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Abstract 

Metal oxide and sulfide nanostructures are a versatile family of materials with wide-ranging 
applications, and their development remains ongoing. In nanoscience, attention is being 
directed towards their synthesis and further advancement, including the creating of new 
complex structures and morphologies. In this regard, ion-exchange reactions have emerged 
as a cutting-edge strategy for synthesizing novel ionic nanomaterials, allowing precise 
control over the phase and the morphology. This field continuously evolves, with 
discoveries of new mechanisms and phenomena contributing to improved materials being 
synthesized. 

This thesis was focused on the synthesis of metal oxide nanostructures, specifically CuO 
nanowires, and their use as a model material for investigating anion-exchange 
transformation as a potential mechanism for the synthesis of new materials. The selection 
of CuO nanowires as a model material is ideal due to their one-dimensional shape, 
simplifying the study of phase transformations. For that reason, ultra-thin nanowires are 
desired for exploring the transformation processes. The synthesis of CuO nanowires was 
achieved through the thermal oxidation of copper in air. The method is straightforward;  
however, the nanowire-growth mechanism is complex and poorly understood. Hence, the 
research efforts in the first part of the thesis were dedicated to unraveling the mechanism 
behind the thermal growth of CuO nanowires. We found that the nanowires likely originated 
from twinned CuO grains, where oxidation preferentially occurred at the twin -boundary 
defect on the grain surface. During the oxidation, the NW roots become partially buried in 
the CuO layer growing below the nanowires. A theoretical model we developed supported 
the growth of nanowires and underlying oxide layers. To study the size-dependent effects 
on the phase transformations and to observe how nanowires behave close to the limit of 
quantum confinement, we also identified the optimum oxidation temperature for obtaining 
ultrathin CuO nanowires with the minimum diameters, serving as an ideal template 
material for this purpose. This limiting temperature corresponded to slightly below 200 °C, 
and the correlation between the nanowireȭÓ diameter and the temperature was explained 
through the modeling of nucleation processes. 

Following the synthesis of CuO nanowires, we carried out thermally dependent 
sulfurization to induce an oxide-to-sulfide phase transformation. The resulting 
nanostructures are morphology and phase dependent on the availability of copper cations 
participating in the reaction. When sulfurized nanowires were isolated, with the amount of 
copper involved limited to that present in the nanowires, the resulting structures were 
voided CuS nanowires. However, if the nanowires were still attached to the underlying 
substrate during sulfurization, an unlimited supply of copper from the substrate led to 
continued growth of the nanowire, resulting in a bulky Cu2S structure. We also developed a 
theoretical model to explain this intriguing observation.  

The investigation into phase transformations in CuO nanowires was extended by 
utilizing plasma in the post-glow region of a microwave discharge as a sulfurization 
environment. The plasma-induced dimensionality changes by reshaping the nanowires into 
two-dimensional CuS structures. The proposed mechanism behind this transformation 
provided valuable insights into the unique processes occurring in a plasma environment 
and their potential in anion-exchange reactions. 

The outcomes of this thesis shed light on the growth and phase transformations in 
copper oxide nanowires, offering valuable insights into nanoscale processes that are 
dependent on molecules or radicals interacting with surfaces. The understanding of the 
nanowire growth mechanism will aid in the development and application of copper oxide 
nanostructures. Additionally, the described phenomena and mechanisms of anion-exchange 
processes open up new possibilities for synthesizing materials through phase-
transformation reactions, while also contributing to fundamental scientific knowledge.
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Povzetek 

Nanostrukture kovinskih oksidov in sulfidov predstavljajo skupino materialov, uporabnih 
Ö ĤÔÅÖÉÌÎÉÈ ÁÐÌÉËÁÃÉÊÁÈȟ ÎÊÉÈÏÖ ÒÁÚÖÏÊ ÐÁ ĤÅ ÖÅÄÎÏ ÐÏÔÅËÁȢ .ÊÉÈÏÖÁ ÓÉÎÔÅÚÁȟ ÖËÌÊÕéÎÏ Ó ÓÉÎÔÅÚÏ 
novih kompleksnih struktur in morfologij, je v nanoznanosti ÄÅÌÅĿna velike pozornosti in 
zanimanjaȢ .Á ÔÅÍ ÐÏÄÒÏéÊÕ ÓÏ ÓÅ ÒÅÁËÃÉÊÅ ÉÏÎÓËÅ ÉÚÍÅÎÊÁÖÅ izkazale kot obetavna strategija 
ÚÁ ÓÉÎÔÅÚÏ ÎÏÖÉÈ ÉÏÎÓËÉÈ ÎÁÎÏÍÁÔÅÒÉÁÌÏÖȟ ËÉ ÏÍÏÇÏéÁ ÎÁÔÁÎéÅÎ ÎÁÄÚÏÒ ÎÁÄ ÆÁÚÏ ÉÎ 
ÍÏÒÆÏÌÏÇÉÊÏȢ 0ÏÄÒÏéÊÅ ÉÏÎÓËÅ ÉÚÍÅÎÊÁÖÅ Ö ÔÒÄÎÅÍ ÓÔÁÎÊÕ se konstantno razvija, z nenehnimi 
ÏÄËÒÉÔÊÉ ÎÏÖÉÈ ÍÅÈÁÎÉÚÍÏÖ ÉÎ ÐÏÊÁÖÏÖȟ ËÉ ÐÒÉÓÐÅÖÁÊÏ Ë ÉÚÂÏÌÊĤÁÎÊÕ lastnosti sintetiziranih 
materialov. 

Poudarek te doktorske naloge je bil na sintezi nanostruktur kovinskih oksidov, 
ÎÁÔÁÎéÎÅÊÅ CuO ÎÁÎÏĿÉÃ, kot modelnega materiala in njihovi uporabi  za raziskave 
transformacije anionskih izmenjav kot potencialnega mehanizma za sintezo novih 
ÍÁÔÅÒÉÁÌÏÖȢ )ÚÂÉÒÁ #Õ/ ÎÁÎÏĿÉÃ ËÏÔ ÍÏÄÅÌÎÅÇÁ ÍÁÔÅÒÉÁÌÁ ÊÅ ÉÄÅÁÌÎÁ ÚÁÒÁÄÉ ÎÊÉÈÏÖÅ 
ÅÎÏÄÉÍÅÎÚÉÏÎÁÌÎÅ ÏÂÌÉËÅȟ ËÉ ÐÏÅÎÏÓÔÁÖÌÊÁ ÐÒÅÕéÅÖÁÎÊÅ ÆÁÚÎÉÈ ÔÒÁÎÓÆÏÒÍÁÃÉÊȢ :ÁÒÁÄÉ ÔÅÇÁ ÓÏ 
ÕÌÔÒÁÔÁÎËÅ ÎÁÎÏĿÉÃÅ ÚÁĿÅÌÅÎÅ ÚÁ ÒÁÚÉÓËÏvanje transformacijskih procesov. Sinteza CuO 
ÎÁÎÏĿÉÃ ÊÅ ÂÉÌÁ ÄÏÓÅĿÅÎÁ Ó ÔÅÒÍÉéÎÏ oksidacijo bakra. Metoda je zelo preprosta, vendar je 
mehanizem rasti ÎÁÎÏĿÉÃ precej zapleten in ĤÅ ÎÅ ÄÏÄÏÂÒÁ ÒÁÚÉÓËÁÎ. Prvi del naloge je bil 
tako namenjen ÐÒÅÕéÅÖÁÎÊÕ ÍÅÈÁnizma tÅÒÍÉéÎÅ ÒÁÓÔÉ #Õ/ ÎÁÎÏĿÉÃȢ 5ÇÏÔÏÖÌÊÅno je bilo, da 
ÎÁÎÏĿÉÃÅ ÉÚÖÉÒÁÊÏ ÉÚ ÄÖÏÊéÉéÅÎÉÈ #Õ/ ÚÒÎ, ÓÁÊ ÏËÓÉÄÁÃÉÊÁ ÎÁÊÈÉÔÒÅÊÅ ÐÏÔÅËÁ ÎÁ ÄÖÏÊéÉéÎÉ ÍÅÊÉ 
na pÏÖÒĤÉÎÉ ÚÒÎȢ -ÅÄ ÓÁÍÏ ÏËÓÉÄÁÃÉÊÏ ÓÅ ÓÐÏÄÎÊÉ ÄÅÌÉ ÎÁÎÏĿÉÃ ÚÁËÏÐÌÊÅjo v CuO plast, ki se 
formira pod naÎÏĿÉÃÁÍÉȢ 2ÁÓÔ ÎÁÎÏĿÉÃ ÉÎ ÏËÓÉÄÎÉÈ ÐÌÁÓÔÉ ÊÅ ÂÉÌÁ ÐÏÄÐÒÔÁ z razvitim 
ÔÅÏÒÅÔÉéÎÉÍ ÍÏÄÅÌÏÍ. Z nadaljnjimi raziskavami je bila ugotovljena tudi optimalna 
oksidacijska temperatura za pridobivanje CuO ÎÁÎÏĿÉÃ Ú ÍÉÎÉÍÁÌÎÉÍÉ ÐÒÅÍÅÒÉȟ ËÉ ÊÅ ÚÎÁĤÁÌa 
malo pod 200 °C. KÏÒÅÌÁÃÉÊÁ ÍÅÄ ÐÒÅÍÅÒÏÍ ÎÁÎÏĿÉÃ ÉÎ ÔÅÍÐÅÒÁÔÕÒÏ ÐÁ ÊÅ ÂÉÌÁ ÒÁÚÌÏĿÅÎÁ Ú 
modeliranjem procesov nukleacije. 

Po sintezi CuO ÎÁÎÏĿÉÃ so bile te ÔÅÒÍÉéÎÏ sulfurizirane v fazni transformaciji oksida v 
sulfid. Nastale sulfidne ÎÁÎÏÓÔÒÕËÔÕÒÅ ÓÏ ÍÏÒÆÏÌÏĤËÏ ÉÎ ÆÁÚÎÏ ÏÄÖÉÓÎÅ ÏÄ ÒÁÚÐÏÌÏĿÌÊÉÖÏÓÔÉ 
bakrovih kationov, ki sodelujejo v reakciji. Ko so ÎÁÎÏĿÉÃÅ ÉÚÏÌÉÒÁÎÅȟ Ú ÏÍÅÊÅÎÏ ËÏÌÉéÉÎÏ 
bakra, ki lahko sodeluje v sulfurizaciji, nastanejo votle enodimenzionalne CuS ÓÔÒÕËÔÕÒÅȢ IÅ 
pa ÓÏ ÎÁÎÏĿÉÃÅ ÍÅÄ ÓÕÌÆÕÒÉÚÁÃÉÊÏ ĤÅ ÖÅÄÎÏ ÐÒÉÔÒÊÅÎÅ ÎÁ ÓÕÂÓÔÒÁÔ, s katerega so zrasle, 
neomejena dobaÖÁ ÂÁËÒÁ ÉÚ ÓÕÂÓÔÒÁÔÁ ÐÏÖÚÒÏéÉ ÎÁÄÁÌÊÎÊÏ ÒÁÓÔ ÎÁÎÏĿÉÃ Ö ÖÅéÊÅ #Õ2S strukture. 
Ta zanimiv pojav je bil podprt  tudi  Ó ÔÅÏÒÅÔÉéÎÉÍ modeliranjem. 

Preiskava faznih transformacij v CuO ÎÁÎÏĿÉÃÁh ÊÅ ÂÉÌÁ ÒÁÚĤÉÒÊÅÎÁ Ú ÕÐÏÒÁÂÏ 
mikrovalovne plazme kot sulfurizacijskega medija. Uporaba plazme je ÏÍÏÇÏéÉÌÁ 
ÓÐÒÅÍÅÍÂÏ ÄÉÍÅÎÚÉÏÎÁÌÎÏÓÔÉ Ó ÐÒÅÏÂÌÉËÏÖÁÎÊÅÍ ÎÁÎÏĿÉÃ Ö ÄÖÏÄÉÍÅÎÚÉÏÎÁÌÎÅ CuS 
strukture . Predlagani mehanizem te transformacije ÊÅ ÏÍÏÇÏéÉÌ dragocen vpogled v 
edinstvene procese, ki se pojavljajo v plazemskem okolju, in njihov potencial v reakcijah 
anionske izmenjave. 

Rezultati te doktorske ÎÁÌÏÇÅ ÐÒÉÎÁĤÁÊÏ ÎÏÖÅ ÏÄÇÏÖÏÒÅ Ï ÍÅÈÁÎÉÚÍÉÈ ÒÁÓÔÉ ÉÎ ÆÁÚÎÉÈ 
transformacij Ö ÎÁÎÏĿÉÃÁÈ ÂÁËÒÏÖÅÇÁ ÏËÓÉÄÁ ÔÅÒ ÐÏÎÕÊÁjo dragocen vpogled v procese na 
nanometrski skali. Razumevanje mehÁÎÉÚÍÁ ÒÁÓÔÉ ÎÁÎÏĿÉÃ ÂÏ ÄÏÄÁÔÎÏ ÐÒÉÐÅÖÁÌÏ Ë razvoju 
in uporabi nanostruktur bakrovega oksida. Poleg tega odpirajo opisani pojavi in mehanizmi 
procesov ionskih izmenjav ÎÏÖÅ ÎÁéÉÎÅ za sintezo materialov preko reakcij faznih 
transformacij, hkrati pa predstavljajo velik doprinos k temeljnim znanstvenim spoznanjem. 
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Chapter 1 

1 Introduction 

1.1 Nanowires 

Nanowires (NWs) are 1D nanomaterials with nanoscale diameters, with a wide variety of 
applications in many fields, which sets them apart from bulk materials. Their diameters are 
typically smaller than 100 nm, and they can be engineered from various materials, including 
semiconductors like silicon and semiconducting metal oxides, metals like gold and silver, 
and even organic compounds [1], [2] . 

One of the most useful features of NWs is their high aspect ratio, with lengths often 
thousands of times greater than their diameters. In addition, a 1D structure with nanoscale 
diameters confines electrons in the radial direction, resulting in novel physical properties 
where quantum and surface effects dominate over bulk behavior. The electronic properties 
of NWs can vary depending on their size and composition, making them highly customizable 
for specific applications. They can exhibit tunable electrical conductivity, bandgaps, and 
charge-carrier mobility  [3] . 

Recently, there has been a great deal of research into the application of nanowires 
(NWs) across various fields [1], [4] . The literature [5], [6] , in particular, underscores the 
significance of semiconducting NWs, such as metal oxide NWs. Notably, NW properties 
exhibit marked deviations from those of bulk materials, particularly in aspects like electrical 
conductivity. NWs have garnered attention for their catalytic utility, attributed to their 
slower sintering rate compared to most nanoparticles (NPs), thereby offering greater 
specific surface areas [7] . Amid diverse materials, metal oxides frequently undergo testing 
in applications spanning gas sensing, photonics, catalysis, photovoltaics, and energy storage 
[1] . The pivotal attributes driving the application of metal oxide NWs in these fields include 
well-defined crystal structures, crystallinity, large specific surface areas, and distinct 
electrical properties. Copper oxide (CuO) NWs have similar areas of applications, for 
example, in photovoltaics due to their semiconducting properties, as well as in 
optoelectronics, as catalysts, photocatalysts, gas sensors and field-emission sources [4], [8] . 
Many other metal oxide NWs exhibit properties similar to those described above [1], [4], 
[7], [9] . Due to their wide variety of applications and facile synthesis, CuO NWs represent 
an ideal model material for the fundamental research of 1D materials, such as growth 
mechanisms and phase transformations. 

However, despite their potential, challenges remain in the large-scale synthesis and 
assembly of NWs, as well as their integration into practical devices. In addition, mechanisms 
of NW growth are, to a large extent, still not understood, with fundamental questions, such 
as why the growth of NWs occurs predominantly in one dimension, still unanswered. As a 
result, the growth of NWs remains a hot topic for the nanoscience community. New studies 
continue to explore innovative fabrication methods and investigate the fundamental 
properties of NWs to unlock their full potential and pave the way for a new era of 
nanotechnology. 

1.1.1 NWs as a Model Material to Study Phase Transformations in Nanomaterials 

In ionic materials such as metal oxides, the common phase transformations include cation 
or anion exchange. These types of transformations are greatly facilitated by nanomaterials, 
compared to bulk materials [10] , and, therefore, the materials of choice should be nanoscale. 
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Due to their shape, NWs serve as ideal model nanostructures for investigating processes 
within nanomaterials. When the size of NPs is decreased below their Bohr exciton radius, 
the electrons become confined, resulting in the quantification of their energy states. This 
quantification can occur in 1D (in 2D nanomaterials such as nanoplates), 2D (in 1D 
nanomaterials such as nanowires, nanotubes, etc.) or 3D (in 0D nanomaterials, i.e., quantum 
dots). In comparison to materials with higher dimensionalities, 1D materials exhibit a 
higher surface-to-volume ratio and their theoretical and practical treatment is much 
simpler. This stems from the simplified nature of observations, theoretical modeling, and 
calculations achievable in 1D systems. The 1D geometry reduces the complexity of the 
system compared to bulk materials or three-dimensional counterparts. By condensing the 
system into a single dimension, the study becomes more manageable and computationally 
less demanding. Furthermore, the diameter of the NWs can often be adjusted by modifying 
the synthesis parameters, facilitating the precise exploration of size-dependent properties. 
On the other hand, the presence of additional degrees of freedom in 2D and 3D structures 
introduces complications for both experimental and theoretical examinations of 
nanomaterial processes. 

Moreover, the free movement of electrons and holes in an axial direction makes NWs a 
material where both bulk effects in an axial direction and quantum effects in a radial 
direction can be studied and compared, representing an ideal compromise between a bulk 
material and a nanomaterial. 

1.1.2 Growth of NWs 

NWs can be synthesized using various methods, which can be categorized into synthesis 
from the liquid phase and synthesis from the vapor phase. Liquid-phase techniques involve 
using precursors in solute form for NW synthesis. Examples of liquid-based methods 
include hydrothermal synthesis, electrodeposition, sol-gel, and sonochemical [1] . Achieving 
one-dimensional growth is accomplished by employing strategies such as template-assisted 
methods and catalyst utilization. In template-assisted methods, a porous substrate serves 
as the template for NW preparation. Various methods can utilize these templates. For 
instance, in template-assisted electrodeposition, a template with nanoscale pores, such as 
anodized aluminum oxide or a polycarbonate membrane, is employed. When this template 
is immersed in an ionic solution, and a potential is applied, ions from the solution are 
reduced within the substrate pores, forming one-dimensional structures that adopt the 
shape of the pore. Another approach to achieving one-dimensional growth from solutions 
involves using a catalyst for the so-called solution-liquid -solid (SLS) growth of NWs. 
Common catalysts are NPs of transition metals with low melting points, such as gallium, 
indium, tin, or bismuth, and even gold and silver NPs can be utilized. These catalysts can be 
dispersed in the solution or formed in situ. When molten catalysts come into contact with 
precursors for NW growth, they catalyze the transformation of these precursors into the 
material that will make up the NW. Upon supersaturation of the catalyst droplets, NW 
nucleation occurs and continues for as long as the precursor is supplied to the catalyst 
droplet. Crystal growth occurs at the interface between the forming NW and the molten 
catalyst droplet, leading to anisotropic crystal growth. 
Conversely, catalyst-free NW growth is also reported in some methods. For instance, the 
hydrothermal growth of metal oxide NWs is often reported without the use of a specific 
strategy to achieve unidirectional crystal growth. Although catalyst-free NW synthesis is 
advantageous for production, explaining anisotropic crystal growth in such cases can be 
challenging, and the underlying mechanisms often remain unknown. 
Vapor-phase methods for NW synthesis encompass techniques like chemical vapor 
deposition (CVD), physical vapor deposition, laser ablation, molecular beam epitaxy, 
plasma-based techniques, and others that utilize NW precursors in the vapor phase. Like 
liquid -phase techniques, templates or catalysts are common strategies for achieving 
anisotropic growth. Template-assisted CVD, for instance, has proven effective in obtaining 
silicon NWs [11] . Catalyst utilization is also widespread for synthesizing NWs from the 
vapor phase using the well-known vapor-liquid -solid (VLS) system. This process is 
analogous to the SLS mechanism described earlier, but the precursors essential for NW 
growth are introduced from the vapor phase rather than a solution. The catalysts employed 
are NPs of transition metals that melt during the process. The vapor-phase NW precursors 
can react with or dissolve into the catalyst NPs, causing them to become supersaturated. 
This leads to NW phase nucleation and growth at the interface between the catalyst nucleus 
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and the NW, resulting in a unidirectional product. A similar process using solid catalyst 
particles is referred to as the vapor-solid-solid (VSS) mechanism. 

In present work, for the synthesis of CuO NWs, we employed the thermal oxidation of 
metallic copper, which is an example of catalyst-free NW growth. Apart from copper, other 
metals such as iron [12]ɀ[14]  or zinc [15], [16]  can also be thermally oxidized to produce 
metal oxide nanowires. 

1.1.3 Copper Oxide NWs: Properties and Synthesis 

Copper (II) oxide (CuO) NWs represent an environmentally friendly, narrow-band-gap, 
semiconducting nanomaterial, with band-gap energies between 1.2 and 2 eV [17]ɀ[24] . CuO 
NWs are promising materials for nanotechnological applications due to their facile 
synthesis and properties, making them an excellent candidate material for gas sensing [25]ɀ
[34] , photocatalysis [35], [36] , energy-storage applications [37]ɀ[43] , biomedical 
applications [44] , opto-electronic devices [18], [45]ɀ[47]  etc. They can be synthesized using 
electrodeposition, sol-gel, hydrothermal, other wet-chemical methods, plasma-assisted 
methods, etc. [8]  However, the simplest method for their fabrication is thermal oxidation. 
Here, CuO NWs can be synthesized by heating metallic copper in air or an oxygen-rich 
atmosphere. There have been numerous reports of thermal oxidation as a route to 
synthesizing CuO NWs, and the method is well-established for obtaining arrays of CuO NWs. 
However, the fundamental science behind the thermal growth of NWs is still lacking details 
of the mechanisms driving their growth , which is currently mostly based on assumptions. 
Determining the mechanism of CuO NW growth presents a challenge and a knowledge gap 
that must be bridged. 

1.1.4 Mechanism of CuO NW Growth by the Thermal Oxidation Method 

The mechanism behind the thermal growth of CuO NWs remains a controversial topic 
within the nanoscience community, prompting numerous studies to resolve it. When 
metallic copper undergoes oxidation at elevated temperatures, two oxide layers typically 
form before NW formation. A Cu2O layer emerges directly atop the copper surface, followed 
by the CuO layer, which serves as the inception point for the CuO NW growth. The Cu2O layer 
is thicker than the CuO layer and contains larger grains. Over time and with increasing 
temperature, both the CuO and Cu2O layers become thickner according to the parabolic 
growth law [48] . The roots of CuO NWs are embedded in the CuO layer. A central twin 
boundary inside CuO NWs is commonly reported in most research. The dimensions of NWs, 
including their length and diameter, also exhibit correlations with temperature; higher 
temperatures result in thicker and longer NWs. Conversely, only the NWȭÓ length 
experiences growth over time, with the NW diameter remaining relatively unchanged. 
Presently, the precise mechanism governing CuO NW growth through copper thermal 
oxidation remains incompletely understood. Although discrepancies exist among various 
reports, there is a consensus that in the case of copper thermal oxidation, NW growth does 
not follow Vapor-Liquid-Solid (VLS) or Vapor-Solid-Solid (VSS) mechanisms, as the melting 
and boiling points of copper and its oxides are above the temperature range of 300 °C to 
700 °C where CuO NW growth is commonly observed [49] . The most widely accepted theory 
links the growth of CuO NWs to the stress arising at the interfaces between metallic copper 
and copper oxide layers. According to the literature, stress triggers the rapid grain-
boundary diffusion of copper species from the copper substrate to the surface. Given that 
grain-boundary diffusion predominates within the temperature range of NW growth, 
numerous studies associate NW growth with this stress-induced grain-boundary diffusion 
[48], [50]ɀ[52] . However, the rationale behind how such diffusion leads to NW growth 
remains elusive, necessitating further research to establish a connection between grain-
boundary diffusion and one-dimensional growth. Another mechanism proposed more 
recently revolves around NW central twin boundaries. The top of the NW, where the twin 
boundary emerges, acts as a catalytic site on the NW surface, facilitating the reaction 
between copper and oxygen and subsequently forming the CuO phase, which elongates the 
NW [53], [54] . Indeed, these studies have demonstrated that NWs grow on the tops where 
copper species need to be transported during oxidation. Surface diffusion and twin-
boundary diffusion are the most likely pathways, with lattice diffusion being excluded due 
to its higher activation energy. 



4 Chapter 1. Introduction   

The third proposed CuO NW growth mechanism is tied to an oxygen gradient formed on the 
surface of copper during oxidation. This gradient results from the rapid consumption of 
oxygen during the oxidation reaction, leading to a lower oxygen concentration at the 
substrate surface. Consequently, the oxygen concentration is higher around elevated 
portions of the substrate, thereby facilitating oxidation at these regions and elongating the 
elevated parts into NWs [55] . Thus, the existing literature reveals numerous knowledge 
gaps concerning the mechanism of NW growth. These gaps include understanding the 
contributions of processes in the underlying Cu2O and CuO layers to CuO NW growth, a topic 
that remains largely unexplored and overlooked. Additionally, it is unclear what are the 
exact conditions needed for the growth of NWs. In particular, the limiting temperature 
needed for their growth is unknown. Therefore, we had to explore the conditions for NW 
growth. 

1.2 Phase Transformations in Nanomaterials 

From a fundamental point of view, studying phase transformations represents a unique way 
to observe different phenomena and mechanisms in solid-state reactions. From the 
applicative point of view, phase transformations in nanomaterials represent a way to tune 
the properties of initial nanomaterials or a way to synthesize completely new materials. 
Phase transformations in nanomaterials can be induced by controlled tuning of external 
factors such as temperature, pressure, and chemical environment , resulting in an altered 
crystal structure and composition of the initial nanomaterial. Understanding the 
mechanism and controlling these phase transformations is crucial to tailoring the 
properties and functionalities of nanomaterials for specific applications. 

Apart from the reaction conditions used to achieve the transformation, the 
ÔÒÁÎÓÆÏÒÍÁÔÉÏÎȭÓ ÏÕÔÃÏÍÅ ÄÅÐÅÎÄÓ ÏÎ ÔÈÅ ÍÁÔÅÒÉÁÌ ÔÙÐÅ used. For example, phase 
transformations in metal-organic frameworks often result in the preservation of single 
crystallinity during the transformation due to their porous and flexible structure, enabling 
a facile rearrangement of the crystalȭÓ building blocks during transformations [56], [57] . On 
the other hand, preservation of single crystallinity is rarely reported in ionic crystals with 
compact structures, such as metal oxides or other inorganic crystals with densely packed 
crystal structures. Nevertheless, the phase transformations of binary ionic inorganic 
nanomaterials, such as metal oxides, represent a unique way to fabricate new materials, 
which would be hard or almost impossible to produce using conventional bottom-up 
techniques. 

When chemically modifying the material, numerous strategies can be used to transform 
nanomaterials. In recent years, ion-exchange reactions have emerged as a new promising 
method for the synthesis of complex ionic nanomaterials [58], [59] . 

1.2.1 Ion-exchange Reactions in Nanomaterials 

Ion-exchange reactions in the solid-state occur within ionic crystals, where cations or 
anions within the crystal lattice are either partially or fully replaced by ions that are 
introduced from external sources. While ion exchange is often conducted in solution, 
gaseous precursors can also be utilized. Ion-exchange reactions represent a powerful 
strategy for developing new nanomaterials with tailored properties and functionalities. By 
carefully selecting the precursor materials and controlling the ion-exchange process, it is 
possible to produce complex, functionally graded materials. Beyond the synthesis of new 
materials, ion-exchange reactions also find their applications in doping or the surface 
modifications of nanomaterials. Moreover, a partial ion-exchange transformation is a route 
to synthesize multiple -phase nanomaterials with different morphologies [58] , representing 
a method that could facilitate the production of epitaxial nanostructures. 

The advantages of ion-exchange reactions extend beyond those of conventional bottom-
up methods for synthesizing nanomaterials. One key advantage lies in their ability to 
generate nanomaterials with metastable phases. This is a consequence of the topotactic 
reaction pathway frequently taken by ion-exchange reactions, aiming to maintain analogies 
between anion and cation sublattices. Consequently, emerging phases can be metastable 
under specific conditions [59] . Furthermore, the morphology of the initial nanomaterial also 
influences the phase of the transformed material [60] . 
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Ion-exchange reactions in the solid state have predominantly been observed in 
nanoscale materials. This occurrence is attributed to the possible reduction in the activation 
energy within nanoscale crystals due to the presence of high-energy sites in the form of 
crystal defects, curved surfaces and low-coordination facets. This lowered activation energy 
not only facilitates the reaction, but also enables the formation of metastable phases. The 
diminished crystal size may also promote a more straightforward strain relief during the 
process. In nanomaterials such as NWs, the majority of atoms reside close to the surface and 
can easily compensate for a lattice distortion.  When the ion exchange is performed in 
solution, the solvation of the exchanged cations also influences the reaction, with stronger 
solvation reducing the ion-exchange activation energy and promoting the reaction [10] . 

The two types of ion-exchange reactions are cation exchange and anion exchange. 
In this thesis the central topic was anion exchange in metal oxide NWs, with copper oxide 

NWs serving as the model material. To explore the potential applicability of these reactions 
to other ionic materials, understand the underlying principles and phenomena, and gain 
insights into how the model material might respond to cation exchange instead of anion 
exchange, it is essential to conduct a brief literature review, which will encompass the 
existing research on both cation- and anion-exchange processes involving various 
materials. This was carried out in subsections 1.2.1.1 and 1.2.1.2. 

1.2.1.1 Cation-Exchange Reactions in Nanomaterials 

Cation-exchange reactions are more common and easier to achieve than anion-exchange 
reactions. The reason for that is the higher mobility of the smaller cations in the crystal 
lattice, enabling the faster exchange of cations without altering the anionic sublattice. 
Therefore, in most cation-exchange reactions, the anionic sublattice is retained, and its 
rigidity is the reason for the structural preservation of the solid material during the reaction 
[58], [59] . Ion-exchange reactions also strongly depend on the size of the material, as will 
be demonstrated in the examples below. The exact mechanism of ion-exchange reactions is 
not entirely understood. However, there are some studies that are shedding light on it. In 
reference [61]  the authors used molecular dynamics simulations to simulate a PbS-to-CdS 
transformation. From the results, they concluded that a cation exchange is initiated by Cd 
ÉÎÔÅÒÓÔÉÔÉÁÌÓȟ ×ÈÉÃÈ ȰËÉÃËȱ the Pb cations out of the PbS core. The Pb2+  ions then migrate 
through the interstitial sites. In CdS domains, the jumping of the Pb cations between 
octahedral interstitial sites is greatly facilitated by the formation of Cd Frenkel defects by 
lowing the repulsive forces, which would occur between the Pb2+  and the Cd2+  ions if the 
latter were to occupy their original positions in the crystal structure. 

One of the most important factors that determines whether the transformation would 
be complete and the morphology of the nanomaterial retained, is the preservation of the 
anion sublattice during the cation exchange. This was demonstrated by Jeong et al. [62], 
[63] , who report on the transformation of orthorhombic Ag2Se NWs to wurtzite-type CdSe 
NWs. In the process, the single crystallinity was preserved, which was attributed to the 
topotactical relationship between the Se sublattices, minimizing significant lattice 
alterations during the cation exchange, a crucial factor for preserving the morphology and 
single crystallinity [64], [65] . 

Similarly, Powell et al. [66]  achieved a complete transformation of roxbyite Cu1.8S 
nanoplatelets to CoS and MnS NPs via cation exchange. In both cases the formation of 
metastable wurtzite polymorphs was favored over more stable polymorphs due to the 
preservation of the anion sublattice. 

Li et al. [67]  performed cation exchange on the CdSe nanocrystals. Here, Cd2+  cations 
were exchanged with Cu+  cations, followed by Cu+  exchange with Zn2+ . If the transformation 
was conducted on the cubic CdSe polymorph, the resulting copper and zinc selenides also 
exhibited a cubic structure. On the other hand, if the starting material used was the 
hexagonal CdSe polymorph, the resulting copper and zinc selenides were metastable 
hexagonal polymorphs, which were, in this case, favored over the more stable cubic 
polymorphs. 

A similar example was reported by Kim et al. [68] , who performed Cu cation exchange 
on the berzelianite Cu2-xSe nanocrystals with Ni cations. In the process, single crystalline, 
metastable, Ni3Se4 nanocrystals with spinel-type crystal structures were formed, and the 
anion face-centered-cubic sub-structure was retained. 

Another example of how the crystal structure can dictate the course of the cation-
exchange transformation was pointed out by Gariano et al. [69] , who performed the cation 
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exchange of Cu2+  cations on cubic and metastable, hexagonal Cu2Se nanocrystals with Pb2+  
cations. Since PbSe only has one stable phase, i.e., cubic, the resulting nanocrystals always 
attained this form. However, the course of the reaction depended on the crystal structure of 
the initial crystal. When the cubic Cu2Se polymorph was used as a starting material, the 
cation exchange proceeded via the random nucleation of the PbSe phase on the Cu2Se 
nanocrystals. However, when the hexagonal polymorph of Cu2Se was the starting material, 
the preferred Pb2+  diffusion through the a and b planes produced PbSe stripes in the Cu2Se 
structure. 
Another factor influencing the outcome of the ion-exchange transformations is the size as 
shown in reference [70] . Here, the authors achieved a reversible cation exchange of Cd2+  
with Ag+  in CdSe NPs. This transformation only occurred in NPs, not micro-scale particles, 
indicating size-dependent reaction barriers. Furthermore, nanorods, tetrapods, and hollow 
nanospheres with diameters larger than 5 nm retained their shape, while nanorods with 
diameters smaller than 5 nm transformed into spheres due to a disruption of the anion 
sublattice. The Ag2Se crystal structure also depended on the initial crystal size, with thicker 
nanorods becoming tetragonal Ag2Se and thinner ones forming a cubic structure. 

A factor which also influences the transformation is the shape of the treated crystals, as 
pointed out by Li et al. [71] , who performed copper cation-exchange reactions on Cu1.8S 
(roxbyite) NPs of different shapes with cobalt cations. When nanoplates were used as the 
shape of the initial nanocrystal, the anion sublattice was preserved in the transformation, 
and metastable wurtzite-type CoS was the transformation product. On the other hand, when 
nanorods were used as the initial crystal shape, thermodynamically stable petlantide-type 
Co9S8 was formed; however, the arrangement of the anion sublattice was not preserved 
during the transformation. This shape-dependent crystal structure of the transformed NP 
was attributed to  the larger surface area of the nanorods compared to nanoplates, which 
would expose faces of lower stability, if the transformed phase were wurtzite-type CoS. 
Consequently, the lower thermodynamic stability of the nanorods could result in a 
rearrangement of the anion lattice to a more stable form. 

1.2.1.2 Anion-Exchange Reactions in Nanomaterials 

In contrast to cation-exchange reactions, anion-exchange reactions are less commonly 
reported. This is because anions tend to have less mobility than cations, and it is the 
rigidness of the anion lattice that enables the preservation of the cation and anion 
sublattices during cation-exchange reactions. On the other hand, anion-exchange reactions 
are often accompanied by a complete breakdown and reorganization of the structure, 
forming voids, hollow structures, and core-shell structures [59] . 

One such example was demonstrated by Park et al. [72] , who transformed ZnO NPs to 
ZnS NPs by exposing them to hexamethyldisilathiane at elevated temperatures. Initially, the 
formation of a ZnS shell, which grows epitaxially on ZnO NPs, was observed. Although ZnO 
and ZnS both possess wurtzite-type crystal structures, the lattice mismatch between them 
is high, and it manifests itself as stress on the boundary between the phases. Stress is 
released by diffusion of the ZnO core outwards. Oxygen was confirmed in the shell region in 
the intermediate phase ZnOxS(1-x) before the anion exchange occurred. The final hollow ZnS 
NPs were of the same shape as the initial ZnO NPs, and they were single crystalline as well. 
Nevertheless, the morphology was not preserved as the final NPs were hollow. 

Another research reporting the hollowing of the NPs during an anion-exchange reaction 
was conducted by Hong et al. [73] , who performed a ZnO-to-ZnS transformation with the 
use of di-tert -butyl disulfide as a sulfurizing agent to form hollow sulfide NPs. 

There are, however, ways to avoid the hollowing of the NPs in the process of an anion 
exchange. One such way is the use of an anion-extracting agent. For example, recently, Lim 
et al. [74]  successfully transformed inverse spinel Fe3O4 nanocrystals to inverse spinel Fe3S4 
with the use of the oxygen-extracting reagent (Z)-N-trimethylsilyloctadec-9-en-1-amine 
(TMS-ODA). H2S gas was used as a sulfurizing agent. Oxygen extraction by TMS-ODA results 
in the formation of oxygen vacancies, which increase the anion diffusivity and decrease the 
activation energy for anion diffusion. The anion-extracting reagent thus increases the anion 
mobility and makes it comparable to cation mobility. 

Another report, where the mobility of the anions was increased and the single 
crystallinity in the anion exchange was preserved, is described by Jia et al. [75] . Here, CdNCN 
NPs with a distorted NaCl crystal structure were reacted with Se nanopowder to produce 
CdSe NPs with a sphalerite-type crystal structure. The transformation started on the surface 
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of the CdNCN NPs with the formation of core-shell structures. The interesting fact here is 
that the single crystallinity of the intermediate core-shell structures was not altered; the 
NPs remained crystalline throughout the progress of the reaction. Another surprising 
outcome of the reaction is the formation of sphalerite-type, structured CdSe instead of the 
more thermodynamically stable wurtzite-type CdSe. This phenomenon is analogous to the 
one described in cation-exchange reactions, where metastable phases preferentially form 
in cation-exchange transformations if the substructure of the anion sublattice is preserved. 
This can be explained by taking into consideration the anisotropic arrangement of NCN2- 
anions, which results in the formation of 2D channels. The diffusion of anions is greatly 
facilitated in this way, with little impact on the cation sublattice. As the transformation is 
slow, it also enables the controlled rearrangement of Cd2+  without the loss of the single 
crystallinity.  

Thangala et al. [76]  found that, similar to cation exchange, the anion-exchange size plays 
a major role when it comes to the retention of crystallinity in gas-solid-reaction-induced 
phase transformations. In their research, they nitride tungsten oxide W18O49 NWs by 
exposing them to ammonia at elevated temperatures. NWs with diameters of less than 10 
nm retained the single crystallinity during transformations, whereas the nitrid ing of thicker 
tungsten oxide NWs resulted in polycrystalline nitride NWs with highly oriented grains 
along the longitudinal direction of the NW. Nucleation of the nitride phase was observed to 
be epitaxially related to the oxide phase. This can be explained in the following way. In 
thinner NWs, the nucleation occurs along the NW. With the size of the nuclei and diameter 
of the NWs having approximately the same value, this means that nuclei form in only one 
dimension. Because nuclei have a preferred orientation in the longitudinal direction of the 
NW, they can easily merge into one single crystal. On the other hand, in thicker NWs, when 
the nucleation starts, multiple nuclei form on the cross-section of the NW, which may not 
have the same orientation in the radial direction. Consequently, the fusion of those nuclei 
into one single crystal is more difficult . 

When studying anion-exchange reactions, we can see that even though they are harder 
to achieve than cation-exchange reactions, and preservation of single crystallinity is much 
harder, similar principles apply for anion-exchange reactions as for cation-exchange 
reactions. In both cases the factors which should be considered are: (i)  similarity between 
crystal structures of initial and transformed crystal, (ii) size of the treated crystal, (iii) use 
of the catalyst and (iv) shape and morphology of the initial crystal. 

However, many factors have not yet been explored, even though their influence on the 
ion-exchange transformations could be significant. These include the access of treated NPs 
to additional material that could contribute to the reaction (for example if treated NPs are 
isolated or embedded in the bulk substrate, that could also contribute to the reaction). 
Furthermore, the influence of a non-equilibrium ion-exchange environment (such as 
plasma) as an ion-exchanging environment, has also not been researched. Therefore, the 
influence of these two factors on ion-exchange reactions was our main focus in this thesis. 

1.3 Motivation and Thesis Objectives 

Ion-exchange phase transformations have recently gained popularity, particularly as a 
method for the synthesis of advanced nanomaterials with unique morphologies and phase 
compositions [58], [59], which are difficult or practically impossible to achieve via 
conventional bottom-up methods. Further progress in the area related to the synthesis of 
new nanomaterials with the use of ion-exchange reactions will contribute to the 
development of new nanomaterials. However, the mechanisms of their transformations are 
still in the process of exploration. Furthermore, numerous factors influencing the outcome 
of the ion-exchange transformations and many new remarkable phenomena (examples are 
described in Sections 1.2.1.1 and 1.2.1.2) are constantly being discovered, signaling that 
there is still much more to discover before the general mechanism of ion-exchange 
transformations can be determined. 

There are numerous factors influencing the course of ion-exchange reactions, including 
the phase and morphology of initial crystal, the use of an ion-extracting agent, etc. Hence, 
when it comes to the design of new materials with ion-exchange reactions, it is crucial that 
the research community is familiar with these factors. Many more factors could influence 
the course of ion-exchange phase transformations that have not been described in the 
literature yet. One such factor is whether the initially treated nanomaterial has access to a 
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limited or unlimited amount of ions, which could potentially participate in the ion-exchange 
transformation. For example, in our model system, copper oxide NWs grow from underlying 
copper/ copper oxide substrates. Their roots are embedded in the underlying oxide layers. 
During their growth, the NWs have constant access to additional copper cations, which 
diffuse from the underlying substrates to the NW top, where they react with oxygen. 
Therefore, if the anion-exchange reaction is performed on such NWs, cations from the 
underlying substrate can also participate in the reaction. On the other hand, this is 
impossible if the NWs are detached from the substrate and, in this way, isolated prior to 
sulfurization. This phenomenon has never been emphasized in the literature . However, it 
may influence the outcome of the reaction and play a role in the design of new 
nanomaterials. 

Another factor that influences the reactionȭÓ course is the reaction environment. For 
example, the mechanism of transformation could differ depending on whether ion exchange 
is performed in an equilibrium or non-equilibrium environment. This difference can be 
observed if anion exchange is performed in a gaseous environment (environment in 
thermodynamic equilibrium) or in a plasma environment (non-equilibrium environment) . 
In the former case, excited metastable species participate in the reaction, altering the 
mechanism and outcome of the transformation. 

Furthermore, the size of the nanomaterial used in the transformations is another 
potential factor influencing the outcome. The preservation of single crystallinity is very 
difficult in anion-exchange reactions due to migrations and rearrangements of the cation 
and anion sublattices during the transformation. However, if the rearrangements are 
minimal, this could potentially lead to the preservation of single crystallinity during anion-
exchange transformation. 

Therefore, the CuO NWs were selected as a model material to study anion-exchange 
phase transformations to explore the phenomena described above. The anion exchange will 
be achieved via sulfurization, using gaseous (H2S) to achieve the exchange of oxygen anions 
with sulfur anions. To realize the described research, the thesis has the following objectives: 

 
Objective 1: Understanding the mechanism driving the growth of metal oxide NWs formed 
during the oxidation of metal foil. 
CuO NWs were selected as a model material to study the phase transformations due to their 
simple production and wide application range. For our purpose, the ideal model material 
should have low dimensionality; ideally, it should exhibit a 1D shape (NWs), as using 1D 
model material would simplif y the observation and theoretical analysis of the studied 
processes during the transformation. For the synthesis of our model material, thermal 
oxidation was selected as a method to obtain the NWs because of its simplicity, low cost, 
and good control over the NW parameters. To achieve a complete phase transformation in 
the NWs, ultra-thin NWs are required. To obtain such NWs, we first have to optimize the 
reaction parameters needed for their growth.  Moreover, the NW growth should be 
performed under a wide range of experimental conditions, which will , apart from 
optimization of the 1D growth, also provide us with information about the mechanism of 
the growth, which is necessary to understand the fundamental science and answer why the 
NW parameters change with the experimental conditions. As described in Section 1.1.5, the 
mechanism of metal oxide NW growth via thermal oxidation is still not completely 
understood, and further research is needed. 

The development of metal oxide layers on the metal substrate serving as a NW base 
might play a major role in the NW growth. However, this was not yet explained in the 
literature. Thus, apart from NWs, metal oxide layers formed prior to the NWs should also 
be studied, and their role in the NW growth should be explained. The NW morphology and 
crystal structure should be examined with electron microscopy to find the triggers of 1D 
growth in metal oxide nanocrystals. Furthermore , the experimental results should be 
supported with theoretical modeling to confirm the validity of the assumptions for the NW 
growth processes. Finally, to generalize metal oxidation as a technique to produce NWs, the 
other variations of metal oxidation should be studied, such as plasma-assisted metal 
oxidation, and expanded to the oxidation of other metals apart from copper. 

This objective is addressed in Chapter 2. The outcome of this objective is the production 
of CuO NWs as 1D model material, which will enable further studies of the phase 
transformations. Emphasis should be placed on understanding the mechanism of NW 
growth, which will enable the targeted synthesis of NWs with specific parameters desired 
for use as a model material in phase-transformation reactions. 
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Objective 2: Finding the conditions for the synthesis of ultra-thin NWs and determine the 
lower limit for the NW diameter that can be achieved with  thermal oxidation  
To achieve complete phase transformations in our model CuO NWs, they should be as thin 
as possible. Apart from complete transformation, this, in combination with transformations, 
also enables the observation of size effect in phase transformations. Therefore, to find the 
lower limit of NW thickness produced via thermal oxidation, limiting conditions for the NW 
growth should be found, and the smallest diameter obtained via thermal oxidation should 
be determined. From the literature, it is known that the NW diameter and length generally 
increase with increasing temperature. Therefore, it can be concluded that the thinnest NWs 
can be produced at the lowest temperature where NW growth is possible. However, the 
reports of the temperature range for the NW growth are conflicting. For example, the 
growth of CuO NWs is most commonly reported in the temperature range 400 °C to 700 °C 
[49], [77]ɀ[80] , while the growth of NWs was also reported at 250 °C [81], [82] . 
Furthermore, neither of the studies focused on determining the lower limiting temperature. 
Therefore, the minimum temperature for CuO NW growth is still unknown. NW growth 
should be studied around the limiting temperature to find the smallest NW diameter. 
Furthermore, correlations between NW diameter and reaction conditions should be 
performed under limiting conditions by supporting experimental observations with a 
theoretical model. Objective 2 addresses this missing gap in the growth of NWs under 
limiting conditions . The outcome of this objective is knowing the lowest temperature at 
which CuO NWs still grow and finding the smallest NW diameter that can be achieved via 
thermal oxidation. Ultra-thin  NWs can then be used to study anion-exchange phase 
transformations as a model system. 

 
Objective 3: Exploration of the anion-exchange phase-transformation mechanism and factors 
influencing the mechanism, using metal oxideɀmetal sulfide as a model system 
This objective focuses on studying the anion-exchange phase transformations in thermally 
synthesized CuO NWs. In our case, oxygen-sulfur exchange was chosen as the ion exchange 
of interest as both metal oxides and sulfides have a wide range of applications and represent 
materials that will undoubtedly be subjected to further development. In particular , the focus 
of the research is placed on determining whether the mechanism and outcome of the 
reaction are altered if the CuO NWs have limited or unlimited access to metal cations. 
Furthermore, the influence of a non-equilibrium environment on the anion-exchange 
mechanism should be studied. By performing anion exchange on NWs of different 
thicknesses, it should also be possible to observe the NW size effect on the outcome of the 
transformation reactions and morphology of the transformed NWs. 

To study the effect of cation (non-) limitation on the outcome of the oxygen-sulfur anion-
exchange reaction, oxide NWs should be sulfurized in two regimes. First, the whole 
substrate with grown CuO NWs should be sulfurized by subjecting it to thermal treatment 
in an H2S atmosphere. In this case, the cations from the bulk substrate can also diffuse inside 
the NW and participate in the reaction. Secondly, the sulfurization should be performed on 
isolated NWs. In this case, the amount of cations that could participate in the reactions is 
limited and only metal cations already present inside the NW can participate in the reaction. 
To explore how cation limitation affects the sulfurization reaction, the morphology and 
crystal structure of the treated NWs should be examined. 

To study how the introduction of a non-equilibrium reaction environment affects the 
anion-exchange outcome, the NWs should be subjected to plasma-assisted sulfurization, 
using H2S plasma as a sulfurizing agent. In this case the sulfurizing agents are excited sulfur 
species produced in plasma. The morphology and phase of the resulting metal sulfide NWs 
should be compared to the NWs that were sulfurized thermally, where H2S molecules in 
thermal equilibrium are used as a sulfurizing agent. The difference in mechanisms and the 
advantages of the non-equilibrium environment for performing anion-exchange reactions 
can be inferred by examining the morphologies and structures of the transformed NWs. 

Furthermore, sulfurization of CuO NWs with different thicknesses should provide us 
with the influence of the size effect on the transformation outcome and answer the question 
of whether the preservation of single crystallinity is possible in a copper oxide, copper 
sulfide 1D system by controlling the NW diameter. 

Objective 3 is addressed in Chapter 3. The outcome of this objective is determining the 
anion-exchange mechanism in our model system and studying how a limited or unlimited 
cation supply affects the mechanism of the reaction, as well as determining how the 
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introduction of  a non-equilibrium reaction environment in the form of plasma affects the 
course of the transformation. 
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Chapter 2 

2 Growth of Ultra-Thin Copper Oxide 
Nanowires  

Chapter 2 presents our results on the growth and optimization of the growth for copper 
oxide nanowires, which will serve as a model nanomaterial used to study phase 
transformations. For our purpose the ideal model material would have a one-dimensional 
shape as a 1D system simplifies the observation and theoretical treatment of the processes 
occurring during the transformation reactions as described in Subsection 1.1.1. Therefore, 
the main emphasis of Chapter 2 lies in exploring the growth mechanism of CuO NWs by 
thermal oxidation. 

Section 2.1 explores the mechanism for the CuO NWs grown by thermal oxidation. The 
mechanism provides quantitative information on the influence of the experimental 
conditions on the NW parameters. Since the goal is to synthesize NWs that are as thin as 
possible, the knowledge of the NW growth mechanism is very important . The mechanism 
was determined by performing the growth of CuO NWs by thermally oxidizing metallic 
copper substrates under various experimental conditions (temperature, pressure, and time 
of oxidation). The dependence of the NW parameters on the experimental conditions was 
monitored by electron microscopy. Furthermore, the evolution of the underlying copper 
oxide layers serving as the NW base was also studied and their role in the growth of NWs 
was determined. Based on the results, the theoretical model was developed for a 
quantitative description of NW growth. Next, the limiting conditions for the growth of CuO 
NWs via thermal oxidation were explored and determined in order to obtain the thinnest 
NWs possible. 

In Section 2.2. the growth of CuO NWs is expanded to plasma-assisted techniques and to 
the oxidation of different metals to show the versatility of metal oxidation as a route to the 
synthesis of metal oxide NWs. The growth of ZnO, CuO, and Fe2O3 nanostructures was 
studied. The mechanism for the growth of nanostructures was proposed and supported by 
theoretical modeling. 
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2.1 Synthesis of CuO NWs by Thermal Oxidation and Exploration of the 
Growth Mechanism 

In Section 2.1, the mechanism of CuO NW growth is explored. This section is divided into 
two subsections: Subsection 2.2.1, focusing on experimental observations with detailed 
electron microscopy analysis of the CuO NWs and copper oxide layers serving as the NW 
base, and Subsection 2.2.2, focusing on developing the theoretical model for the NW growth. 

2.1.1 Understanding the Growth of Copper Oxide Nanowires and Layers by Thermal 
Oxidation over a Broad Temperature Range at Atmospheric Pressure 

In Subsection 2.1.1 the thermal CuO NW growth was studied. Apart from the NW 
parameters (length, diameter, density, etc.), the focus was on a detailed analysis of the NW 
crystal structure and microstructural analysis of the oxide layers forming below the NWs to 
gain a complete insight into the NW growth mechanism. 

The parameters varied were time and temperature. Electron microscopy was used to 
analyze the formed NWs and copper oxide layers. Based on observations, the processes of 
the copper oxide layerȭÓ development and NW growth are described. Results suggest that 
NW growth starts in the CuO layer from twinned CuO grains. The defect in the structure 
represents a catalytic spot where the oxidation reaction most likely proceeds, elongating 
the crystal in one dimension. NWs and the CuO layer grow on top with the reaction between 
copper species and oxygen molecules, while the Cu2O layer grows at the expense of the CuO 
layer at the Cu2O/CuO interface. The position of the interface is determined by the oxygen 
concentration in the oxide layers. Deeper in the layer, where oxygen concentration is lower, 
the oxygen deficient Cu2O layer forms preferentially. 

This subsection addresses Objective 1. The results of this subsection were published in 
a peer-reviewed scientific article in the journal Crystal Growth and Design 

Regarding my contribution, I synthesized the CuO NWs, performed SEM and part of TEM 
analysis, analyzed and interpreted the results and wrote the initial  text of the manuscript. 
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