V divided by Ic1, and Rc2 

is V divided by Ic2 (Ic1 and Ic2 is noted in Figure 6.24). The PAA concentration-dependent RC1 and Rc2 

plots show the opposite trend of PAA concentration-dependent stored charge. What is more, the 

system resistance of the micro capacitor with 16.7 wt.% is the lowest.   
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Figure 6.53 Different PAA concentration-dependent series resistance Rc2 of the interdigitated ca 

pacitor coated with -FeSi2 nanoparticles. 

The stored charge of interdigitated capacitors increases as the PAA concentration goes up until 

16.7% because PAA is a helpful adhesive additive that enhances the inter-contact between nano-

particles. However, PAA is not conductive, so excessive PAA will negatively influence conductivity 

and lead to poorer electrical performance. 

 

Figure 6.54 Different PAA concentration-dependent series resistance Rc1 of the interdigitated ca 

pacitor coated with -FeSi2 nanoparticles. 
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7 Summary 

The present work aims at developing an open-type micro interdigitated capacitor and study-

ing its working mechanism. The micro capacitor is fabricated by printing the Au interdigitated pat-

tern onto the silicon dioxide substrate. The substrate with interdigitated pattern is covered by a 

thin film of -FeSi2 nanoparticles. -FeSi2 nanoparticles work as the electrode material, together 

with the Au interdigitated pattern functioning as the conductive electrode component. Unlike the 

sealed flat or radial supercapacitor, the proposed micro interdigitated capacitor enables full access 

to the ambient air saturated with water vapor working as the electrolyte. The micro interdigitated 

capacitor is environmentally friendly and cost-effective, because the electrode material and elec-

trolyte are abundant on the earth, and completely non-toxic. Additionally, the capacitor is portable 

due to its small size, facilitating the multi-capacitor electronic package.  

1) -FeSi2 semiconducting nanoparticles are synthesized by gas-phase method in the hot-wall 

reactor, by the decomposition of two precursors, silane (SiH4) and iron pentacarbonyl 

(Fe(CO)5). The XRD pattern shows that the as-synthesized nanoparticle is pure -FeSi2. The 

SEM photo and XPS spectra proves that -FeSi2 is a sponge-like nanoparticle with a thin layer 

of Si/SiO2 on the surface. The nanoparticle’s size mainly distributes between 18.5 nm and 

62.7 nm, with an average size of 35.5 nm. BET result indicates that the specific surface area 

of the as-synthesized -FeSi2 is 32.9 m2/g, with no porous structure on the surface. 

2) The assembly of the interdigitated structure employs the technique of optical lithography. A 

gold interdigitated pattern (1.96 mm  1.96 mm) is printed on a 4  4 mm2 SiO2 substrate, 

and -FeSi2 thin film is formed by spin coating. The capacitor is placed in the air saturated 

with water vapor. Then, the time-dependent current transient is measured at different charg-

ing voltage (0.1 V – 3 V). The charge versus applied voltage plot shows the capacitor can store 

charge in the air saturated with water vapor. However, the interdigitated capacitor running 

in the dry air or without -FeSi2 thin film has negligible charge storage ability.  

3) The contribution of water molecules and -FeSi2 NPs of capacitance is investigated. Consid-

ering the -FeSi2 to be a semiconducting material, the working mechanism of the interdigi-

tated capacitor coated with -FeSi2 nanoparticles is related to the field of semiconductor elec-

trochemistry. The charge transfer behavior of the semiconducting -FeSi2 NPs follows the rule 

of the space-charge-limited current pattern. In addition, the schematic model with two adja-

cent nanoparticles is established. According to the model, the capacitance comes from the 

electric double layer and the static capacitance between two adjacent nanoparticles with the 

opposite charge. The accurate voltage of water splitting with -FeSi2 is obtained in the in-situ 

oxygen sensing measurement: after around 2.5 V, oxygen can be observed, indicating the be-

ginning of the water splitting. So the working voltage of -FeSi2 interdigitated capacitor is 

from 0 V to 2.5 V. 

4) The electrical performance of the parallel-plate capacitor is investigated, compared to the 

performance of the interdigitated capacitor. The parallel-plate capacitor has a similar Q-V plot 
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to the interdigitated micro capacitor. However, the parallel-plate capacitor‘s capacitance is 

approximately 11 times higher than the interdigitated micro capacitor, showing its potential 

in the application of the devices with higher energy density. The strengths of the interdigi-

tated and parallel-plate capacitors leads to different applications: the interdigitated capacitor 

can be applied in the occasion that requires a small-sized structure but a relatively lower en-

ergy density. For higher energy density applications, the traditional parallel-plate capacitor is 

widely employed.  

5) The electrical performance’s dependence of -FeSi2 NPs on mass is also studied in this work. 

The stored charge of the interdigitated capacitor goes up first, along with the increasing mass, 

and then decreases after 40 g. For lower mass-loading capacitor (20 g – 40 g), nanoparti-

cles are electrically well-connected. For higher mass-loading (above 60 g), the nanoparticles 

on the top surface are not electrically well-connected, leading to the decreased charge along 

with the increasing mass. The parallel-plate capacitor has the same mass dependence behav-

ior. 

6) Polyacid acid (PAA) is added to -FeSi2 nanoparticles to enhance the electric contact between 

nanoparticles. The electrical performance of the interdigitated capacitor with different PAA 

ratios are invesitigated. The Q-V plot shows that with a higher concentration of PAA (4.76% 

— 16.7%), the stored charge of the interdigitated capacitor increases. However, as more PAA 

is added (20%), the stored charge drops. The series resistance of the capacitor decreases as 

the PAA concentration increases (up to 16.7%), then increases as the PAA concentration 

reaches 20%. The change of the series resistance indicates excessive PAA concentration can 

block the connection between nanoparticles, resulting in the decreased electric conductivity. 

7) Furthermore, another two materials, SiO2 NPs and B-Si NPs are used in the parallel-plate ca-

pacitors to explore the possibility of different materials. The parallel-plate capacitor with SiO2 

NPs has a negligible stored charge compared to the capacitor with -FeSi2 NPs. The series 

resistance of the SiO2 capacitor is about three order of magnitudes higher than the capacitor 

with -FeSi2 NPs, causing a much lower stored charge of the SiO2 capacitor. On the contrary, 

the capacitor with B-Si NPs shows superior capacitance than -FeSi2 NPs. The applied voltage-

dependent stored charge of the B-Si capacitor shows a similar kink as the -FeSi2 capacitor. , 

Compared to the -FeSi2 capacitor, the B-Si capacitor stores more charges and has a lower 

resistance, resulting in a higher self-discharge rate.  
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8 Further work and outlook 

1) Electrical performance in a different atmosphere, such as acetone and the mixture of acetone 

and water, is also measured to explore the possibility of using another gaseous atmosphere 

in the charging and discharging measurement. The Q-V plot of acetone in Figure 8.1 (left) is 

linearly correlated, with no similar kink as the Q-V plot of the same capacitor tested in water 

vapor. The stored charge is lower than that of the water vapor saturated in the air. While the 

Q-V plot achieved under a mixture of water/acetone, in Figure 8.1 (right), is linearly correlated 

before 2 V (same behavior as in acetone), followed by a plateau. Interestingly, the stored 

charge achieved in the water/acetone atmosphere is 3-4 times higher than the stored charge 

in the water vapor or acetone. The Q-V plot differs from the different atmospheres, indicating 

different charge and discharge mechanisms. The reason why the capacitor in the water/ace-

tone atmosphere shows superior performance is not clear. Further work needs to be done to 

study the interdigitated capacitor's working mechanism with -FeSi2 nanoparticles in a differ-

ent atmosphere.  

  

Figure 8.1 Charge storage in saturated acetone vapor (Left). Charge storage in saturated wa-

ter-acetone mixture vapor (Right). 

2) Considering water vapor is not as conductive as other electrolytes, potassium hydroxide (KOH) 

is used to improve the parallel-plate capacitor's conductivity. The glass microfiber soaked 

with KOH solution is dried before use. The experimental result in Figure 8.2 (left) shows the 

charge with KOH glass microfiber is 56 times without KOH. However, the gold layer on the 

capacitor with KOH separator is relatively easy to be exfoliated in Figure 8.2 (right), thus ag-

gregating the cyclic property. Further study is needed to improve the structure of the capac-

itor with a KOH solution. 
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Figure 8.2 Parallel capacitor with KOH additive (Left). The exfoliation condition of gold-

coated plate electrode with KOH additive (right). 
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Figure 3.7  The flow chart of the lithography process, including photoresist coating, exposing 

and developing. It briefly explains how the positive photoresist and the negative photoresist work 

differently.       .................................................................................................................................. 12 

Figure 3.8  The mask Aligner (Karl Süss) is used to transfer the pattern from the mask to the 

substrate.        .................................................................................................................................. 13 

Figure 3.9   The schematic graph of a photomask with a simple pattern, formed by three 

transparent areas and Cr thin-film area. ................................................................................................ 13 

Figure 3.10   The evaporator BOC-Edwards Auto 500. ................................................................ 14 

Figure 3.11 Left: Kulicke & Soffa 4123 Wedge Bonder. Right: The schematic graph showing 

how the gold interdigitated pattern is connected to the chip carrier. .................................................... 15 

Figure 3.12 The photo of Scanning Electron Microscope (Inspect F, FEI). ................................ 16 

Figure 3.13 The photo of the focused ion beam machine (Helios NANO LAB). ....................... 16 

Figure 3.14 The schematic diagram of the incident waves and their corresponding atomic 

diffraction waves on the crystal planes. ................................................................................................. 17 

Figure 3.15    Schematic graph of photoelectron emission irradiated by X-ray. ......................... 18 

Figure 3.16 Galvanostatic test of thin-film batteries as an example [104]. The red horizontal 

line represents the applied current (left), and the blue curved line is the measured potential (right). . 20 

Figure 3.17 The current transient over time I(t) of a capacitor's potentiostat measurement (at 

a particular applied potential). The current transient behaves exponentially, and the area filled with 

the horizontal bars represents the stored charge Q. .............................................................................. 20 

Figure 3.18 Single-cycle of cyclic voltammetry scan shows how the applied voltage varies with 



 

 86 

time (left). The cyclic voltammetry curve of the applied voltage-dependent current (right). The blue 

arrows indicate the direction of the scanning voltage [107]. ................................................................. 21 

Figure 3.19 The two basic R-C circuits: series circuit (a) and parallel circuit (b)......................... 22 

Figure 4.1 The cell structure of ß-FeSi2 crystal [133, 134]. The purple spheres are Fe ions, and 

the green spheres are Si ions. ................................................................................................................. 25 

Figure 4.2 The Fe-Si binary phase diagram [145]. ...................................................................... 26 

Figure 4.3 The hot-wall reactor for the direct gas-phase synthesis of -FeSi2, including the gas 

delivery pipelines (top), the hot-wall reactor (middle), and a particle collecting tube with the powder 

separator and the particles collecting bottle (right-down). Dr. Hans Orthner provides this graph. ....... 27 

Figure 5.1  The structure of Cr coated photomask and the standard size of the pattern. The dark 

area is the area coated with Cr, and the light area is the transparent quartz substrate, with no Cr 

covered.         .................................................................................................................................. 29 

Figure 5.2 The interdigitated capacitor's schematic figure from Top view (top) and the side 

view (down). The golden color indicates that the interdigitated electrodes are positively charged, and 

the gray color indicates the electrodes are negatively charged. ............................................................ 30 

Figure 5.3 (a) A microscope image of the gold interdigitated structure on the silica substrate 

and (b) the photo of an assembled β-FeSi2 micro capacitor. .................................................................. 31 

Figure 5.4 Parallel-plate quartz electrode coated with 50 nm Au layer, and then 60 g -FeSi2 

spin-coated on top (left). The microscope photo of -FeSi2 ink, magnified 10 times (right). ................. 32 

Figure 5.5 The double-plate capacitor configuration, with two double plates coated with gold 

as electrodes and a sheet of porous glass fiber as a separator. ............................................................. 32 

Figure 5.6 The experimental setup configuration, with a sealed chamber where capacitors 

locate, a source measure unit that provides the voltage (current) and measures the output, and a 

computer that controls the whole setup with LabView software. ......................................................... 33 

Figure 5.7 Relative humidity is measured in the sealed container, which varies along with the 

time and gets stable after a particular time. The real-time temperature is measured and recorded 

together with the relative humidity. ....................................................................................................... 33 

Figure 6.1 Scanning electron spectroscopy of as-synthesized β-FeSi2 nanoparticles, the scale 

bar is 500 nm. The figure shows that the -FeSi2 nanoparticles have a sponge-like shape. The rough 

size of the nanoparticles (in the scale of tens of nanometers) can be thus estimated. ......................... 36 

Figure 6.2 Histogram with size distribution. The particle distribution analysis achieved from the 

SEM spectroscopy, showing that the particle size distribution of the -FeSi2 nanoparticles conforms to 

the law of normal distribution, and the particle size distributes from 20 nm to 70 nm, with the most 

considerable portion of the -FeSi2 NPs’ size ranging between 25 nm and 50 nm. ............................... 37 

Figure 6.3 The X-ray diffraction pattern of the as-synthesized NPs with the typical characteristic 

peaks of -FeSi2 NPs noted as (202/220)(313)(422)(024)(224), proves that -FeSi2 NPs can be 

successfully synthesized at a SiH4: Fe(CO)5 ratio of 2.6:1. ...................................................................... 37 

Figure 6.4 The experimental (black) and fitted (red) X-ray photoelectron spectrum of Si. The 

peaks of the experimental spectrum of -FeSi2 NPs can be divided and fitted into the peaks of SiO2, 

FeSi2, and elemental Si. ........................................................................................................................... 38 

Figure 6.5 The experimental (black) and the fitted (blue and green) X-ray photoelectron 

spectrum of O.    .................................................................................................................................. 39 

Figure 6.6 The X-ray Photoelectron Spectroscopy of -FeSi2 NPs, measured with Al Kα X-rays 

and Mg Kα X-rays, respectively, proving the core-shell structure of the -FeSi2 NPs, with a thin layer of 



 

 87 

Si/SiO2 covering the -FeSi2 sphere NPs. ................................................................................................ 39 

Figure 6.7 The inelastic mean free path (IMFP) curve of electrons in elements as a function of 

excited electron energy [157]. ................................................................................................................ 40 

Figure 6.8 The adsorption isotherm plot of β-FeSi2 NPs, showing that the -FeSi2 nanoparticles 

are non-porous nanomaterials. .............................................................................................................. 40 

Figure 6.9 The schematic drawing of tested spots on the micro capacitor, A (center), B (half 

center), and C (near the edge). ............................................................................................................... 41 

Figure 6.10 The top view SEM graph of the micro capacitor (a) and the cross-section SEM 

graph (b) of β-FeSi2 nanoparticle thin film on the interdigitated structure. The darker part in (b) is the 

Si substrate.        .............................................................................................................................. 42 

Figure 6.11 The loading mass of -FeSi2 dependent thin-film thickness at different positions 

A, B, and C follows a linear correlation. .................................................................................................. 42 

Figure 6.12 The arithmetic mean value of the thickness (at the same position spot A/B of the 

thin-film) of different -FeSi2 loading mass (40 g, 60 g and 80 g), indicating a positive linear 

correlation. The average thickness of multiple capacitors achieves the data, the error bar shows the 

variability of data.    ............................................................................................................................. 43 

Figure 6.13 The porosity of -FeSi2 thin-film coated on the substrate, calculated with ImageJ. 

The red area represents the gaps between nanoparticles, and the gray areas are the nanoparticles. . 43 

Figure 6.14 The cyclic voltammetry plot of the -FeSi2 capacitor, measured at a scanning rate 

of 1 mv/s, from 0 V to 4.5 V. ................................................................................................................... 44 

Figure 6.15 Typical I(t) curve of β-FeSi2 nanoparticle film in the charge and discharge process. 

The applied charging voltage ranges from 0.2 V to 3 V. The color scale on the right side indicates that 

different colors correspond to varying voltages in the figure. ................................................................ 45 

Figure 6.16 Typical I(t) curve of β-FeSi2 nanoparticle film in the charging (3 V) and discharging 

process, under 100%RH of water vapor in the tested atmosphere. The area of the region filled with a 

dashed horizontal line is the stored charge. ........................................................................................... 46 

Figure 6.17 Redline: Stored charge-applied charging voltage (Q-V) plot of -FeSi2 micro 

capacitor at different charging voltage (0.1 V – 3 V). Blackline: Stored charge – applied charging 

voltage (Q-V) plot of the bare electrode without NPs under the same condition (100% RH of water 

vapor).             ............................................................................................................................. 47 

Figure 6.18 The stored charge of the capacitor measured in the air saturated with water 

vapor (black line) and in dry air (blue line), respectively, showing that the capacitance tested in the air 

saturated with water vapor is dramatically higher than in dry air. ......................................................... 47 

Figure 6.19 The interdigitated capacitor's cyclic performance with -FeSi2, at a charging voltage of 

3 V, for 140 cycles, showing high retention of the capacitance. ............................................................. 48 

Figure 6.20 The Galvanostatic curve V (t), charge at a constant current of 0.1 A. The voltage 

is measured during the charging process, and the open-circuit voltage is measured as well. ............... 49 

Figure 6.21 Voltage - time plot of galvanostatic test of different charging current (0.04 A, 

0.06 A, 0.08 A, 0.10 A, 0.12 A, 0.14 A, 0.16 A, 0.18 A, 0.2 A, and 0.22 A). ......................... 49 

Figure 6.22 The plot of the charging current dependent Vgc of the galvanostatic 

measurement, showing a gradual growth of the voltage value. ............................................................ 50 

Figure 6.23 The Vdg versus the charging current plot of galvanostatic measurement, showing a 

stable trend of the current. .................................................................................................................... 50 

Figure 6.24 The plot of the current transient charged at 3 V. The starting charging point Ic1, 



 

 88 

the ending charging point Ic2, and starting discharging point Id1 and ending discharging point of the 

transient Id2 is marked with red dots in this figure, separately. .............................................................. 51 

Figure 6.25 Plot of the voltage-dependent steady-state current Ic2 of the interdigitated 

capacitor coated with -FeSi2 thin film, which is measured in the dry air. ............................................. 51 

Figure 6.26 Dependence of the steady-state current Ic2 on the applied voltage (up to 3 V), 

measured on the interdigitated capacitor at the ambient atmosphere. Red lines represent numerical 

fits of the experimental data. ................................................................................................................. 52 

Figure 6.27 The plot of steady-state current Ic2 versus the applied voltage (0.1 V to 3 V) in the 

air saturated with water vapor (100% RH) ............................................................................................. 52 

Figure 6.28 Double logarithmic plot of charging ending point Ic2 versus charging voltage. The 

Red line (below 1 V) represents the Ohmic regime, the green line (1.1 V to 1.9 V) describes the SCLC 

regime, and the yellow line (2 V to 3 V) represents the SCLC regime withtraps. ................................... 53 

Figure 6.29 The Schematic graph of air with saturated water vapor (100% RH)/-FeSi2 

interface, more than 3 nm of the water thin film [173] is formed (around ten layers of water 

molecules). Red spots represent oxygen atoms, and blue spots represent hydrogen atoms. ............... 54 

Figure 6.30 The Schematic graph of the charge distribution on nanoparticles while charging in 

the air saturated water vapor. ................................................................................................................ 55 

Figure 6.31 Bi-exponential fit with charge and discharge current transient, in which the 

charging voltage is 3 V. The charging process has two time constants 1(0.7 s) and 2(14.7 s), and the 

discharging process 1’ (1.1 s) and 2’ (14.3 s). ....................................................................................... 56 

Figure 6.32 The Schematic graph of the charge distribution on nanoparticles while charging in 

the air saturated water vapor. The electrostatic capacitance exists between two nanoparticles with 

opposite charges (Red dashed line). The electric double-layer capacitance exists on the interface of -

FeSi2/H2O (Green dashed line). ............................................................................................................... 56 

Figure 6.33 The equivalent circuit model of the multi pairs of the adjacent-nanoparticle micro 

capacitor.         ............................................................................................................................... 57 

Figure 6.34 The configuration of a real parallel-plate capacitor (above) and the schematic 

structure of a parallel plate capacitor (down). ....................................................................................... 58 

Figure 6.35 The in-situ oxygen sensing system (Left). The oxygen-sensing system's schematic 

components (right) consist of an oxygen sensor, a sample chamber where the interdigitated capacitor 

locates and a water chamber that the nitrogen gas can go through. ..................................................... 59 

Figure 6.36 The plot of oxygen concentration versus time. The whole testing process includes 

three steps: I, no voltage is applied for the first ten minutes. II, 3 V is applied for the next 10 minutes. 

III, Stop applying voltage and wait another 10 minutes. ........................................................................ 59 

Figure 6.37 The oxygen concentration measured at a different applied voltage (2 V to 3.75 V) 

of the -FeSi2 interdigitated capacitor. ................................................................................................... 60 

Figure 6.38 The steady-state charged current Ic2-Voltage plot of -FeSi2 capacitor. The applied 

voltage ranges from 2 V to 3.75 V. .......................................................................................................... 60 

Figure 6.39 The charge-voltage plot of a parallel plate capacitor with -FeSi2 ........................ 62 

Figure 6.40 Specific charge of a parallel-plate capacitor, compared with an interdigitated 

capacitor.         ............................................................................................................................... 63 

Figure 6.41 Cyclic Voltammetry of double plate capacitor with -FeSi2 nanoparticles ........... 63 

Figure 6.42 The series resistance of β-FeSi2 parallel-plate capacitor. ...................................... 64 

Figure 6.43 The stored charge of the parallel-plate capacitor with SiO2 nanoparticles. .......... 64 



 

 89 

Figure 6.44 Stored charge comparison between β-FeSi2 and SiO2(both in parallel plate 

capacitor configuration). ........................................................................................................................ 65 

Figure 6.45 The series resistance of the SiO2 parallel-plate capacitor. ..................................... 65 

Figure 6.46 The stored charge-applied voltage plot of a parallel plate capacitor with B-doped 

Si.                .............................................................................................................................. 66 

Figure 6.47 The series resistance (V/Ic2) of the B-doped silicon capacitor, with a sharp 

decreasing trend before 1 V and a gentle decrease afterward. ............................................................. 66 

Figure 6.48 Stored charge dependence on the loading mass of -FeSi2 nanoparticles coated 

interdigitated capacitor. .......................................................................................................................... 67 

Figure 6.49 Stored charge dependence on the parallel plate capacitor's loading mass coated 

with -FeSi2 nanoparticles. ..................................................................................................................... 67 

Figure 6.50 The molecular structure of polyacrylic acid. ......................................................... 68 

Figure 6.51 The microscope graph of the micro capacitor coated with 60 g -FeSi2 and 

20 wt.% PAA.        ............................................................................................................................. 69 

Figure 6.52 Charge storage of capacitor with different PAA concentrations in the air saturated 

water vapor (100% RH). .......................................................................................................................... 69 

Figure 6.53 Different PAA concentration-dependent series resistance Rc2 of the interdigitated 

capacitor coated with -FeSi2 nanoparticles. ......................................................................................... 70 

Figure 6.54 Different PAA concentration-dependent series resistance Rc1 of the interdigitated 

capacitor coated with -FeSi2 nanoparticles. ......................................................................................... 70 

Figure 8.1 Charge storage in saturated acetone vapor (Left). Charge storage in saturated water-

acetone mixture vapor (Right). ............................................................................................................... 73 

Figure 8.2 Parallel capacitor with KOH additive (Left). The exfoliation condition of gold-coated 

plate electrode with KOH additive (right). .............................................................................................. 74 

Figure 11.1 The oxygen evolution reaction plot in 1 M KOH solution ...................................... 91 

Figure 11.2 The hydrogen evolution reaction plot in 1 M KOH solution .................................. 92 

Figure 11.3 Repeat of OER(left) and HER(right) test ................................................................ 92 

Figure 11.4 The surface electronic state of C. (a) As-prepared -FeSi2 nanoparticle. (b) -FeSi2 

nanoparticle after 7 h electric test of -FeSi2 nanoparticle. (c) -FeSi2 nanoparticle after 168 h electric 

test of -FeSi2 nanoparticle. ................................................................................................................... 93 

Figure 11.5 The surface electronic state of Fe (left) and O (right). (a) As-prepared -FeSi2 

nanoparticle. (b) -FeSi2 nanoparticle after 7 h electric test of -FeSi2 nanoparticle. (c) -FeSi2 

nanoparticle after 168 h electric test of -FeSi2 nanoparticle. ............................................................... 94 

Figure 11.6 The surface electronic state of Si. (a) As-prepared -FeSi2 nanoparticle. (b) -FeSi2 

nanoparticle after 7 h electric test of -FeSi2 nanoparticle. (c) -FeSi2 nanoparticle after 168 h electric 

test of -FeSi2 nanoparticle. ................................................................................................................... 94 

Figure 11.7 Oxygen concentration at a different applied voltage of B-Si capacitor ................. 95 

 

  



 

 90 

 

  



 

 91 

11 Appendix 

11.1 Oxygen evolution and hydrogen evolution test  

Based on the fact that water can split at 1.23 V (versus RHE), theoretically, there is a hypoth-

esis that water splitting might happen in the applied voltage range (0.1 V to 3 V). Water splitting 

(water electrolysis) is composed of two half-reactions, i.e., oxygen evolution reaction (OER) and 

hydrogen evolution reaction (HER). Oxygen evolution reaction is the electrochemical process of 

producing oxygen (O2) out of water. The half-reaction of OER in the neutral electrolyte is shown in 

Equation 11.1. 

 2 22H O O 4H 4e      (11.1) 

To prove the hypothesis and further test the water splitting property of β-FeSi2, linear sweep 

voltammetry is employed, and the measuring method is introduced in Section 3.4.4. In the linear 

sweep voltammetry experiment of β-FeSi2 powder, a typical oxygen evolution reaction plot, as lit-

erature[182] shows, is achieved and plotted in Figure 11.1. As the applied voltage increases, a large 

number of oxygen bubbles can be observed during the measurement. This shows that β-FeSi2 is an 

oxygen evolution electrochemical catalyst, which can split water at a specific voltage (verse RHE, 

Reversible Hydrogen Electrode). The measurement is carried out in a 1 M KOH solution and the 

scanning rate is at 0.5 mV/s. Usually, the corresponding voltage of the current density of 10 mA/cm2 

represents the potential as an electrocatalyst. The lower the corresponding voltage, the better per-

formance of materials as an electrocatalyst. Figure 11.1 shows that the applied voltage at ten 

mA/cm2 is 2.29 V (versus RHE).  

 

Figure 11.1 The oxygen evolution reaction plot in 1 M KOH solution 

While the other half-reaction of water electrolysis is the oxygen evolution reaction, which is 

the electrochemical process of generating hydrogen (H2) out of water splitting. A typical hydrogen 



 

 92 

evolution reaction plot as literature[183] is achieved at the voltage range of hydrogen evolution 

reaction (HER), with hydrogen bubbles observed. It shows β-FeSi2’s ability as a hydrogen evolution 

catalyst, the corresponding voltage at a current density of 10 mA/cm2 is -0.95 V (versus RHE) (Figure 

11.2).  

The half-reaction of HER is listed below. 

 - -
2 24H O+4e 2H +4OH   (11.2) 

 

Figure 11.2 The hydrogen evolution reaction plot in 1 M KOH solution 

The OER and HER test are repeated ten times each. The high level of overlapping shows the 

stability of β-FeSi2 as an electrocatalyst in Figure 11.3.  

  

Figure 11.3 Repeat of OER(left) and HER(right) test 

It is noticed that no oxygen revolution reaction (ORR) or hydrogen revolution reaction (HRR) 

is observed in the LSV plot, which agrees well with the CV plot. Oxygen evolution reaction and 

hydrogen evolution reaction are the reverse reactions of oxygen evolution reaction and hydrogen 

evolution reaction. During such a process, hydrogen and oxygen react and form water molecules. 

The above measurement shows that β-FeSi2 only works as OER and HER catalyst, and the charging 

and discharging process is an irreversible reaction. 
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11.2 X-ray photoelectron spectroscopy (XPS) 

To figure out whether there is any chemical reaction taking place, X-ray photoelectric spec-

trometry (XPS) is conducted before and after the electric measurement is shown below. The ca-

pacitor is charged and discharged for multiple cycles. Each cycle includes charging at 3 V for 2 min 

and discharging for 5 min. After 7 hours and 168 hours of cycles, XPS measurements are taken 

simultaneously on the thin -FeSi2 film of the micro capacitor.  

Carbon on specimen surface is almost unavoidable due to the exposure to air. Thus, the C 1s 

line of adventitious hydrocarbon on the specimen surface at a binding energy of 284.8 eV is fre-

quently used as a calibration standard[184]. The C 1s line of different XPS measurements (Figure 

11.4) is adjusted, and then the rest of the peaks of Fe, O, and Si (Figure 11.5 and Figure 11.6) should 

be moved simultaneously with the C 1s line. The as-prepared capacitor is first measured with XPS, 

and the XPS spectra are noted as “Before measurement” sample. C 1s line spectra under different 

conditions are smoothed and compared in Figure 11.4.   

 

Figure 11.4 The surface electronic state of C. (a) As-prepared -FeSi2 nanoparticle. (b) -FeSi2 na-

noparticle after 7 h electric test of -FeSi2 nanoparticle. (c) -FeSi2 nanoparticle after 

168 h electric test of -FeSi2 nanoparticle. 

After C 1s calibration, the X-ray photoelectron spectra of Fe (Fe-Si bond) and O (Si-O bond) 

(before electric measurement, after 7 hours and 168 hours measurement) shows no peak shift in 

Figure 11.5, indicating no chemical adsorption takes place during charge and discharge process.   
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Figure 11.5 The surface electronic state of Fe (left) and O (right). (a) As-prepared -FeSi2 nanopar-

ticle. (b) -FeSi2 nanoparticle after 7 h electric test of -FeSi2 nanoparticle. (c) -FeSi2 

nanoparticle after 168 h electric test of -FeSi2 nanoparticle.  

 

Figure 11.6 The surface electronic state of Si. (a) As-prepared -FeSi2 nanoparticle. (b) -FeSi2 na-

noparticle after 7 h electric test of -FeSi2 nanoparticle. (c) -FeSi2 nanoparticle after 

168 h electric test of -FeSi2 nanoparticle.  

The result of the X-ray photoelectron spectra of Si in Figure 11.6 (Fe-Si bond/Si-O bond) ele-

ment is slightly different. The peak at around 103.2 eV affiliates to SiO2[185], the peak shifts from 

103.28 eV to 103.13 eV, Peak shift above 0.2 eV is considered as chemical shift, while peak shift 

below 0.2 eV is regarded as physical shift or due to other reasons.   
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No obvious change is observed before and after charge and discharge reaction, showing that 

-FeSi2 nanoparticles are quite chemically stable, maintaining the micro capacitor's robust running 

in the longer term.  

11.3 Oxygen sensing measurement of B-Si nanoparticles 

With the same oxygen sensing set up in Section 0, different materials’ produced oxygen con-

centration depended on applied voltage (Figure 11.7) are measured. Results show that β-FeSi2 NPs 

have superior water-splitting ability than the B-Si NPs has. To achieve a produced oxygen flow of 

100 ppm, a voltage of 3.5 V is needed to apply on the B-Si capacitor, higher than a voltage of 3.1 V 

of the β-FeSi2 capacitor. This means at the same voltage, less current is consumed to split water 

with a B-Si capacitor. 

In any case, there is a contract between the water molecule and gold layer since the particle 

layer is porous. To figure out Au's influence (Au can also split water) in the oxygen sensing experi-

ment, further oxygen detection measurement on Au-covered quartz electrode is carried. The 

tested parallel plate capacitor is consists of two Au-coated quartz plate electrodes and a sheet of 

glass fiber. The voltage-dependent produced oxygen concentration is plotted in Figure 11.7. Figure 

11.7 shows that the oxygen concentration at 3 V is only 1/11 of a -FeSi2 parallel-plate capacitor.  

 

Figure 11.7 Oxygen concentration at a different applied voltage of B-Si capacitor 

The resistance of the fully charged capacitor is calculated and plotted in Figure 6.47. It shows 

that the circuit resistance decreases sharply with voltage increasing. After 2 V, the resistance plot 

is much lower, which can be explained by water electrolysis that creates mobile ions. At low applied 

voltage, there is only self-ionization of water, and the conductivity of the whole capacitor is rela-

tively low. As the applied voltage increases, water electrolysis starts and produces more mobile 

ions and electrons, increasing the overall capacitor's conductivity, which increases the rate perfor-

mance of the capacitor.  
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