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Summary 
Silica nanowires (SiO2NWs) have attracted considerable attention over the last 

decades due to their diverse properties and broad range of applications. 

Among them, it is well-known their capacity to emit strong blue light as well as 

their versatility as biosensor, since silica can be easily functionalized in order to 

respond to several targets. Other less-known applications include their 

potential use in energy conversion, storage devices, field effect transistors or 

gas sensors. In particular, the present study aims at exploring the suitability of 

the SiO2NWs as anode in Li-ion batteries. To this end, an extensive work was 

carried out in order to get SiO2NWs grow via a vapor-liquid-solid (VLS) 

method, on conductive substrate instead of conventional Si substrates. 

Accordingly, this study can be divided into two sequential sections. 

In the first part, an in-depth study of the SiO2NWs synthesis is carried out in 

order to understand the mechanism of SiO2NWs growth as well as the role of 

the different elements involved in the process. Based on these results, a variety 

of intermediate elements are assessed as new support-materials for the 

SiO2NWs growth, among them: titanium nitride (TiN) coatings, carbon 

nanofibers and silica and carbon microspheres. Finally, a new configuration is 

designed, in which the Si source is separated from the sample. In this way, 

SiO2NWs are successfully grown using stainless steel and Cu foils as 

substrates. 

In the second part, an extensive study of the electrochemical response of the 

SiO2NWs directly grown on Cu foils was performed in a half-cell 

configuration. This study comprises galvanostatic cycling, cyclic voltammetry 

and electrochemical impedance spectroscopy. Likewise, Cu foils of two 

different thicknesses are also evaluated as current collectors. 
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Resumen 
Durante las últimas décadas, los nanohilos de sílice (SiO2NWs) han suscitado 

un gran interés gracias a sus diversas propiedades y numerosas aplicaciones. 

Entre ellas destacan su capacidad para emitir luz azul así como su versatilidad 

como biosensor, puesto que la sílice es fácilmente funcionalizable con el fin de 

reaccionar ante diversos compuestos. Otras aplicaciones, quizá menos 

conocidas, son la conversión y el almacenamiento de energía, los transistores 

de efecto campo o los sensores de gas. En concreto, el trabajo que se presenta 

tiene como objetivo valorar la idoneidad de los SiO2NWs como ánodos en 

baterías de ion Li. Para ello, se dedicó un gran esfuerzo a conseguir sintetizar 

los SiO2NWs mediante el método vapor-líquido-sólido (VLS), sobre sustratos 

conductores en lugar de los convencionales sustratos de Si cristalino. En 

consecuencia, este estudio puede dividirse en dos secciones secuenciales. 

En la primera parte se lleva a cabo un estudio en profundidad del proceso de 

síntesis de los SiO2NWs con el fin de comprender el mecanismo de 

crecimiento así como la función de los diferentes elementos presentes en el 

proceso. Con base a estos resultados, se analiza la posibilidad de crecer los 

SiO2NWs sobre una serie de sustratos y estructuras adicionales, entre estos: 

recubrimientos de nitruro de titanio (TiN), nanofibras y microesferas de 

carbono, y microesferas de sílice. Por último, se proyecta una nueva 

disposición en la que la fuente de Si está alejada del sustrato, mediante la cual 

se consigue crecer los SiO2NWs sobre láminas de Cu y de acero inoxidable.  

En la segunda parte se realiza un estudio electroquímico completo de los 

SiO2NWs crecidos directamente sobre láminas de Cu usando una 

configuración de media celda. Este estudio comprende ciclos galvanostáticos, 

voltametría cíclica y espectroscopia electroquímica de impedancia. Así mismo, 

también son evaluados dos espesores distintos de la lámina de Cu usada como 

colector de corriente. 
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Chapter 1 

Introduction 
This chapter gives a short introduction to the main properties of silica 

nanowires (SiO2NWs), the ways in which they can be synthesized and their 

possible applications. Specifically, the approach of this work will focus on 

exploring the Vapor-Liquid-Solid (VLS) growth method and the possible use 

of the nanostructures in lithium-ion batteries. The state of the art of both 

systems is discussed to later show the motivations that lead us to work on 

them. 

1.1 Silica 

Silica (SiO2) is the common name to describe the principal oxide of silicon. 

It has been known from an early time, since it is present in nature as quartz, as 

well as in other forms in some living organisms [1]. Additionally, as the major 

constituent of sand [2], silica is one of the most abundant compounds on 

Earth's crust, which makes of it a suitable and economical material for 

industry. In fact, silica is used as primary component in the production of 

cement, glasses and many ceramic materials. Moreover, it can be easily 

synthesized via different routes, being the thermal oxidation one of the most 

employed, since silica grows spontaneously on silicon (Si) wafers by exposure 

to air [3]. High temperatures, over the range of 700 °C to 1200 °C, in an 

atmosphere of dry or wet oxygen (O2) are used to grow high quality SiO2 

layers on Si for their application in microelectronics [4, 5]. However, the most 

interesting properties appear when this material is brought to the micro- and 

nanoscale. Currently, silica can be synthesized in several ways: mesoporous 

films [6], nanoparticles [7, 8], microspheres [9] and nanospheres [10], 
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nanotubes [11, 12], nanofibers [13-15] or nanowires [16-18], among others. In 

this work, special attention will be paid to the latter case of silica nanowires 

(SiO2NWs). 

1.2 Silica nanowires 

1.2.1 Methods of synthesis 
Many and different are the techniques employed to obtain nanowires and 

the choice of one or other is crucial for the properties of the final products, 

since the growth mechanism dictates the structure and morphology of the 

nanostructures.  

Although there are multiple ways to categorize them, usually all the 

mechanism can be classified into two generic methods namely ‘top-down’ 

(TD) and ‘bottom-up’ (BU). The TD method consists of eroding the substrate 

via a machining or etching process, removing the material in order to scale the 

remainder down to the nanoscale. Whereas, the BU approach consists in a 

process by which the nanowires grow through the successive addition of 

material (molecule by molecule or atom by atom) from an initial single 

component. 

In the particular case of the SiO2NWs, the TD approach seems not to be 

applicable, since this method has been not reported in literature for the 

synthesis of SiO2NWs. On the contrary, there are several BU techniques 

employed to this purpose [19]. Below are briefly described the main ones, 

paying greater attention to the Vapor–Liquid–Solid (VLS) mechanism. 

Hydrothermal method 
The hydrothermal growth produces 1-D nanostructures from an aqueous 

solution via reduction and oxidation reactions between the precursors and the 

catalyst when exposing to relatively low temperatures and high vapor 

pressures. Some groups have demonstrated the viability of this method to 

synthesize SiO2NWs via water assisted process [20, 21]. A mixture of Si or 
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silicon monoxide (SiO) powders and deionized water was used as starting 

solution, placed in an autoclave and heated to 470 °C at 6 - 10 MPa for 20 - 24 

hours. Synthesized nanowires were several microns long with diameters 

ranging from tens to hundreds of nanometres. 

The hydrothermal growth is an environment-friendly process, by which 

huge amount of SiO2NWs with high lengths are synthesized from a small 

initial amount of precursors. However, the main drawbacks of this process are 

the time-consuming for the synthesis and the high dispersion in diameter of 

the nanowires. In addition, as a water-based method, the remaining moisture 

and water vapour could cause an undesirable oxidation of the final devices in 

which SiO2NWs could be implemented. 

Oxide assisted growth method 
The oxide assisted growth is a method to synthesize 1-D nanostructures 

through an annealing process without the use of a metal catalyst. Si wafers are 

used as both substrate and Si source, whereas the oxygen acts as catalyst. The 

O2 can be introduced in the process from the gas flow [22], by pre-

implantation of the Si wafers [23] or from silica particles added to the wafers 

[24]. In this way, the SiO2NWs grow on the Si wafer after heating to 1000 – 

1300 °C for few hours.  

Some research groups prefer this method since it provides a dense amount 

of nanowires without metallic impurities. However, the details of the growth 

mechanism are not fully understood and further investigation needs to be done 

in order to have a better control over the location and diameter of the 

nanowires. 

Vapor-Liquid-Solid (VLS) method  
The VLS mechanism has been one of the most accepted and employed 

methods for the growth of 1-D silicon nanostructures for the last decade [25-

27]. Fig 1.1 shows the progression in the use of this method along the years 
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since R.S. Wagner and W.C. Ellis described the technique for first time in 1964 

[28]. 

 
Figure 1.1: Chronological histogram of citations to Wagner's and Ellis's first work (“Vapor-

Liquid-Solid mechanism of singe crystal growth”) from 1964 to the present day, according to the 
Web of Science database. 

This technique allows the growth of crystal nanowires from vapor 

precursors by the use of a metal impurity. The role of the impurity is to 

provide a preferential site for the growth of the nanowires from the gaseous 

species involved. The different stages of the process are outlined in Fig 1.2. 

First, gold (Au) nanoparticles of an adequate size are deposited on the Si 

substrate and heated to 950 °C in a mixture of hydrogen (H2) and silicon 

tetrachloride (SiCl4). During heating, Si atoms arrive to the Au particle forming 

a liquid Au-Si alloy. Si continues to come into the droplet, which acts as a 

preferred sink, until the supersaturation of the alloy. At this point, Si in excess 

precipitates under the droplet and the nanowire starts to grow following the 

crystallinity of the substrate. The mechanism was named “VLS” because of the 

three phases involved. 

Therefore, three main factors must be taken into account in the VLS 

mechanism: the catalyst particle, the gaseous species involved and the 

mechanism in which Si is incorporated into the droplets to form the nanowire. 
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Figure 1.2: Schematic illustration of the VLS mechanism. 

As it has been demonstrated [29], the diameter of the nanowires depends 

on the size of the catalyst particles and hence the importance of obtaining 

particles of convenient size. To this end, different methods have been 

explored. Most of these approaches are based on the self-assembly of the 

metal catalyst by binding with organic groups attached to the substrate [30]. 

However, in order to obtain nanoparticle arrays by these techniques is 

necessary a pre-selective activation of the organic groups through protein 

templates [31], sequences of DNA [32] or a local oxidation of the surface 

using electron-beam lithography [33] or scanning probe microscopy [34, 35]. 

All these steps make the procedure very long and complex for possible 

industrial applications. Other alternative methods include the use of 

nanosphere lithography combined with electron beam evaporation and 

thermal annealing processes [36, 37], obtaining nanoparticles with highly 

controlled size. The major drawback of this method resides in the complexity 

of achieving a monolayer of ordered nanospheres and the need of an extra 

step for removing these nanospheres after the deposition of the metal catalyst. 

For this reason, some groups avoid the use of these nanostructures and 

synthesized the catalyst nanoparticles by direct annealing of the metal film,  

making use of the fact that thin films break up into islands when heated [38, 

39]. In this approach, the accuracy in the size of the particles decreases, but 

also the time and complexity of the process. 
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Historically, the first gaseous species used as precursor for the synthesis of 

this kind of nanowires was the SiCl4 [28, 40, 41] diluted in H2, since it was 

known that SiCl4 could be reduced by hydrogen at high temperatures (around 

950 °C) in order to obtain elemental Si. It was not until 1975 when Y. 

Miyamoto and M. Hirata [42] employed a mixture of silane (SiH4) and argon 

(Ar) to synthesize amorphous silicon fibers via the VLS mechanism, so that 

elemental Si could be produced at lower temperatures (550 °C) by thermal 

decomposition of SiH4. And it was not until twenty years after (1995), when S. 

Usui et al. [43] achieved to grow Si nanowires with a crystalline structure by 

the use of SiH4. In this case, they employed Au nanoparticles as catalysts in 

order to produce the dehydrogenation of silane at a temperature of 335 °C. 

From this moment, the use of SiH4 for the synthesis of crystalline Si nanowires 

by VLS increased [44, 45], continuing even today [26, 46]. 

The widespread use of this method for such a long time resulted in a deep 

understanding of the process. Hence, the mechanism by which Si is 

incorporated into the catalytic nanoparticle seems to be clear when a silicon 

gaseous precursor is used (SiCl4, SiH4). A thermodynamic description of the 

process was formulated by the group of Lars Samuelson [47], proposing a 

preferential nucleation growth at the droplet/crystal interface as justification 

for the unidirectional growth of the nanowires. Afterwards, an extensive 

kinetic analysis based on this assumption was developed by D. Shakthivel and 

S. Raghavan [48]. And, in the same lines, M. Koto [49] proposed an upgraded 

version of the mechanism by examining the chemical potential values of each 

phase involved in the growth. 

However, the use of silicon gaseous precursors carried some risks. 

Particularly, silane is known to be a pyrophoric gas [50]; that is, it has the 

property to ignite spontaneously upon exposure to air, giving rise to a highly 

exothermic reaction, making it a potentially dangerous material for its use in 

industry [51, 52]. Consequently, several efforts have been made in order to 

avoid the use of this unsafe gaseous species by using instead a solid source as 
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precursor of the nanowires growth. The first ones to report this kind of 

growth were D.P. Yu et al. [16] in 1998, using a mixture of silicon and silica 

powders as precursors for the  growth of the nanowires. Remarkably, it was 

observed that nanowires grown under these conditions exhibited an 

amorphous structure with nonstoichiometric amounts of oxygen. Fig 1.3a 

shows a transmission electron microscopy (TEM) image of a nanowire 

synthesized in our laboratory and Fig 1.3b shows a detail of the amorphous 

structure described. 

The explanation of this unpredictable behaviour seems to reside in the 

mechanism by which Si atoms moves from the solid precursor to the liquid 

droplet of the metal catalyst. H.F. Yan et al. [53] and D.P. Yu et al. [54] 

described the process as a pure diffusion mechanism, justifying the amorphous 

state of the nanowires by the fast speed of the growth. Accordingly, since this 

process involves the solid Si, the liquid droplet, and the final solid nanowire, it 

was termed as Solid-Liquid-Solid (SLS). 

 
Figure 1.3: TEM image of a nanowire synthesized in our laboratory using a Si wafer as 

precursor of the growth (a) and magnification of the outlined area (b), showing the amorphous 
structure of the nanowire. 

However, latter reports of D. Bahloul-Hourlier and P. Perrot [55, 56] and 

J.H. Lee et al. [57] refuted this possibility, since they found no evidence of a 

driving force that thermodynamically explained the growth of the nanowires. 
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They postulated, instead, the necessary existence of a gaseous SiO phase acting 

as precursor for the nanowires. According to this argument, the SiO vapor 

would be released from the interface between bulk Si and its native oxide, via 

the reaction: 

Si(𝑠) + SiO2(𝑠) ⟶ 2SiO(𝑔) 

Therefore, the so-called SLS process would be actually a Solid-Vapor-

Liquid- Solid (SVLS) process, owing to the fundamental role played by the 

gaseous phase in the nanowires growth. 

1.2.2 Applications 

One-dimensional (1-D) silica nanostructures show distinctive chemical and 

physical properties compared to the bulk material. Their small size and high 

length give them high surface-volume ratio, high strength [58] and even 

quantum confinement [59]. These properties make them suitable for 

optoelectronics devices, such as low-loss optical waveguides [60] or optical 

sensors [18]. SiO2NWs also present high solubility, biocompatibility and great 

facility to be functionalized in order to respond to several targets [61, 62], 

which is crucial in the development of highly sensitive biosensors for 

biomarker detection [19, 63]. In addition, recent studies have suggested the 

non-toxicity of these structures [19, 64], which allows their use in biomedical 

applications such as cell-selective drug delivery and bio-imaging [7, 65]. On 

the other hand, numerous reports describe that SiO2NWs contains various 

defects, including neutral oxygen vacancies, non-bridging oxygen hole centers 

and two-fold coordinated silicon lone-pair centers [17, 66]; because of which 

exhibit a broad band blue photoluminescence emission [67, 68]. Finally, in the 

last years, silica nanostructures have been proposed as an alternative for the 

anode of lithium-ion batteries (LIBs) due to its large lithium (Li) insertion 

capacity [69-71] compared with graphite. All these applications are 
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summarized in the organigram of Fig 1.4. In this work particular attention will 

be paid to the last one. 

 

Figure 1.4: Organigram with the main possible applications of the SiO2NWs. 

1.2.3 Introduction to Lithium-ion batteries (LIBs) 

The current interest in the development of energy storage technologies 

comes from the ever-growing demand of an increasingly energy-dependent 

society. Batteries ushered in the wireless revolution and, nowadays, remain a 

key factor in the production of high-performance portable electronic devices. 

Additionally, they are also of crucial importance to develop the full potential of 

renewable energy sources as part of the electric distribution grid. And, it 

should not be forgotten their growing usage to power the propulsion of 

electric drive vehicles, such as hybrid, plug-in and all-electric vehicles.  
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In all the aforementioned applications LIBs have proven to be of 

paramount relevance due to its light weight (0.53 g·cm-3) and high operation 

voltage (-3.04 V vs. standard hydrogen electrode, SHE). LIBs were first 

introduced in the 1970's but only as primary batteries (non-rechargeable), since 

all attempts to produce rechargeable batteries revealed big risks. These early 

rechargable batteries used Li metal as negative electrode, in which dendrites 

appeared with cycling causing internal short-circuit that may lead to the 

combustion of the cell. It was not until 1991 that Sony Corporation released 

the first commercial rechargeable LIB based in the investigations of R. Yazami 

and P. Touzain [72] about Li intercalation in graphite (acting as anode), and 

the analogous report of K. Mizushima et al. [73] about the reversible lithiation 

of LiCoO2 compounds (acting as cathode). Currently, although LIBs have 

developed further, basically the same materials are still employed commercially 

[74]; however to meet the demands of increased battery performance, new 

electrode materials with higher capacities are required. 

1.3 Thesis motivation and objectives 

This work is focused on the growth of 1-D nanostructures of silicon oxide 

using the thermal Chemical-Vapor-Deposition (CVD) technique. These 

structures are synthesized via a catalytic process, with Au as principal metal 

catalyst and Si <100> wafers acting as unique source of silicon. On this basis, 

the work has been structured as follows: 

• Study of the growth mechanism: This part of the work aims to 

provide some light on the process of nanowires growth via a series of 

experimental evidences. Among the subjects discussed will be the 

question about the existence or not of a gaseous SiO species when a solid 

precursor is used, the origin of this hypothetical species, as well as the 

role of the different elements involved in the process. 
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• Study of different substrates: By the traditional VLS mechanism, 

nanowires were necessarily synthesized on Si substrates due to the nature 

of the process [75, 76]. This constraint made complex their 

implementation on a commercial scale, since several applications require 

the use of specific substrates [19], so that a post growth processing had 

to be done in order to integrate the SiO2NWs into the final devices [70, 

77]. The central focus of this section is to address the challenge of 

growing these nanostructures directly on substrates different from the Si 

wafers, paying particular attention to the case of copper (Cu). 

• Possible applications: Finally, it has been investigated the potential 

applicability of the synthesized SiO2NWs as active material in the anodes 

of Li-ion batteries. To this end, SiO2NWs directly grown on Cu 

substrates are proposed as alternative to the actual anodes of graphite. 

Under this structure, the thesis is followed by seven additional chapters. 

Chapter 2 contains the description of the different techniques of synthesis and 

characterization employed, as well as the experimental parameters used in each 

case. Chapter 3 is focused on the study of the SiO2NWs and the mechanism 

that governs their growth. Chapter 4 describes the growth of SiO2NWs from 

TiN thin films deposited on Si substrates. Analogously, Chapter 5 describes 

the growth of SiO2NWs on different microstructures deposited on diverse 

substrates (Si, Cu and stainless steel). Chapter 6 presents a novel procedure by 

which SiO2NWs grow directly from Cu foils without the use of additional Au 

catalysts. Chapter 7 reports the electrochemical study performed on electrodes 

formed by the SiO2NWs directly grown on Cu foils for its possible application 

in Li-ion batteries. Finally, Chapter 8 and Chapter 9 collect all conclusions 

derived from this work. 
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Chapter 2 

Experimental techniques 
This chapter describes the different techniques employed during this 

work for the synthesis and the characterization of the nanomaterials 

under study. Particularly, in the first section, special attention is paid to 

the description of the CVD system and the diverse thermal treatments 

employed for the SiO2NWs synthesis. In the second section, individual 

characterization techniques are briefly sketched out, reporting for each 

one the specific system employed, as well as the parameters used. 

2.1 Synthesis techniques 

This section gives a detailed description of the system employed for the 

synthesis of the SiO2NWs, the diverse thermal treatments used along the 

chapters and the arrangement of the substrates in some specific cases. 

Moreover, the procedures employed for the synthesis of the silica and 

carbon microspheres, as well as for the titanium nitride (TiN) films are also 

described. 

2.1.1  Chemical-Vapor-Deposition (CVD) 

The CVD may be defined as a process in which chemical constituents 

react in the vapor phase near or on a heated substrate to form a solid deposit 

[78]. Often, volatile by-products are also produced, which are removed by 

gas flow through the reaction chamber. The number of chemical reactions 

used in CVD is considerable (thermal decomposition, reduction, 

disproportionation, hydrolysis, oxidation, carburization, etc) and, 

accordingly, the number of existing types [78]. 



Chapter 2  

14 
 

In the present case, the synthesis of the nanowires was conducted in a 

CVD system as shown in Fig 2.1a. It is composed of a quartz tube placed 

into a tubular furnace, whose temperature is controlled via feedback from an 

internal type N thermocouple. In addition, the quartz tube has coupled a gas 

inlet system connected to H2 and Ar gas cylinders with independent gas mass 

controllers to monitor the inlet total flux. A scheme of the whole system is 

illustrated in Fig 2.1b. 

 

Figure 2.1: Picture of the CVD furnace employed in this work for the synthesis of the 
SiO2NWs (a) and schematic illustration of the whole system with the components labeled (b). 
The maximum gas flow (fmax) is indicated for each gas. 
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All the components involved in the CVD process are described in detail 

below: 

Reaction chamber 

The reaction chamber is composed of a 125 cm long quartz tube with 35 

mm of internal diameter, sealed on both ends by a viton O-ring adjusted by 

stainless steel flanges. 

 

Figure 2.2: Calibration curve of the tubular furnace with respect to the center of the 
furnace when a steady temperature of 900 ºC is programmed. The inset graph shows the real-
time thermal monitoring of the programmed curve at the center point, according to the 
controller display (black dots) and as measured externally with a type K thermocouple (red 
dots). 

The reactions are thermally activated via a 72.5 cm long tubular furnace 

(Carbolite HST 12/600), which can reach a maximum temperature of 1200 

ºC. The effective heating zone (temperature deviation less than 1%) extends 

around 20 cm from the center, as shown in the calibration curve of Fig 2.2. 

The temperature is monitored by a remote control box by which different 
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heating ramps can be programmed. However, due to the heating mechanism, 

there exists a certain time lag between programmed temperature and 

furnace's response, as well as a thermal inertia at reaching the plateau region 

(inset graph of Fig 2.2), whose size depends on the programmed heating 

rate. Finally, a 10 cm long quartz boat in direct contact with the walls of the 

tube is used as sample holder. 

Gas inlet system 

The gases present in the process are introduced into the reaction 

chamber through a stainless steel pipeline system through one of the ends of 

the quartz tube. The gas flux of each element is independently regulated by a 

mass flow controller (EL-FLOW Select, Bronkhorst High-Tech) adequately 

calibrated. Meanwhile, all the mass flow controllers are inter-connected by 

additional software (Iberfluid Instruments), being possible to program 

different gas mixtures along time. The gases used in this work are H2 

(Premier Plus 99.9992 %, Carburos Metálicos) with 1 ppm of O2 and 2 ppm 

of H2O, and Ar (Premier 99.9992 %, Carburos Metálicos) with 1.5 ppm of 

O2 and 2 ppm of H2O, according distributor specifications. 

A summary of the different programmed curves employed throughout 

this work is shown in the following lines: 

• Standard thermal treatment (STT) for the synthesis of 

SiO2NWs: This thermal treatment consists of a ramp-up rate of 25 

ºC·min-1 to a final temperature of 900 ºC, followed by one hour 

plateau. A mixture of H2 and Ar (3:1 in volume) flows during the whole 

process. Finally, the samples are allowed to cool down in Ar 

atmosphere for an hour. The process is summarized in Fig 2.3. 
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Figure 2.3: Diagram of the standard curve programmed for the SiO2NWs synthesis. 

• Thermal treatments for the X-Ray Absorption Spectroscopy 

measurements: In order to systematically study the correlation 

between the SiO2NWs growth and temperature, a series of processes 

were performed at intermediate temperatures of the SiO2NWs 

synthesis. These processes are summarized in Fig 2.4.  

 
Figure 2.4: Diagram of the thermal processes employed for XAS measurements. 
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It should be noted that the gas mixtures used are the same that for the 

STT but now the Ar flow is maintained until reaching room 

temperature (RT). Additionally, the plateau is reduced to 10 min. 

These processes were also employed in Chapter 6 in order to observe 

the morphological changes in the surface of the Cu substrates. 

• Thermal study for the Cu samples: In order to observe the 

morphological changes of the Cu surface at temperatures close to that 

of SiO2NWs synthesis, another sequence of processes was performed 

at intermediate temperatures of 700 ºC, 800 ºC and 900 ºC. The details 

of these processes are summarized in Fig 2.5. In this occasion, the gas 

mixtures and the time of cooling in Ar atmosphere are the same of the 

STT, but the plateau is reduced to 10 min. 

 
Figure 2.5: Diagram of the different thermal processes employed in the Cu samples, 

along with the curve of the STT (black line). 

• Thermal treatment for the Cu samples at medium vacuum 

(MV): In order to improve the efficiency of the process, a rotary vane 

pump (Edwards nXDS10i, vacuum limit at 1.4x10-2 Torr) was attached 
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at the end of the quartz reactor. In this case, due to pump limitations, 

the total gas flow during the synthesis was restricted to 115 mL·min-1, 

obtaining a final pressure of 9.3x10-1 Torr. The process is summarized 

in Fig 2.6. 

 
Figure 2.6: Diagram of the programmed curve employed for the synthesis of SiO2NWs 

on Cu substrates under MV conditions. 

Arrangement of the samples 

When the SiO2NWs are synthesized on Si wafers, the samples are placed 

on the quartz boat without any additional step, since the Si wafer acts both 

as substrate and Si precursor. However, when the substrate is different from 

Si, a previous preparation of the samples is required, since the substrate 

cannot act as Si precursor. In this situation, an additional Si <100> fragment, 

previously coated with a thin Au film, must be placed some millimeters 

above the substrate, as shown in the scheme of Fig 2.7a. From now on, this 

Si fragment will be referred as Si-hat to shortening. The gap between 

substrate and Si-hat is obtained through the use of two mica separators, 

taking advantage of the curvature of the boat as seen in the picture of Fig 
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2.7b. It should be noted that mica was selected as spacer due to its high 

melting point and chemical inertness to the gases involved in the synthesis. 

 

Figure 2.7: Schematic representation of the set-up employed when the substrate used is 
different from Si (a) and image of the sample's arrangement in the quartz boat (b). 

2.1.2 Synthesis of silica microspheres (SiO2MSs) 

SiO2MSs were synthesized following the method described by Stöber-

Fink-Bohn [9]. This method consists of the hydrolysis of alkyl silicates and 

subsequent condensation of silicic acids in alcoholic solutions. In a first step, 

small particles or aggregates are generated by mixing a saturated alcoholic 

ammonia solution in presence of ultra-pure water. In a second step, alkyl 

silicate is added to the solution, where it is hydrolyzed by water, and a 

polymerization process occurs on the initial aggregates. By this process the 

initial particles, which act as nucleation centers, grow up by aggregation to 

form larger particles through an Ostwald ripening process[79]. Fig 2.8 

shows a SEM image of the SiO2MSs as formed. 

 

Figure 2.8: SEM image of the SiO2MSs as synthesized. 
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The concentrations of the reactants were chosen keeping in 

consideration an earlier study of our research group [8]. Particularly, it was 

employed an initial solution of 3.66 mL of ammonia (NH3 30%, Panreac 

Química S.A) in 30.15 mL of ethanol absolute (99.8%, Panreac Química S.A) 

in presence of 0.65 mL of distilled deionized water (DDW, Milli-Q water, 

18.2 MΩ cm at 25 ˚C). The alkyl silicates employed was tetraethyl 

orthosilicate ((Si(C2H5O)4), ≥99.0%, Aldrich Chemical Co) or TEOS. 

Additionally, with the aim to obtain more homogeneous particles, the 

reaction was carried out at 50 ºC under constant stirring. 

2.1.3 Synthesis of carbon microspheres (CMSs) 

CMSs were synthesized according to the method described by Wang Q. 

et al. [80]. This method consists of the dehydration of sucrose and 

subsequent carbonization of the products. In the dehydration process a 

solution of commercial sucrose in DDW (1.5 M) was introduced in a Teflon-

lined stainless steel autoclave for hydrothermal synthesis. Autoclaves were 

placed in an oven at 190 °C for 5 hours. Then the product was carbonized in 

the CVD system in an Ar flow (30 mL·min-1) at atmospheric pressure (AP). 

The temperature was ramped from RT to 1000 °C at 5 °C·min-1, followed by 

10 min of plateau, and a subsequent free cooling of the samples until 

reaching RT.  

The formation of the CMSs is thought to follow an emulsion 

polymerization mechanism by which the partly dewatered sucrose separates 

out from the solution as an aqueous emulsion at the pressure and 

temperature generated in the autoclave. Further dewatering leads to the 

formation of nuclei-oligomers (micelles) which act as nucleation centers that 

grow up into nano-scaled spherules by aggregation. Finally, micrometric 

spherules are obtained through the polymerization of the grown nuclei until 

the total depletion of sucrose. The subsequent carbonization process, 

necessary to remove the solvent in excess, seems to have little effect on the 
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morphology of the CMSs [80]. Fig 2.9 shows a SEM image of the CMSs as 

formed. 

 

Figure 2.9: SEM image of the CMSs as formed. 

2.1.4 Synthesis of the TiN thin films 

The TiN thin films used in Chapter 4 were grown on polished Si <100> 

wafers by sputtering. In this process, particles are ejected from a solid target 

material by momentum transfer from the bombardment of the target by 

energetic particles (Ar ions, in this case). The sputtered material, out of its 

equilibrium state, deposit on the substrate surface as a thin film [81]. It is 

worth noting that the sputter deposition becomes a generic name for a 

variety of processes. In this particular case, TiN films were deposited using a 

Dual Ion Beam Sputtering system. This variant employs an ion beam, 

produced from glow discharges, to bombard the target and requires that 

target and substrate to be situated in a high-vacuum environment [81]. 

Particularly, for the deposition of the TiN films, an accelerating voltage of 

250 V was applied in the Kauffman-type ion source used to sputter a TiN 

target (99.5% pure, Kurt J. Lesker Inc.). Meanwhile, the sample carrier 

rotated at 2 rpm to ensure better uniformity in the deposition. The pressure 

during deposition was around 1.4x10-4 mbar. The thickness of the samples 

was monitored in real time through an integrated quartz crystal microbalance 

(Maxtek, Inc) and subsequently determined with higher accuracy by scanning 
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electron microscopy. Previous to each deposition, TiN target was sputter-

cleaned for 10 min with the shutter closed to prevent substrates from 

unwanted adventitious deposits. 

2.2 Characterization techniques 

This section is intended to give a brief description of all the 

characterization techniques used during this work. Since there is a large 

amount of them and they have been employed indistinctly and concurrently 

along the different chapters, here are listed in alphabetical order. The 

parameters used in each case are described at the end of its description. 

Atomic Force Microscopy (AFM) 

 It is a type of Scanning Probe Microscopy (SPM) in which the 

sample surface is scanned through the controlled motion of a sharp tip 

placed in close contact [82]. The tip motion, in the absence of external 

fields, is dominated by van der Waals and short-range repulsive interactions 

between the atoms at the tip and on the sample surface. Additionally, when 

the measurements are conducted in atmospheric conditions, capillary forces 

due to adsorbed water on surface are also present. Currently, the AFM can 

be operated in a number of modes, depending on the measured property 

(impedance, electrical response, piezoresponse, viscoelasticity…)[83] but 

typically, topographic imaging modes are divided into static (contact) and 

dynamic (non-contact or “tapping”) modes. AFM images present in this 

work are acquired employing the non-contact mode. In this mode the 

sample does not suffer degradation since the cantilever is driven to oscillate 

above it. This oscillation is carried out at a frequency close to its resonance 

and at constant phase and amplitude, so that the variations in these 

parameters produce the phase and topographic images, respectively [84]. 

Non-contact AFM measurement were obtained through the system 

(Nanotec) shown in Fig 2.10a. A detail image of the AFM head is shown in 



Chapter 2  

24 
 

Fig 2.10b. Rectangle silicon nitride (Si3N4) cantilevers (Olympus, OMCL-

RC800PSA) were employed. Only the current AFM image of Chapter 7 was 

externally measured by a conductive-AFM (Cypher, Asylum Research). All 

the images were analyzed through the WSxM program (Nanotec). 

 

Figure 2.10: Picture of the AFM system (a) and a detail of the AFM head (b). The 
different components are labeled. 

Energy-Dispersive X-Ray Spectroscopy (EDX) 

This technique makes use of the X-ray spectrum emitted by a solid 

sample when it is bombarded with a focused beam of electrons (~20 keV). 

The incident electrons create vacancies in deep electronic levels so that the 

characteristic X-rays result from electron transitions from higher energy 

states [85]. A quantitative analysis is possible by comparing line intensities 

for each element in the sample and in calibration Standards of known 

composition. Additionally, by scanning the sample and by displaying the 

intensity of a selected X-ray line, element distribution images or ‘maps’ can 

be produced. Finally, composition at different depths from the surface can 

be observed by changing the range (R) of the electron beam, which can be 

expressed according to: 

𝑅 =
0.064(𝐸𝑜1.68 − 𝐸𝑐1.68)

𝜌
 

Eq. 2.1 
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where Eo is the accelerating voltage (in keV), Ec is the critical excitation 

energy (in keV) and ρ is the specimen density (in g·cm-3) [86]. As an example 

of this, Fig 2.11 shows the different X-ray profiles on a Cu2O substrate by 

changing the Eo from 20 keV to 5 keV. 

 

Figure 2.11: Simulated trajectories of incident electrons (blue) and backscattered electrons 
(red) on a Cu2O substrate for 20 keV and 5 keV Eo by using the program CASINO [87].  

Conventionally, scanning and transmission electron microscopies 

integrate the equipment necessary to carry out the analysis. In this work, 

EDX data from both microscopies are presented. The systems employed 

were: 

• EDX spectrometer by Oxford Instruments, model INCAx-sight 

integrated in a SEM system at the “Servicio Interdepartamental de 

Investigación” (SIdI) of the UAM. 

• EDX Oxford Instruments spectrometer, model INCA integrated in 

a FE-SEM system at the Centre for Research on Adaptive 

Nanosciences and Nanotechnology (CRANN) of the Trinity College 

(Dublin). 

• EDX Oxford Instruments spectrometer, model INCA, integrated in 

a STEM system at the “Centro Nacional de Microscopia 

Electrónica” (ICTS) of the Universidad Complutense de Madrid. 
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• EDX EDAM III spectrometer integrated in a STEM system at the 

CRANN of the Trinity College Dublin. 

Electrochemical characterization 

The electrochemical characterization of the half-cells in Chapter 7 was 

performed through a potentiostat/galvanostat system in a two-electrode cell 

setup, using Li metal as counter electrode (CE) and the SiO2NWs/Cu 

sample as working electrode (WE). The techniques employed were: 

• Galvanostatic cycling: measures the voltage between CE and WE 

as a function of time by applying a constant current [88]. The specific 

capacity [mA·h] can be calculated from these curves by multiplying the 

current intensity by the duration of the charge or discharge cycle [89]. 

Additionally, differential capacity curves (dQ/dV) may be derived from 

these data in order to observe the potentials at which redox reactions 

occur. 

• Cyclic Voltammetry (CV): consists of a linear scan of the cell 

potential at a fixed rate [90] while the current resulting from 

electrochemical reactions is monitored. The cyclic voltammograms are, 

therefore, a current response as a function of the applied voltage. This 

technique provides information of the redox potential of the 

electroactive species, electron-transfer reactions, as well as adsorption 

processes [88, 89]. 

• Electrochemical Impedance Spectroscopy (EIS): measures the 

impedance of the cell over a range of frequencies by applying  a 

sinusoidal signal [89]. EIS gives information about the chemical and 

physical processes in solution (electrolyte) as well as in solid (electrode) 

and their interface. Generally, the EIS data is graphically represented in 

a Nyquist plot that can be subsequently modelled through an equivalent 
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electrical circuit. A description of the equivalent circuit employed to 

describe the characteristic features of the SiO2NWs/Cu electrodes is 

provided in Appendix I. Nyquist diagrams were analyzed using the 

EC-Lab software. 

The systems employed in this work were: 

• PARSTAT® 2273 Potentiostat/Galvanostat (Princeton Applied 

Research) belonging to our group. 

• SP-150 Potentiostat/Galvanostat (BioLogic) belonging to Prof. M. 

Manso's group (UAM). 

• VMP3 multichannel Potentiostat/Galvanostat (BioLogic) at the 

Department of Materials Science in the University of Milano-

Bicocca. 

• Arbin-BT4 battery system belonging to Prof. J.M. Amarilla's group, 

at the Instituto de Ciencia de Materiales de Madrid (ICMM). 

Grazing-Incidence X-Ray Diffraction (GIXRD) 

When monochromatic X-rays impinge on the material, they are scattered 

by the interaction with the electron cloud of atoms. Therefore, if the material 

has a periodic structure, the scattered X-rays undergo constructive and 

destructive interference producing a diffraction pattern which is determined 

by Bragg's law [91]:  

𝑛𝑛 =  2𝑑ℎ𝑘𝑘𝑠𝑠𝑛𝑠 Eq. 2.2 

where n is the diffraction order (n=1 in this case), λ is the X-ray wavelength 

used (Cu-Kα, λ=1.54 Å), dhkl is the distance between crystal planes (where hkl 

are the Miller indices of the Bragg plane) and θ is the diffraction angle. 
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Moreover, X-rays interact weakly with matter, and hence, penetrate 

significant distance into the material (of the order of 0.1-10 mm, depending 

on the material and the X-ray energy) what allows obtaining average 

structural information of the bulk material. In this work, however, there was 

interest in analyzing the structure in the region closest to the surface (on the 

order of 2 μm), for that reason GIXRD configuration was used [92]. Under 

this configuration X-ray are fixed at a very small angle (1º in this case) so that 

diffraction can be more surface-sensitive, while the detector moves around 

the sample recording X-rays intensity in a 2θ range from 20º to 80º with 

increments of Δθ=0.04º (accumulation time of 4 s). 

The system employed was a Siemens D5000 HR diffractometer at the 

SIdI of the UAM. 

Photoluminescence (PL) 

PL is a property of some materials, which after being exposed to a light 

source produce its own emission. The process occurs as follows: light 

impinges on the sample where is absorbed by electrons that move into 

permissible excited states. When these electrons return to their equilibrium 

states, the excess energy is released and may include the emission of light 

(radiative process) or not (a non-radiative process). The energy of the 

emitted photons from the radiative processes produces the PL spectrum 

which is related to the energy difference between the two electron states 

involved [93]. 

In this work, PL spectra were measured using a Luminescence 

Spectrometer (AMINCO-Bowman Series 2) operating with a 150 W 

continuous wave Xe lamp at Prof. M. Manso's laboratory in the UAM. 

Samples were excited with wavelengths between 390 to 410 nm, and 

emission scans were recorded between 460 to 550 nm. Signal was monitored 

using a photomultiplier tube detector polarized at 500 V. 
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Scanning Electron Microscopy (SEM and FESEM) 

This technique generates images of a sample by scanning it with a fine 

beam of accelerated electrons (~10 kV). The incident electrons interact with 

atoms in the sample producing secondary electrons (SE), back-scattered 

electrons (BSE), characteristic X-rays and light [94]. The SEM image can be 

produced by registering the SE or the BSE. The SE are those originated 

within a few nanometers from the sample surface by inelastic scattering 

interactions with beam electrons. The images produced with SE provide 

information about morphology and surface topography. The BSE, on the 

contrary, are electrons from the beam that are reflected by elastic scattering 

interaction with the sample. The images produced with BSE provide 

information of the sample composition, obtaining a brighter contrast for 

areas with elements of higher atomic number. 

Conventionally, both SE and BSE are registered by an Everhart-

Thornley detector positioned to one side of the specimen in a certain angle. 

However some new equipment have also integrated an in-lens detector 

located inside the electron column, with which is possible to obtain images 

with high contrast and lateral resolution [95]. 

Additionally, a cathodoluminescence (CL) detector can also be attached 

to the SEM system in order to record the light emitted by luminescent 

materials due to interactions with incident electrons. 

The difference between SEM and Field-Emission SEM (FESEM) lies in 

the way electrons are produced. The SEM uses a thermal emission source 

(i.e. tungsten filament) to generate the electron beam. The FESEM, instead, 

extracts electrons from a cold field-emission cathode, resulting in a higher 

electron yield and a narrower probing beam, which provides a brighter signal 

with less electrostatic distortion and improved spatial resolution [94].  

The systems employed in this work were: 
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• FESEM Philips XL30 S-FEG equipment at the SIdI of the UAM. 

• SEM Hitachi S-3000N equipment at the SIdI of the UAM. 

• FESEM Zeiss Ultra Plus equipment at the CRANN of the Trinity 

College Dublin. 

High-Resolution Transmission Electron Microscopy (HRTEM and 
STEM) 

This technique, as well as SEM, also produces images of a sample by 

means of a focused beam of accelerated electrons, but the images are, in this 

case, generated from the transmitted electrons that cross the sample. These 

electrons, accelerated at higher energies (~100 keV), have very short De 

Broglie wavelengths (in the order of interatomic distances), which allows 

reaching extremely high magnifications [94]. However, HRTEM usually 

requires a complex sample preparation, since specimens are required to be 

thin enough (hundreds of nm) to be traversed by the electron beam. In this 

work, the SiO2NWs were detached from the substrates by sonication in 

ethanol, and subsequently deposited on a conventional TEM Cu grid for 

their analysis (Quantifoil Micro, Ted Pella Inc.).  

Moreover, the Scanning Transmission Electron Microscope (STEM) is a 

type of TEM in which the focused electron beam is scanned over the sample 

in a raster [95]. By using a STEM and a high-angle annular dark-field 

(HAADF) detector, it is possible to form atomic resolution images where the 

contrast is directly related to the atomic number. 

Additionally, apart from EDX, both systems incorporate the possibility 

of obtaining diffraction patterns by taking advantage of the electrons wave 

nature. This allows the identification of crystalline structures in a specific 

region of the specimen, which is known as Selected Area Electron 

Diffraction (SAED). 
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The systems employed in this work were: 

• HRTEM JEOL 3000F equipment at the ICTS of UCM. 

• FEI Titan instrument at the CRANN of the Trinity College Dublin. 

Temperature programmed reduction (TPR) 

In the TPR technique an oxidized species is submitted to a programmed 

temperature rise while a reducing gas mixture (in this case, 10 vol% H2 

diluted in Ar) is flowed over it. The composition of the gaseous mixture is 

continuously measured at the exit of the sample container by means of 

thermal conductivity detectors (TCD), so if a reduction takes place at a 

certain temperature the detectors record the reduction peak. Hence, the area 

under the reduction peak is proportional to the H2 consumed [96]. 

However, in order to obtain quantitative values a later calibration process of 

the TCD signal is needed. The steps of this process are detailed in Appendix 

II. An example of TPR analysis before and after the calibration of the TCD 

signal is shown in Fig 2.12. 

 

Figure 2.12: Example of TPR analysis before and after TCD signal calibration. 

In all the measurements, a heating rate of 25 ºC·min-1 and a gas flow of 

around 50 mL·min-1 were used. The system employed was an AutoChem II 

2920 chemisorption analyzer at the Instituto de Catálisis y Petroquímica 

(TCP) in the campus of the UAM. 
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X-ray Absorption Spectroscopy (XAS) 

In a XAS experiment a sample is bombarded with X-rays of defined 

energy (synchrotron radiation) so that some of these X-rays are absorbed by 

the sample atoms causing the excitation or rejection of a core electron (core 

hole). This absorption can be quantified by comparing the intensity of the 

incident beam (Io) to that of the transmitted beam (If), by measuring the 

fluorescence produced by electron de-excitation to the core hole or by 

measuring the ejected electrons as the core hole is filled (Auger electrons) 

[97]. In this work, the fluorescence method was exclusively considered. 

XAS spectra can be divided in two main regions with no well-defined 

limits: XANES (X-Ray Near-Edge Structure) and EXAFS (Extended X-ray 

Absorption Fine Structure).  

On the one hand, XANES is the closest part to the absorption edge and 

provides information about the oxidation state and the coordination 

environment of the absorbing atom (Au in this work). This region does not 

have concise mathematical formulation and results more qualitative that 

quantitative [98]. 

On the other hand, EXAFS consists on the oscillations present at 

energies above the XANES region and carries information about the 

coordination number (N), the distances between near neighbours (D) and 

the “disorder” of the structure by means of the mean-square disorder or 

Deby-Waller factor (σ2). Besides, on the contrary to XANES, it has a very 

precise mathematical background by which electrons are modelled as 

spherical waves with probability f(k) of being elastically scattered within the 

crystallographic environment. It is the combined action of constructive and 

destructive interferences of this electron waves what allows to calculate the 

mentioned structural parameters through the EXAFS equation [97]: 
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2
𝑠𝑠𝑛(2𝜅𝐷𝑖 + 𝛿𝑖(𝜅)) Eq. 2.2 

where subscript i refers to the i'th electron scattering path, λ(k) is the mean 

free path of the photoelectron, δ(k) is a phase shift, So is the amplitude 

reduction factor and k is the photoelectron wavenumber. 

All XAS measurements were carried out at the European Synchrotron 

Radiation Facility (ESRF) in Grenoble (France), specifically in the Spanish 

Beamline (Spline) at branch BM-25A (5-35 keV). The data analyses were 

conducted with the Demeter software pack (v 0.9.20). 

X-Ray Photoelectron Spectroscopy (XPS) 

This technique allows studying quantitatively the elemental composition 

of a sample, its empirical formula, as well as the chemical and electronic 

states of the elements present. It uses monochromatic soft X-rays (Mg Kα or 

Al Kα usually) to excite the sample and, at the same time, registers the 

number and kinetic energy (Ek) of the photoemitted electrons. Lastly, the 

binding energy (BE) associated with these electrons is calculated from [99]: 

𝐸𝑘  =  𝐸𝛾  –  𝐵𝐸 −  Ф Eq. 2.3 

where Ф is the spectrometer work function (energy required to remove an 

electron from the sample to vacuum). Since electrons are required to escape 

from the sample to the vacuum, XPS provides information only from the 

sample surface (around 5 nm). When plotting the intensity of photoemitted 

electrons (number of counts) versus their BE, peaks related to specific 

elements are observed (being BE = 0 eV the Fermi level). Each element 

present in the sample will show several XPS peaks corresponding to 

different energy levels (1s, 2p, etc.). Additionally, since registered 

photoelectrons come from excited levels (including valence band) this 
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spectroscopy is extremely sensitive to chemical shifts induced by the more or 

less oxidative environment of a particular element [99]. 

In this work, the XPS measurements were performed on a PHI 3027 

ESCA system using non-monochromatic Mg Kα radiation (1253.6 eV) of a 

twin anode, in the constant analyzer energy mode, at a scanning step size of 

0.5 eV for the surveys and 0.2 eV for the high-resolution spectra. The 

shifting produced by charging was corrected in all cases by using C 1s peak 

set to 284.5 eV coming from adventitious carbon [100]. 
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Chapter 3 

SiO2NWs and Synthesis 
Process 

This chapter is focused on the description of the SiO2NWs 

synthesized on Si substrates, as well as in the different features within 

the synthesis process in itself, including the catalyst and the nature of the 

Si source. Particularly, special attention will be paid to the Au-Si system, 

since it is necessarily present in all the routes described along the 

present work. The dissociation mechanism of Au thin films into droplets 

will be studied. Additionally, the hypothesis that SiO2NWs grow through 

a gaseous Si-based species will be evaluated through a combined action 

of TPR and SEM techniques. Finally, it will be debated whether a parallel 

diffusion process between the Si of the wafer and the Au particles is 

taking place; for which a systematic XAS study at different stages of the 

SiO2NWs synthesis process was carried out. 

3.1 Description of the synthesized SiO2NWs 

As described in Chapter 1, SiO2NWs grow by a CVD process with Au 

acting as metal catalyst and Si <100> wafers as unique source of silicon. Fig 

3.1 shows the nanowires resulting from a typical synthesis on Si substrates, 

by using 5 nm thick Au film as catalyst. The nanowires grow from the Si 

surface in a disordered fashion, as observed in cross-section images of Fig 

3.1a and 3.1b, making difficult the estimation of their total length. Therefore, 

to ensure comparability along the work, the length of the SiO2NWs will be 

assigned to the vertical growth from the substrate, bearing in mind that this 
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value is underestimated. Likewise, the average diameter of the SiO2NWs will 

be calculated from several top view FESEM images (Fig 3.1c) using the 

highest magnification (Fig 3.1d) and taking into account the depth of field to 

focus the SiO2NWs. 

 

Figure 3.1: Cross-section FESEM image of the SiO2NWs on the Si substrate (a) and a 
detail at the interphase (b). Top view images of the SiO2NWs at different magnifications (c) 
and (d). 

Moreover, SiO2NWs can be detached from their original substrate to be 

analyzed by TEM (Fig 3.2a). Fig 3.2b shows a high-magnification zoom on 

a nanowire in which it can be noted its amorphous structure. Contrary, in the 

zoom conducted on the catalyst particle, some crystalline planes appear with 

a fringe spacing of 0.20 nm, which corresponds to the (200) plane of face 

centered cubic (FCC) Au (0.203 nm, JCPDS card No. 04-0784). The 

composition of the catalyst particle is also validated by the EDX analysis of 

Fig 3.2e. Additionally, EDX analysis conducted on a nanowire confirms the 
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presence of Si and O in the composition, obtaining as a result a sub-

stoichiometric silicon dioxide (Fig 3.2d). 

 

Figure 3.2: HRTEM image of the NWs (a) and high-magnification zooms at the 
nanowire (b) and at the catalyst particle (c). EDX analysis conducted on the nanowire (d) 
and on the catalyst particle (e) with the corresponding atomic percentage data. Contributions 
from C and Cu are ascribed to the Formvar Carbon Cu grid. 

The chemical composition of the SiO2NWs was also analysed by XPS. 

Fig 3.3 shows the Si 2p and O 1s core level spectra (black squares) of the 

SiO2NWs without detaching them from the original Si substrate. In both 

spectra it can be identified two contributions: a lower-intensity peak centered 

at 103.5 eV and 532.5 eV, respectively, and another higher-intensity peak 

located at higher binding energies (>3 eV). The positions of the lower-

intensity peaks were consistent with a Si-O bonding corresponding to SiO2 

[101]. However, no oxidation states of Si may appear at energies higher than 

103.5 eV. Therefore, the presence of the higher-intensity peaks was 

associated to an intense charging effect [102, 103], which may result from 

the insulating nature of silica and the long SiO2NWs length. With the aim of 

proving this hypothesis, a thin layer of chromium (Cr) (5 nm of thickness) 

was deposited on the previously measured sample, providing a continuous 

conductive layer in between the SiO2NWs. XPS analysis of the Cr coated 
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sample (red circles, Fig 3.3) showed a significant decrease in the intensity of 

the peaks located at higher BE, which also shifted their centre to lower 

energies; confirming the proposed supposition. Significantly, it is important 

to note that the high density of SiO2NWs hinders any signal from the Si 

substrate. 

 

Figure 3.3: Si 2p (a) and O 1s (b) core level spectra recorded for SiO2NWs/Si sample 
before (black squares) and after (red circles) depositing a 5 nm thick Cr layer. All spectra were 
Shirley background corrected. 

Finally, a PL analysis was performed on the basis of reports consulted 

on literature [16, 67], which affirm that these type of SiO2NWs exhibit broad 

blue emission.  Fig 3.4a shows the PL spectra of the SiO2NWs/Si sample at 

RT. It can be noticed that a broad PL peak centered at ca. λ=509 nm (2.44 

eV) appears for an excitation wavelength (λexc) of 392 nm, disappearing for 

λexc=408 nm. This blue-green emission can be ascribed to oxygen-deficient 

centres (such as neutral oxygen vacancies, ≡Si–Si≡, and twofold coordinated 

silicon defects, ≡Si–O–Si–O–Si≡) and self-trapped excitons [17], which is in 

agreement with the EDX results obtained by TEM. However, in order to 

determine the contribution of each model to the resulting PL emission, 

further measurements would be required.  
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Additionally, the evolution of the PL peak was examined after successive 

annealing of the sample from 100 ºC to 900 ºC (Fig 3.4b) using a λexc=402 

nm. Before each measurement the SiO2NWs/Si sample was annealed for 10 

min in an oven (in air) and subsequently, the PL spectrum was performed at 

RT. The results showed that PL intensity was maintained along the different 

thermal treatments conducted on the sample. This meant that the structure 

and composition of the SiO2NWs do not change with temperature. 

Furthermore, it was also observed that samples stored at RT preserved the 

PL at least for 3 months (spectra not shown here). 

 
Figure 3.4: PL spectra of the SiO2NWs/Si sample at RT (a) and emission spectrums of 

the same sample after successive annealing from 100 ºC to 900 ºC (b). 

Finally, Fig 3.5b presents the CL image conducted on a boundary 

between regions with and without SiO2NWs (Fig 3.5a). This image shows a 

blue-green CL produced by the SiO2NWs, which is in agreement with similar 

studies reported in the literature [104, 105] and that clearly correspond to the 

PL analysis. 
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Figure 3.5: SEM image of an interface between a region with and without SiO2NWs (a) 
and its corresponding CL image (b). 

3.2 Description of the nanoparticles generation 

As mentioned in Chapter 1, there are several ways to produce catalyst 

nanoparticles (NPs) of a controlled size. In this work, the strategy followed 

to obtain the catalyst NPs consists in the dissociation of an Au thin film into 

droplets by effect of a thermal treatment. This mechanism is possible 

because of the original instabilities existent in the deposited layer after the 

sputtering process. Thus, due to the nature of this method, films obtained by 

sputtering at medium-vacuum conditions used to present imperfections on 

the surface. To this extent, in the case of very thin films these irregularities 

may provide an inhomogeneous coating of the substrate. Therefore, in order 

to observe the initial roughness of the deposited Au coatings, tapping-mode 

AFM measurements were performed (Fig 3.6) over Au films with 

thicknesses of 5, 10 and 15 nm.  In all cases polished <100> Si wafers were 

used as substrates. 
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Figure 3.6: Tapping-mode AFM measurements of Au films as-formed on polished Si 
wafers, for film thicknesses of 5, 10 and 15 nm. In each case, the topographic image (scale bar 
100 nm) (a) and its corresponding line-scan profile (b) are shown. A simplified scheme (c) 
and the real image of the Au film profiles (d) are also shown. The Zavg and the RMS indicate 
the average height of the protuberances and the surface root mean squared data, respectively. 

The topographic AFM images of the Au films (Fig 3.6a) confirm the 

premise that the films are formed by the nucleation and growth of three-

dimensional (3D) Au islands on the surface of the substrate. The line-scan 

profiles (Fig 3.6b) conducted in each case clearly show that the islands 

height reaches their maximum value for the 10 nm thick film. It can be 
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concluded from this behavior that, during the sputtering process, Au islands 

become larger by the supplement of additional atoms until reaching the 

coalescence at its lower part, as represented in Fig 3.6c. In doing so, the 

voids between are filled creating a continuous layer and, in turn, reducing the 

surface roughness. This evolution can be corroborated by the 3D Au film 

profiles (generated from the topographic images) depicted in Fig 3.6d. 

Additionally, the surface root mean squared data (RMS) are in accordance 

with the aforementioned premises. Finally, it should be noted that, despite 

the surface roughness of each thin film, it is observed a total coverage of the 

substrate from the lowest coating thickness. 

After the AFM characterization, the samples were annealed at 900 °C in 

air for an hour (as described in Chapter 2). As a result, a distribution of 

particles was generated by effect of this treatment, as displayed in Fig 3.7. 

The process by which Au films dissociate into droplets under annealing 

has been widely reported in the literature [106-110] to be considered of 

primary interest in the field of semiconductor device industry, where the 

procedures to stablish stable Ohmic contacts are earnestly sought. The 

disaggregation of the Au film by effect of the temperature responds to the 

need of the system to evolve towards a state of lower energy by reducing the 

initial stresses of the thin film. This process is commonly described [106-110] 

by three successive stages. In the first one, tensile stresses at grain 

boundaries cause surface fluctuations large enough to penetrate the film, 

producing voids. The second stage is characterized by the growth of these 

voids through a concurrent agglomeration of the metal. In the third stage, 

the voids join together and the metal islands evolve towards spherical shapes 

in order to reduce their surface tension. 
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Figure 3.7: Au films of 5, 10 and 15 nm thickness after annealing in air at 900 ºC on 
polished <100> Si wafers. A FESEM top-view image of the formed particles (a), their 
corresponding size distribution (b), and a FESEM cross-section view of the samples (c) are 
shown. The average Feret diameter (Davg) and height (Zavg) values are also indicated.  

Top-view SEM images of Fig 3.7a show the arrangement of the Au 

particles on the Si surface at the end of the third stage. At first sight, it is 

seen the higher density of particles in the 5 nm thick film in comparison with 

those from the 10 nm and 15 nm thick films. In addition, the lower size of 

these particles is also noticeable. Fig 3.7b shows the size distributions 

carried out from the preceding SEM images, indicating in each case the mean 

Feret diameter1 of the particles (Davg). Complementary to this, the average 

height (Zavg) of these particles was estimated from the cross-section SEM 

                                                            
1 Feret diameter is defined as the distance along a specific direction between two 
parallel tangential lines perpendicular to that direction. Feret diameter in this work is 
the mean value between Fx and Fy. 
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images of Fig 3.7c. The results drawn from these analyses lead to the 

conclusion that the 5 nm thin film under annealing gives rise to quite regular 

and spherical shape particles with dimensions of around 70 nm of diameter. 

On the contrary, the films of thicknesses between 10 and 15 nm generate 

significantly bigger irregular particles, which have not reached a spherical 

shape, with an average Feret diameter of 700 nm and heights of around 230 

nm. 

In conclusion, it follows from the above that in order to obtain a 

reproducible pattern of Au NPs, an initial Au thickness near 5 nm is 

required. Similarly, it is worthwhile emphasizing that the particle's heights 

obtained by this method are always remarkably higher than the initial 

thicknesses values of the films. 

Once known the behavior of the Au films under annealing in air 

atmosphere, the synthesis of the SiO2NWs was conducted (Fig 3.8). For this 

experiment three new Si substrates were prepared and the same thermal 

treatment at 900 °C was performed but flowing now a mixture of H2 and Ar, 

as described in Chapter 2. 

Fig 3.8a shows the high density of nanowires grown from the sample in 

which a 5 nm thick Au film was deposited. By contrast, substrates in which 

10 nm and 15 nm thick Au films were initially evaporated have almost no 

presence of SiO2NWs (Figs 3.8b and 3.8c). These samples were harshly 

etched by effect of Au diffusion into the substrate, resulting in a collection of 

rectangular voids spreading along <110> and <1�10> Si lattice directions. 

This behavior indicates that the SiO2NWs only grow when the catalyst NPs 

are of the adequate size (<200 nm). In the other cases, the particles are 

excessively large and just erode the Si surface, creating rectangular voids 

while forming the Au - Si alloy, but are unable to reach the supersaturation 

to generate the SiO2NWs. 
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Figure 3.8: SEM images of Au films deposited on polished Si wafers after the thermal 
treatment at 900°C for the synthesis of the SiO2NWs, for film thicknesses of 5 nm (a), 10 nm 
(b) and 15 nm (c). 

This behavior, in principle unfavorable, can be employed to obtain a 

selective growth of the SiO2NWs by the use of masks in the process. If a 

mask with a certain pattern is attached to the Si surface before evaporating 

the Au film, the negative image of this pattern will be reproduced in Au on 

the substrate. Fig 3.9a illustrates this process when a grid with a circular-

hole pattern (1 mm diameter) is employed. If, subsequently, the SiO2NWs 

synthesis is carried out, two different results can be achieved. In the case of 

evaporating a 5 nm thick Au layer, the SiO2NWs grow throughout the 

circular Au pattern, remaining the rest of the substrate unaltered (Fig 3.9b). 

However, if a 10 nm thick Au layer is evaporated, the result is significantly 

different (Fig 3.9c), since the SiO2NWs just grow on the edge of the circular 

patterns. The explanation is related with the conduct described in Fig 3.8. 

When the Au is evaporated through the mask, the sputtering angle causes a 

gradual loss of thickness on the edges instead of an abrupt change, as 

depicted in Fig 3.9d. This produces a particle size distribution in which NPs 

at the edges are small enough to synthesize the SiO2NWs, but not the large 

NPs at the center. It is for this reason that the SiO2NWs grow in a ring 

about 40 μm wide (Fig 3.9f) when using a 10 nm thick Au layer. On the 

contrary, this effect is not observed in the case of the 5 nm thick Au layer 

(Fig 3.9e), since all the thicknesses are suited to generate the SiO2NWs. 
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Figure 3.9: Scheme of the Au design obtained on the Si substrate by using a graphite grid 
with a circular-hole pattern (1 mm of diameter) as mask during the evaporation process (a). 
SEM images of the samples after the SiO2NWs growth for a film thickness of 5 nm (b) and 
10 nm (c). Scheme of the circular Au design viewed from the side (d). Magnification of the 
outlined areas in 3.9b (e) and 3.9c (f), showing in detail the edge of the Au pattern. 

Finally, the surface roughness of the substrate is other factor that can be 

modified in order to obtain catalyst NPs of the adequate size. As an example, 

by using the rough side of the Si wafer instead of the polished one, results 

are somewhat different. Now the Au film is more strained in the regions 

with higher roughness, so that in these zones the particles generated are 

smaller than those obtained with a flat surface. This change in size can be 

observed in the circled regions of Fig 3.10b and 3.10c. It is possible, 

therefore, to produce adequate catalytic NPs with an initial film thickness of 

10 and 15 nm. Hence, when the SiO2NWs synthesis is performed, these 

small particles are able to generate nanowires as shown in Fig 3.10e and 

3.10f. The 5nm thick Au film, meanwhile, does not show any significant 

change (Fig 3.10d), since the dimensions of the Au particles in this case (Fig 

3.10a) are similar to those obtained by using flat substrates (Fig 3.10a). The 

concept of roughness as a tool for the generation of small catalytic NPs will 

be extensive employed in following chapters.  
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Figure 3.10: SEM images of the rough-side Si wafers after the thermal treatment in air at 
900°C for film thicknesses of 5 nm (a), 10 nm (b) and 15 nm (c); and after the SiO2NWs 
synthesis for the same film thicknesses of 5 nm (d), 10 nm (e) and 15 nm (f). The dotted 
circles in (b) and (c) show regions of high roughness where the generated Au particles are 
smaller. 

3.3 Precursor of the nanowires growth 

According to the binary phase diagram of the Au-Si system (Fig 3.11), 

the eutectic point is found at 363±3 °C and 18.6±0.5 at% of Si. Therefore, it 

should be possible to grow Si nanowires by the VLS method at temperatures 

close to the eutectic. However, as commented in Chapter 1, in most of the 

cases it is required the use of high temperatures. For instance, R.S. Wagner 

and W.C. Ellis employed a temperature of 950 °C when described the 

method for first time [28]. This is because the eutectic temperature does not 

control the process, but the generation of the Si-based precursor. 

The eutectic point indicates the temperature at which the intermixing of 

the two components into a liquid phase takes place, but it is applicable only 

between two solid phases in direct contact, with high concentrations of both 

elements. On the contrary, in the mentioned example [28], the Au is present 

in the form of NPs and Si diffuses into these NPs in gaseous phase. Hence, 
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the process is limited by the temperature at which the SiCl4 is reduced by H2 

to form Si gas. This reaction has been studied [111] and it is known to take 

place at temperatures between 800 and 1000 °C, which is consistent with the 

nanowire synthesis temperature. Following this reasoning and applying it to 

the present case, the explanation of why the SiO2NWs do not grow until 

reaching 900 °C could be related to the process by which Si, in a gaseous 

form, is released. 

 

Figure 3.11: Phase diagram of the Au-Si system [112]. The symbol α represents the FCC 
structure of the Au and β represent the diamond cubic structure of the Si.  

Despite the apparent complexity of the synthesis process, there are few 

elements to be taken into account: the Si wafer, the Au coating and the gases 

(H2 and Ar). Therefore, based on the assumption that the Si source comes 

from a gaseous form, a limited number of routes may be contemplated. 
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Si sublimation 

The first contemplated option was a possible sublimation of the Si from 

the wafer at the synthesis temperature. However, the vapor pressure of Si 

indicates that this transition takes place only at temperatures above 2800 ºC, 

at AP. Hence, it would be necessary high-vacuum conditions in order to 

observe a significant sublimation of the substrates at the synthesis 

temperature (900 ºC). 

SiH4 formation 

The second option implied a dissociative adsorption of H2 on Si to 

produce SiH4 or other hydrogenated forms (SiH3, SiH2, SiH). This 

mechanism has been extensively studied, observing that H2 is adsorbed on 

the Si <111> planes at high substrate temperatures (1050 K) and medium-

vacuum conditions (10-4 mbar) [113, 114]. However, the sticking probability 

of H2/Si is almost negligible at atmospheric pressure or RT [115]. In fact, 

the inverse reaction (decomposition of SiH4 into H2 and Si) is commonly 

employed in industry for the production of polysilicon through CVD 

processes at temperatures in the range 650 to 800 ºC [116]. Therefore, it is 

not favorable the formation of hydrogenated silicon species during the 

synthesis process. 

SiO formation 

Thus far, the suggested reactions just considered the production of pure 

Si. Nevertheless, the generation of a pure Si phase cannot explain itself the 

amorphous oxidized structure of the resulting nanowires. Consequently, a 

simultaneous incorporation of Si and O into the catalytic NP would be 

needed in order to generate this arrangement. Hence, based on this 

requirement, it was considered the formation of a gaseous SiO species, since 

it is known to exist in the range of 1028 to 1246 ºC due to its extensive use 

in glass and metallurgical industries [117]. 
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Therefore, bearing in mind once again the elements present in the 

system, two unique routes are feasible in order to produce this oxide. The 

first one implies the reduction of the native silica from the wafer surface by 

the action of the H2 according to the reaction: 

H2 (𝑔)  +  SiO2 (𝑠)  ⟶  SiO (𝑔)  +  H2O (𝑔) Eq. 3.1 

A second option does not include the H2 and only considers the reaction 

between the Si of the wafer and its native oxide layer according to: 

Si (𝑠)  +  SiO2 (𝑠)  ⟶  2SiO (𝑔) Eq. 3.2 

Finally, after the complete removal of the SiO2 layer (via one of the 

previous processes), an additional reaction can take place between the 

exposed Si of the wafer and the residual oxygen present in the system: 

Si (𝑠)  +  ½ O2 (𝑔)  ⟶  SiO (𝑔) Eq. 3.3 

On the one hand, some groups have observed that the reaction of Eq 

3.1 takes place at AP in the temperature range between 1115 to 1630 °C 

[118] or close to 900 °C through hydrogen activated via microwave discharge 

[119]. On the other hand, Eqs 3.2 and 3.3 have been widely studied to be 

part of the so-called active oxidation of Si [120, 121]. Experiments 

performed under ultra-high vacuum conditions [122, 123] have shown that 

this active oxidation occurs at low oxygen pressures (5x10-5-5x10-2 Torr) and 

high substrate temperatures (890-1150 ºC). In addition, a recent report [124] 

based on thermogravimetric experiments under helium (He) and H2 

atmospheres, has proved that these reactions are possible at temperatures as 

low as 1050 to 1100 ºC and at atmospheric pressure. It therefore follows 

that, according to literature, both routes are equally possible. 
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3.3.1 TPR analysis 

Consequently, in order to determine whether the H2 was taking part or 

not in the generation of the SiO2NWs through the production of the SiO, a 

series of TPR experiments were designed. The aim of these experiments was 

the growth of the SiO2NWs in situ, so that the consumption of H2 could be 

monitored at the same time as the nanowires grew. 

Fig 3.12 displays the results of the TPR experiments, in which the 

consumption of H2 over time, as well as the programmed heating curve are 

shown. In addition, Table 3.1 summarizes the results obtained from these 

experiments. It is worth mentioning that the high noise level in the signals is 

a direct consequence of the remarkably small values recorded, very far below 

from those usually obtained by this technique [125]. However, within the 

framework of the SiO2NWs growth, these low values can be significant since 

they are in the same range of magnitude than the mass of the SiO2NWs (see 

Appendix IVa). 

 
Figure 3.12: Consumption of H2 upon TPR analysis of Si <100> samples without (TPR 

1) and with (TPR 2, 3, 4) Au coating. The curve corresponding to TPR 0 shows the 
consumption of H2 without introducing any sample in the system. The solid dark cyan curve 
indicates the thermal treatment performed. 
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In view of the particular expected low values, a first measurement (blank 

curve) without the introduction of Si substrates was performed (TPR 0). 

Significantly, this curve showed two peaks at temperatures of 600 and 800 ºC 

approximately (Fig 3.12), instead of providing a constant zero value as 

expected. This effect points out that the H2 was being consumed via a 

reduction reaction different from those exposed in Eq 3.1, since during the 

blank curve there was no presence of Si and neither of its oxide. Afterwards, 

in a second measurement, Si <100> substrates (without Au coating and with 

their native oxide) were subjected to the same process (TPR 1). In this case, 

despite the presence of SiO2, the same peaks of TPR 0 were obtained. 

Besides, in both cases the same amount of H2 was consumed (50.1 ± 0.1 

μmol), as reported in Table 3.1, what implied that the same reaction was 

taking placed. 

In fact, in the absence of any material to be reduced during the blank 

curve (TPR 0), the unique feasible reaction that explains these reduction 

peaks is the following: 

2H2 (𝑔)  +  O2 (𝑔)  ⟶  2H2O (𝑔) Eq. 3.4 

in which the H2 can react with the residual O2 present in the atmosphere or 

adsorbed in the walls of the quartz tube to form H2O. Indeed, this 

mechanism has been studied [126, 127] and it is known that is allowed at 

atmospheric pressure in the temperature range from 500 to 600 ºC. 

In this way, when the Si substrates are introduced in the process, the 

residual O2 prefers to react with the H2 rather than be adsorbed onto the Si 

surface to form SiO via Eq 3.3 or SiO2 via the passive oxidation of the 

substrate through the reaction: 

Si (𝑠)  +  O2 (𝑔)  ⟶  SiO2 (𝑠) Eq. 3.5 
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This is also corroborated by the SEM image (Fig 3.13, TPR 1) 

conducted on the substrate after the reduction process, in which no 

evidences of morphological changes are observed. 

Coming back to the TPR results, after these two preliminary 

measurements, new Si <100> substrates coated with a thin film of Au (5nm 

of thickness), were subjected to the same process. This experiment was 

repeated three times in order to ensure the reproducibility of the results 

(TPR 2-4). The curves named as TPR 2 and 3 correspond to Si substrates 

with the Au coating deposited on their polished side, whereas the curve 

named as TPR 4 correspond to Si substrates with the Au coating deposited 

on their non-polished side. Besides, as in the TPR 1 case, all these samples 

were analyzed by electron microscopy once the TPR process was concluded, 

revealing in all cases a large amount of SiO2NWs on the side where Au was 

deposited (Fig 3.13, TPR 2-4). Hence, it was demonstrated the success of 

the process in reproducing the synthesis conditions of the CVD system. 

However, no peaks appeared in the TPR curves of any sample (as shown in 

Fig 3.12) and the H2 consumption was also lower than in the previous cases, 

as can be seen in Table 3.1. Furthermore, in order to untie the H2 

consumption from the amount of sample employed in each case, the H2 

consumption per gram of sample is also provided in Table 3.1. By observing 

these values, it is clear the notable decrease of the H2 consumption when the 

SiO2NWs are synthesized. 

Two significant conclusions can be deduced from these results. The first 

one is that the SiO2NWs growth implies the presence of SiO in the process. 

Thus, excluded the Eq 3.1, the active oxidation of the Si wafer (through Eq 

3.2 and 3.3) remains as the unique possible explanation. Secondly, it is clear 

that the reaction of Eq 3.4, which is present in the curves of TPR 0 and 1, is 

inhibited when the SiO2NWs grow. 
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Name Description 
H2 consumption 

(μmol) 

Sample 

mass (mg) 

H2 consumption 

(mmol/g) 

TPR 0 Blank 50.1 ± 0.1 - - 

TPR 1 Si 50.1 ± 0.1 403.3 ± 0.1 0.12422 ± 4·10-5 

TPR 2 Si + Au (5nm) 27.30 ± 0.09 356.7 ± 0.1 0.07653 ± 4·10-5 

TPR 3 Si + Au (5nm) 23.38 ± 0.09 306.6 ± 0.1 0.07626 ± 3·10-5 

TPR 4 Si (rough) + Au (5nm) 22.49 ± 0.09 387.9 ± 0.1 0.05798 ± 4·10-5 

Table 3.1: Results obtained from the TPR analysis of Fig 3.7. The consumption of H2, 
the mass of the Si samples employed and the H2 consumption per gram of sample are shown 
in each case. 

Therefore, taking into consideration the two assessments, the results 

suggest that, in presence of the Au/Si system, the residual O2 is adsorbed 

onto the Si surface to subsequently form the SiO via Eq 3.3. In this way, 

since the O2 is now being employed in the formation of SiO, the Eq 3.4 is 

inhibited. This statement is also consistent with the calculations conducted 

on Appendices IVa and IVb, in which it is demonstrated that the native 

SiO2 of the wafer is insufficient to generate SiO2NWs.  

 

Figure 3.13: FESEM images of the samples after TPR analysis. 

However, the preeminence of reaction Eq 3.3 seems not so clear when 

observing the EA of each reaction. The estimated EA in the case of Eq 3.4 is 



SiO2NWs and Synthesis process 

55 
 

about 101 kcal·mol-1 (4.38 eV) [128]. On the other hand, the required EA for 

the SiO desorption via Eq 3.3 is in the range of 3.83 - 4.3 eV [122, 129]. 

Additionally, according with these last values, the growth of the SiO2NWs 

would be only possible at temperatures above 1000 ºC, as exposed in the 

diagram of Fig 3.14, where it is shown the critical conditions for the 

generation of SiO. 

It must be noted, in order to understand this diagram, that the active and 

passive oxidation processes of Si are controlled by two main factors: the 

temperature of the substrate (TS) and the O2 partial pressure (P(O2)). In this 

regard, the active oxidation (Eq 3.3) takes place at low P(O2) and high TS, 

and conversely, the passive oxidation (Eq 3.5) takes place at high P(O2) and 

low TS. The critical conditions for the generation of the SiO species can 

therefore be expressed in terms of a critical oxygen pressure by the equation:  

𝑃𝐶(𝑂2) = 𝑃0𝑒
− 𝐸𝐴
𝑘𝑇𝑆 

Eq. 3.6 

where P0 is 2x1012 Torr, EA is the activation energy and k is Boltzmann's 

constant. According to this boundary line (represented in Fig 3.14), the 

growth of the SiO2NWs at a temperature of 900 ºC would be only possible 

in an atmosphere with less than 0.1 ppm of O2. However, the O2 

concentration expected in the H2-Ar atmosphere of the process is in the 

range of 1-3 ppm, as specified by the distributor. Therefore, as shown by the 

green area of Fig 3.14, the SiO2NWs could not grow at 900 ºC; since this 

zone is within the passive oxidation region. The only explanation for the 

generation of the SiO2NWs in spite of the EA values is the action of the Au 

as catalyst in the process. In fact, some reports [121, 130] explain how the EA 

can diminish to values close to 2 eV if there is a pre-etching of the Si 

substrate. 
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Figure 3.14: Critical O2 partial pressure showing the boundary between the region of 
passive oxidation (formation of SiO2) and active oxidation (formation of SiO). Dotted red 
fitting correspond to experimental data by Lander and Morrison [129] and dotted blue fitting 
correspond to experimental data by Smith and Ghidini [122]. Additional curves by using 
activation energies of 3.5, 3.0 and 2.5 eV are also shown. The green area represents the 1-3 
ppm of O2 of the annealing ambient. 

In this way, if the Au is diffusing into the Si substrate during the thermal 

treatment (see phase diagram of Fig 3.11), it could produce vacancies in the 

Si surface. This would make possible the adsorption of O2 through the Si 

lone pairs, and the SiO desorption at a much less EA. So that, whether the 

EA diminishes, the boundary line is shifted to lower temperature values, as it 

has been represented in Fig 3.14. This being the case, a reduction in the EA 

to a value of 3.5 eV would be enough to observe the growth of the 

SiO2NWs at 900 ºC. 

This action would also explain why the O2 is only adsorbed in the 

substrates previously coated with Au (TPR 2-4) and not in the bare Si wafer 
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(TPR 1). Since, it is necessary to go across the native SiO2 layer to form the 

SiO species. 

3.4 Incorporation mechanism of Si into Au 

Therefore, although the SiO is considered the main precursor of the 

SiO2NWs, there seems to be also a previous interdiffusion process between 

Au and Si acting as catalyst in the formation of the SiO. In order to observe 

this initial diffusion of Si into the Au NPs, a XAS analysis was performed 

over samples annealed at different intermediate temperatures of the 

SiO2NWs growth (see Fig 2.4). These temperatures were chosen in 

accordance with the Au-Si phase diagram (Fig 3.11) to have representation 

of the region: under the eutectic temperature (150 ºC), around eutectic (350 

ºC) and above the eutectic (500 ºC). Additionally, 800 and 900 ºC were also 

studied, since these are the temperatures at which SiO2NWs start to grow 

and reach their maximum production, respectively. Finally, the Au NPs 

generated by annealing in air at 900 ºC were also evaluated. 

Furthermore, the same study was conducted by using highly oriented 

pyrolytic graphite (HOPG) as substrates instead of Si wafers. These 

substrates were placed at certain distance of the SiO source, as explained in 

Chapter 2. In this way, the synthesized SiO2NWs were exclusively result of 

the SiO incorporation into the Au NP, and the contribution coming from 

the Si diffusion could be suppressed. 

Fig 3.15 shows the morphological changes produced on the Au film at 

each stage of the SiO2NWs growth, in the Si substrates. The SEM images 

show the dissociation mechanism of the Au layer into droplets as described 

at the beginning of this chapter. Significantly, there are traces of a diffusion 

process of Au into Si in the image corresponding to the sample annealed at 

350 ºC. The circled zones show rectangular Au particles embedded into the 

substrate, connected with irregular and elongated Au islands. The same 
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behavior was also observed in the substrate at 500 ºC (not shown in the 

image). At 800 ºC it starts the growth of the nanowires, being more 

noticeable at 900 ºC. Finally, the same behavior reported above is observed 

after annealing in air at 900 ºC. 

 

Figure 3.15: FESEM images of the polished Si substrates coated with 5 nm Au layer at 
different stages of the SiO2NWs growth, and after annealing in air at 900 ºC. The circled 
regions in the sample at 350 ºC indicate the diffusion of Au into Si. 

Conversely, the behavior of the Au film in the HOPG substrates is 

noticeably different. As shown in Fig 3.16, the surface mobility of Au in 

graphite is considerably lower than the mobility of Au in Si. In such a way 

that at 150 ºC the dissociation mechanism of the thin film is at the first stage: 

voids formation. Between 350 ºC and 500 ºC the voids have grown and at 

800 ºC there are Au islands but they have not reached the spherical form. 

Moreover, the growth of SiO2NWs does not occur until 900 ºC. Finally, after 

annealing in air at 900 ºC the HOPG suffers a dramatic change owing to the 

high oxidation of the surface and the Au is agglomerated into micrometric 

particles.  
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Figure 3.16: FESEM images of the HOPG substrates coated with 5 nm Au layer at 
different stages of the SiO2NWs growth, and after annealing in air at 900 ºC. 

3.4.1 XAS analysis 
Once known the morphology of the Au structures at each stage of the 

growth, XAS analysis was carried out in all the samples at the Au L3 edge 

(11.9 keV). As explained in Chapter 2, XAS spectra can be divided in two 

main regions: XANES and EXAFS. Fig 3.17 summarizes the XANES 

spectra of the samples observed above by electron microscopy. In addition, 

two further samples consist of the Au film as deposited on the Si wafer and 

the HOPG were also analyzed in order to observe the degree of crystallinity 

of Au after the sputtering process. There are two issues that can be clearly 

highlighted from these data: the similarity in XANES structure for all the 

samples (included the Au foil reference), and the convergence of all the 

absorption edge energies at the Au L3 edge. This means that the lattice 

structure, electronic configuration and oxidation state of the Au do not 

change along the SiO2NWs synthesis process, even after the thermal 

treatment in air at 900 ºC. Otherwise, the XANES spectrum would have to 

present a prominent white line at the onset of the edge [131, 132], 

characteristic of the transition metals in high oxidation states. The absence of 

this peak indicates that there are no Si-O bonds, evidencing that Au remains 
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unreactive neither to the O2 of the atmosphere nor to the oxygen from the 

SiO when is incorporated into the catalyst NPs. Hence, the SiO molecule is 

dissolved on the metallic Au matrix without modifying its chemical structure. 

 

Figure 3.17: XANES spectra of the Au film deposited on a Si <100> substrate (a) and 
on a HOPG substrate (b) at different stages of the SiO2NWs growth, after annealing in air at 
900 ºC and as deposited after the sputtering process. An Au foil reference was also measured. 

It should be noted that the XANES spectra recorded on the HOPG 

samples show, in general, a higher noise in the signal than the spectra of the 

Si samples. This noise level increases, as expected, at higher k values, 

becoming more significant in the EXAFS region. This is the reason for 

having reduced the k-range in the EXAFS signals of Fig 3.18b for the 

HOPG samples (Δk = 2-8.5 Å-1), compared to those used for the Si samples 

(Δk = 2-10 Å-1) in Fig 3.18a. As can be observed, the difference in the k-

ranges implies a notable change in the overall profile when applied the 

Fourier transform to obtain the χ(R). So, the spectrum of the Au foil 

reference was evaluated twice in order to serve as visual reference in both 

cases. 
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Figure 3.18: Magnitude of the Fourier transform of k2·χ(k) for the Au L3 edge. The 
spectra belong to the Au film deposited on a Si <100> substrate (a) and on a HOPG 
substrate (b) at different stages of the SiO2NWs growth, after annealing in air at 900 ºC and 
as deposited after the sputtering process. An Au foil reference was also measured. 
Experimental data are represented with hollow symbols, while the fittings are shown with 
solid lines. FT is not phase-corrected. 

The EXAFS signals reproduce very accurately the fine structure of the 

Au foil. Similarly to XANES, the absence of oxidation states is also 

confirmed, since it is not observed any contribution around 2 Å of a possible 

Au-O bond [132]. Therefore, despite the incorporation of other species as 

SiO in the catalyst NPs, the FCC structure is not modified in any case. In 

fact, by observing the numerical results from the fittings in Tables 3.2 and 

3.3, it is clear that the differences in the nearest-neighbor Au-Au bond are 

minimal along the different stages of the SiO2NWs growth. 
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However, despite the similarity in the first shell, the high degeneracy of 

the coordination number (N=12) makes it possible to observe small 

perturbations on the structure through the Debye-Waller factor (σ2).  The σ2 

serves as a measurement of the disorder in the structure, so that an increase 

in σ2 implies a higher disorder. According to this, it is clear the relative high 

disorder of the Au structure after the sputtering process indistinctly of the 

substrate employed. Additionally, it can be noticed how the Au film local 

structure order increases after annealing. In the case of the Si samples (Table 

3.2), the σ2 changes from 98x10-4 Å2 for the Au film as sputtered to 78x10-4 

Å2 after the thermal treatment at 150 ºC. Similarly, in the case of the HOPG 

samples (Table 3.3), the σ2 goes from 94x10-4 Å2 for the Au film as sputtered 

to 78x10-4 Å2 after the thermal treatment at 150 ºC. However, to draw a 

conclusion about the rest of data is rather more complex. 

In the case of the Si samples (Table 3.2), between 150 and 350 ºC there 

is a visible increase in σ2 from 78x10-4 Å2 to 87x10-4 Å2, which could indicate 

a distortion of the structure because of the diffusion process between Au 

and Si observed in Fig 3.15. However, the σ2 remains almost unchanged for 

500 and 800 ºC, when it is expected the supersaturation of the Au-Si alloy to 

occur. And it is finally reduced to 76x10-4 Å2 at 900 ºC, when it is supposed 

to take place the largest change in the Au structure due to the growth of the 

nanowires. It follows from this that the incorporation of Si into Au occurs 

so gradually while rising the temperature that the host Au matrix is able to 

distribute in a very efficient way the guest species into the NPs structure. In 

addition, it should be noted that the Au-Si is a simple eutectic system with 

no stable intermetallic compounds and limited solid solubility (see Fig 3.11). 

That is, when the liquid Au-Si alloy is cooled below eutectic temperature, the 

liquid transforms into two well-defined solid phases (αAu and βSi). 

Therefore, it makes sense to observe small fluctuations in the disorder of the 

Au structure after the whole process. In fact, taking into account the fitting 

errors, all the σ2 values overlap into an intermediate value of 80x10-4 Å2. 
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Sample N R [Å] σ2 (x10-4) [Å2] 

Au foil 12 2.864 ± 0.002 82 ± 3 

Si/ Au sput. 12 2.855 ± 0.003 98 ±  4 

Si 150 12 2.865 ± 0.002 78 ±  3 

Si 350 12 2.876 ± 0.003 87 ±  5 

Si 500 12 2.861 ± 0.003 81 ±  4 

Si 800 12 2.868 ± 0.002 81 ±  3 

Si 900 12 2.866 ± 0.003 76 ± 4 

Si 900 air 12 2.867 ± 0.003 83 ± 4 

Table 3.2: Results obtained from the fittings of Fig 3.18a on the Si substrates. N is the 
coordination number, R is the nearest-neighbor Au-Au bond length and σ2 is the Debye-
Waller factor corresponding to the 1st shell. 

In the case of the HOPG samples (Table 3.3) the behavior of the σ2 

with temperature is significantly different. In the temperature range from 150 

ºC to 800 ºC the σ2 has a very constant value of 78x10-4 Å2; the same value 

obtained in the “Si 150” sample, which is considered to have the most 

ordered structure, since there is not already Au-Si diffusion at that 

temperature. However, contrary to what happened in the Si samples, the σ2 

at 900 ºC is now noticeably high (99x10-4 Å2). Indeed, the increase in this 

value is explained by the incapability of adjusting the experimental data to 

the first path of the Au model, as evidenced the Fig 3.18b. That is, the high 

σ2 value reflects a significant disorder of the nearest-neighbor Au structure. 

These results, in connection with the evolution of the Au film observed in 

Fig 3.16, confirm that there is no insertion of SiO until a temperature above 

800 ºC. Therefore, in contrast with those described for the Si substrates, now 

the SiO species has a shortened period of time to be incorporated into the 

Au NPs prior to start the cooling ramp. So that, the limited time for the alloy 

formation, supersaturation and nucleation of the nanowires can make 
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possible to observe a greater disorder in the Au structure despite the limited 

solid solubility of both elements. 

Sample N R [Å] σ2 (x10-4) [Å2] 

Au foil 12 2.866 ± 0.005 83 ± 5 

G sput. 12 2.865 ± 0.003 94 ±  5 

G 150 12 2.862 ± 0.004 78 ±  6 

G 350 12 2.867 ± 0.003 78 ±  5 

G 500 12 2.868 ± 0.003 78 ±  4 

G 800 12 2.868 ± 0.002 77 ±  4 

G 900 12 2.864 ± 0.008 99 ± 13 

G 900 air 12 2.866 ± 0.005 81 ± 5 

Table 3.3: Results obtained from the fittings of Fig 3.18b on the Si substrates. N is the 
coordination number, R is the nearest-neighbor Au-Au bond length and σ2 is the Debye-
Waller factor corresponding to the 1st shell. 

Finally, the σ2 corresponded to samples annealed in air at 900 ºC are 

quite similar in both cases, 83x10-4 Å2 and 81x10-4 Å2 for the Si and HOPG 

substrates, respectively. So, in spite to be slightly larger from those 

corresponding to the “Si 150” and “G 150” samples, it cannot be concluded 

whether or not a diffusion process is taking place in the Si substrate under 

these conditions. Nonetheless, the image of Fig 3.15 and those of Fig 3.7 

pointed to the hypothesis that there exist no diffusion between Au and Si, 

since no intermixing of both elements was observed. 

3.5 Conclusions 
• Synthesized nanowires have an amorphous structure with chemical 

composition corresponding to SiO2 with oxygen vacancies, responsible 

for the blue-green PL and CL emission. 
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• Au NPs of different sizes can be obtained by annealing Au thin 

films of different thicknesses, reaching the best results for 5 nm thick 

coatings. The size of the final NPs can also be modified with the use of 

a mask or by increasing the substrate roughness. 

• TPR analysis has proven that H2 does not take an active part in the 

SiO2NWs growth. Consequently, SiO gas generated by the active 

oxidation of Si has been postulated as the unique possible source for 

the SiO2NWs growth. Additionally, the catalytic action of Au has been 

related to a decrease in the EA of the process. 

• Due to the limited solid solubility of the Au-Si system, it was 

impossible to determine if a parallel diffusion process was taking place 

between the Si of the surface and the Au NPs at temperatures lower 

than 900 ºC. 
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Chapter 4 

SiO2NWs Growth on TiN Thin 
Films 

As discussed, the diameter of the VLS-grown NWs is determined by 

the size of the Au NPs. For this reason, several groups have studied the 

use of nanoporous membranes as template [133, 134], so that the NWs 

diameter was constrained by the pore size of the membrane. This 

technique allowed the growth of high-density vertical NWs with well-

defined diameter and spacing [135]. In this section, it will be 

demonstrated that a similar effect can be achieved by using a sufficiently 

thin film. In this manner, the complexity of the process is reduced (since 

the synthesis of a membrane with specific pore dimensions is prevented) 

while, at the same time, high-density of vertical NWs is obtained. 

4.1 Introduction 

Owing to its remarkable physical and chemical properties [136, 137], 

TiN was chosen as a suitable candidate for supporting SiO2NWs growth. 

Additionally, the hardness of this material, combined with its low electrical 

resistivity, chemical and metallurgical stability and exceptional mechanical 

properties, make it an excellent choice for a wide of industrial applications. 

In fact, the use of TiN coatings has been well established in different areas of 

semiconductor technology, such as diffusion barriers [138], gate electrodes 

in field-effect transistors [139] and as contact in solar cells and ultra-large-

scale integrated circuits [140, 141]. Specifically, in the instance of the 

SiO2NWs growth, it is of interest the high elasticity and adherence of the 
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TiN coatings on Si substrates [136], as well as its high melting temperature 

(>2900 ºC) [142]. 

4.2 Mechanism of SiO2NWs growth 

The TiN films (~100 nm thick) grown on Si wafers (without removing 

its native oxide layer) as described in Chapter 2, were coated with a 10 nm 

thick Au film (Fig 4.1a) and subjected to the STT for the synthesis of 

SiO2NWs. 

During the first stage of the thermal treatment, the Au layer dissociates 

on the surface into droplets (Fig 4.1b). Then, Au diffuses through the TiN 

thin film and the Si native oxide layer until reaching the Si substrate (Fig 

4.1c). At that time and close to the synthesis temperature (900 ºC), SiO gas 

starts to form from the exposed Si regions (Fig 4.1d). At this point, as in the 

previous chapter, the same uncertainty arises about the origin of SiO gas; 

being reactions Eq 3.2 and Eq 3.32 equally possible. However, although 

reaction Eq 3.2 was not discarded, FESEM cross-section images of the 

sample after SiO2NWs synthesis revealed the generation of etched-voids 

about 300 nm depth (Figs 4.2a, b and c). Therefore, it was noticeable that, 

once exhausted the SiO2 native layer (around 20 Å thick [3]), Si kept on 

being consumed via reaction Eq 3.3. 

The SiO gas, generated mainly through Eq 3.3, is incorporated into Au 

leading to two possible situations. In one of the situations, the SiO gas is 

incorporated into the Au NP, that partly remains in the surface, until the 

supersaturation of the alloy and growth of the wire (Fig 4.2a). FESEM 

image taken at the bottom of the nanowire (Fig. 4.2b) clearly shows how the 

nucleation is originated in several sites against the TiN film. At each of these 

nucleation centers, a VLS mechanism takes place, continuing to spread 

upwards across the layer (which occasionally deforms or even breaks the 
                                                            
2 Eq 3.2: Si (s) + SiO2 (s) → 2SiO (g)  ;  Eq 3.3: Si (s) + ½ O2 (g) → SiO (g) 
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coating) to join on the surface as a single nanowire. In other words, this 

growth mechanism, of the SiO2NWs attached to the TiN film, resembles a 

“tree growing from the roots”.  

 

Figure 4.1: Schematic representation of the SiO2NWs growth process from a Si <100> 
substrate coated with a TiN thin film, as prepared (a) and the sequential steps under the 
thermal treatment (b-f), as labelled. 

On the other situation, it may occur that the SiO gas (generated in the 

Si-TiN interface) expands from inside to outside the coating layer while Si is 

consumed. In this case, due to the good mechanical properties of TiN, it is 

possible to identify the formation of bubbles along the thin film (Figs 4.2c 

and 4.2d) as illustrated in Fig 4.1e. These results clearly demonstrate the 

presence of gaseous species during the SiO2NWs synthesis. In fact, with the 

aim of discarding that these deformations could be consequence of the 

sputtering process or structure strain due to the thermal treatment, Si-TiN 

samples as prepared and after annealing in air at 900 ºC were also analysed 

by FESEM. On both situations no bubbles were observed (not shown here). 
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Figure 4.2: FESEM cross-section images of the SiO2NWs grown from the Si–TiN 
interface. Si is consumed in the process as evidenced by the etch-voids underneath the 
nanowires, (a) and (b). Bubbles trapped in the TiN coating prove the existence of gaseous 
species, (c) and (d). 

 

Figure 4.3: FESEM top-view image of the circular cracks formed on the TiN thin film 
during the SiO2NWs synthesis (a), and FESEM cross-section image of a single crack (b). 

Finally, if the pressure exerted by the SiO gas exceeds the fracture 

toughness of TiN (1-2 MPa·m1/2) [137, 143], the thin film explodes creating 

a circular crack (Fig 4.3a) as illustrated in Fig 4.1f. Therefore, these eroded 
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areas have no SiO2NWs inside but a sort of microparticles, presumably 

composed by an Au-Si alloy. Fig 4.3b shows a cross section image of one of 

these cracks in which it can be observed the erosion of the Si substrate 

resulting from the SiO gas formation.  

4.3 Analysis of the TiN coatings 

Taking into account all of the above conditions, it was studied the 

SiO2NWs growth over TiN films of three different thicknesses. All the 

samples were prepared at RT using polished Si <100> wafers (with its native 

oxide layer) as substrates. The final thickness of the TiN films was measured 

through the cross-section FESEM images shown in Fig 4.4, being of 44, 167 

and 234 nm, respectively. From these images, it can also be noticed the 

columnar growth of vertical grains, usually attributed to TiN [137, 144]. 

 

Figure 4.4: FESEM cross-section images of TiN films of 44 nm (a), 167 nm (b) and 234 
nm (c) of thickness over Si <100> substrates. 

Subsequently, the chemical composition of the coatings was analysed by 

XPS. Fig 4.5 shows the Ti 2p core level spectra of the different coatings, in 

which four peaks were identified, each spin–orbit splitted into doublets with 

j values of 3
2 �  and 1

2�  . The quantitative analysis of the fittings is reported in 

Table 4.1. The first Ti 2p3/2 peak centered at 455.1 eV refers to the nitride 

(TiN), to which is associated a shake-up peak centered at 457.3 eV [145-147]. 

The energy loss of the shake-up is attributed to intraband transitions 

between occupied and unoccupied electron states near the Fermi level. This 

shake-up contribution is normally present in TiNx films with x > 0.8 [145, 
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148]. The peak at 458.6 eV refers to the oxide component (TiO2) [99, 149] 

which is ascribed to oxidation of the TiN film after air exposure [150]. 

Finally, the appearance of the doublet at BE between nitride and oxide peaks 

is attributed to oxynitride species (TiOxNy) resulting from the mixing of 

nitrogen and oxygen atoms during the sputter process [146, 147]. 

 
Figure 4.5: Ti 2p core level spectra recorded for TiN coatings of thicknesses of 44 nm 

(a), 167 nm (b) and 234 nm (c). Experimental XPS spectrum (black dots), fitted curve (red), 
TiN (yellow), shake-up (wine), TiOxNy (blue) and TiO2 (green) doublet peaks are represented. 
All spectra were normalized and Shirley background corrected. 

State BE (eV) FWHM 
(eV) 

Area 
h=44 nm 

Area 
h=167 nm 

Area 
h=234 nm 

TiN 
2p3/2 455.1 1.9 3200 3100 4500 

2p1/2 460.9 2.2 1600 1500 2300 

Shake-

up 

2p3/2 457.3 2.9 1600 1500 2300 

2p1/2 463.1 2.9 770 860 1100 

TiOxNy 
2p3/2 456.5 2.3 4600 3600 5400 

2p1/2 462.2 2.3 1800 2300 2700 

TiO2 
2p3/2 458.6 2.3 20000 14000 14000 

2p1/2 464.3 2.7 9000 5800 5800 

Table 4.1: Peak parameters corresponding to the fitting peaks used for the evaluation of 
the TiN spectra of Fig. 4.5. 
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From the spectra of Fig 4.5 it can be noticed an increased intensity of 

the TiN and TiOxNy peaks as film thickness increases, which is more 

obvious by observing the relative peak areas of Table 4.1. For the 44 nm 

thick TiN film, the area of TiO2 represents 72.0% of the total Ti 2p3/2 peak 

area, decreasing this value to 67.6% and 58.6% for the 167 nm and 234 thick 

TiN films, respectively. Accordingly, the area of TiN increases from 11.5% 

to 15.0% and then 18.8%; and the area of TiOxNy also increases from 16.5% 

to 17.4% and 22.6%, in order of increasing film thickness. These results 

indicate that, although absorption of oxygen is a typical phenomenon for 

films with a columnar structure [150], the effect is magnified in the case of 

films in the order of tenths of nanometres. 

4.4 Analysis of the synthesized SiO2NWs 

The Si samples with the three different TiN coatings were subjected to 

the STT for the synthesis of SiO2NWs. In all cases, Au layer thicknesses of 5 

nm and 10 nm were evaluated. After the CVD process the samples were 

analysed by FESEM, obtaining the percentage of TiN area covered by cracks 

(as those described in Fig 4.3) as well as the length and diameter of the 

synthesized SiO2NWs (Table 4.2). The length of the SiO2NWs was 

evaluated from the cross-section FESEM images as the vertical growth 

reached by the SiO2NWs, as shown in Fig 4.6a. Instead, the area percentage 

of cracks in the TiN film and the SiO2NWs diameter were obtained 

respectively from low and high magnifications top-view images of the 

samples (Figs 4.6b and 4.6c). 

According to data from Table 4.2, for the 44 nm thick films, the initial 

amount of catalyst is almost not relevant, since in both cases an average 

vertical growth of around 33 μm is obtained. However, for higher 

thicknesses and 5 nm of Au layer, the length of the SiO2NWs did not exceed 

6 μm; meanwhile by using 10 nm of Au layer it was obtained lengths up to 

66 μm. This behaviour was observed to be closely related to the amount of 
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cracks generated along the TiN film, so that it was usually found that the 

higher the cracked area, the longer the SiO2NW. This latter statement, 

indeed, is in agreement with the discussion of Section 4.2, since at the time 

TiN film explodes creating the cracks, a higher amount of SiO gas is 

released. This additional SiO gas would then be incorporated to the already 

formed SiO2NWs, increasing their length. However, it has to be borne in 

mind that no SiO2NWs grow from the areas covered by cracks. Therefore, 

although the SiO2NWs are longer in samples with higher percent of cracks, 

the amount of useful area is reduced. 

 

Figure 4.6: FESEM cross-section image of the 167 nm thick TiN film after the SiO2NWs 
synthesis using a 10 nm thick Au layer (a).  Low (b) and high (c) magnification FESEM 
images of the 44 nm thick TiN film after the SiO2NWs synthesis using a 10 nm thick Au layer. 

TiN 

coating 

Au thickness 

(nm) 

Area 

cracks (%) 

SiO2NWs length 

(μm) 

SiO2NWs 

diameter (nm) 

44 nm 

5 

10.1 32 ± 3 40 ± 10 

167 nm 5.3 6 ± 1 30 ± 10 

234 nm 3.0 5 ± 1 30 ±10 

44 nm 

10 

9.5 34 ± 3 30 ± 10 

167 nm 42.5 66 ± 6 30 ± 10 

234 nm 16.1 23 ± 4 35 ± 7 

Table 4.2: Statistical values obtained from FESEM images of the TiN film after the 
SiO2NWs synthesis using 5 and 10 nm thick Au layers. 
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Finally, the most interesting data comes from the values of SiO2NWs 

diameter, which are remarkable similar for all TiN and Au film thicknesses. 

This result could indicate that, in fact, the TiN film is acting, in some 

manner, as filter of the Au NPs size, as proposed at the beginning of this 

chapter. 

The chemical composition of the SiO2NWs synthesized on the TiN/Si 

substrates was analysed by XPS. Fig 4.7 shows the Si 2p and O 1s core level 

spectra (black squares) of the 167 nm thick TiN film after the SiO2NWs 

growth using a 5 nm thick Au layer. In both spectra two contributions can 

be identified: a higher-intensity peak centered at 103.5 eV and 532.5 eV, 

respectively, and another lower-intensity peak located at around 2 eV in 

higher binding energies. This feature had already been observed in Chapter 

3 for the SiO2NWs/Si sample. In that occasion, like now, the position of the 

peaks at lower BE is consistent with a SiO2 phase [101] and, in turn, the 

presence of peaks at higher BE is attributed to a differential charging effect 

along the length of the SiO2NWs [102, 103]. However, in the case of the 

TiN/Si substrates this effect is noticeably reduced. The reason may come 

from the fact that now, regions at the bottom of the wire can neutralise the 

charge on their surface by replenishing electrons from the conductive TiN 

film, unlike those regions at the top of the SiO2NW. With the aim of proving 

this hypothesis, a thin layer of Cr (5 nm thick) was deposited on the 

previously measured sample, providing a conductive layer at the top and in 

between of the SiO2NW. XPS analysis of the Cr coated sample (red circles, 

Fig 4.7) showed, in this occasion, a unique contribution on the Si 2p and O 

1s core level spectra, confirming the proposed supposition. 



Chapter 4  

76 
 

 

Figure 4.7: Si 2p (a) and O 1s (b) core level spectra recorded for 167 nm thick TiN 
coating after the SiO2NWs growth, before (black squares) and after (red circles) depositing a 5 
nm thick Cr layer. All spectra were normalized and Shirley background corrected. 
Experimental points of the Si 2p spectrum of SiO2NW were connected with a straight line for 
clarity. 

Moreover, continuing with the chemical analysis of the SiO2NWs, the Si 

2p spectra of all the SiO2NWs synthesized using a 5 nm thick Au layer were 

evaluated in more detail. However, due to the ambiguity in the position and 

shape of the peaks produced by differential charging, it was eluded the 

deconvolution of the spectrum into its components. Instead, the relevance 

of the charging effect was assessed through the use of the centroid of the 

spectrum, calculated according to: 

𝐸𝐶 =
∫ I(𝐵𝐸)𝐵𝐸 𝑑𝐵𝐸
∫ I(𝐵𝐸) 𝑑𝐵𝐸

 Eq. 4.1 

where I(BE) is the recorded intensity for a specific binding energy (BE) and 

EC is the binding energy at which the centroid of the spectrum is located. 

Subsequently, it was estimated the shift of this value with respect to the 

binding energy assigned to SiO2 (103.5 eV) through  ∆𝐸 = 𝐸𝐶 − 𝐸𝑆𝑖𝑆2 . The 

results are summarized in Table 4.3, from which it is deduced that the major 

differential charging (ΔE=2.2 eV) corresponds to the SiO2NWs with the 
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highest length. Conversely, SiO2NWs with shorter lengths have similar EC 

closer to ESiO2, and thereby, lower effect produced by differential charging 

(ΔE=0.8 and 0.9 eV). 

 

TiN coating SiO2NWs length (μm) EC (eV) ΔE (eV) 

44 nm 32 ± 3 105.7 2.2 

167 nm 6 ± 1 104.3 0.8 

234 nm 5 ± 1 104.4 0.9 

Table 4.3: Average SiO2NWs length values calculated in Table 4.2 and peak parameters 
calculated from Si 2p core level spectra recorded for TiN films after the SiO2NWs synthesis 
using 5 nm thick Au layer. EC and ΔE designate the energy of the centroid and its shift with 
respect to the binding energy assigned to the SiO2 state (103.5 eV). 

In summary, since the differential charging is produced by the insulator 

character of the SiO2NWs, accentuated by the distance from the conductive 

TiN layer; the longer the SiO2NW, the more visible the effect of differential 

charging. 

4.5 Special case: coiled nanoribbons 

Lastly, in this subsection it will be reported the exceptional growth of 

coiled nanoribbons from TiN/Si substrates. These types of nanostructures 

were obtained on a number of occasions, but for a specific TiN coating. This 

particular coating was deposited using the same sputtering system earlier 

described, with the difference that, in this occasion, the native oxide layer of 

the Si wafer was previously removed. To do this, Si <100> substrates were 

cleaned with acetone, isopropanol and deionized water by sonication for 10 

min each time, immersed in HF solution (5 %) for another 2 min and dried 

with nitrogen. 

The TiN film (~300 nm thick) was coated with a 5 nm thick Au layer 

and the samples were subjected to the STT for SiO2NW growth. The 
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nanostructures synthesized from these TiN/Si substrates shown various 

shapes, some of which are presented in Fig 4.8. In most cases nanowires 

produced cylindrical helices of several micrometers long (Fig 4.8a), which 

could end up or not in a wider straight ribbon. These helices occasionally 

modified their diameter during growth giving rise to structures as shown in 

Fig 4.8b. There were also wave-like nanoribbons, one of which is shown in 

Fig 4.8c. Additionally, in some occasions, the same catalyst particle was 

divided generating two nanowires that rolled up forming a double helix, as 

can be seen in Fig 4.8d. 

 

Figure 4.8: FESEM images of various nanoribbons of different shapes including: 
cylindrical helix (a), conical helix (b), wave-like form (c), and double helix (d). The insets are 
schematic representations of each structure, where the arrow indicates the growth direction. 

In all observed cases, nanoribbons seemed to grow from the already 

formed straight nanowires and, in every occasion there was a kink near the 

transition point. FESEM image of Fig 4.9 clearly shows the transition from 

straight nanowire to helical nanoribbon. In the inset it can be observed how 

at a point the nanowire curved, coiling five times around itself, and in the 

following bend broadened into a cylindrical helix. It follows from this that 
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the same Au NP could be able to catalyse the growth of straight nanowires 

as well as of coiled nanoribbons. 

 

Figure 4.9: FESEM images of the transition from straight nanowire to coiled 
nanoribbon. The inset shows in detail the transition point, and the arrows indicate the growth 
direction. The nanostructure has been false-coloured for contrast. 

 

Figure 4.10: TEM image of a helical nanoribbon grown from a straight nanowire (a), 
high magnification image of the transition point (b) and EDX analysis conducted on the 
nanoribbon (c). Contribution of C has not been taken into account in the data table of (c). 
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TEM image of Fig 4.10a, once more, shows a helical nanoribbon 

preceded by a kink in the straight nanowire; but interestingly, the high 

magnification image of Fig 4.10b does not show any change in the 

amorphous structure of the wire or the presence of any catalyst particle at 

the kink. Additionally, the EDX analysis conducted on the helical 

nanoribbon revealed that this type of nanowires contained a substantially 

lower amount of oxygen in their composition, compared with the SiO2NWs 

until now termed. 

Some references in literature have provided a possible explanation for 

the synthesis of analogous nanostructures [151, 152]. Recently, Zheng Ren 

and Pu-Xian Gao published a review article presenting an in-depth overview 

of the latest progress in helical nanostructures synthesis of different materials 

[153]. In this paper, some possible growth theories for helical nanostructures 

were suggested, including “polar-surface induced coiling” and “screw 

dislocation driven growth”. However, these models were dismissed in our 

case due to the amorphous structure of the nanowires, composed of a 

random network of Si and O atoms. Instead, our experimental evidences 

were in accordance with another proposed model [153], based on contact 

angle anisotropy (CAA) at the catalyst-nanowire interface. This model claims 

that nanowires grown via VLS method are able to generate helical forms if 

there is an asymmetry in the catalyst-nanowire interface. 

In other words, typical NWs grow straight up because the growth 

velocity (VG) is uniform throughout the perimeter of the Au NP-NW 

interface (Fig 4.11a). Therefore, in order to get helical nanowires, it would 

be necessary to introduce an asymmetry in the growth velocity. This 

asymmetry, according to consulted literature [152-155], would be caused by 

the catalyst particle orientation. Fig 4.11b depicts an Au droplet atop the 

NW, displaced an amount Δr from the central axis of the NW. As a result of 

this displacement, CAA is produced between points A and B. The CAA, in 
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turns, causes a variation in the likelihood of molecules adhesion at the NP-

NW interface and, therefore, SiO gas is more likely to be incorporated at 

interface A rather than B [152]. As a consequence, the growth velocity at 

interface A (VA) will be higher than at interface B (VB), generating a torque 

on the catalyst droplet, which in turn produces the helical trajectory of the 

NW. FESEM image of Fig 4.11b shows several SiO2NWs, grown on the 

TiN/Si sample, in which the Au NPs are just starting this process. 

 

Figure 4.11: Schematic diagram depicting the growth process of straight NWs (a), helical 
NWs (b) and helical nanoribbons (c). FESEM images of the nanostructures illustrate process 
b and c. Symbols indicate the radii of the NW (r) and the Au NP (R), the displacement 
between them (Δr) and the growth velocities (VG) at points A (VA) and B (VB). 

However, the mechanism described up to now only explain the growth 

of helical NWs but not the generation of broad helical nanoribbons. 

Therefore, an additional process must be taking place in our system in order 

to obtain such as nanostructures. As a possible explanation, we postulated 

the process depicted in Fig 4.11c, by which the Au droplet would be no 

longer spherical but increasingly oval. Consequently, the NP-NW contact 
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curve would acquire an elliptical shape, with its major axis progressively 

growing until reaching the final diameter of the nanoribbon. This increase in 

diameter can be observed in the FESEM image of Fig 4.11c, in which the 

NW has a diameter of around 50 nm at the beginning and a final diameter of 

410 nm at the end. Additionally, diameters of a similar magnitude (310 and 

360 nm) were observed in other two nanoribbons. But curiously, in neither 

case the presence of the catalytic Au NP at the end of the nanoribbon was 

distinguished; which probably at a point fall off the NW due to its own 

weight and the narrower joining area between them. 

Finally, once the growth mechanism has been explained, the only 

unknown comes from the origin of the asymmetry responsible of the helical 

growth. In the studied cases [151, 154], this asymmetry was produced by a 

change in one of the growth parameters. Particularly, helical NWs were 

obtained when the synthesis temperature was slightly diminished. In view of 

this premise, the growth of helical nanoribbons is suggested to occur at the 

beginning of the cooling ramp, when there is a change in the growth 

parameters. At this point the gas mixture (H2-Ar) is substituted by an Ar flux 

of 600 mL/min and, therefore, the residual oxygen in the system is 

increased, which in turn results in a reduced concentration of SiO gas. This, 

combined with the decrease in temperature could provide fluctuations in the 

composition of the droplet big enough to slightly deflect its center of mass 

from the central axis of the NW. On the other hand, the generation of broad 

nanoribbons seems to be related exclusively to the TiN/Si sample employed 

as substrate. This sample, not having the native SiO2 layer, can only produce 

SiO gas during the synthesis via reaction Eq 3.3. Moreover, Au does not 

have to cross the SiO2 native layer and can easily diffuse into Si at the 

beginning of the NWs growth. These factors, as observed in the EDX 

analysis, have a direct repercussion in the composition of the NWs, which 

are high in Si. It is therefore concluded that the generation of broad 

nanoribbons is only feasible from SiOxNWs with x<<2. 
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4.6 Conclusions 
• Vertical SiO2NWs grow attached to the TiN film, as a tree from its 

roots, from the Au NPs. 

• Bubbles corroborate the generation of SiO gas in the TiN-Si 

interface during the synthesis process. 

• Surface oxidation of the TiN films is magnified when the film 

thickness is reduced. 

• The SiO2NWs length is close related to the amount of cracks 

generated along the TiN film. On the contrary, the SiO2NWs diameter 

is not affected neither by the TiN film thickness or by the initial Au 

amount.   

• Coiled SiOx (x<<2) nanoribbons are obtained when native SiO2 

layer is removed before the TiN coating. The growth mechanism is the 

result of a CAA produced at the beginning of the cooling ramp, 

combined with the progressive oval shape of the Au NP. 
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Chapter 5 

SiO2NWs Growth on 
Different Structures and 

Substrates 
This chapter presents different ways to synthesize SiO2NWs by using 

several microstructures as intermediate support-material. The use of 

these structures provides greater versatility to the process, since allows 

the tune of the Au NPs size, in addition to a controlled and localized 

SiO2NWs growth. Above all, it opens the possibility of transferring the 

growth of the SiO2NWs to substrates different from Si; in particular, 

conductive substrates for future applications. All the details about the 

synthesis of the support-structures were described in Chapter 2. 

5.1 Microstructures as support-material 

5.1.1 Types of structures 

The main advantage of the present SiO2NWs synthesis process, in 

comparison with the conventional procedures employed for the growth of 

crystalline SiNWs, is that in this case a crystalline substrate is not required. 

Procedures conducted to synthesize crystalline SiNWs via the VLS method 

irretrievably need the use of flat and crystalline substrates since the SiNWs 

grow epitaxially from them [26]. On the contrary, in the present case, 

because of the nature of the precursor and the final amorphous structure of 

the nanowires, the role of the substrate seemed to be not significantly 

relevant. Therefore, it was assessed the possibility to transfer the SiO2NWs 

growth to substrates different from Si. In doing so, one of the drawbacks 
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entailed the generation of Au NPs with adequate size on these substrates (see 

Chapter 3 for further details concerning the role of catalytic NPs). It is for 

this reason that a series of structures in the microscale were proposed as 

potential support-materials for the SiO2NWs growth. 

These structures should meet two major conditions: to have a melting 

point above 900 ºC and not to form liquid alloy with Au at that temperature. 

The first condition is necessary since the support-materials have to withstand 

the temperature of SiO2NWs synthesis without suffering chemical or 

morphological changes. On the other hand, these materials must show 

limited solubility with Au in order not to establish intermetallic compounds 

during the process, but to form proper sized Au NPs on its surface (see 

Chapter 3). 

According to the above requirements, the chosen materials were: silica 

microspheres (SiO2MSs), carbon microspheres (CMSs) and graphitized 

carbon nanofibers (CNFs). The SiO2MSs were selected because of the poor 

diffusion of Au in silica (even at high temperatures [156]), and the high 

melting point of SiO2 (around 1713 ºC in vitreous structure [157]). On the 

other hand, carbon was selected since it remains solid at atmospheric 

pressure for temperatures above 3000 ºC [157] and has limited solid 

solubility with Au up to 1064 ºC [158]. Additionally, it has been 

demonstrated that this kind of graphitized carbonaceous materials used to 

present good electrical properties [159, 160], which may result useful for 

different applications related with conductor-insulator structures. 

The SiO2MSs and the CMSs were both synthesized in our laboratory 

according to the processes described in Chapter 2. The CNFs, instead, were 

commercially acquired (GANF, Grupo Antolín). All the formed structures 

were dissolved in ethanol and deposited by the drop casting technique on 
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<100> Si substrates, which were placed on a heating plate at 50 ºC in order 

to evaporate the residual hydrocarbons.  

Subsequently, a 10 nm thick Au film was deposited on the substrates 

with the microstructures. This Au film, due to the directionality and non-

conformability properties of the sputtering technique, is now delimited to 

the top surface of the microstructures. Additionally, inhomogeneities 

proportional to the cosine of the angle formed by the impinging atoms and 

the vector normal to the surface are induced along the coating thickness. As 

a result, a layer thicker in the centre and narrower at the edges is obtained, as 

represented in Fig 5.1. These two factors will control now the process of 

NPs formation; therefore, different Au NPs patterns will be produced 

depending on each structure. 

 

Figure 5.1: Schematic representation of the Au coating on the surface of a SiO2MS, a 
CMS and a CNF before and after annealing in air at 900 ºC. FESEM images of the listed 
structures after annealing in air at 900 ºC, and after conducting the SiO2NWs growth are also 
shown. 
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In the case of the SiO2MSs, which have an average diameter of 730 ± 20 

nm (see Table 5.1) a small amount of Au is accumulated on their surface, so 

a unique NP is generally formed (Fig 5.1). On the contrary, the CMSs with 

diameters ranged from 3 to 7 μm (see Table 5.1), accumulate larger amount 

of Au along their surface, which produces a distribution of Au NPs instead 

of a single NP (Fig 5.1). Finally, on CNFs the Au coating follows a 

behaviour midway between the SiO2MSs and the CMSs since the CNFs have 

an average diameter of 90 ± 20 nm (see Table 5.1) but lengths of several 

micrometres. The Au coating in this occasion generates NPs randomly 

distributed along the CNFs (Fig 5.1).  

FESEM images in the right column of Fig 5.1 show the support-

structures on Si substrates after conducting the SiO2NWs synthesis. Fig 5.2 

shows the size distributions carried out from the preceding syntheses. In 

each case, the Feret diameter (Davg) of the spheres and the width of the 

fibers (a), the Feret diameter of the Au NPs (b) and the width of the grown 

SiO2NWs (c) were measured. The statistical values derived from the size 

distributions are summarized in Table 5.1. 

The major control in the Au NPs size (Davg = 150 ± 20 nm) was 

obtained on the SiO2MSs system, since a unique NP was produced per each 

sphere and SiO2MSs dimensions were quite well defined (Davg = 730 ± 20 

nm). Conversely, the major dispersion in Au NPs size (Davg = 210 ± 90 nm) 

was obtained on the CMSs, which could be attributed to the large difference 

in diameter between NPs formed at the edge and on the top of the sphere; 

highlighted by the bimodal distribution in the diameter of the own CMSs 

(Fig 5.2 II.a). Finally, on the CNFs, although the dispersion in Au NPs size 

was also rather high (Davg = 80 ± 40 nm), probably due to the agglomeration 

of the structures on the substrate (see Fig 5.1), the average diameter 

obtained was the smallest among the rest of structures. This was due to the 

fact that CNFs also presented the smallest diameter among the rest of 
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structures (Davg = 90 ± 20 nm). Indeed, this assertion may be generalized, so 

that the smaller the diameter of the structure, the smaller the diameter of the 

Au NP. 

 

Figure 5.2: Size distributions and Gaussian fittings (red lines) corresponding to SiO2MSs 
(I), CMSs (II) and CNFs (III). In each case, the Feret diameter of the spheres and width of 
the fibers (a), the Feret diameter of the Au NPs (b) and the width of the SiO2NWs 
synthesized (c) are shown. A schematic representation of the measured element in each graph 
is also attached. 



Chapter 5  

90 
 

 Diameter Au NPs diameter SiO2NWs diameter 

SiO2MSs 730 ± 20 nm 150 ± 20 nm 40 ± 10 nm 

CMSs 3 ± 1 μm / 7 ± 3 μm 210 ± 90 nm 22 ± 8 nm 

CNFs 90 ± 20 nm 80 ± 40 nm 24 ± 8 nm 

Table 5.1: Statistical values obtained from the Gaussian fittings performed on the size 
distributions of Fig 5.2.  

The most remarkable results come, however, from the values of the 

SiO2NWs diameter. Taking into account the principles of the VLS method, 

the nanowire diameter would have to have the same size than the catalyst 

particle [29]. However, taking a look at the Table 5.1 it is clear that the 

diameter of the Au NPs was substantially larger than the diameter of the 

SiO2NWs. Moreover, this quantity was quite similar for all three structures, 

with an average value of 29 ± 9 nm. 

The reason for this disagreement lies in the fact that not all Au NPs 

incorporated in the analysis have the appropriate size to catalyze SiO2NWs. 

Moreover, the rest of Au NPs suffer a disaggregation during SiO2NWs 

formation, so that only a fraction of the original Au NP is responsible for the 

SiO2NWs growth. As explained in previous chapters, when the Au NP 

supersaturates, the nanowire stars to grow under it, remaining so the Au NP 

atop the NW. However, the experimental results evidence that the 

supersaturation of the alloy takes place just locally on the Au NPs; that is, 

only a fraction of the original Au NP is responsible of the VLS mechanism. 

This is supported by the TEM images shown on Figs 5.3Ia and 5.3Ib. In 

these images, it is clearly visible how the original Au NP disaggregates into 

small ones at the time that the nanowire grows. Indeed, these embedded Au 

NPs have the same size as the NW, as well as the catalyst particle at the tip 

(Fig 5.3IIa). Moreover, by taking a closer look at the Au NP-NW interface 

(Fig 5.3IIb), some crystallographic planes corresponding to Au can be 



SiO2NWs growth on different structures and substrates 

91 
 

observed in the NP (Fig 5.3IIc), unlike the NW that presents a structure 

completely amorphous. 

 

Figure 5.3: TEM image of a SiO2NW grown from the SiO2MSs where the Au catalyst 
particles can be observed inside the nanowire (dark contrast) (Ia). Detail of the bottom of the 
SiO2NW (Ib). TEM image of some SiO2NWs with the catalyst particle at their tip (IIa) and 
consecutive HR-TEM magnification images of the end of the NW (IIb) and the Au 
NP/SiO2NW interface (IIc). Some crystalline planes are observed in the Au NP, in contrast 
to the amorphous structure of the nanowire. 
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5.1.2 Thickness of Au film 

As just discussed, the control of SiO2NWs diameter was not possible by 

controlling the Au NPs diameter due to the intermediate process of 

disaggregation. Therefore, an attempt was made to reduce the impact of this 

process in the resulting synthesis by reducing the initial size of the Au NPs. 

To this end, as shown in Chapter 3, the initial thickness of the Au film was 

reduced from 10 to 5 nm. 

 

Figure 5.4: Size distributions and Gaussian fittings (red lines) of the Au NPs (a), and 
FESEM images of the SiO2NWs synthesized (b) using Au film thickness of 5 nm (I) and 10 
nm (II). The insets in (a) show FESEM images of the Au NPs on a CMS. 

Fig 5.4a shows the size distributions of the Au NPs on CMSs by using 

an initial Au film thickness of 5 nm (I) and 10 nm (II). In both situations 
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the dispersion in diameter was equal to 40% of the mean value, which means 

that the effect produced by the difference in size between NPs formed at the 

edge and on the top of the sphere was still taking place. However, the size 

distribution had shifted to lower values by reducing the amount of Au, from 

Davg = 210 ± 90 nm (for the 10 nm thick film) to Davg = 100 ± 40 nm (for 

the 5 nm thick film). This can also be clearly observed in the FESEM images 

of Figs 5.4Ia and IIa. As a consequence, a higher density of SiO2NWs was 

synthesized from these smaller NPs (Fig 5. Ib) compared with the same 

synthesis using a 10 nm thick Au film (Fig 5.4IIb).  

In summary, by diminishing the initial thickness of the Au film it is 

achieved a larger amount of smaller Au NPs homogeneously distributed 

throughout the CMS surface and, by extension, a higher density of 

SiO2NWs. 

5.1.3 Substrate different from Si 

Thus far, SiO2NWs syntheses have been performed employing <100> Si 

wafers as substrates, on which the different microstructures were deposited. 

However, the main objective of using these microstructures for the growth 

of SiO2NWs was to achieve synthesizing the SiO2NWs on conductive 

substrates. To do this, it should not be forgotten that the substrates, as well 

as the microstructures, are required to have a melting point above 900 ºC in 

order to withstand the synthesis process. Additionally, it is also necessary to 

place a solid Si source close to the system to provide the SiO gas precursor. 

On the basis of these considerations, a 304 stainless steel (SS) foil 

(melting point above 1300 ºC [157]) was used as substrate and SiO2MSs 

were employed as support-material. In this first experiment, a <100> Si 

fragment (named Si-hat) was placed resting on the SiO2MSs close to one end 

of the substrate, as depicted in Fig 5.5. Again, prior to the placement of the 
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Si-hat, the substrate with the SiO2MSs on it was coated with 10 nm thick Au 

film. 

 

Figure 5.5: Schematic representation of the sample as prepared and FESEM images of 
the SiO2MSs on the SS substrate after the SiO2NWs synthesis at different distances from the 
Si-hat: several millimeters away (a), some micrometers (b), at the edge (c), and over (d) the 
Si-hat. Scale bar 2 μm. 

Under this configuration, the synthesis of the SiO2NWs was conducted 

and the substrates analyzed by electron microscopy. FESEM images of Fig. 

5.5 show sections of the sample at different distances from the Si-hat, 

through which the evolution of the SiO2NWs growth can be observed. On 

the furthest region from the Si-hat (3-4 mm of distance) the Au film has been 

disaggregated into droplets but no nanowires growth was observed, as 

shown in Fig 5.5a. In contrast, the SiO2NWs started to growth at around 

100 μm away from the Si-hat (Fig 5.5b) and became longer on the region 

close to its edge (Fig 5.5c). Finally, Fig 5.5d shows a huge amount of 

SiO2NWs synthesized just below the Si-hat, which grow from the catalytic 

Au NPs covering entirely the spheres. 

It follows from this experiment that the precursor of the SiO2NWs is 

originated in the Si-hat, since there were no nanowires on the region situated 

further from it. In addition, a progressive evolution of the SiO2NWs length 
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was observed by reducing the distance to the Si-hat. Consequently, it was also 

deduced that the only presence of the SiO2MSs was insufficient to promote 

the growth of the SiO2NWs; which also supports the premise that the SiO 

gas cannot be supplied through the reaction of Eq 3.1. 

In view of these results, a new experiment was carried out now placing 

the Si-hat several millimeters apart from the SS substrate, covered with the 

Au coated SiO2MSs. To this end, a pair of mica pieces was used as separator 

material (see schemes of Fig 5.6). Besides, two different Si-hat, with and 

without a previous Au coating, were assessed. 

 

Figure 5.6: Schematic representation of the two Si-hat (with and without Au coating) 
placed over the SiO2MSs/SS sample, 3D perspective and profile view. FESEM images show 
the SiO2MSs below the Si-hat without (a) and with (b) Au coating after the SiO2NWs 
synthesis. 

FESEM images of Figs 5.6a and 5.6b show the SiO2MSs/SS sample 

regions below the two different Si-hat after the synthesis. As can be 

observed, no SiO2NWs have been grown below the Si-hat without Au 

coating (Figs 5.6a) but, instead, a high density of SiO2NWs have been 
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synthesized below the Si-hat which was previously coated with a 5 nm thick 

Au film. 

The observation of SiO2NWs growth under these conditions irrefutably 

proves the gaseous nature of the Si-based precursor, since any direct contact 

between Si source (Si-hat) and substrate (SiO2MSs/SS) was avoided. Thereby, 

the hypothesis of the SiO gas generation is supported. Additionally, the fact 

that SiO gas is just generated when Si-hat is coated with Au is entirely in line 

with the dissertation about the EA contemplated in Chapter 3. 

Regarding the latter point, by comparing the FESEM image of Fig 5.5d 

with that of Fig 5.6b it is also clear that a higher number of SiO2NWs was 

obtained when the Au coated Si-hat was put apart from the substrate. This 

means that a larger amount of SiO gas was generated in that case. The 

explanation of this behavior comes from the fact that, in the first case only 

the Si-hat areas in direct contact with the Au coated SiO2MSs produced SiO 

gas. Additionally, the reduced free space between spheres hindered the 

effective distribution of the gases until the Au NPs. By contrast, in the 

second case the entire Si-hat surface was coated with Au and mica separators 

provided further free space between the source of SiO gas (Si-hat) and the 

SiO2MSs, and thereby a greater spreading of the  SiO gas. 

Lastly, taking into account the aforementioned requirements, an ultimate 

experiment was performed. This time, the Si-hat (previously coated with Au) 

was again put apart from the substrate; however, the mica spacers were not 

placed on the substrate surface but resting on the quartz boat as described in 

Chapter 2. Thereby, the fluid dynamic of the system was enhanced, as well 

as the total surface area available for the SiO2NWs growth. Under this 

configuration the synthesis of the SiO2NWs was carried out, using now 

CMSs as support-material and Cu and SS foils as substrates. Furthermore, an 

additional sample with the CMSs deposited on a Si wafer was introduced in 



SiO2NWs growth on different structures and substrates 

97 
 

the CVD process to be employed as reference. In all cases, both the CMSs 

and the Si-hat were previously coated with a 5 nm thick Au film. 

 

Figure 5.7: FESEM images of the CMs, coated with 5 nm thick Au film, after the 
SiO2NWs synthesis process. In each case a Si wafer (I), a Cu foil (II) and a SS foil (III) were 
used as substrates. Different magnification images are shown, with scale bars of 10 μm (a), 5 
μm (b), 2 μm (c) and 500 nm (d). 

FESEM images of Figs 5.7a show a general view of the samples after 

the SiO2NWs synthesis. As expected, a large amount of nanowires were 

observed on the CMSs/Si sample (Figs 5.7I) to the point that it was almost 

impossible to distinguish the CMSs under the SiO2NWs. Meanwhile, the 

CMSs/Cu sample (Figs 5.7II) and the CMSs/SS sample (Figs 5.7III) 

presented similar results, with a noticeable reduction of the SiO2NWs 

growth. These results made perfect sense, since the substrate on the 
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CMSs/Si sample acts also as SiO gas source. Instead, on the other samples 

the SiO gas comes from the Si-hat, some millimeters apart, so that the SiO 

gas must cross the whole distance before reaching the CMSs. Additionally, as 

demonstrated in Chapter 3, the SiO gas is not generated until a temperature 

above 800 ºC. Therefore, distinct from what happens in the CMSs/Si 

sample, on the Cu and SS substrates the SiO gas has a shortened period of 

time to generate the nanowires. 

 CMSs/Si CMSs/Cu CMSs/SS 

Avg. length 10 ± 1 μm 2.9 ± 0.6 μm 1.3 ± 0.2 μm 

SiO2NWs diameter 32 ± 6 nm 45 ± 15 nm 44 ± 9 nm 

Table 5.2: Statistical values obtained by analyzing the FESEM images of Fig 5.7. The 
error values correspond to the standard deviation of the data. 

Additionally, taking a closer look at the CMSs (Figs 5.7b and 5.7c) it 

can be noticed how the SiO2NWs length changes from one substrate to 

another. According to the FESEM images, the SiO2NWs grown on the Si 

substrate have an average length of 10 μm, rather large compared with the 

Cu and SS substrates in which the SiO2NWs have an approximate length of 

3μm and 1μm, respectively (see Table 5.2). This huge difference can be 

again attributed to the contrast in the amount of SiO gas available in each 

case. Conversely, the variation in the SiO2NWs length from the Cu to the SS 

substrate would be derived from more subtle factors, such as small 

differences in the separation distance of the Si-hat, different site of placement 

along the quartz boat, etc. 

Finally, the average diameter of the SiO2NWs was evaluated for each 

sample (Table 5.2). In the Si substrate, the average SiO2NWs diameter was 

of 32 ± 6 nm, meanwhile in the Cu and SS substrates the average SiO2NWs 

diameter was of 45 ± 15 nm and 44 ± 9 nm, respectively. It could be 

thought that, being both the CMSs and the thickness of the Au film the same 
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for the three samples, the size distribution of the Au NPs should be also 

equal and, by extension, the distribution of the SiO2NWs diameter. 

However, this latter parameter, as already discussed, strongly depends on the 

decomposition process of the initial Au NPs into smaller ones during the 

SiO2NW growth. Besides, the kinetic of the Au NPs generation (from the 

initial thin film) may be also altered by the different thermal conductivities of 

the substrates at the synthesis temperature (0.36, 3.59 and 0.13 W·cm-1·K-1 

for Si, Cu and SS, respectively [161, 162]). Hence, further investigation 

would be required in order to get a deeper understanding of the mechanism 

responsible for the SiO2NW growth on substrates different from 

conventional Si wafers. 

5.2 Conclusions 
• SiO2NWs growth has been successfully transferred to several 

support-microstructures such as SiO2MSs, CMSs and CNFs, being the 

SiO2NWs diameter quite similar in all cases (Davg = 29 ± 9 nm). 

• The disparity between the Au NPs size and the SiO2NWs diameter 

is attributed to the decomposition process of the original Au NP into 

smaller ones during the synthesis, as shown the TEM images. 

• The decrease of the Au film thickness results in a high density of 

SiO2NWs, since Au NPs are more homogeneously distributed. 

• SiO2NWs growth has been successfully transferred to electrically 

conductive substrates (Cu and SS) by means of the previous support-

microstructures, which ratifies the gaseous nature of the precursor, 

reinforcing the premise of the SiO gas production during the synthesis.  

• Au has been demonstrated to be essential for the generation of the 

gaseous precursor, since no SiO2NWs grow when Au-uncoated Si-hat 

are used. 
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Chapter 6 

SiO2NWs Growth on Cu 
Substrates 

This chapter presents a never before reported procedure for the 

growth of SiO2 nanostructures directly on polycrystalline Cu substrates. 

These nanostructures grow from Cu protrusions without the additional 

catalytic activity of Au NPs by means of two parallel processes. Herein 

these two mechanisms will be assessed, both individually and in 

combination, thereby providing an accurate description of the overall 

synthesis process and, at the same time, a complete characterization of 

the SiO2 nanostructures. Finally, it will be also observed the effect that 

produces the decrease of the total gas pressure in the synthesis process. 

6.1 Cu as catalyst 

As mentioned in Chapters 1 and 3, Au was originally employed as 

catalyst for the growth of SiNWs via the VLS method because of the eutectic 

point at relatively low temperatures (363 ± 3 °C) and small Si concentrations 

(18.6 ± 0.5 at%) present in the phase diagram (Fig 3.6). However, the 

widespread use of this mechanism has shown that, apart from the original 

Au-Si system, a broad variety of other metals may act as catalysts by 

readjusting the synthesis temperature for each case. Among them, elements 

such as iron [163], cobalt [164], nickel [165] or Cu [166-168] have been 

used. Also Pt has been employed as catalyst [169], however its high cost and 

the high synthesis temperature required (above 1000 ºC) for the growth of 

the SiNWs make it an unsuitable substitute for Au. However, Cu has special 

interest among the previous ones since it is present in most of electronic 
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devices (principally in the tracks of printed circuit boards). Furthermore, the 

binary Si-Cu phase diagram (Fig 6.1) shows a eutectic point at 802 ºC (30 

at% of Si) as well as large amount of copper silicide phases at lower 

temperatures [170], which makes possible the formation of a liquid alloy at 

relatively low concentration of Si. In fact, this is one of the reasons why Cu 

substrate and Si-hat must be placed some millimeters apart; otherwise both 

elements would merge during the thermal treatment (as we could observe in 

some of the synthesis). In accordance with these premises, in all the 

synthesis reported in this chapter, the Cu substrates without any pre-

treatment were placed below the Au coated Si-hat according the scheme of 

Fig 2.6. 

 

Figure 6.1: Phase diagram of the Si-Cu system [171]. Details of the different intermediate 
phases may be found in [172]. 
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6.2 Resulting SiO2 nanostructures 

New type of nanowires was generated on the Cu substrates (0.3 mm 

thickness, 99.9%, Goodfellow) after conducting the STT for the SiO2NWs 

growth (Fig 6.2). As can be observed in the FESEM images these nanowires 

cover completely the surface of the Cu substrate adapting themselves to the 

irregularities underneath. As a result, the morphology of the nanostructures 

acquires a variety of configurations (from a wide dendrite-like shape to a 

dense array of peaks) having all of them the distinctive feature of ending up 

in a pinnacle. These branched nanowires have diameters ranging from 50 to 

100 nm depending on the distance to the pinnacle. 

 

Figure 6.2: FESEM images of the nanostructures synthesized on the Cu substrate. Scale 
bar of 500 nm in the small images. 

Additionally, as evidenced in the FESEM images of Fig 6.3, the 

nanowires grow throughout the Cu surface regardless of the crystallographic 

orientations of each grain domain. It therefore follows that the crystallinity 



Chapter 6  

104 
 

of the substrate has no influence on the mechanism of nanowires growth, 

unlike the crystalline NWs usually synthesized by the VLS method. 

On the other hand, XPS analysis evidences the full coverage of the 

substrate by the nanowires, since no Cu peaks appear in either the survey 

(Fig 6.4a) or the high-resolution Cu 2p spectrum (Fig 6.4b). In fact, the 

only peaks present on the survey corresponded to Si, O and C elements. Any 

possible shifting produced by charging was corrected by using C 1s (C-C) 

peak set to 284.4 eV (FWHM = 1.98 eV) coming from adventitious carbon 

(Fig 6.4e). According to this correction, the Si 2p (Fig 6.4c) as well as the O 

1s (Fig 6.4d) spectra were adjusted to a unique peak at a binding energy of 

103.5 eV (FWHM = 2.28 eV) and 532.5 eV (FWHM = 2.25 eV), 

respectively. The positions of these peaks were consistent with a Si-O 

bonding corresponding to SiO2 [101], which was also confirmed in 

calculating the ratio between O 1s  and Si 2p peaks areas resulting in 2.2 ± 

0.1 (taking into account the contribution of C-O and C=O bonds). 

 

Figure 6.3: FESEM images of the nanostructures synthesized on the polycrystalline Cu 
substrate where it can be clearly observed the grain domains underneath. 
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The formation of SiO2NWs on the Cu substrate supports the role of the 

Si-hat as unique possible source of Si for the generation of the 

nanostructures. Moreover, the distance maintained between Si-hat and Cu 

substrate brings back to the conclusion that the precursor must be in a 

gaseous form, in accordance with the pre-established criteria. However, the 

specific morphology of the current SiO2NWs in comparison with the large 

aspect-ratio SiO2NWs synthesized from Au NPs raises the question of what 

type of growth mechanism is involved in the present case. 

 

Figure 6.4: XPS survey spectrum performed on the Cu substrate after the nanowires 
synthesis (a). The inset image shows the high-resolution spectrum of Cu 2p (b). High-
resolution spectra of Si 2p (c), O 1s (d) and C 1s (e) transitions with their corresponding 
fittings are also shown. 

By observing the pinnacles of the nanowires by FESEM (Fig 6.2), it 

seemed that the growth followed a VLS process, after which the catalytic Cu 

particle remained at the top. However, when topographic and phase AFM 
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images of the nanowires were taken (Fig 6.5a), it was observed that the 

topographical changes produced by the pinnacles did not correspond to a 

change in the phase. In other words, Fig 6.5b shows how both the pinnacle 

(topography brighter square) and the bottom of the nanowire (topography 

darker square) produce similar phase values, meaning that the composition 

does not change along the nanowire. FESEM image taken to the SiO2NWs 

at tilt angle of 30º (Fig 6.5c) reinforces this assumption. Therefore, there 

were no catalytic Cu particles at the nanowire pinnacle. 

 

Figure 6.5: Tapping mode topographic AFM data (left) and simultaneous phase AFM 
data (right) of the SiO2NWs/Cu sample (a), details of the previous images (b) and a FESEM 
image of the SiO2NWs tilted 30º (c). 
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Bearing this in mind and with the aim of finding out more information 

about the SiO2NWs growth mechanism, a systematic study of both the Cu 

and the Si-hat surfaces throughout the SiO2NWs synthesis was proposed. 

6.3 Evolution of the system with temperature 

Cu samples arranged according to the scheme of Fig 2.6 were subjected 

to a sequence of processes performed at intermediate temperatures of 700 

ºC, 800 ºC and 900 ºC (details are summarized in Fig 2.5). 

 

Figure 6.6: FESEM images of the Cu substrates and the Si-hats at different stages of the 
SiO2NWs growth as described in Fig 2.5. The inset image at 900 ºC denotes a SiO2NWs area. 
All images in the respective column have the same scale bar 

After the different thermal treatments, both the Cu substrates and the Si-

hats were analyzed by FESEM (Fig 6.6). As can be observed in the evolution 

of the Si-hat, the nanowires synthesized by the Au catalytic nanoparticles 
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start to grow at 800 ºC until covering the entire surface at 900 ºC. Inasmuch 

as the presence of these nanowires is indicative of the generation of SiO gas, 

it is deduced that the highest gas production is reached at 900 ºC. Therefore, 

since both the nanowires on the Si-hat and the SiO2NWs on the Cu substrate 

are generated via the same precursor, no SiO2NWs were expected to grow 

on the Cu substrate until reaching 900 ºC. 

On the Cu substrate, two regions could be easily distinguished: a nano-

rough darker zone and a brighter region composed of clusters, this latter 

being larger at higher temperatures. In order to clarify the composition of 

these two regions, EDX analyses were performed on the Cu substrate 

treated at 800 ºC (Fig 6.6). Moreover, different accelerating voltages (AV) 

were employed to observe the chemical composition at different X-ray 

generation depths. The results are summarized in Table 6.1. According to 

these analyses, the granulate region showed a uniform in-depth composition 

(Cu 67 at%, O 33 at%) corresponding to a Cu2O phase, which was also in 

agreement with the description of the cuprous oxide in literature [173, 174]. 

The smooth region instead showed very low concentration of oxygen in bulk 

(Cu 86 at%, O 14 at%) increasing this amount on the surface at AV of 5 kV. 

This result may be consistent with a bulk Cu region covered by a native 

oxide layer, as a result of the air exposure during the sample manipulation 

prior the analysis. This leads to the assumption that the SiO2NWs started to 

grow from the regions described as Cu0, as shows the zoomed FESEM 

image on the Cu substrate at 900 ºC (Fig 6.6), remaining the rest oxidized. 

Only when the whole synthesis is performed (900 ºC for an hour) the 

nanowires cover entirely the surface. 

To support this hypothesis, a GIXRD study was performed on the Cu 

substrates after the different thermal treatments. Fig 6.7a shows the 

presence of Cu2O peaks (Cu2O, ICDD nº 01-078-2076) at all intermediate 

stages of the synthesis. The enlarged images of the spectra, depicted in Fig 
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6.7b, show the intensity evolution of the peaks corresponding to the Cu2O 

phase with temperature. An incipient peak at 42.3º corresponding to CuO 

(111) reflections (CuO, ICDD nº 01-089-5899) is also detected in the sample 

at 900 ºC. The presence of these oxidized species can be explained, 

regardless of the high purity of the gases, to the fact that after the end of the 

gas flow the temperature in the oven was still significantly high (see Fig 2.5). 

This remaining temperature, between 350 ºC and 100 ºC depending on the 

processes at 900 ºC, 800 ºC or 700 ºC, would be enough to slightly oxidize 

the Cu surface [175, 176]. 

 

Table 6.1: In-depth EDX analysis conducted on the granulate and smooth regions of Cu 
sample at 800 ºC. 

Significantly, the sample in which the SiO2NWs synthesis was carried 

out did not show any presence of oxide, as evidences the GIXRD spectra of 

Figs 6.7a and 6.7b. This result implies that Cu remained oxide-free prior the 

start of the SiO2NWs growth, thus maintaining until the process ends. 

Otherwise, the peaks corresponding to the Cu2O phase observed in the 

other samples should also appear in this case. This fact evidences that the 

SiO2NWs indeed grow from the smooth regions which remain oxide-free 

during the synthesis. It can be clearly observed in Fig 6.7 (Cu 900 ºC) where 

grains belonging to the Cu2O phase cover the whole surface except for the 

areas where the nanowires are grown. 
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Figure 6.7: GIXRD patterns at 1º glancing angle of Cu substrates after the different 
thermal treatments compared to the untreated Cu (a). Two details of the grouped 
diffractograms, showing the evolution of the Cu2O phase with temperature (b). 

This brings the question of what is really happening in the Cu0 surface 

during the thermal treatment for initiating the SiO2NWs growth. That is, 

whether some preferential sites are produced during the synthesis process, 

for the consequent SiO gas incorporation. In order to resolve the issue, a 
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new set of thermal treatments was conducted, but now maintaining a 

constant Ar flow during the entire long-term cooling in order to prevent 

formation of Cu2O phase (see Fig 2.4 for more details). Subsequently, all Cu 

substrates subjected to the thermal processes were observed by FESEM 

(Fig 6.8). From these images it was clear that until 150 ºC there was no 

distinct morphology change, but from 350 ºC onwards the surface roughness 

started progressively to increase. Additionally, although not shown here, this 

increased roughness was different and more or less prominent depending on 

each grain orientation. Moreover, above 800 ºC type of nanoparticles was 

observed in some regions along the Cu surface, which could be related with 

the preferential sites previously mentioned. However, after conducting a 

comparative EDX analysis between this region of nanoparticles (brightest 

zone of Fig 6.9a) and another without (darkest zone of Fig 6.9a), the results 

indicated a higher concentration of oxygen in the zone with nanoparticles 

(Fig 6.9b). Therefore, far from being the start of SiO2NWs nucleation, these 

nanoparticles were associated with an incipient oxidation of the Cu surface. 

 

Figure 6.8: FESEM images of the Cu substrates at intermediate temperature of synthesis 
and after annealing at 900 ºC in air. 

Finally, one more thermal treatment was performed at 900 ºC in air, in 

which a new type of nanowires was observed (Fig 6.8). Such a growth has 

been extensively studied [177, 178] and is well known to occur when high-

purity Cu foils are annealed in air above 400 ºC, being these nanowires of 

cupric oxide (CuONWs). The explanation of CuONWs growth appears to 
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stem from interfacial strain at the CuO/Cu2O boundary, which allows the 

steady diffusion of Cu ions to the surface where they react with O2 to form 

new CuO molecules. Therefore, initial CuO and Cu2O layers are required for 

the generation of CuONWs, thereby avoiding the generation of CuONWs in 

the thermal processes conducted in reducing atmosphere. 

 

Figure 6.9: SEM image of Cu substrate at 800 ºC where the two marked areas indicate 
the regions in which EDX analysis was conducted (a). Results of the EDX analysis conducted 
in each region (b). AV of 5 kV was employed in both cases. 

It follows from all of the above considerations that, although high 

temperature always implies an increase in roughness, the type of atmosphere 

used is what determines the formation of one or another structure on the 

surface. In fact, the quantity of SiO gas present in the process also modified 

the final result of the synthesis. In this regard, Fig 6.10 shows FESEM 

images of a Cu substrate subjected to the standard thermal treatment for 

SiO2NWs synthesis but now placing the Si-hat a couple of millimeters farther 

than the other synthesis, resulting in the reduction of the SiO gas 

concentration able to reach the Cu surface. Under these conditions of SiO 

deficiency, FESEM images show how the beginning of SiO2NWs growth 

occurs preferentially at grain boundaries; something that makes perfect sense 

since it is in these regions where the highest number of defects is generated. 
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Figure 6.10: Series of FESEM images at different magnification of a Cu foil subjected to 
SiO2NWs synthesis placing the Si-hat farther away from the substrate. 

In this context, FESEM images of Fig 6.11 show a peculiar situation in 

which the Si-hat was placed at a distance from Cu substrate large enough to 

not have any effect in the process. This time no SiO2NWs were synthesized 

on the Cu substrate with the exception of a zone in which a small Si 

fragment coated with Au have fallen on the Cu surface. In the surrounding 

of the fragment, SiO2NWs have grown in a concentric circle of around 43 

μm in diameter with the Si fragment in the center. 

 

Figure 6.11: Series of FESEM images at different magnifications of a Cu foil subjected to 
SiO2NWs synthesis in which an Au coated small Si fragment had fallen from Si-hat. 

In summary, all these experimental evidences underline the fact that the 

generation of adequate nucleation centers in Cu is as important as the 

production of sufficient amount of SiO gas. Moreover, since both processes 

occur simultaneously, the lack of one of them may lead to a lower and non-

uniform SiO2NWs growth or even to their entirely inhibition. 

6.4 SiO2NWs growth in TEM grid  

Turning now to the subject of the existence of Cu protrusions under the 

SiO2NWs, and in order to validate such as an assumption, a TEM Cu grid 

was employed as substrate for the SiO2NWs growth. The TEM grid, placed 
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on the quartz boat according to the configuration described in Fig 2.6, was 

subjected to the STT for SiO2NWs synthesis. As a result, equal SiO2NWs 

observed in Cu foils were synthesized throughout the mesh of the TEM grid. 

Fig 6.12 shows a strip of FESEM images of the TEM grid, at different 

magnifications, in which it can be observed that SiO2NWs grow all over the 

grid and also edgewise in the holes. This latter aspect enables the side view of 

the SiO2NWs, which had not been possible previously with the flat Cu foils. 

 

Figure 6.12: Series of FESEM images at different magnification of a Cu TEM grid 
subjected to SiO2NWs synthesis. Inset FESEM image in the first picture shows the full-length 
view of the TEM grid. 

The EDX elemental maps performed on at the edge of a hole verify the 

presence of Si and O in the regions covered with nanowires (Figs 6.13c and 

6.13d); in contrast with the Cu signal (Fig 6.13b) that seems to come 

exclusively from the substrate. In addition, Fig 6.13e shows an EDX line 

scan conducted along one of the nanowires. From this scan it is clearly 

visible that Si and O signals are completely correlated and more intense at 

half height of the nanowire. Significantly, the Cu signal, that was at first 

considered to come only from the substrate, is also present from half way 

down the SiO2NW; therefore suggesting the existence of a Cu protrusion 

under the nanowire. 

Under these premises, a subsequent study of the TEM grid with 

SiO2NWs was performed via scanning transmission electron microscopy. 

DF-STEM image of Fig 6.14a shows the SiO2NWs at the edge of a grid 

hole. This image clearly reveals the existence of protrusions under the 

SiO2NWs (in darker contrast), as was speculated. In addition, the high 
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magnification image of Fig 6.14b shows the amorphous structure of the 

SiO2NWs, which is confirmed by the corresponding SAED pattern. 

 

Figure 6.13: In-Lens SEM image of SiO2NWs at the edge of a hole in the TEM Cu grid 
(a) and corresponding EDX elemental mapping images of Cu (b), Si (c), and O (d), acquired 
at 5 kV. In-Lens zoomed SEM image of the SiO2NWs and overlapped EDX line scan along a 
vertical NW (e). 

 

Figure 6.14: DF-STEM image of the SiO2NWs (a) and high magnification STEM image 
at the end of the nanowire. The inset corresponds to the respective SAED pattern. 

Taking now a closer look at an isolate SiO2NW it can be noticed that the 

protrusion is approximately 100 nm high and 200 nm wide, as shown in 

HAADF-STEM image of Fig 6.15a. Moreover, EDX elemental maps 
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performed on the inset area confirms that this protrusion emerges from Cu 

substrate (Fig 6.15b) remaining attached to it under the nanowire.  Figs 

6.15c and 6.15d, on the other hand, show a homogeneous distribution of Si 

and O across the whole nanowire. It should be noted that these two signals 

come also from the region of the Cu protrusion; however, inasmuch as the 

protrusion is located inside the nanowire, it is not possible to determine 

whether a combination between Si, O and Cu elements is taking place. 

 

Figure 6.15: HAADF-STEM image of a SiO2NW at the edge of a hole in the TEM grid 
(a) and the corresponding EDX elemental mapping images of Cu (b), Si (c), and O (d). 

The relevance of the protrusions in the growth of SiO2NWs has been 

extensively commented throughout this chapter and now becomes 

noticeable since they are present within all the nanowires (Fig 6.14a). In this 

respect, the hypothesis that SiO2NWs grow on Cu via VLS method, due to 

the incorporation of SiO gas into these preferential sites, is further 

strengthened. In this respect, the protuberances produced during thermal 

treatment would act in some catalytic way, possibly forming Cu-Si alloys, 

until reaching the nucleation and subsequent bottom-up growth of the 

nanowire. 

The succession of FESEM images of Fig 6.16 shows the evolution of 

SiO2NWs growth along the surface of a unique TEM grid. This was possible 

due to the off-center position of the Si-hat above the grid, allowing a 

preferential SiO flow in some region with respect to another. Accordingly, 

images from I to IV show the grid surface from less to higher SiO gas 



SiO2NWs growth on Cu substrates 

117 
 

concentration exposure. Additionally, based on the images and the above 

results, an illustration of the growth model is attached in each stage. 

 

Figure 6.16: FESEM images of the TEM grid at different stages of the SiO2NWs growth 
(from I to IV), along with corresponding schemes of the growth mechanism proposed. 

In summary, the evidences suggest that SiO2NWs grow via VLS method 

but now remaining the catalyst particles under the nanowire. This could be 

preventing the lengthening of the nanowires since SiO gas would need to 

penetrate the already formed SiO2 structure of the nanowire in order to 

reach the Cu/SiO2NW interface. Instead, from an energetic point of view, it 

is more favorable for SiO gas to create new nucleation sites rather than 
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diffusing into the amorphous SiO2 structure, generating the roots-like 

arrangement observed. 

According to this model, Cu protrusions, acting as catalytic centers, 

incorporates SiO gas by forming an alloy until reaching the supersaturation; 

which is followed by the nucleation and growth of the subsequent nanowire. 

This fact occurs randomly along the Cu surface and the generated nanowires 

have the appearance of “candle flames” emerging from Cu (Fig 6.16I). At 

his point, further addition of SiO implies the generation of new nucleation 

sites, instead of an increase in the length of the already formed nanowires. 

These new nucleation sites, adjacent to the previous ones, form new “candle 

flames” than merge with those of the beginning giving rise to a roots-like 

nanostructure (Fig 6.16II). This mechanism continues and each time more 

nanowires coalesce in the initial one (Fig 6.16III) until the entire Cu surface 

is covered by the nanostructures (Fig 6.16IV). 

6.5 SiO2NWs growth at lower pressure  

Finally, in order to improve the efficiency of the process, a rotary vane 

pump was attached at the end of the quartz reactor to perform the SiO2NWs 

synthesis at lower pressure (details in Fig 2.6). In this case, due to vacuum 

pump limitations, the total gas flow during the synthesis was restricted to 115 

mL·min-1 at medium vacuum (MV) of around 9x10-1 Torr. Under these 

conditions a vertical growth all over the Cu surface was obtained (Fig 6.17a) 

similar to a 1 μm high porous thin film (Fig 6.17b) with the SiO2NWs 

crowning the top (Fig 6.17c). However, such behavior was not equally 

reproducible within the entire number of samples subjected to the synthesis 

process. Even in the event of obtaining a vertical growth, the thickness of 

the layer varied from around 300 nm to almost 1.5 μm, as shown in the 

cross-section FESEM images of Fig 6.18. 
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Figure 6.17: FESEM image of a cross-section Cu foil subjected to SiO2NWs synthesis at 
MV (a) and corresponding high magnification images of the of the synthesized structure seen 
from side (b) and from the top (c). 

 

Figure 6.18: FESEM images of different Cu samples subjected to SiO2NWs synthesis at 
MV. 

In addition, in some particular regions of several samples it was also 

observed a second growth of SiO2NWs (Fig 6.19a) with characteristics 

similar to those obtained by using Si substrates. These secondary SiO2NWs 

seemed to grow from the pinnacles of the SiO2NWs grown from Cu 

substrate (Fig 6.19a) and had the same chemical composition, according to 

the XPS analysis (Figs 6.19a and 6.19b). As indicated above, the secondary 

SiO2NWs were seldom achieved and their growth mechanism is also unclear, 

since no metal catalyst may be involved in the process. In this respect, it has 

been assessed the hypothesis that SiO2NWs grow via oxide-assisted growth 

method [23, 179] which is analogous to conventional VLS but without the 

need of a metal catalyst. However, more investigation would be required in 

order to ensure it.  
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Figure 6.19: FESEM image of a cross-section Cu foil subjected to SiO2NWs synthesis at 
MV (a) and a corresponding high magnification image (b) XPS high-resolution spectra of 
transitions Si 2p (c), O 1s (d) performed on the Cu substrate after the nanowires synthesis. 

Furthermore, with the purpose of finding out the reason for the 

differences in morphology between SiO2NWs grown at AP and those grown 

under MV conditions, an experiment was designed (in the same fashion as 

for Fig 6.16) to observe the evolution of the system. In this case, FESEM 

images show how nucleation centers started to grow from Cu (Fig 6.20I) 

but now, opposite to what happens at AP, SiO gas is equally distributed 

among all of them. As a result, the “candle flames” structures seen in the 

TEM grid grow here at the same rate throughout the Cu surface (Fig 6.20II) 

giving rise to an homogeneous arrangement of equal height (Fig 6.20III). 

This process is expected to continue until the formation of the porous film.  
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Figure 6.20: FESEM images of a Cu foil subjected to SiO2NWs synthesis at MV in 
different stages of the SiO2NWs growth (from I to III). 

The motives of the present SiO2NWs aspect, as before, would be mainly 

consequence of two factors: the Cu surface roughness and the SiO gas 

amount available. On the one hand, FESEM images of Fig 6.21 show how 

Cu surface is more harshly altered after thermal treatment at 900 ºC in MV 

than after the same thermal treatment at AP; to the extent that the diverse 

facets of grain domains rose from the surface. This increased roughness may 

involve the generation of more preferential sites for the incorporation of 

SiO, distributed uniformly across the surface. The SiO gas, therefore, would 

be equally likely to be incorporated in either site. 

On the other hand, within the framework of the Le Châtelier's principle 

[157], it can be asserted that a change in the total pressure can affect the 

equilibrium concentrations of the products and reactants of a reversible 

reaction. In this case, the unique reactions present in the system are those of 

Eq 3.2 and Eq 3.33, corresponding to the active oxidation of Si to form SiO 

gas, which have been proved to be reversible [180, 181]. Therefore, by 

reducing the pressure of the system, equilibrium of both reactions shifts to 

the products side, since it is where there is the greater number of moles of 

gas. In other words, large proportion of SiO gas is produced, during the 

same time of synthesis, by decreasing the total pressure. This fact can be 

reflective in the surface of the Si-hat (Fig 6.22), over eroded by effect of Au 

in conjunction with an increment in the reaction rate of SiO gas formation. 

                                                            
3 Eq 3.2: Si (s) + SiO2 (s) → 2SiO (g)  ;  Eq 3.3: Si (s) + ½ O2 (g) → SiO (g) 
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Figure 6.21: FESEM images of Cu substrates after annealing at 900 ºC in H2-Ar 
atmosphere without presence of Si-hat at AP and under MV conditions. 

 

Figure 6.22: FESEM image of the Si-hat surface after annealing at 900 ºC in H2-Ar 
atmosphere and MV conditions. 
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In summary, the generation of more preferential sites on Cu surface, 

along with larger amount of available SiO gas in the system would enable the 

vertical growth observed in the samples subjected to SiO2NWs at low 

pressure. 

6.6 Conclusions 
• SiO2NWs have been successfully synthesized on Cu substrates 

without the use of Au catalysts. These nanowires present morphologies 

different from that usually obtained, but equal amorphous structure and 

chemical composition. 

• The formation of SiO2NWs on Cu supports the role of the Si-hat as 

unique possible source of Si and reinforces the premise that the 

precursor must be in a gaseous form. 

• Cu remains oxide-free prior the start of the SiO2NWs growth, thus 

maintaining until the process ends. Nonetheless, its roughness increases 

with temperature because of the generation of protuberances on the 

surface. 

• The type of atmosphere employed as well as the quantity of SiO gas 

present in the process dictate the final result of the synthesis. 

• SiO2NWs grow via VLS method remaining the catalyst Cu particle 

under the nanowire rather that at the tip, which prevents the 

lengthening of the nanowires. 

• Vertical SiO2NWs growth of up to 1.5 μm is obtained by 

performing the synthesis at MV conditions, since both the Cu surface 

roughness and the SiO production are enhanced.  
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Chapter 7 

Applications: Energy Storage 
This chapter reports the electrochemical study performed on 

SiO2NWs directly grown on Cu foils for its possible application as anode in 

Li-ion batteries. Electrodes were elaborated as described in Chapter 6 

using circular Cu substrates. Due to the small amounts of active material, 

a new procedure based on AFM measurements was developed to 

estimate the mass of the electrodes. SiO2NWs/Cu electrodes were 

evaluated by galvanostatic cycling, cyclic voltammetry and 

electrochemical impedance spectroscopy. Finally, two different Cu foils 

of thickness 300 and 9 μm, respectively, were assessed to validate their 

adequacy as current collectors. 

7.1 Si as active material 

The total capacity of a battery is calculated from the individual specific 

capacities of the positive and negative electrodes, which in turn may be 

quantified from [89]: 

𝐶𝑆 =
𝑛 ∙ 𝐹
𝑀

 

where n is the number of electrons transferred per mole of element in the 

redox reaction, F is the Faraday constant expressed in terms of current 

(26.801 A h mol-1) and M is the molecular mass of the active component. 

According to this definition, it can be calculated the theoretical capacity of 

the graphite anode (LiC6) in 372 mA·h·g-1, which is only 10% of the Li metal 

anode capacity (3861 mA·h·g-1). 
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Is here where Si comes in place, since its fully lithiated phase at RT 

(Li15Si4) gives a theoretical capacity of 3978 mA·h·g-1; even higher than that 

of Li metal. However, the Li insertion in pure Si results in volume 

expansions of the parent lattice up to 280%, which may cause internal cracks 

in the electrode, resulting in loss of electrical contact and eventually cell 

failure [182]. It was for the need to mitigate these volume and structural 

changes that materials in the nanoscale began to be explored as potential 

electrode for the LIBs. Moreover, the use of nanostructured materials 

opened up the possibility of designing novel multifunctional batteries that, 

for example, would increase the level of energy storage per unit volume in 

turns to decrease the dead weight. Nowadays, numerous studies have been 

devoted to synthesize different Si compounds as nanoparticles [183], 

nanospheres [184, 185], porous silicon [186] or nanowires [187, 188], among 

many others, for this objective. The outcome of these studies demonstrated 

that Si-based nanostructures were capable to withstand the stresses resulting 

from the lithiation and delithiation processes, without a significant capacity 

loss along cycles. 

However, in all these cases the incorporation of the Si nanostructures 

into a manufacturing process would be laborious and complex. Specifically, 

when SiNWs are grown on Si substrates, in order to elaborate the ultimate 

electrode, a previous step is necessary to detach the nanowires from the 

original substrate. Subsequently the removed material must be weighed and 

mixed with other compounds (binders) to make a composite that, finally, is 

deposited onto a Cu foil in the form of thin film. The desirable procedure, 

therefore, would require the direct growth of the SiNWs on conductive 

substrates. 

7.2 SiO2 as active material 

On the basis of the above, along the preceding chapters it has been 

attempted to synthesize the SiO2NWs on different conductive substrates 
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(TiN films, carbon microstructures and Cu foils) with the aim of using the 

resulting complex as potential functional anode in LIBs. In this way, the 

direct growth of the active material on a conductor substrate (used as anode 

collector) via a single step procedure would make the manufacturing process 

simpler and more efficient. 

The only concern that may arise with regard to the suitability of the 

anodes would be the fact that, in this case, the initial compound is 

amorphous SiO2 instead of crystalline Si, as in the reported examples. 

However, as confirmed by literature [189, 190], during the first Li insertion, 

crystalline Si is converted into an amorphous lithiated Si phase which will not 

reset to its original crystalline form after Li extraction. Therefore, the initial 

crystallinity does not seem to have a significant impact on the battery 

performance; on the contrary, some references in the literature report a 

better capacity retention for amorphous Si rather than crystalline [182]. 

On the other hand, some current research [191-193], focused on the 

study of SiOx compounds (1<x<2) as anode material, have affirmed that 

during the first lithiation cycle SiO2 is reduced by Li+ resulting in three types 

of reaction: 

SiO2  +  4Li+ +  4𝑒−  ⟶  2Li2O +  Si Eq. 7.1 

2SiO2 +  4Li+ +  4𝑒− ⟶  Li4SiO4  +  Si Eq. 7.2 

Si +  xLi+ +  𝑥𝑒− ⟷  LixSi Eq. 7.3 

According to these equations, amorphous SiO2 is reduced to amorphous 

Si and amorphous Li2O (Eq 7.1) or crystalline Li4SiO4 (Eq 7.2) via an 

irreversible process when the composite is initially discharged. Subsequently 

the reduced Si reacts with Li+ to form LixSi alloys (Eq 7.3) when the 

composite is further discharged. This reaction, unlike the previous ones, is 

reversible and hence, the ultimate responsible of the battery operation. 
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Therefore, it is concluded that SiO2 may offer the same potential reversible 

capacities as Si, once it has been reduced by Li+. 

7.3 SiO2NWs/Cu as negative electrode of LIBs 

Among the different ways by which SiO2NWs had been successfully 

grown, Cu foils represent the best option for the implementation of 

SiO2NWs in LIBs. The reason is that Cu is commonly selected as current 

collector for the negative electrode (anode) of LIBs since its stable 

electrochemical window is around 0–3 V vs. Li/Li+ [194]. Therefore, in this 

section SiO2NWs grown on Cu foils were electrochemically tested for its 

suitability as anode in LIBs. To this end, foils were mechanically cut into 

circles (around 1 cm diameter) and subsequently, the SiO2NWs were 

synthesized as described in Chapter 6. The growth parameters, such as the 

gap between substrate and Si-hat, were optimized and kept constant during 

all the syntheses in order to obtain a more homogeneous and similar growth 

for all the electrodes. 

7.4.1 Measurement of the electrode mass 

Unlike the habitual routines by which nanomaterials are synthesized and 

weighted before being deposited on the Cu collector, in our case SiO2NWs 

are directly synthesized on the collector and hence cannot be previously 

weighted. Thus, some attempts were made to obtain the mass of the 

SiO2NWs by weighting the electrodes before and after the synthesis. 

However, the nanometric size of the SiO2NWs and the reduced dimensions 

of the electrodes did not make possible the determination of the grown mass 

using a microbalance, since in all cases the quantities obtained were of the 

same order of magnitude as the experimental error. Nevertheless, given that 

knowledge of the electrode mass is an important parameter for comparing 

the experimental capacity values with those reported in the literature, we 
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developed a novel methodology to estimate the total mass of the SiO2NWs 

grown. 

By this method, the area of the electrodes was calculated using optical 

microscopy and, at the same time, AFM was employed to make an 

estimation of the volume occupied by the SiO2NWs. In this way the total 

mass of the active material was obtained by an indirect measure from the 

volume and the density of the SiO2NWs. 

 

Figure 7.1: Optical image of a SiO2NWs/Cu electrode (a) and 3D AFM image of the 
SiO2NWs (b). 

Fig 7.1a shows an optical image of one of the SiO2NWs/Cu electrodes 

from which it has been calculated the area by using the program ImageJ. In 

this particular sample, the area was estimated at 72.0 ± 0.6 mm2. On the 

other hand, the volume occupied by the SiO2NWs was evaluated from the 

topographic AFM images of the electrodes by using the program WSxM 

(Nanotec) [195]; an example is illustrated in Fig 7.1b. In this figure it is 

shown the 3D representation of an AFM image (area = 5 x 5 µm2) of the 

SiO2NWs, from which the total volume has been estimated at 5.44 µm3. The 

ratio between SiO2NWs volume and the scanned area gives a value of 0.2176 

µm.  
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By following this procedure and in order to provide a more accurate 

value to be used in the electrochemical analyses, 45 AFM images obtained 

from 3 different electrodes were analysed, resulting on an average 

volume/area ratio of 0.16 ± 0.07 µm. Thus, by considering the SiO2NWs 

density equal to the density of amorphous silica (2.196 g cm-3), the average 

mass/area ratio can be expressed as 40 ± 10 μg·cm-2. Lastly, the total mass 

of the SiO2NWs was determined in each sample by multiplying this ratio by 

the total area of the electrode. As an example, the total mass of SiO2NWs 

grown in the electrode of Fig 7.1a (area = 72.0 ± 0.6 mm2) would be equal 

to 29 ± 8 µg. 

7.4.2 Electrochemical characterization 

Once its mass has been calculated, the electrode was assembled in a half-

cell configuration for its electrochemical analysis. Half-cell instead of full-cell 

configuration is usually employed for the characterization of novel electrode 

materials. Under this arrangement, Li metal is used as counter electrode (CE) 

and the novel material as working electrode (WE), in such a way that either 

positive and negative electrode materials may be electrochemically analysed 

with respect to the reduction potential of Li. However, it must be taken into 

account that as Li metal has one of the most negative reduction potentials 

(E0 = -3.04 V vs. SHE) and, in comparison, any material used as WE will 

have a more positive value of E0. To illustrate this Fig 7.2a shows the 

reduction potentials for conventional anode (red) and cathode materials 

(blue) [196]. Therefore, in the half-cell the SiO2NWs/Cu sample will act as 

positive electrode (Fig 7.2b). 

Swagelok-type half-cells were assembled in an Ar-filled glove box, with 

the components following the order presented in the illustration of Fig 7.2b. 

A glass microfiber filter disk (Whatman® grade GF/B, thickness 0.68 mm) 

of 1 cm of diameter was used as separator, and a solution of 1 M LiPF6 in 

ethylene carbonate and ethyl methyl carbonate (EC:DMC, 1:1 v/v) supplied 
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by UBE was chosen as electrolyte. Fig 7.3a shows the capacity values 

obtained from three different galvanostatic charge/discharge measurements 

collected at constant currents of 10 μA, 25 μA and 50 μA, respectively, 

within a voltage range of 1.5 V to 10 mV vs. Li+/Li. In each case 10, 24 and 

30 cycles were performed, by starting from the initial open circuit potential 

of the electrode. Moreover, it is worth mentioning that all the capacity data 

were determined using the SiO2NWs mass values previously calculated (as 

explained in the previous section). 

 
Figure 7.2: Relationship between potentials with respect to SHE and the reduction 

potential of Li (E0(Li+/Li)) (a). Image of the Swagelok-type half-cell as assembled (b), in 
which SiO2NWs/Cu is acting as WE and Li metal as CE. 

In the first cycle, for the three cases, a large capacity during discharge 

(lithiation) was obtained, which was no longer maintained in the charge 

(delithiation); resulting in a poor Coulombic efficiency 4(Fig 7.3b). This 

capacity loss in the first cycle has been widely reported [182, 183, 197] and it 

is usually attributed to the generation of a solid electrolyte interphase (SEI5); 

although, some groups have also related this irreversible capacity to the 

                                                            
4 Coulombic efficiency is defined as �𝑄𝑐ℎ𝑎𝑎𝑎𝑎 𝑄𝑑𝑖𝑑𝑐ℎ𝑎𝑎𝑎𝑎⁄ � ∙ 100% 
5 The SEI is a passivation layer formed on the electrode surface through the reaction 
of Li+ with the organic solvents (EC and DMC) and the salts (LiPF6) of the 
electrolyte. The formation of the SEI, therefore, leads to an irreversible capacity 
because of Li is being consumed in the formation of the layer and the cell 
impedance is increased. 
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initial reduction of SiO2 to form LiO2 [198, 199]. On the other hand, 

analysing each case separately, the SiO2NWs/Cu electrode cycled using a 

current of 10 μA gave the highest capacity values (all of them over 2000 

mA·h·g-1) but, at the same time, the worst Coulombic efficiency (74.9% at 

the 10th cycle). When the current was raised up to 25 μA the overall capacity 

values decreased until a reversible capacity of 941 mA·h·g-1 at the 23rd cycle. 

Likewise, the Coulombic efficiency also increases, but with an irregular 

tendency along the cycles. Finally, the greater performance was obtained for 

a current of 50 μA, with an efficiency of 95.3% at the 30th cycle and a 

reversible capacity of 170.7 mA·h·g-1. 

 

Figure 7.3: Charge (empty dots) and discharge (solid dots) capacities (a) and Coulombic 
efficiency (b) of the SiO2NWs/Cu electrodes along the cycles by using a constant current of 
10 μA, 25 μA and 50 μA. 

Overall, the irreversible capacities obtained in the first discharge (85.3%, 

78.1% and 83.9%, from lower to higher currents) resulted excessive 

compared to literature [70, 200]. In fact, the own capacity values seemed 

unreasonable, since some of them were even higher than the theoretical 

capacity of Si (CS = 3978 mA·h·g-1). This added to the fact that the worse 

cell operation occurred at lower rather than higher current rates indicated 

that some additional processes were taking place on the cell. Accordingly, for 

further information, a new SiO2NWs/Cu electrode was prepared to be 

analysed by means of cyclic voltammetry (CV). 
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In order to identify the faradaic processes present during the insertion 

and extraction of Li, CV curves of the SiO2NWs/Cu electrode were 

conducted at scan rates of 0.1, 0.5, 1 and 2 mV·s-1 (Fig 7.4a). During the 

first cycle at a rate of 0.1 mV s-1 it can be clearly observed a cathodic peak at 

1.1 V, which does not appear in the subsequent cycles. Conversely, two 

additional reduction peaks appear in the successive cycles, at 0.49 V (R1) and 

0.84 V (R2). Similarly, in the anodic scanning a unique peak is observed at 1.0 

V in the first cycle, which evolves into two oxidation peaks at 0.82 V (O1) 

and 1.1 V (O2) in the successive curves. The irreversible cathodic peak was 

thought to be ascribed to the formation of the SEI although, according to 

literature, the generation of the passive layer is reported at a voltage between 

0.5–0.8 V vs. Li+/Li [197, 201, 202]. Additionally, the reversible redox 

reaction (Eq 7.3) associated to Si lithiation is usually detected with a cathodic 

peak in a range between 0.1 – 0.2 V and two reciprocal anodic peaks around 

0.3 and 0.5 V [201, 202]. Therefore, the pair of redox peaks (O1/R1 and 

O2/R2) observed in the voltammograms of Fig 7.4a must be the result of 

another reaction. In particular, the shape of the CV curves seems similar to 

the typical charge/discharge voltammetry characteristics of an 

electrochemical capacitor [203]. Based on this, the pair or redox peaks 

(O1/R1 and O2/R2) could be attributed to quick faradaic processes involving 

electron transfer across the electrode/solution interface, resulting in a 

pseudocapacitance effect [204]. This phenomenon has been already reported 

in other types of LIB systems [205] and it is especially common in both 

carbon-based and transition-metal oxides electrodes [90, 203].  

Pseudocapacitance may be visibly identified by means of CV since the 

charge involved in those faradaic processed is a continuously changing 

function of the potential. Particularly, it can be observed in the CV curves of 

Fig 7.4a how the anodic (O1) and cathodic (R1, R2) peaks shift to higher and 

lower potentials, respectively, with an increase in the scan rate. Moreover, in 

the graphic of Fig 7.4b it is obvious the linear relationship established 
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between the peak currents of the electrode at different scan rates, which 

certainly indicates the occurrence of a surface redox reaction. 

 

Figure 7.4: Cyclic voltammetry curves of the SiO2NWs/Cu electrode (a) in the potential 
window of 0 to 2 V vs. Li+/Li at a different scan rates (three cycles are shown from each rate 
scan). Insets show a detail of the cathodic and anodic peaks. Peak current versus scan rate 
graphic obtained from the cyclic voltammograms (b). 

With the aim of corroborate this assertion, galvanostatic charge–

discharge curves of the SiO2NWs/Cu electrode cycled at 50 μA were 

assessed (Fig 7.5a). The first discharge cycle presents a clearly visible plateau 

at 1.2 V and other less noticeable at 0.8 V, as corroborated by the sharp and 

broad peaks on the corresponding cyclic differential capacity curve (Fig 

7.5b). This sharp peak, which is no longer observed in successive cycles, is in 

complete agreement with that observed by CV. Conversely, the equivalent 

charge cycle presents a slight curvature around 1 V, corresponding to the 

peak pointed out in magnification graph of Fig 7.5c. Likewise, the specific 

capacity experiences a significant decrease (from 1190 to 190 mA·h·g-1) due 

to the irreversible process observed at 1.2 V. In the succeeding cycles just a 

cathodic peak at 0.64 V and a parallel anodic peak at 1.0 V are observed, 

whose intensity diminishes steadily over the cycles at the time that cathodic 

and anodic peak positions shift to lower and higher potentials, respectively. 
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Once again these peaks are in agreement with those designed as O1 and R1 in 

CV curves. Moreover, as in the CV curves, in the dQ/dV curves there are no 

presence of peaks in the range of 0.1-0.5 V in which it is stated the reaction 

between Si and Li [192, 206], thus reaffirming the existence of 

pseudocapacitance effects during the cell performance. 

 

Figure 7.5: Galvanostatic charge–discharge profiles for 1st, 2nd, 5th, 10th and 30th cycles at 
a constant current of 50 μA (a) and corresponding cyclic differential capacity curves (b). A 
magnified view of the curves is shown in (c). 

Finally, as the ultimate confirmation of the capaciive character of the 

cells, a new SiO2NWs/Cu electrode was discharged to 10 mV, then leaving 

the cell at the open circuit condition while its voltage was continuously 

recorded. As a result, Fig 7.6 shows how the cell recovered spontaneously 

its initial potential after 24 h. 
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Figure 7.6: Galvanostatic discharge of the SiO2NWs/Cu electrode to 10 mV at a 

constant current of 25 μA followed by an open circuit (OC) condition period. 

7.4.3 Analysis of the Cu collector 

At this point of the research, it was thought that perhaps the Cu foil was 

participating in the process despite the existence of the SiO2NWs layer. With 

this in mind, two new electrodes were cycled, one with the usual 

SiO2NWs/Cu electrode and the other one using the bare Cu foil as electrode 

(Fig 7.7a6). In that graph, it can be observed that bare Cu electrode, indeed, 

interacted with Li, producing charge-discharge cycles. Furthermore, 

electrochemical performance of both electrodes was proved to be rather 

similar, differing only in the discharge capacities of the first cycle (0.19 mA·h 

for SiO2NWs/Cu and 0.10 mA·h for bare Cu). Moreover, both electrodes 

exhibited analogous Coulombic efficiency along the cycles (Fig 7.7b). 

It is therefore concluded that Cu collector was the main responsible for 

the cycling performance of the cell and SiO2NWs most likely only 

contributed, with a large surface/volume ratio, to form a larger SEI on the 

electrode surface; thus providing a higher irreversible capacity in the first 

cycle. 

                                                            
6 It should be noted that in this graph capacities are expressed in units of mA h 
because of the inability to determinate how many Cu is reacting with Li and in order 
to make them comparable with each other. 
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Figure 7.7: Discharge (solid dots) and charge (clear dots) capacities (a) and Coulombic 
efficiency (b) along the cycles of a bare Cu electrode (orange squares) and a SiO2NWs/Cu 
electrode (green triangles). The current employed was 50 μA. 

Indeed, the same test was repeated employing a thinner Cu foil (TF-Cu, 

9 μm thick) for a greater number of charge/discharge cycles. The results are 

summarized in Fig 7.8. The values of capacity in this case are almost one 

order of magnitude lower than those obtained with the thick Cu foil (300 μm 

thick) but the overall performance follows the same trend; with the 

difference that for larger cycle number the SiO2NWs/TF-Cu electrode 

becomes more stable than the TF-Cu electrode, as evidenced the Coulombic 

efficiency (Fig 7.8b).  Additionally, the irreversible capacity of the first cycle 

is rather similar for both electrodes (0.027 mA·h for SiO2NWs/TF-Cu and 

0.024 mA h for bare TF-Cu). Therefore, it can be determined that a smaller 

SEI is formed when using a thinner Cu foil, since the capacity values are 

lower, and hence the large surface/volume ratio of the SiO2NWs may not be 

so relevant. In this way, SiO2NWs layer has almost no repercussion on the 

cell performance and simply acts as protective passive layer of the Cu 

surface. Likewise, it has been proven that Cu is not a suitable current 

collector for LIBs since is not completely inert, as it has been suggested in 

some researches [194, 207]. 
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Figure 7.8: Discharge (solid dots) and charge (clear dots) capacities (a) and Coulombic 
efficiency (b) along the cycles of a thin Cu foil (TF-Cu) electrode (orange squares) and a 
SiO2NWs/TF-Cu electrode (green triangles). The current employed was 50 μA. 

Finally, we considered the Nyquist plots of the TF-Cu and the 

SiO2NWs/TF-Cu electrodes after the 1st, 10th, 20th and 80th cycles at the 

discharged state (Fig 7.9). Typical Nyquist plots of LIBs electrodes comprise 

a semicircle in the high frequency range and a sloping straight line in the low 

frequency range [201, 208, 209]. These characteristic features can be 

modelled through an equivalent circuit in such a way that each contribution 

to the total electrode impedance can be individually considered. The 

equivalent circuit employed in this work consists of three subcircuits in series 

that represents the processes involved in the electrolyte, the SEI and the 

SiO2NWs/TF-Cu regions of the cell. Fig 7.10 shows a representation of this 

circuit inside the battery, as well as a legend labelling each electric 

component. The contribution of each component to the Nyquist plot was 

detailed in Chapter 2. 

At high frequencies (~200 kHz) the spectrum is dominated by the ionic 

conduction through the electrolyte, represented as a pure resistance (Re). 

This resistance had a rather constant value of 5.1 ± 0.3 Ω along all the cycles 

of both electrodes. 
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Figure 7.9: Nyquist plots measured after 1st, 10th, 20th and 80th discharge cycle for the 
TF-Cu (Ia) and the SiO2NWs/TF-Cu (IIa) electrodes; and detail of the plots to observe the 
behaviour at high frequencies (Ib and IIb). The frequency range goes from 200 kHz to 100 
mHz. 

At intermediate frequencies (200 kHz–10 kHz) the SEI starts to take 

part in the process. In the TF-Cu electrode, the CSEI had a constant value of 

3.4 ± 0.7 μF along all cycles; while for the SiO2NWs/TF-Cu electrode this 

value was half that value (1.5 ± 0.1 μF). But, since both values are of the 

same order of magnitude, for the purpose of this study can be considered 

comparable. However, RSEI behaved differently on each system, as can be 

noticed from the semicircle diameter in the Nyquist plot (Figs Ib and IIb) 

or directly from the data of Table 7.1. For the TF-Cu electrode the RSEI was 

almost constant during cycling (with the exception of the 1st cycle), but for 
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the SiO2NWs/TF-Cu electrode RSEI was increasing through the cycles. 

These results indicated that SiO2NWs promoted the thickening of the SEI, 

which could explain the extra capacity of the SiO2NWs/TF-Cu electrode 

obtained in the galvanostatic curves (Fig 7.8a). 

 

Figure 7.10: Schematic representation of the items of the equivalent circuit inside the 
battery, as well as a legend labelling each electric component. 

As the frequency slightly decreases (10 kHz-100Hz) the contribution of 

the active material and the double layer is observed. In this regard, Rct is 

attributed to the electron transfer resistance of the active material and Cdl 

represents the capacitance of the double layer, which is produced by the 

polarization of the charges in the electrode surface. Cdl values were rather 

regular during cycling for both electrodes (1.2 ± 0.1 μF and 0.70 ± 0.04 μF 

for TF-Cu and SiO2NWs/TF-Cu, respectively). However, the Rct of the 

SiO2NWs increased through the cycles, remaining that of TF-Cu around 25 

Ω in all cases (Table 7.1). This indicated that SiO2NWs conductivity 

decreases, thus increasing the resistance of the electrode, while Cu 

conductivity remained constant. Indeed, the isolating nature of the SiO2NWs 

could be externally confirmed through a conductive-AFM, obtaining 

currents in the order of pA (Fig 7.11b) through the SiO2NWs/TF-Cu 

electrode (Fig 7.11a). 
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Cycle 
TF-Cu SiO2NWs/TF-Cu 

RSEI [Ω] Rct [Ω] RSEI [Ω] Rct [Ω] 

1st 200 ± 3 22 ± 4 217 ± 9 36 ± 3 

10th 303 ± 2 27 ± 3 280 ± 4 44 ± 4 

20th 303 ± 3 25 ± 3 340 ± 4 48 ± 4 

80th 263 ± 3 29 ± 4 416 ± 4 71 ± 4 

Table 7.1: Impedance fitting values of the resistance of the SEI and the charge transfer 
resistance for each electrode. 

Finally, the sloping straight line at low frequencies (10 Hz –100 mHz) 

represents the contribution from solid state-diffusion of Li into the bulk of 

the active material. This process is modelled by a Warburg diffusion element 

(W), which is a parameter usually employed for EIS analysis when circuit 

element behaving in between capacitor and resistor [210]. Therefore, W 

could have associated a pseudoresistance (RW) and a pseudocapacitance (CW) 

corresponding to its horizontal and vertical projections in the Nyquist plot 

respectively. Under these statements and comparing the curves of Fig 7.9 

with those in literature [208, 211], it could be argued that RW is considerable 

higher in the present case, which could mean an excessive resistance from 

the active material to the Li diffusion. This supports the postulation that Li is 

not currently reacting with the SiO2NWs. 

 

Figure 7.11: AFM images of topography (a) and current collected at +5V (b) of the 
SiO2NWs/TF-Cu electrode. Images size is 5μm × 5μm. 
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7.4 Conclusions 
• SiO2NWs mass was estimated in the order of 30 μg by means of an 

optical analysis of the electrodes using AFM. 

• Galvanostatic cycles showed unreasonable capacity values for the 

SiO2NWs/Cu electrodes, as well as a bad cell performance, remarkably 

worse at lower current rates. 

• The redox peaks observed in the CV and dQ/dV curves were 

attributed to a pseudocapacitance phenomenon. Likewise, the 

irreversible cathodic peak observed at the 1st cycle was ascribed to the 

SEI formation. 

• Cu was proven not to be a suitable current collector for LIBs when 

there are small quantities of active material since it is not completely 

inert to Li. 

• The formation of a thick SEI, in comparison with the thin layer of 

active material, and the insolating nature of the SiO2NWs seem to be 

the main responsible for the operational failure of the cell. 
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Chapter 8 

Conclusions and 
Perspectives 

This chapter unites all the partial conclusions drawn along the 

different chapters to give an overall perspective of the conducted work, 

whereupon some future perspectives based on the previous results are 

discussed. 

8.1 SiO2NWs 

The first study described in this work explored the synthesis process of 

silica nanowires on Si <100> substrates. These SiO2NWs grow in a 

disordered fashion through a bottom-up process using Au nanoparticles as 

catalytic centers of nucleation, have lengths of around 10 μm and diameters 

in the order of 20 nm. Additionally, nanowires present an amorphous 

structure with chemical composition corresponding to SiO2 with oxygen 

vacancies, which are responsible of their blue-green PL and CL emission. 

The center of the PL peak appears at λ=509 nm for an excitation wavelength 

of 402 nm, preserving its intensity after annealing at 900 ºC for 10 min and 

at least for 3 months by storing the samples in the open air at RT. 

8.2 Catalytic Au NPs 

The Au nanoparticles are obtained by annealing an Au thin film 

deposited by sputtering on the substrates. The size of these NPs can be 

tuned by changing the initial thickness of the film and the roughness of the 

substrate, with the use of masks or by using 3D microstructures as support-

material. In order to catalyse the nucleation and growth of the SiO2NWs, it 



Chapter 8  

144 
 

has been determined that the Au NPs must have diameters below 200 nm. 

This is normally achieved for 5 nm thick Au coatings, by increasing the 

roughness of the substrate and by reducing the size of the 3D 

microstructures. Besides, along the work it has been disproven the statement 

that the initial size of the Au NPs governs the diameter of the VLS-grown 

nanowires. Instead, a disaggregation mechanism of the initial Au NP into 

smaller ones occurs, giving rise to nanowires of diameters ranging between 

50 to 20 nm regardless of the original Au NPs size. Additionally, it has been 

shown that these smaller Au NPs embedded along the NW length can also 

generate a local VLS system and catalyze a new NW that grows from the 

previous one. 

8.3 VLS method and SiO gas precursor 

In addition, TPR analysis proved that the gases employed in the CVD 

process (Ar and H2) do not take an active part in the SiO2NWs growth. 

Consequently, the generation of a new gaseous SiO species during the 

thermal treatment, via the active oxidation of the Si substrate, is postulated 

as the unique plausible explanation for the SiO2NWs growth. Besides, it was 

proven that such as reaction is only possible in an atmosphere of low 

residual O2 concentration. Additionally, Au is thought to take part in the 

reaction as catalyst, reducing the EA of the process, thus enabling the 

generation of SiO at temperatures as low as 900 ºC. 

The premise that SiO gas is produced during SiO2NWs synthesis has 

been demonstrated through different experiments shown in different 

chapters. Bubbles trapped in the TiN/Si interface (Chapter 4) pointed to a 

gaseous expansion from inside to outside the coating layer while Si was 

consumed. Moreover, the successful transference of the SiO2NWs growth to 

substrates different from Si, such as SS or Cu (Chapters 5 and 6), was an 

evidence of the gaseous nature of the precursor. Concurrently, the role of Au 
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in the generation of SiO gas became evident in Chapter 5, since no 

SiO2NWs grew when Au-uncoated Si-hat were employed. 

Furthermore, since the only presence of SiO2MSs was insufficient to 

promote the growth of the SiO2NWs (Chapter 5), SiO gas cannot be 

supplied through the reaction H2 (g) + SiO2 (s) → SiO (g) + H2O (g). This 

was in line with the TPR results, reinforcing the premise that H2 does not 

take part in the SiO2NWs growth. 

Based on these evidences, it is clear that the mechanism of SiO2NWs 

growth is governed by a VLS mechanism in which SiO gas acts as precursor. 

Moreover, the SiO gas is necessarily generated via the reduction of the native 

SiO2 layer [Si (s) + SiO2 (s) → 2SiO (g)] and mainly via the active oxidation 

of Si [Si (s) + ½ O2 (g) → SiO (g)]. These premises are supported by the 

presence of etch-voids underneath the nanowires in the TiN/Si samples 

(Chapter 4). 

8.4 SiO2NWs grown on different substrates 

8.4.1 TiN coatings 

In this case, vertical SiO2NWs grow attached to the TiN film, as “a tree 

from its roots”, after the Au diffusion through TiN to Si substrate where 

VLS mechanism starts. Moreover, it was exceptionally observed that if the 

native SiO2 layer was removed before the TiN deposition, novel coiled SiOx 

(x<<2) nanoribbons were generated; whose growth mechanism was the 

result of a contact angle anisotropy produced at the beginning of the cooling 

ramp.  

8.4.2 Microstructures as intermediate support-material 

The use of these microstructures provides greater versatility to the 

process, since allows the tune of the Au NPs size as well as a controlled and 
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localized growth of the SiO2NWs. Besides, the gaseous nature of the 

precursor permits the transference of the SiO2NWs growth to substrates 

different from Si by placing an Au-coated Si fragment in its close vicinity. 

Under this arrangement the final result of the synthesis was strongly 

influenced by the distance between substrate and Si-hat, the atmosphere 

employed and the processing time.   

8.4.3 Cu foils 

SiO2NWs grown on Cu substrates did not require the use of Au 

catalysts. These nanowires show a morphology quite different from those 

usually obtained from Si, but preserve their amorphous silica structure. The 

growth mechanism of these new SiO2NWs is governed by two parallel 

processes. On the one hand, protuberances of around 200 nm in diameter 

are generated on the Cu surface during annealing. On the other hand, SiO 

gas is produced on the Si-hat, then diffusing until reaching the Cu 

protuberances to form the SiO2NWs by VLS. Besides, if the synthesis is 

performed at medium vacuum conditions, both the Cu surface roughness 

and the SiO production are enhanced, thereby obtaining a vertical SiO2NWs 

growth up to 1.5 μm high. 

8.5 Study of SiO2NWs as anode in Li-ion 
batteries 

Finally, SiO2NWs/Cu electrodes were evaluated in a half-cell 

configuration to test their suitability as anode of lithium-ion batteries, in view 

of the good results reported in literature.  However, the results of the 

electrochemical analysis showed a bad cell performance, in addition to the 

existence of a pseudocapacitance phenomenon. Based on these data, the 

formation of a thick SEI, in comparison with the thin layer of active 

material, and the insolating nature of the SiO2NWs seem to be the main 

responsible for the operational failure of the cell.  
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8.6 Future work 

Despite the low electrochemical performance of the SiO2NWs/Cu 

electrodes, the system consisting of a nanostructured insulating layer well 

adhered to a conductive Cu substrate may have applicability in a variety of 

other devices such as field effect transistors, memristors or gas sensors. 

Besides, GIXRD analysis conducted on the SiO2NWs/Cu samples revealed 

that Cu remained oxide-free after the SiO2NWs growth (what can be also 

noticed with the naked eye since the sample preserves its metallic Cu shine). 

Therefore, SiO2NWs could be employed as passive coating of Cu structures 

that are continuously exposed to the atmosphere, so that corrosion is 

prevented while the metallic finish of Cu is unchanged.  

Moreover, the photo and cathodoluminescence properties of the 

SiO2NWs combined with the great versatility of the synthesis procedure 

could be useful in the development of enhanced nanometric optoelectronic 

devices, such as optical nanoprobes, for different detection techniques. In 

addition, taking into account the great facility of SiO2 to be functionalized, 

those nanoprobes could be also employed in biosensing and biomarker 

detection. 

To conclude, other not so obvious but interesting application for the 

SiO2NWs synthesis process could be the further purification of high purity 

gases. For instance, nowadays, conventional industrial technologies for H2 

purification include pressure swing adsorption, cryogenic fractionation and 

dense metallic membrane permeation. These methods are far from being 

cost effective and consequently, new innovative technologies are in constant 

development for the industrial purification of H2. In this regard, the 

synthesis of SiO2NWs could be employed as an ancillary process to reduce 

the residual oxygen present in already purchased H2 gases; since during the 

synthesis, SiO gas is produced at the expense of oxygen consumption. In this 
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way, H2 at the outlet will have less residual oxygen than at the inlet, so that 

its purity will be constantly increasing by repeating the same process over 

and over again. 
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Chapter 9 

Conclusiones y Perspectivas 
Este capítulo engloba todas las conclusiones parciales que se han ido 

extrayendo a lo largo de capítulos anteriores para proporcionar una 

perspectiva general del trabajo realizado. Así mismo, de acuerdo con los 

resultados obtenidos, al final de esta sección se discute la posibilidad de 

aplicar los nanohilos de sílice en otras aplicaciones. 

9.1 SiO2NWs 

En la primera parte de este estudio se analizó en detalle el proceso de 

síntesis de los nanohilos de sílice (SiO2NWs) sobre sustratos cristalinos de 

silicio.  Estos SiO2NWs, con una longitud de 1 μm aproximadamente y un 

diámetro de unos 20 nm, crecen de forma desordenada a partir de 

nanopartículas de Au que actúan como centros de nucleación. Su estructura 

de sílice es amorfa con vacantes de oxígeno, debido a lo cual presentan foto 

y catodoluminiscencia (PL y CL) en la región del espectro correspondiente al 

azul verdoso. El pico de PL está centrado en λ=509 nm al emplear una 

excitación de λexc=402 nm. Además se ha comprobado que esta PL se 

mantiene al calentar las muestras hasta 900 ºC durante 10 min y en 

condiciones atmosféricas durante al menos 3 meses. 

9.2 Nanopartículas de Au catalizadoras 

Las partículas de Au empleadas como catalizadores del proceso se 

consiguen al tratar térmicamente una fina capa de Au previamente 

depositada en los sustratos. El tamaño de estas partículas se puede modificar 

cambiando el espesor de la capa de Au o la rugosidad del sustrato, por medio 
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de máscaras o mediante el uso de microestructuras tridimensionales entre la 

capa de Au y el sustrato. Para que puedan catalizar el crecimiento de los 

SiO2NWs se determinó que debían tener un diámetro inferior a 200 nm. 

Esto puede conseguirse normalmente al usar una capa de Au de 5 nm, 

aumentando la rugosidad del sustrato o reduciendo el tamaño de las 

microestructuras antes mencionadas. Además, a lo largo del trabajo se ha 

desmentido la afirmación de que el diámetro de los SiO2NWs crecidos 

mediante VLS coincide con el diámetro de la partícula de Au inicial. En 

cambio, lo que se ha observado es que la partícula de Au inicial se disgrega 

en partículas menores (de diámetros entre 20 a 50 nm) que van 

incorporándose al hilo a medida que crece; de modo que el diámetro de los 

SiO2NWs coincide con el tamaño de estas partículas y no de la inicial. 

Además, las partículas embebidas en el hilo pueden generar su propio 

sistema VLS y catalizar el crecimiento de nuevos SiO2NWs. 

9.3 Método VLS y precursor gaseoso de SiO 

Por otra parte, los análisis de TPR probaron que los gases empleados en 

el proceso CVD (Ar and H2) no participan de forma activa en la síntesis de 

los SiO2NWs. Por consiguiente, la oxidación activa del Si para formar una 

nueva especie gaseosa de SiO se postula como la única explicación del 

crecimiento de los SiO2NWs. Siendo esta reacción posible únicamente en 

una atmósfera con una concentración residual de O2 muy reducida. Así 

mismo, se cree que el Au participa como catalizador en esta reacción, 

reduciendo la energía de activación del proceso y permitiendo que este tenga 

lugar a una temperatura de 900 ºC. 

La afirmación acerca de la generación de una nueva especie gaseosa (SiO 

gas) durante la síntesis de los SiO2NWs ha quedado demostrada en múltiples 

ocasiones a lo largo de los distintos capítulos. Las burbujas atrapadas en la 

capa de TiN son producto de la expansión térmica del SiO gas generado al ir 

consumiéndose el Si del sustrato (Capítulo 4). Además, el hecho de haber 
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conseguido crecer los SiO2NWs en sustratos distintos del Si (Capítulos 5 y 

6), como en cobre o acero inoxidable, es una evidencia irrefutable de que el 

precursor debe encontrarse en estado gaseoso. De forma paralela, la función 

catalizadora del Au en la formación del SiO gas resulta evidente en el 

Capítulo 5, puesto que los SiO2NWs no crecían cuando se utilizaban Si-hat 

sin recubrimiento de Au. 

Por otro lado, puesto que las microesferas de sílice (SiO2MSs) no 

pudieron generar por sí mismas los SiO2NWs (Capítulo 5), es imposible que 

el SiO gas se genere mediante la reacción H2 (g) + SiO2 (s) → SiO (g) + H2O 

(g). Lo que coincide con los resultados de TPR, revalidando la afirmación de 

que el H2 no participa de forma activa en el crecimiento de los SiO2NWs. 

En base a estos datos resulta claro que el mecanismo de crecimiento de 

los SiO2NWs está gobernado por un proceso VLS en el que el SiO gas actúa 

como precursor. De esta manera, el SiO gas se produciría por la reducción 

de la capa nativa de óxido del Si [Si (s) + SiO2 (s) → 2SiO (g)] y 

principalmente por la oxidación activa del Si [Si (s) + ½ O2 (g) → SiO (g)]. 

Avalándose esta última premisa en la existencia de huecos erosionados en el 

Si debajo de los SiO2NWs crecidos en TiN (Capítulo 4). 

9.4 SiO2NWs crecidos en diferentes sustratos 

9.4.1 Recubrimientos de TiN 

En este caso, el Au se difunde a través de la capa de TiN hasta llegar al 

Si donde tiene lugar el mecanismo VLS; de esta manera los SiO2NWs crecen 

de forma vertical, anclados a la capa de TiN como “las raíces de un árbol”. 

Además, excepcionalmente, se observó que al eliminar la capa nativa de SiO2 

se obtenían nanocintas helicoidales de SiOx (x<<2) generadas a partir de los 

SiO2NWs. El crecimiento de estas nuevas estructuras se atribuyó a una 

anisotropía en el ángulo de contacto entre Au y nanohilo al comienzo de la 

rampa de enfriamiento. 
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9.4.2 Microestructuras como material de soporte 
adicional 

El uso de estas microestructuras confiere gran versatilidad al proceso ya 

que permite la modificación del tamaño de las partículas de Au, así como un 

crecimiento controlado y localizado de los nanohilos. Además, al conocer la 

naturaleza gaseosa del precursor los SiO2NWs pudieron crecerse en sustratos 

distintos del Si colocando un fragmento de Si recubierto de Au (Si-hat) sobre 

el sustrato. Al utilizar esta configuración, el resultado final de la síntesis se 

veía fuertemente influenciado por la distancia entre el sustrato y el Si-hat, la 

atmósfera empleada y la duración del tratamiento térmico. 

9.4.3 Láminas de Cu 

Los SiO2NWs sintetizados sobre sustratos de Cu no necesitan el uso de 

catalizadores de Au. Estos nanohilos presentan una morfología bastante 

distinta a los sintetizados sobre Si pero mantienen su estructura amorfa y su 

composición de sílice. El crecimiento de estos nanohilos está regido por dos 

procesos simultáneos. Por una parte, se generan prominencias de unos 200 

nm de diámetro en la superficie del Cu durante el tratamiento térmico. Por 

otro lado, en el Si-hat se genera el SiO gas que luego se difunde hasta llegar a 

las prominencias de Cu donde tiene lugar el mecanismo VLS. De manera 

análoga, si la síntesis se realiza en condiciones de medio vacío, tanto la 

rugosidad superficial del Cu como la producción de SiO gas se ven 

favorecidas, llegando a conseguir crecimientos verticales de SiO2NWs de 

hasta 1.5 μm. 

9.5 Estudio de los SiO2NWs como ánodo de 
baterías de ion Li 

Finalmente los electrodos formados por los SiO2NWs crecidos en Cu 

fueron analizados en una configuración de media celda para evaluar su 

idoneidad como ánodos en baterías de ion-Li, en base a los buenos 
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resultados descritos en la literatura. Sin embargo los resultados del análisis 

electroquímico mostraron un mal funcionamiento de la celda además de la 

presencia de un fenómeno de pseudocapacitancia. En vista de estos datos, el 

fallo en el funcionamiento de la celda se asocia a la formación de una SEI 

gruesa, en comparación con la poca cantidad de material activo, y al carácter 

aislante de los SiO2NWs. 

9.6 Trabajo futuro 

A pesar del mal funcionamiento de los electrodos formados por los 

SiO2NWs, el sistema formado por una capa aislante nanoestructurada bien 

adherida a un sustrato de Cu conductor puede ser de utilidad en otra serie de 

campos; tales como transistores de efecto campo, memristores o sensores de 

gas. Además, los resultados de GIXRD llevados a cabo sobre estas muestras 

revelaron que el Cu permanece libre de óxido después de haberse crecido los 

SiO2NWs (lo cual también se aprecia a simple vista ya que la muestra 

preserva el brillo metálico del Cu). Por tanto, los SiO2NWs podrían utilizarse 

como capa pasivante en estructuras de Cu expuestas continuamente a los 

agentes atmosféricos, evitando la corrosión de la estructura al tiempo que el 

acabado metálico del Cu se preserva. 

Por otra parte, las propiedades de foto y catodoluminiscencia de los 

SiO2NWs combinadas con la gran versatilidad del proceso de síntesis 

podrían ser de utilidad en el desarrollo de aparatos optoelectrónicos 

nanoestructurados, como nanosondas ópticas, para diferentes técnicas de 

detección. Así mismo, teniendo en cuenta que la sílice es fácilmente 

funcionalizable, estas nanosondas podrían emplearse también para 

biodetección de marcadores. 

Para finalizar, otra aplicación para el proceso de síntesis de los 

SiO2NWs, quizá no tan obvia pero aun así interesante, sería la purificación 

de gases. Por ejemplo, hoy en día las tecnologías en la industria para la 
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purificación de H2 incluyen la adsorción por cambio de presión, el 

fraccionamiento criogénico y la permeación a través de densas membranas 

metálicas. Estos métodos no son del todo rentables por lo que nuevas e 

innovadoras tecnologías surgen continuamente para la purificación industrial 

del H2. En este contexto, la síntesis de SiO2NWs podría emplearse como un 

proceso secundario para reducir el oxígeno residual de las balas de H2 

adquiridas; ya que durante la síntesis el SiO gas se produce a costa de estas 

impurezas. De esta manera el H2 a la salida tiene menos oxígeno residual que 

a la entrada, consiguiendo así aumentar la pureza a medida que el proceso se 

repite una y otra vez. 
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Appendix I 

EIS model 
In this section is pointed out the equivalent electrical circuit employed in 

the Nyquist plot fittings as well as the contribution of each component to 

the diagram. As described in Chapter 7, the equivalent circuit consists of 

three subcircuits in series that represent the processes involved in the 

electrolyte, the SEI and the electrode. Fig A.I shows an example of Nyquist 

plot corresponding to the circuit in the inset.  The contribution of each 

subcircuit can be extracted from the plot by considering the individual 

Nyquist diagrams of each constituent. The impedance of a resistor (R) is a 

single point of value R on the real impedance axis (Zreal). The impedance 

behavior of a parallel combination of a capacitor and a resistor produces a 

semicircle of diameter equal to R. Finally, the impedance response of a 

Warburg element is a diagonal line at 45º [89]. With regard to all these 

premises, Fig A.I graphically indicates the contribution of each element. 

 
Figure A.I: Nyquist plot of the circuit in the inset where: Re= 50 Ω, RSEI= 80 Ω, Rct= 

180 Ω, CSEI = 1x10-7 F, Rdl = 1x10-6 F and W = 200 Ωs-1/2. 
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Appendix II 

TPR data calibration 
In order to obtain quantitative values from a TPR analysis a calibration 

of the TCD signal is needed. The steps of this process are summarized in 

Fig A.II. Firstly, gas mixtures with different percentage of H2 are used and 

the TCD signal is recorded in each case to obtain the linear response 

indicated in the Step I. Then, the percentage of H2 is converted into mL 

min-1 just by using the total gas flux employed in the TPR analysis (Step II). 

At this point the TPR graph shows the H2 consumed [mL·min-1] vs. time 

[min], so that the area under the reduction has units of mL of H2 consumed. 

Finally, a known amount of Ag2O powders is subjected to the TPR analysis 

until its complete reduction. So, as the stoichiometry of this reaction is well 

known, it is possible to directly correlate the sample weight with the amount 

of reacted gas, obtaining the conversion relation of Step III. 

 

Figure A.II: Organigram with the steps followed to calibrate the TCD signal obtained 
from the TPR analysis.  
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Appendix III 

EXAFS model 
In this section the model used for the EXAFS analysis is explained. The 

number of guessing variables (N) available for fitting is given by the Nyquist 

criterion (N=2ΔkΔR/π). As mentioned in Chapter 3, due to the high noise 

level in the signal of the HOPG samples, a different range of k was 

employed for each set of samples: Si and HOPG substrates. Therefore, 

assuming that EXAFS is ideally packed with information, the data allow the 

use of N=19 independent variables for the Si samples and N=15 for the 

HOPG samples. However, in order to obtain a more consistent model N= 8 

variables were employed in all cases. Complementarily, ΔR between 1.5 and 

5.3 Ả was chosen in the real space in order to obtain a more satisfactory 

fitting of the data. According to this ΔR, a total of 19 paths were introduced 

in the model distributed into 7 different shells: 4 of them corresponding to 

single scattering paths and the other 3 to multiple scattering paths. Fig 

A.III1 shows the EXAFS signals belonging to each of the four single 

scattering paths, each one considered as an independent shell. As can be 

observed, in order to improve the accuracy of the results, paths larger than 

the fitting window have been also included. 

Finally, by comparing the data of Fig 3.18 to the spectra of Fig A.III1, 

it results that the major contribution to the spectrum comes from the 1st 

shell. This shell, depicted in Fig A.III2, was modelled with 12 atoms placed 

at 2.88 Å from the absorbing atom. Due to the large amount of atoms 

involved in this shell (and in general also in the rest of paths employed), the 

coordination number was fixed for all the cases and the Debye-Waller factor 
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(σ2) was left as a free parameter. In this way, any perturbation in the 

crystalline structure was detected through the σ2. 

 

Figure A.III.1: Magnitude of the Fourier transform of k2·χ(k) for the Au L3 edge 
belonging to the four main single scattering paths employed in the fittings of Fig 3.18. Each 
path was taken as an independent shell. The rest of paths employed in the fittings are not 
shown for simplicity. 

 

Figure A.III.2: Schematic picture of the 1st shell (yellow atoms) corresponding to the 
FCC structure of Au. The grey atoms form the 2nd shell and the centered circle indicates the 
absorbing atom. 

 



 

161 
 

Appendix IV 
a. Calculation of SiO2NWs mass 

In this supplementary section, it has been done a rough estimation of the 

SiO2NWs mass per unit area obtained when using a Si wafer as substrate. 

For this estimation, an area of 2 x 2 μm2 was considered (as shown in Fig 

A.IV1). 

 

Figure A.IV.1: Schematic picture of the model employed to calculate the SiO2NWs 
density present when a Si wafer is used as substrate. A 2 x 2 μm2 section area is considered. 
The Au NPs generated during the thermal treatment (a) and the nanowires produced from 
these NPs (b) are represented. 

Due to the tangled way of growth of the nanowires, becomes pretty 

difficult to calculate the density of SiO2NWs from a specific area. Therefore, 

this value was drawn from the Au NPs density in that area. Fig A.IV2 shows 

the typical arrangement of NPs when a 5 nm thick Au layer is annealed in 

air. By choosing a 2 x 2 μm2 area (highlighted in blue) a number of 201±4 

particles was measured. Thus, considering that one particle catalyzes the 

growth of a unique nanowire, it was obtained a packing density of 50±1 

NWs·μm-2. 

Then, it was employed a cross-section image of the SiO2NWs/Si sample 

in order to approximately estimate the dimensions of the SiO2NWs. From 
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Fig A.IV3a and A.IV3b was calculated, respectively, the average diameter of 

the nanowires in 16±3 nm and their average length in 10 μm. Therefore, 

simplifying the structure of the SiO2NW to a cylindrical shape, it can be 

estimated its average volume in (2.0 ± 0.7) x 10-3 µm3. It is worth to mention 

that the length in this calculation is underestimated, since the SiO2NWs do 

not grow vertical aligned, but rather grow in a disordered fashion and 

laterally in many cases.  

 
Figure AIV.2: FESEM image of the Au NPs generated after annealing in air, for a film 

thickness of 5 nm. The amount of particles in a 2 x 2 μm2 area is calculated. 

 
Figure AIV.3: Cross-section FESEM images of the SiO2NWs on the Si substrate. A 

FESEM image at the bottom of the nanowires (a) and a general view of the SiO2NWs along 
their whole length (b). 

It follows from this that the average total volume of SiO2NWs is equal 

to 0.10±0.02 µm3·µm-2 volume per unit area [50±1 x (2.0 ± 0.7) x 10-3 µm3]. 

Equivalently, considering an amorphous SiO2 (density = 2.196 g·cm-3) 

composition for the nanowires, this amount becomes into (22 ± 4) µg·cm-2 
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mass of SiO2NWs per unit area. The large error in the measurement makes 

possible to obtain the same value by using the density of the SiO phase (2.15 

g·cm-3). Furthermore, considering a crystalline Si (density= 2.329 g·cm-3) 

structure for the substrate and taking into account the thickness of the Si 

wafer (300 μm as shown in Fig AIV.1), the last value can be expressed as 

(3.1 ± 0.6) x 10-4 g /g mass of SiO2NWs per unit mass of Si.  

Finally, depending on whether a SiO2 (M = 60.08 g mol-1) or a SiO (M = 

44.08 g·mol-1) composition is employed to describe the chemistry of the 

nanowires, the value results in (5 ± 1) μmol·g-1 or (7 ± 1) μmol·g-1 [moles 

of SiO2NWs per unit mass of Si].  

b. Calculation SiO2 native layer 
An equivalent approximation was developed in order to calculate the 

SiO2 mass initially present in the system. Again, an area of 2 x 2 μm2 was 

considered (as shown in Fig AIV.4). 

 
Figure AIV.4: Schematic picture of the Si wafer with its native oxide layer. A 2 x 2 μm2 

section area is considered. 

The mean thickness of the native SiO2 layer has been reported to be 

around 20 Å [3]. Therefore, considering a 2 x 2 μm2 section area, there is 

2x10 -3 µm3 µm-2 [volume of SiO2 per unit area]; which is equal to 0.44 μg 

cm-2 [mass of SiO2 per unit area]. 

Finally, considering the 300 μm thickness of the Si (M=28.085 g mol-1) 

substrate, this value can be expressed as 6.3x10-6 g /g [mass of SiO2 per unit 

mass of Si] or 0.22 μmol g-1. 
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