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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 nanowire’s 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 
v številnih aplikacijah, njihov razvoj pa še vedno poteka. Njihova sinteza, vključno s sintezo 
novih kompleksnih struktur in morfologij, je v nanoznanosti deležna velike pozornosti in 
zanimanja. Na tem področju so se reakcije ionske izmenjave izkazale kot obetavna strategija 
za sintezo novih ionskih nanomaterialov, ki omogoča natančen nadzor nad fazo in 
morfologijo. Področje ionske izmenjave v trdnem stanju se konstantno razvija, z nenehnimi 
odkritji novih mehanizmov in pojavov, ki prispevajo k izboljšanju lastnosti sintetiziranih 
materialov. 

Poudarek te doktorske naloge je bil na sintezi nanostruktur kovinskih oksidov, 
natančneje CuO nanožic, kot modelnega materiala in njihovi uporabi za raziskave 
transformacije anionskih izmenjav kot potencialnega mehanizma za sintezo novih 
materialov. Izbira CuO nanožic kot modelnega materiala je idealna zaradi njihove 
enodimenzionalne oblike, ki poenostavlja preučevanje faznih transformacij. Zaradi tega so 
ultratanke nanožice zaželene za raziskovanje transformacijskih procesov. Sinteza CuO 
nanožic je bila dosežena s termično oksidacijo bakra. Metoda je zelo preprosta, vendar je 
mehanizem rasti nanožic precej zapleten in še ne dodobra raziskan. Prvi del naloge je bil 
tako namenjen preučevanju mehanizma termične rasti CuO nanožic. Ugotovljeno je bilo, da 
nanožice izvirajo iz dvojčičenih CuO zrn, saj oksidacija najhitreje poteka na dvojčični meji 
na površini zrn. Med samo oksidacijo se spodnji deli nanožic zakopljejo v CuO plast, ki se 
formira pod nanožicami. Rast nanožic in oksidnih plasti je bila podprta z razvitim 
teoretičnim modelom. Z nadaljnjimi raziskavami je bila ugotovljena tudi optimalna 
oksidacijska temperatura za pridobivanje CuO nanožic z minimalnimi premeri, ki je znašala 
malo pod 200 °C. Korelacija med premerom nanožic in temperaturo pa je bila razložena z 
modeliranjem procesov nukleacije. 

Po sintezi CuO nanožic so bile te termično sulfurizirane v fazni transformaciji oksida v 
sulfid. Nastale sulfidne nanostrukture so morfološko in fazno odvisne od razpoložljivosti 
bakrovih kationov, ki sodelujejo v reakciji. Ko so nanožice izolirane, z omejeno količino 
bakra, ki lahko sodeluje v sulfurizaciji, nastanejo votle enodimenzionalne CuS strukture. Če 
pa so nanožice med sulfurizacijo še vedno pritrjene na substrat, s katerega so zrasle, 
neomejena dobava bakra iz substrata povzroči nadaljnjo rast nanožic v večje Cu2S strukture. 
Ta zanimiv pojav je bil podprt tudi s teoretičnim modeliranjem. 

Preiskava faznih transformacij v CuO nanožicah je bila razširjena z uporabo 
mikrovalovne plazme kot sulfurizacijskega medija. Uporaba plazme je omogočila 
spremembo dimenzionalnosti s preoblikovanjem nanožic v dvodimenzionalne CuS 
strukture. Predlagani mehanizem te transformacije je omogočil dragocen vpogled v 
edinstvene procese, ki se pojavljajo v plazemskem okolju, in njihov potencial v reakcijah 
anionske izmenjave. 

Rezultati te doktorske naloge prinašajo nove odgovore o mehanizmih rasti in faznih 
transformacij v nanožicah bakrovega oksida ter ponujajo dragocen vpogled v procese na 
nanometrski skali. Razumevanje mehanizma rasti nanožic bo dodatno pripevalo k razvoju 
in uporabi nanostruktur bakrovega oksida. Poleg tega odpirajo opisani pojavi in mehanizmi 
procesov ionskih izmenjav nove načine 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]–[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]–[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]–
[34], photocatalysis [35], [36], energy-storage applications [37]–[43], biomedical 
applications [44], opto-electronic devices [18], [45]–[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 NW’s 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]–[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. 
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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 
transformation’s outcome depends on the material type 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 crystal’s 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 
interstitials, which “kick” 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 nitriding 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 reaction’s 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 simplify 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]–[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 oxide–metal 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 



10 Chapter 1. Introduction  

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 layer’s 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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2.1.2 Development of a Theoretical Model to Describe CuO NW Growth by Thermal 
Oxidation 

In Subsection 2.1.2 the CuO growth mechanism is further studied with an emphasis on the 
development of the theoretical model that would describe the thermal growth of CuO NWs. 
This was achieved by studying the thermal oxidation of copper under different 
experimental conditions (temperature, pressure, time, and oxygen flow). The dependencies 
of the experimental results, such as NW diameters, lengths, number densities, and 
thicknesses of the base copper oxide layers, on the experimental conditions, were used to 
develop a theoretical model describing the growth of the CuO NW. 

 
The main conclusions from the model are:  

 The diffusion of copper species from the underlying substrate to the NW tops 
proceeds via surface and twin-boundary diffusion. A different diffusion regime 
results in a different NW morphology, with twin-boundary diffusion resulting in 
longer and thinner NWs, while surface diffusion results in shorter but thicker NWs. 

 In oxygen-rich conditions, at atmospheric pressure, oxygen flow does not play a 
large role in the growth of NWs. 

 Oxygen pressure does not affect the growth of the Cu2O layer, although it affects the 
growth of the CuO layer. 

 The parameter that affects the growth of the nanowires the most is the temperature, 
as the processes involved in the growth (adsorption of oxygen molecules and 
diffusion of copper species) strongly depend on the temperature. 

 The internal energy of the oxygen molecules is redistributed during the adsorption 
of an oxygen molecule. Part of this energy can be used to desorb the molecule. This 
process is more common on the NW side than on the top, as the energy for oxygen 
adsorption is higher on the NW top. Hence, the NW top represents the active site for 
the oxidation reaction. This is the main reason for NW’s growth. 

 
This subsection addresses Objective 1. The results of this subsection were published in 

a peer-reviewed scientific article in the journal Applied Surface Science. 
Regarding my contribution, I performed part of the experimental work (synthesis of CuO 

NWs under different conditions and part of SEM analysis of the samples. Furthermore, I 
analyzed the results (measurements of NW diameters, length, density and thickness of 
copper oxide layers) and performed a statistical analysis of the measurements. Moreover, I 
contributed to the writing of the research paper with the other co-authors. 
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2.2 In Search of the Limits of CuO Thermal Oxidation Nanowire Growth 
by Combining Experiment and Theory 

In Section 2.2, the limiting conditions for the growth of CuO NWs by thermal oxidation are 
explored. The results describing the precise control of the physical properties of CuO NWs 
resolve the contradictory reports in the literature. They are needed to establish the 
experimental platform for the future research of anion-exchange phase-transformation 
experiments. In NWs, the radial diffusion can be limited by using NWs that are as thin as 
possible. In the research described in the previous section, it was shown that the NW 
diameter increases with temperature. Therefore, the temperature used for the synthesis of 
thin model NWs should be just above the limiting temperature needed for NW growth. 

The lower limits were researched by oxidizing copper at temperatures below 300 °C. 
The temperature was gradually decreased until no more NWs were observed. The results 
were again supported by modeling the NW nucleation process. 

This Section addresses Objective 2. The results of this subsection were published in a 
peer-reviewed scientific article in the journal Applied Physics Letters. 

Regarding my contribution, I performed the experimental work (synthesis and electron 
microscopy of NWs), analyzed the experimental results and wrote the initial manuscript. 
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2.3 Plasma-Assisted Synthesis of Metal Oxide Nanostructures 

In Section 2.3, the growth of metal oxide NWs is expanded to plasma-assisted methods and 
other metals besides copper. In this research, it was demonstrated that a combination of 
plasma and thermal oxidation is a universal tool for the synthesis of metal oxide 
nanostructures, particularly nanostructures with low dimensionality, such as NWs and 
nanorods. To show the versatility of the methods, nanostructures made of different metal 
oxides (iron, copper, and zinc) were synthesized by exposing metal foils to glow discharge 
of the argon-oxygen mixture at a controlled temperature. In this way, predominantly NWs, 
along with nanobelts were obtained. The growth mechanism for the obtained 
nanostructures was proposed. Plasma can aid the nanostructure growth process through 
ion bombardment of the initial metal foil, which can result in the formation of 
“microhillocks” on the metal surface. The tops of these “hillocks” have higher energy than 
the other areas, resulting in preferential adsorption of the oxygen species followed by 
oxidation and formation of low-dimensional nanostructures. In summary, this 
demonstrates the generalization of metal oxidation as a method to grow the metal oxide 
NWs. 

This section addresses Objective 1. The results of this subsection were published in a 
peer-reviewed scientific article in the journal Nanomaterials. 

Regarding my contribution, I contributed to the analysis of the experimental results and 
the writing of the manuscript with the other co-authors. 
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Chapter 3 

3 Exploration of Phase Transformations in CuO 
NWs 

In Chapter 3, the previously synthesized CuO NWs were used as a model material to study 
phase transformations. The CuO–CuS system was chosen as copper oxides and copper 
sulfides are materials with a wide range of possible applications. The proposed phase 
transformation belongs to the class of anion-exchange reactions, where oxygen anions are 
replaced with sulfur anions. Even though CuO has a different crystal structure from copper 
sulfides, the sulfurization of CuO via a reaction with H2S proceeds easily under mild 
conditions. While only two copper oxide phases are stable in ambient conditions (tenorite 
– CuO and cuprite – Cu2O), there are numerous stable copper sulfide phases, such as 
villamaninite (CuS2), covellite (CuS), yarrowite(Cu1.12S), spionkopite (Cu1.39S), geerite 
(Cu1.6S), anilite (Cu1.75S), digenite (Cu1.8S), roxbyite (Cu1.8S), djurleite (Cu1.96S) and 
chalcocite (Cu2S). 

Chapter 3 is divided into two sections. The main focus of Section 3.1 lies in studying the 
mechanism of thermal transformations with a particular emphasis on the effect of the 
amount of cations that can participate in the reaction. 

The focus of Section 3.2 is the introduction of metastable species as anion-exchanging 
agents to influence the outcome of the transformation. In addition, the effects of size and 
their influence on the morphology of the transformed NWs are discussed as well. 
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3.1 Exploration of the Influence of Metal Supply on Phase 
Transformation in CuO Nanowires 

In the research described in Section 3.1, anion-exchange reactions were performed on CuO 
NWs by exposing them to gaseous H2S. The emphasis of the study was on the mechanism of 
the transformation. This research reports an interesting observation that was not 
highlighted in the literature yet. It was found that the mechanism and the outcome of the 
transformation differ if the NWs have a limited or unlimited supply of cations during the 
transformations. This was studied by sulfurizing the NWs with the roots still embedded in 
copper oxide layers acting as an additional source of copper cations and the sulfurization of 
NWs that were detached from the substrate and thus had a limited copper supply. The 
mechanisms of both types of transformations are discussed and supported by theoretical 
modeling. 

The results of this subsection were summarized in a manuscript submitted to the journal 
Nature Communications. 

Regarding my contribution, I performed the experiments, analyzed the results, and 
wrote the initial manuscript. 
  



3.1. Exploration of the Influence of Metal Supply on Phase Transformation in CuO Nanowires  99 

Driving the phase transformation in single crystals by diffusion 

Authors and affiliations 

Department of Gaseous Electronics, Jožef Stefan Institute, 1000 Ljubljana, Slovenia 

Martin Košiček, Janez Zavašnik, Oleg Baranov, Uroš Puc, Uroš Cvelbar 

Jožef Stefan International Postgraduate School, 1000 Ljubljana, Slovenia 

Martin Košiček, Janez Zavašnik, Uroš Cvelbar, Uroš Puc 

Department of Theoretical Mechanics, Engineering and Robomechanical Systems, National 

Aerospace University, 61070 Kharkiv, Ukraine 

Oleg Baranov 

Institute of Computational Physics, Zurich University of Applied Sciences (ZHAW), 8401 

Winterthur, Switzerland 

Uroš Puc  



100 Chapter 3. Exploration of Phase Transformations in CuO NWs  

Abstract 

Anion-exchange reactions provide a unique insight into the reaction processes that occur during 

the phase transformations in ionic nanomaterials and offer a promising method for synthesizing 

new nanomaterials. In this research we demonstrate that the outcome of the anion-exchange 

transformation in nanomaterials can vary depending on whether the treated nanomaterial has 

a limited or unlimited supply of cations. This was demonstrated by sulfurizing isolated CuO 

nanowires and CuO nanowires attached to copper-rich substrates. In the former case, the 

sulfurization proceeds via an anion-exchange mechanism with the outward diffusion of copper 

and oxygen species and the inward diffusion of sulfur species, resulting in polycrystalline 

covellite nanowires. On the other hand, an additional mechanism, resulting in copper diffusion 

from the copper-rich substrate into the nanowire, is present in the latter case, leading to the 

further growth of nanowires and the formation of larger chalcocite nanostructures. The 

reported difference between the two mechanisms is important from the fundamental and 

applicative perspectives. 

Introduction 

Solid-state ion-exchange reactions represent a promising route for the synthesis of ionic 

nanomaterials and show great potential, particularly for the synthesis of metastable 

nanoparticle morphologies and phases that are difficult to fabricate using bottom-up techniques 

1–5. Additionally, ion-exchange reactions provide a unique opportunity to observe different, yet 

unexplored, phenomena and mechanisms occurring at the nanoscale during phase-

transformation reactions 

In general, cation-exchange reactions are easier to achieve and more commonly lead to the 

preservation of the morphology and single crystallinity of the synthesized material compared to 

anion-exchange reactions. This is attributed to the larger size and lower mobility of the anions, 
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resulting in the greater rigidity and resilience of the anion sublattice during the 

transformations1,6. On the other hand, anion-exchange reactions are often accompanied by a 

structural breakdown, reorganization, and hollowing due to the large rearrangements 

accompanying the anion-exchange transformation. Commonly, anion-exchange reactions result 

in the formation of hollow structures due to the Kirkendall effect1,6–8, which can be either a 

desirable or undesirable side effect and results from the more rapid outward diffusion of cations 

compared to a slower inward diffusion. This phenomenon is challenging to overcome and could 

present a problem when it is not wanted. Strategies to avoid it remain in development. One such 

strategy effectively utilized for this purpose is to use an anion-extracting agent to form anion 

vacancies, which aid the anion lattice diffusion and increase the anion mobility. This method was 

utilized on single-crystalline Fe3O4 nanoparticles to transform them into single-crystalline Fe3S4 

nanoparticles9. Another research where hollowing and breakdown of the structure were 

avoided was the transformation of CdNCN nanoparticles to CdSe nanoparticles10. In this case, 

the anion diffusion was facilitated due to the anisotropic arrangement of the NCN2- anions, 

resulting in the formation of 2D channels that facilitated the outward anion diffusion, while 

minimally impacting the cation sublattice. Nevertheless, improvements to the suppression of 

the Kirkendall effect in anion-exchange reactions are rare, and further research is required on 

this topic. 

Metal oxides and sulfides are frequently studied template nanomaterials in anion-exchange 

reactions due to their facile synthesis and wide range of applications, including gas sensing11–14, 

photocatalysis15–26, catalysis27–33, energy storage34–50 and biomedical51–54. 

When performing an anion-exchange reaction, several factors can influence the outcome and 

must be considered. Apart from the experimental conditions, such as temperature, pressure, 

and anion-exchanging reagents, the morphology and phase of the initial nanomaterial also play 

a role2. Furthermore, structural rearrangements and ion migrations indicate that it might not be 
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trivial as to whether the anion exchange is performed on isolated nanoparticles or if the 

nanoparticles are in contact with an additional source of ions that could participate in the 

reaction. An example of such a system is nanoparticles grown on top of bulk material. This factor 

is commonly neglected in the literature; however, it may play a major role in the synthesis 

procedures and applications of nanomaterials. 

The dependence of the phase-transformation mechanism on the metal cation supply has been 

confirmed in our research, where we used thermally grown CuO nanowires (NWs) as a template 

material for an anion-exchange reaction of oxygen with sulfur. We report an interesting finding 

that the mechanism of sulfurization differs depending on whether the NW roots are embedded 

in the copper-rich substrate, enabling them access to an unlimited supply of cations, or whether 

they are isolated with a limited cation supply. The difference is reflected in the phase and 

morphology of the sulfurized NWs. It is a consequence of the interaction between the substrate 

and the NWs that enables the transport of additional cations in the NW during the sulfurization 

of NWs with roots embedded in the substrate. We also observed that an additional supply of 

copper in the NWs during the transformation prevents the hollowing of the NWs during the 

anion-exchange reaction. 

Results 

CuO NWs used as template material for sulfurization were grown via the thermal oxidation of 

copper foil. The process of copper oxidation includes the formation of a Cu2O layer directly on 

top of the copper substrate, upon which the CuO layer is formed and serves as the starting point 

for the growth of the NWs55–58, as depicted in Fig. 1a, which shows a cross-sectional view of the 

CuO NWs grown at 490 °C. The NW roots are embedded in the upper CuO layer55. The presence 

of both phases was also confirmed by Raman spectroscopy, as shown in Supplementary Fig. 4b. 

The temperature used to prepare our template NWs was 265 °C, resulting in the highest NW 
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number density, with sufficiently thin NWs. As depicted in Fig. 1b, the surface of the oxidized 

copper foil is uniformly covered with CuO NWs growing from the formed CuO film. Most NWs 

are thin, with diameters below 20 nm (examples can be seen in Supplementary Fig. 3). However, 

thicker NWs with diameters up to 50 nm have also been observed (Fig. 1c,d). The NWs appear 

to be single crystalline with a central twin boundary, which was previously reported (marked 

with the red dashed line in Fig. 1c, and Supplementary Fig. 3) and is likely the reason for the one-

dimensional growth of the CuO NWs59. Different twinning planes have been observed thus far60. 

NWs preferentially grow along the [1-10] direction. The CuO NWs grow at their tips, indicating 

that copper species are supplied from the underlying copper substrate to the top of the NW, 

where the reaction with oxygen can proceed to form CuO and elongate the NW59,61. The central 

twin boundaries are believed to play a major role in this process as they can serve as a pathway 

for the copper’s transport from the underlying copper oxide layers to the tops of the NWs61. 

Oxide-to-sulfide phase transformations were conducted in two regimes (Fig. 1e): (1) First, the 

whole oxidized copper substrate with the grown CuO NWs was exposed to H2S. In this case, the 

substrate represents an additional source of copper cations that could potentially participate in 

the sulfurization of the NWs. (2) In the second case, the NWs were detached from the substrate 

before the H2S treatment. Here, only material present in the NW can participate in the 

sulfurization, and the amount of copper cations is limited. 

The first sulfurization was performed on NWs still attached to the copper-rich substrate at room 

temperature (24 °C) at an H2S pressure of 100 kPa for 2 hours. The substrate with the attached 

NWs appeared to corrode; it developed pronounced dents, pores and changed color from 

blackish to a more brownish hue (Supplementary Fig. 4a). The appearance of an additional peak 

at a wavenumber of approximately 470 cm-1 in the Raman spectrum indicates the presence of 

the sulfide phase (Supplementary Fig. 4b). SEM (Fig. 1f) and TEM (Fig. 1g) analyses indicate that 

upon sulfurization, the NWs became thicker, longer and polycrystalline. Most NWs experienced 
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thickening during the transformation. However, we also found some that underwent only a 

small increase in volume, indicating that they were still in the early stages of the transformation, 

allowing us to observe different levels of transformation (Fig. 1g and additional examples in 

Supplementary Fig. 5). 

From the electron microscopy it is evident that a volume increase occurred during the 

sulfurization of the NWs. In the later stages of sulfurization, the volume of the NWs can increase 

by more than ten times. The sulfurized nanostructures exhibit a structure composed of a bulky 

head and trunk, which progressively narrows towards the bottom of the structure (Fig. 1f). This 

indicates that the reaction proceeds at a faster rate at the top of the NW and gradually decreases 

towards the base. The ratio between copper and sulfur was determined in both the NWs and 

the thin layer serving as the base for the NW growth using energy-dispersive X-ray spectroscopy 

(EDS) (Fig. 1h and Supplementary Fig. 12a, respectively). Both measurements yield the same 

Cu:S ratio of approximately 70:30, which is understandable since they exhibited the same 

chemical composition (CuO) prior to sulfurization. The sulfide formed was determined to be low 

chalcocite (Cu2S) based on a polycrystalline selected-area-electron-diffraction (SAED) pattern 

analysis (Supplementary Fig. 12b). 

Due to the volume increase of the NWs during sulfurization, it is clear that when sulfurization is 

performed on NWs with an unlimited supply of copper, additional copper species will diffuse 

inside the NW, contributing to the NW growth. 

In the second experiment, the NWs were detached from the substrate and deposited on a TEM 

grid before sulfurization. The sulfurization was conducted under the same conditions as in the 

experiment with the NWs attached to the substrate (24 °C, H2S pressure 100 kPa, 2 hours). By 

disconnecting the contact between the NWs and the underlying layers, the additional diffusion 

of copper species in the NW during sulfurization is prevented. The amount of cations potentially 

involved in the reaction is limited to the copper present in the initial CuO NW. 
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In this case the morphology of the NWs does not change significantly during the reaction. 

However, they become encapsulated with a predominantly amorphous sulfur-containing layer, 

approximately 3 nm thick (Fig. 1i-k and Supplementary Fig. 7). On the other hand, no sulfur was 

found on other parts of the TEM grid by EDS analysis (Fig. 1j), indicating that the layer is most 

likely a result of the chemical reaction between the CuO and H2S on the NW surface. However, 

the tendency of CuO NWs to react with H2S was not nearly as high as when the NWs were still 

in contact with the underlying substrate from which they grew. 

Therefore, from the initial results it is clear that there are two possible reaction pathways to 

form the copper sulfide phase from the CuO NWs, both potentially contributing to the reaction: 

(i) Mechanism 1 involves an anion-exchange reaction of the oxygen anions in the CuO material 

present in the NWs with sulfur anions, and (ii) Mechanism 2 involves the reaction of H2S with 

the copper species diffusing from the underlying substrate on which the NWs grow, into the NW 

during the reaction, contributing to additional NW growth. Mechanism 1 can in theory be 

isolated by disconnecting the NW from the source of the additional cations. On the other hand, 

since the reaction by Mechanism 1 barely proceeds under the conditions we used, Mechanism 

2 was isolated in the sulfurization of NWs attached to the substrate. In fact, the remnants of 

CuO NWs can still be visible in the sulfurized attached NWs, as seen in Fig. 1f and examples in 

Supplementary Fig. 6. 
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Fig. 1: Sulfurization of CuO NWs with a limited and unlimited supply of copper at 24°C, H2S pressure 100 kPa for 2 

hours. a Cross-sectional view of NWs synthesized at 490 °C, growing on top of oxide layers. b Top view of CuO NW 

array synthesized at 265 °C, used as a template material for sulfurization. c TEM micrograph of CuO NW. d Enlarged 

TEM micrograph with FFT pattern indicating NW growth perpendicular to 110 and 001 (zone axis) direction. e 

Schematics of the sulfurization: 1 Sulfurization of NWs with unlimited copper supply, 2 Sulfurization of NWs with 

limited copper supply. f TEM micrograph of nanostructure obtained by sulfurizing CuO NWs with an unlimited copper 

supply g SEM micrograph of the sulfurized substrate with CuO NWs h EDS spectrum indicating the ratio between Cu 

and S in the formed nanostructure is approximately 70:30. i TEM micrograph of the CuO NW after being detached 

from the substrate and sulfurized. j EDS spectra of NW and TEM carbon-grid support indicating that the sulfur is 

present in the NW, but not on the other parts of the TEM grid (nickel and carbon signals come from the components 

of the TEM grid). k TEM micrograph of the NW part, marked with a red square in i with visible amorphous copper 

sulfide layer encapsulating the NW. Scale bars correspond to a – 10 µm b – 500 nm, c, i – 20 nm, d, k – 5 nm, f – 200 

nm, g – 1 µm. 

After the experiments at room temperature, it became clear that the sulfurization process of 

CuO NWs differs depending on whether the NWs have limited or unlimited access to a supply of 

cations. However, when the NWs were isolated with a limited supply of cations, the reaction 

proceeded poorly at room temperature. We could not confirm whether the anion exchange 
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actually occurred in the isolated NWs, as only a thin amorphous sulfur-containing layer was 

present on the NW surface. Therefore, additional experiments with both regimes were 

conducted with a variety of experimental conditions. The sulfurization temperature was 

increased to 110 °C to enhance the rate of sulfurization and overcome the energy barrier for 

Mechanism 1. As observed in the room-temperature experiment, the NWs attached to the 

substrate exhibited a high reactivity with H2S and could become completely overgrown by the 

sulfide phase. To prevent this, the sulfurization time was reduced to 30 minutes, including a 20-

minute heating period from room temperature. Additionally, the H2S pressure was lowered, and 

two different pressures were used: 10 kPa and 1 kPa. 

A schematic of the process for NWs with unlimited copper supply is shown in Fig. 2a. The 

morphology and phase of the sulfurized NWs did not seem to be influenced by the pressure 

variation under the conditions used, as observed in Fig. 2b-h. Under these conditions 

(temperature: 110 °C, duration of sulfurization: 30 min, and H2S pressures: 1 kPa and 10 kPa), 

the attached NWs again exhibited thickening, as seen in Fig. 2b,e,f. Some NWs showed nearly 

uniform diameters along their entire length, such as the one in Fig. 2e. However, there were still 

NWs where the top part was considerably thicker (examples can be seen in Supplementary Fig. 

8), indicating a similar reaction dynamic to that observed in the room-temperature experiments 

on NWs with an unlimited copper supply. Most of the transformed NWs exhibited a segmented 

structure, with individual single-crystalline grains arranged in one dimension along the length of 

the NW and connected by grain boundaries (marked with a red dashed line in Fig. 2d,h). Some 

grains showed a degree of preferential orientation. For example, in the neighboring grains 

shown in Supplementary Fig. 9, only a slight tilt was observed, and both grains exhibited a 

parallel orientation in the [2-10] direction with respect to the NW. On the other hand, the grain 

in Fig. 2d exhibited an orientation where the [010] direction was parallel to the NW, indicating 
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that not all the grains were oriented in the same way. Again, the predominant copper phase 

observed was low chalcocite (as confirmed by the SAED pattern in Fig. 2c,g). 

Isolated NWs with a limited supply of copper were also treated under the same conditions as 

schematically shown in Fig. 2i. This time, the copper oxide from the NWs clearly reacted with 

H2S to form copper sulfides (Fig. 2j-r). When the NWs are isolated, they do not experience 

significant thickening during the reaction, as no additional material can be supplied. The newly 

transformed NWs are polycrystalline, with smaller sulfide grains than the NWs with an infinite 

copper supply. The NW surface also appears rougher, as some individual grains protrude from 

the surface. Voids within the structure are visible (Fig. 2o and Supplementary Fig. 10). SAED and 

HRTEM analyses indicate that, unlike the NWs with an unlimited copper supply, in this case the 

NWs predominantly consist of covellite (CuS). The electron-diffraction analysis in Supplementary 

Fig. 11 indicates that the grain orientation is random. 

 

Fig. 2 Sulfurization of NWs with an unlimited and limited supply of copper at 110 °C, H2S pressure 10 and 1 kPa for 

30 min (of which 20 min included heating from room temperature) a Schematic representation of the sulfurization 

of Cuo NWs with an unlimited supply of copper b,e,f TEM micrographs of the NW with an unlimited supply of copper, 

sulfurized in a H2S pressure of 10 kPa (b) and 1 kPa (e,f). c, g SAED patterns indicating the formation of the low 
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chalcocite phase in the transformed NWs in a H2S pressure of 10 kPa (c) and 1 kPa (g). d, h TEM micrographs of 

enlarged parts of the areas marked in red in b and f, respectively, with marked grain boundaries (red dashed line). i 

Schematic representation of CuO NWs with limited copper supply. j, n TEM micrographs of NWs with limited copper 

supply sulfurized in a H2S pressure of 10 kPa (j) and 1 kPa (n). k, o TEM micrographs of enlarged parts marked with a 

red rectangle in j and n, respectively. Voids in the NW structure can be visible in o. l, p SAED (l) and FFT (p) patterns 

taken from grains marked with red rectangles in k and o, respectively, indicating the presence of the covellite phase. 

m, r enlarged parts of the areas marked with red rectangles in k and o, respectively. Scale bars correspond to b, f – 

100 nm, d, h, m, r – 10 nm, e, j, n – 200 nm, k, o – 20 nm. 

Discussion 

The experimental results could be explained by the theoretical modeling of the sulfurization 

processes (full description of the model can be found in Supplementary Information) 

The results show that the mechanism of CuO NW sulfurization depends on the NW's supply of 

cations participating in the reaction. When the template CuO NWs are isolated with a limited 

cation supply, their sulfurization proceeds through the exchange of oxygen anions with sulfur 

Fig. 3a (Mechanism 1). As CuO and H2S come into contact, H2S dissociates to atomic S and two 

H atoms are adsorbed on the surface62. The H atoms can then reduce the CuO to Cu and extract 

the O anion, forming water molecules. The oxygen vacancy is then filled when a sulfur atom 

reacts with the copper, forming the CuS phase, while preserving the cation-to-anion atomic ratio 

in the overall reaction: 

𝐶𝑢𝑂 + 𝐻2𝑆 → 𝐶𝑢𝑆 + 𝐻2𝑂 

In this way a CuS layer forms around the NW. The reaction induces further diffusion processes: 

sulfur species can diffuse inward through the formed sulfide layer, while copper and oxygen 

species diffuse outward toward the NW surface, where they become involved in the reaction 

with H2S, increasing the thickness of the CuS layer. Since the outward diffusion is much faster, 

the anion-exchange transformation is accompanied by the formation of Kirkendall voids. A 
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similar reaction outcome is observed when isolated copper NWs are sulfurized with thiourea, 

resulting in the formation of hollow sulfide NWs63. Anion exchange occurs at the same rate along 

the entire NW, preserving the overall shape of the NW with a uniform diameter along its length. 

However, the single crystallinity is lost due to large rearrangements in the crystal structure 

caused by ion migrations, as seen in the transformed NW in Fig. 2o. 

The described processes were also treated theoretically, considering the Langmuir H2S 

adsorption on the NW surface and a calculation of the CuO outward flux (see Supplementary 

Material). The results were in good agreement with the experimental data. 

According to the calculation predictions (Fig. 3b,c), the high pressure of 105 Pa and the low 

temperature of 24 C result in a thin sulfide layer of about 2 nm after 2 hours of sulfurization, 

and a void with a radius of about 3 nm is formed in the central part of the NW. The real voids 

are not necessarily axisymmetric, and the difference can be explained by the assumptions used 

in the model. When the pressure is decreased by an order of a magnitude to 104 Pa, and the 

temperature is increased to 110 C, significant changes in the shape of the NW are observed 

even after 30 min of the treatment (Fig. 3d,e). The whole volume of the CuO layer is consumed 

and converted to a CuS layer on the outer surface of the NW after just several minutes of the 

treatment. Thus, the NW is converted into a nanotube with CuS walls, while a mixed composite 

structure of CuO+CuS walls can also be obtained at shorter sulfurization times. A further 

decrease in the H2S pressure to a value of 103 Pa does not significantly change the outcome. 

However, the time for complete transformation is prolonged (Fig. 3f,g). This demonstrates the 

possibility of flexible composition control of the resulting nanostructures by changing the 

experimental conditions. The most significant factor influencing the outcome of the 

transformation is temperature, which can be explained by the exponential dependence of the 

outward CuO flux on the temperature (Supplementary information). 
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Fig. 3. Schematics of the processes during sulfurization of the CuO NWs with limited and unlimited supplies of 

copper with the results of theoretical modeling. a Schematic of the processes occurring during sulfurization of NW 

with limited copper supply with b,d,f time dependencies of the thicknesses of the formed CuS (blue line), CuO (red 

line) phase and their sum (teal line) at (b) 105 Pa and 24 °C, (d) 104 pa and 110 °C and (f) 103 pa and 110 °C. c,e,g 

changes of the NW shape with an indicated thickness of CuS (blue line), CuO (red line), and void (teal arrows) for 

sulfurization of NW with a limited copper supply at (c) 105 Pa and 24 °C, (e) 104 pa and 110 °C and (g) 103 pa and 110 

°C. h Schematic of the processes during sulfurization of CuO NWs with unlimited supply of copper at 24 °C and 105 Pa 

with b-f Calculated evolution of Cu2S layer (pink line), spherical Cu2S structures (blue line) and CuO phase (red line) 

along the length of the NW for different sulfurization times: b 24 min, c 48 min, d 72 min, e 96 min, f 120 min. 

On the other hand, when the template CuO NW roots are embedded in the substrate on which 

they grew, they have access to an unlimited supply of copper cations, which also participate in 

the reaction (Mechanism 2). Mechanism 2 alone can be observed during room-temperature 
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sulfurization, as the contribution of Mechanism 1 to the reaction is insignificant. This process is 

analogous to the thermal growth of CuO NWs, where oxygen reacts with copper at the top of 

the NW to elongate the NW. However, in this case, H2S reacts with copper to form Cu2S, and the 

sulfide does not continue to grow in one dimension, but instead in all three, completely 

overgrowing the NW and forming the bulky upper part of the newly formed nanostructure. The 

formation of the copper-rich Cu2S phase results from the surplus copper supplied to the NW. 

From the phase diagrams of the copper-sulfur system, it is evident that a higher copper content 

favors the formation of copper-rich sulfides and vice versa64. In reference63 it was observed that 

the CuS phase formed when sulfurizing the CuO phase with thiourea, while the Cu2S phase was 

formed when sulfurizing the copper-rich Cu2O phase, indicating that an excess of copper in the 

initial structure indeed preferentially results in copper-rich sulfides. 

In contrast to Mechanism 1, Mechanism 2 can be observed even at room temperature. The most 

likely explanation for this difference is the copper-diffusion pathway. In Mechanism 2, the most 

probable diffusion pathway is surface diffusion on the sides of the NW, as the crystalline sulfide 

phase was observed on the sides of the NW in the initial stages of sulfurization (Supplementary 

Fig. 6), likely formed in the reaction between the copper species and the H2S. On the other hand, 

in Mechanism 1, the outward diffusion of copper and oxygen species occurs through the crystal 

lattice of single-crystalline NWs with a higher activation energy compared to the other diffusion 

types in solid systems65. 

To describe the processes leading to the transformation, a mechanism supported by theoretical 

modeling was proposed. The processes occurring in the discussed system are illustrated in Fig. 

3h and can be described on the atomic level in the following way. As the diffusing Cu species 

come into contact with the CuO phase, they enrich the CuO phase with copper. On the atomic 

level, this can be described by the local formation of Cu2O aggregates in the CuO phase. In this 

way, the migration of copper species is associated with a set of events when a copper atom 
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leaves from the Cu2O aggregate, converting it to back the CuO aggregate, and moves to the next 

CuO aggregate, which results in the formation of a new Cu2O aggregate at a new position. This 

type of diffusion was considered when modeling the surface diffusion of copper species on the 

NW surface. When reaching an adsorbed H2S molecule, the Cu2O aggregate undergoes the 

following reaction, which is accompanied by the formation of the Cu2S aggregate. 

𝐶𝑢2𝑂 + 𝐻2𝑆 → 𝐶𝑢2𝑆 + 𝐻2𝑂 

After its nucleation, the Cu2S phase grows, forming a layer, as well as spherical nanostructures 

("nanobulbs"), observed in intermediate sulfurization stages (Supplementary Fig. 5c and d) of 

the Cu2S phase. The probability of forming such structures is likely higher on parts with 

imperfections in the initial CuO crystal structure, representing areas with increased catalytic 

activity and sulfurization rate. 

The dependence of Cu2O aggregates, which will transform to Cu2S, along the NW's length can 

be described using Bessel and modified Bessel functions66 (Supplementary Information). During 

the sulfurization process, the H2S concentration is most likely the highest at the top of the NW, 

which was also assumed in theoretical modeling (Supplementary Information), where the linear 

dependence of the H2S concentration on the length of the NW was assumed. This dependence 

explains the formation of the conically shaped structures in Fig. 1f, as seen from the results in 

Fig. 3i-m, demonstrating the results of a calculation for a 1-µm-long and 10-nm-thick NW. The 

Cu2S layer and "nanobulbs" grow over time, and their rate is higher in the upper parts of the NW 

(the parts with an increased H2S concentration). The highest reaction rate at the top of the NW 

also suggests that this spot has the highest adsorption energies for the H2S molecules. A similar 

observation can be observed in the growth of CuO NWs via thermal oxidation, where the top 

region also represents the most active spot for a reaction between copper and oxygen 

molecules58,59,61. The most likely reason for that is the presence of defects, such as the twin 

boundary, making the top part of the NW catalytically more active than the other parts. In this 
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way, the NW tips collect large concentrations of hydrogen sulfide molecules, which resembles 

the distribution of water drops along the top under the cover of a dense forest during rainfall. 

When the temperature is elevated (110 °C), a combination of both mechanisms contributes to 

the reaction outcome, as schematically shown in Fig. 4a. Thus, sulfurization of the surface CuO 

material induces the outward diffusion of copper and oxygen ions according to Mechanism 1, as 

well as the upward diffusion of copper species from the underlying substrate according to 

Mechanism 2. Soon after the reaction’s onset, the NW undergoes a breakdown of the single 

crystallinity due to rearrangements of the structure according to mechanism 1. Copper can now 

diffuse inside the NW through the newly formed grain boundaries that are present. Larger 

sulfide grains, compared to the isolated sulfurized NWs, indicate that the additional copper 

supplied inside the NW preferentially reacts on the already-existing grains, contributing to their 

growth rather than nucleating new grains. As the sulfide grains grow, their size eventually 

exceeds the diameter of the NW, and they become arranged in one dimension, forming a 

segmented structure (Fig. 4b). Simultaneously, the additional copper supply to the NW prevents 

the formation of Kirkendall voids. The outward diffusion of copper and oxygen, according to 

Mechanism 1, is accompanied by copper diffusion inside the NW, according to Mechanism 2, 

filling the space that, in the absence of the substrate, would become hollow due to the Kirkendall 

effect. Due to the higher concentration of H2S molecules at the tops of the NW, most 

transformed NWs are still thicker at the top (Supplementary Fig. 8). Due to the excessive copper 

available, a copper-richer Cu2S phase is formed. 
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Fig. 4: Representation of mechanisms contributing to the sulfurization of CuO NWs with an unlimited supply of 

copper at elevated temperatures. a Stages of the NW sulfurization in NWs with an unlimited supply of copper. In 

addition to the anion-exchange mechanism, an additional mechanism contributes to the reaction with copper species 

(marked as red spheres) diffusing from the substrate towards the top of the NW. The diffusing copper predominantly 

attaches to existing grains, increasing their size and resulting in a segmented structure. b TEM micrograph of 

completely transformed NW attached to the copper-rich substrate with a model of the chalcocite structure. The scale 

bar corresponds to 100 nm. 

In summary, this report demonstrates that the cation supply, whether limited or unlimited, plays 

a crucial role in the anion-exchange reaction of ionic nanomaterials. This was illustrated by the 

sulfurization of isolated CuO NWs and CuO NWs attached to a copper-rich substrate, 

representing a limited and unlimited supply of copper cations. The difference in the reaction 

outcome between these two scenarios is evident in the morphology and the phase of the 

sulfurized NWs. In the case of a limited copper supply, the sole mechanism involved is the 

conventional anion-exchange mechanism. This leads to the formation of polycrystalline covellite 

NWs, exhibiting Kirkendall voids and uniform diameters along their length. On the other hand, 

when NWs have unlimited access to copper cations due to their attachment to a copper-rich 

substrate, an additional mechanism comes into play. The copper cations diffuse inside the NWs, 

resulting in continued NW growth and the formation of considerably thicker chalcocite 

nanostructures. At higher temperatures, a combination of the anion-exchange mechanism and 
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the mechanism delivering copper cations inside the NWs can be observed in the NWs with an 

unlimited supply of copper, resulting in segmentally structured chalcocite NWs. In this case, the 

outward diffusion of copper and oxygen species is accompanied by the upward diffusion of 

additional copper species, filling the void space and preventing the formation of Kirkendall voids 

in the structure. 

To the best of our knowledge, this dependence of the sulfurization mechanism on the metal 

oxide NWs has not been emphasized in the literature, despite its significance, not only in terms 

of fundamental science and the description of new reaction mechanisms in the solid-state but 

also for the practical applications of NWs in areas such as catalysis and sensing. In our case, the 

response of the CuO NWs in applications could vary depending on whether they are isolated or 

attached to a copper-rich substrate. 

Methods 

Synthesis of CuO NWs. CuO NWs were synthesized via thermal oxidation. Circular copper discs 

of 14-mm diameter (supplier: Alfa Aesar, purity 99.95%, thickness 0.25 mm, annealed and 

oxygen-free) were placed inside a quartz tube in a tube furnace (OTF-1200X, MTI Corporation). 

The process is schematically shown in Supplementary Fig. 1. The tube was partially opened to 

the atmosphere on one side using the KF 16 port. Oxygen was continuously supplied to the 

copper discs at a flow rate of 140 sccm to ensure oxygen-rich conditions. The oxidation 

temperature was set to 300 °C. However, since the furnace was not completely closed and 

oxygen was flowing through the quartz tube, we also measured the exact temperature using a 

thermocouple. It was found that the actual temperature in the furnace was 265 °C ± 5 °C. 

Oxidation was also conducted at higher temperatures (400 °C to 700 °C). However, higher 

temperatures resulted in thicker NWs. Our goal was to observe the sulfurization of thin NWs 

due to their increased surface-to-volume ratio and potentially higher reactivity. Therefore, the 
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NWs used for sulfurization were those synthesized at 265 °C. This temperature yielded NWs with 

a small diameter and a high number density. At lower temperatures, the NW number density 

dropped. The set temperature was reached after 30 minutes of heating, and the final 

temperature was maintained for an additional 6 hours. Afterwards, the oxygen supply was 

terminated, and the samples were left to cool to room temperature inside the furnace. 

Preparation of the NWs for the sulfurization. An anion-exchange reaction was conducted by 

exposing the synthesized CuO NWs to H2S gas. Two sets of experiments were performed. The 

first set of experiments involved the CuO NWs still attached to the oxidized copper substrate 

from which they grew. No further processing was required for this set before sulfurization. The 

second set of experiments was conducted on isolated NWs, where the NWs were detached from 

the substrate prior to oxidation. To detach the NWs, the substrate with the grown NWs was 

immersed in absolute ethanol and placed in an ultrasonic bath for 5 minutes. Subsequently, the 

ethanol, now containing the detached NWs, was drop-cast onto a nickel-supported lacey carbon 

TEM grid, which was then subjected to further treatment with H2S, as described in the following 

paragraph. 

Sulfurization. The CuO NW sulfurization was performed by placing the synthesized CuO NWs in 

the quartz tube inside a tube furnace. The experimental setup is shown in Supplementary Fig. 2. 

The tube furnace was closed and connected to a rotary pump. After placing the CuO NWs in the 

furnace, the air was evacuated from the tube to a base pressure of 1 Pa. Subsequently, hydrogen 

sulfide gas (H2S) was introduced into the furnace. The experiments were performed on the NWs 

that were still attached to the oxidized copper substrate, as well as on isolated NWs that had 

been previously detached from the substrate using sonication and deposited on nickel-

supported lacey carbon TEM grids. In the case of the isolated NWs, the entire TEM grid with the 

NWs was exposed to H2S. Three different conditions were used for the sulfurization process, 

varying the pressure of H2S, the temperature, and the sulfurization time. Firstly, the NWs were 
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exposed to H2S at room temperature (24 °C) and a pressure of 100 kPa for 2 hours. In the 

subsequent experiment, the H2S pressure was reduced to 1 kPa, and the temperature was 

increased to 110 °C. The temperature was reached after 20 minutes of heating from room 

temperature and maintained for an additional 10 minutes. H2S was present inside the furnace 

from the beginning of the heating process. In the third experiment, all the conditions remained 

the same as in the second experiment, except for the H2S pressure, which was increased to 10 

kPa. 

Electron microscopy. NWs were analyzed using a scanning electron microscope (SEM, JSM-

7600F, JEOL Inc. and Prisma E, Thermo Fisher Scientific Inc.) and transmission electron 

microscope (TEM, JEM-2100, JEOL Inc). 

Preparation for the TEM analysis was required for the NWs that were not detached prior to 

sulfurization. Preparation was the same as for the detachment to prepare isolated NWs for 

sulfurization. It included immersing the sulfurized NWs, attached to the substrate in the absolute 

ethanol, placing them in an ultrasonic bath for 5 minutes, and drop casting them on the nickel-

supported lacey carbon TEM grid. 

Raman Spectroscopy. Raman spectroscopic analysis was conducted on the oxidized copper foil 

before and after sulfurization at 100 kPa H2S at room temperature for 2 hours. The 

measurements were conducted with a Raman spectrometer (NT-MDT, NTegra Spectra II) using 

a 633-nm laser. 

Data availability 

The data supporting this study's findings are available from the corresponding author upon 

reasonable request. 
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Additional experimental details 

CuO NWs were synthesized via the thermal oxidation of copper foils. The experimental setup is 

shown in Supplementary Fig. 1. Copper foil was placed on an alumina holder in the tube furnace, 

heated, and oxidized in a stream of oxygen. 

 

Supplementary Fig. 1: Schematic of thermal oxidation process. 

The exact temperature in the furnace was determined by measurements with a thermocouple. 

The exact temperature differed significantly from the one set (when the temperature was set to 

300 °C, the thermocouple showed 265 °C). The temperature measurement error was estimated 

based on the observed hysteresis, as the temperature achieved by heating the furnace from 

room temperature was slightly different from the temperature achieved by first overheating the 

furnace to a higher temperature followed by cooling to the set temperature. 

Sulfurization of NWs was conducted in the same experimental setup, except the oxygen was 

replaced with hydrogen sulfide (H2S). In this case, H2S was not flowing through the quartz tube. 

Instead, quartz tube was filled with H2S to the desired pressure and sealed (Supplementary Fig. 

2). 

 

Supplementary Fig. 2: Schematic representation of CuO NWs sulfurization process  
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TEM micrographs of copper oxide nanowires 

CuO nanowires (NWs) synthesized by the thermal oxidation of copper foils exhibit a central twin 

boundary. Examples of such NWs are seen in Supplementary Fig. 3 

 

Supplementary Fig. 3: Examples of CuO nanowires synthesized via thermal oxidation of copper foils. a, c, e low 
magnification micrographs with corresponding high magnification micrographs (b, d, f). Central twin boundaries are 
marked with red dashed lines.  
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Raman spectra 

Raman spectra of the oxidized copper foil with grown NWs were taken at room temperature for 

two hours before and after sulfurization. Supplementary Fig. 4a shows photographs of 

photographs of oxidized copper oxide foil with NWs before and after the oxidation, and 

Supplementary Fig. 4b shows corresponding Raman spectra. An additional peak at around 470 

cm-1 is observed, corresponding to the S-S bond in copper sulfides, indicating the formation of 

the copper sulfide phase. 

 

Supplementary Fig. 4: Raman analysis of substrate with embedded NWs before and after oxidation. a Photographs 
of the oxidized copper foil with CuO NWs before and after oxidation. b Corresponding Raman spectra.  
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TEM analysis of the sulfurized NWs 

 TEM analysis of the attached NWs sulfurized for two hours at H2S pressure 100 kPa 

and room temperature 

TEM analysis of the sample sulfurized for two hours at H2S pressure 100 kPa and room 

temperature indicated that some of the transformed NWs were thin and still in the initial stages 

of the transformation, as seen in Supplementary Fig. 5, while others considerably grew and 

thickened. This allowed us to observe different stages of the transformation, as seen in 

Supplementary Fig. 5a-e. The diffraction pattern of the structure in Supplementary Fig. 5e is also 

shown. As can be seen, there are too few grains in the structure to produce ring patterns. It is 

virtually impossible to deduce the phase from the pattern as numerous copper sulfides exhibit 

similar diffraction patterns, and we would need the complete ring of the electron-diffraction 

pattern to figure out the phase.  

 

Supplementary Fig. 5: Sulfurized NWs from the oxidized copper foil exposed to H2S at 100 kPa for 2 hours at room 
temperature. NWs at different stages of the sulfurization were found. a CuO NW prior to sulfurization. b Thin 
sulfurized NW at the beginning stages of sulfurization. c NW with visible nucleated copper sulfide grains along its 
surface. d NW overgrown by the sulfide crystals, showing a higher rate of sulfurization on top of the NW. e NW 
completely overgrown by copper sulfide phase. The top part undergoes the highest sulfurization rate. Polycrystalline 
diffraction pattern from the nanostructure is also shown. However, there are not enough grains in the sample to 
produce a ring pattern. The strong peak marked with a red circle corresponds to a lattice d-spacing of approximately 
1.95 Å and could correspond to the (630) or (060) plane of chalcocite. However, other phases, such as djurleite, anilite, 
and roxbyite, exhibit strong diffraction peaks at the same d-value. 
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Even though the sulfurized NWs appear polycrystalline, the single-crystalline remnants of CuO 

NWs were still found in the center of the NW, encapsulated by the sulfide phase. Examples of 

NWs where such a center is visible can be seen in Supplementary Fig. 6a-d. 

 

Supplementary Fig. 6: TEM micrographs of the sulfurized isolated CuO NWs with visible residues of the original 
CuO NW in the center of the newly formed nanostructures. a-d The residues are marked with red arrows. The CuO 
residue is clearly visible in the dark-field micrograph in the inset of d. 
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 TEM analysis of the isolated NWs sulfurized for 2 hours at a H2S pressure of 100 kPa 

and room temperature 

TEM analysis of the isolated NWs for 2 hours at a H2S pressure of 100 kPa and room temperature 

resulted in the formation of an amorphous sulfur-containing layer around the NWs, as seen in 

examples in Fig 1i,k in the main text and Supplementary Fig. 7a-d 

 

Supplementary Fig. 7: TEM micrographs of NWs encapsulated in thin, amorphous, sulfur-containing layer. a-d 
Additional examples of CuO NWs that were detached from the oxidized copper substrate on which they were grown 
and treated with H2S for 2 hours, at room temperature and a H2S pressure of 100 kPa. 
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 TEM analysis of the attached NWs sulfurized at a H2S pressures of 10 kPa and 1 kPa 

at 110 °C for 30 min (of which 20 min included heating from room temperature to 

110 °C). 

When exposed to H2S at increased temperature, CuO NWs transformed into the copper sulfide 

NWs composed of individual single-crystalline segments arranged along the NW length. Some 

transformed NWs exhibited uniform diameters along their length (example in Fig. 2e,f in the 

main text), while most were still thicker at the top (examples in Supplementary Fig. 8a-d). 

 

Supplementary Fig. 8: TEM micrographs of nanostructures with thicker top parts. a-d Examples of nanostructures 
obtained with sulfurization of attached NWs with H2S at 110 °C, H2S pressure of 1 kPa for 30 min (of which 20 min 
included heating from the room temperature to 110 °C). 

  



3.1. Exploration of the Influence of Metal Supply on Phase Transformation in CuO Nanowires  131 

Some grains that comprise the segmented structure have similar orientations, indicating the 

epitaxial growth of copper sulfide on the copper oxide. Example of such segments can be seen 

in Supplementary Fig. 9: 

 

Supplementary Fig. 9: Grain boundary between two segments in the segmented structure of the copper sulfide 
NW. a TEM micrograph of the grain boundary in the NW obtained by sulfurizing CuO NWs embedded in the copper-
rich substrate with H2S at 110 °C, H2S pressure of 10 kPa for 30 min (of which 20 min included heating from room 
temperature to 110 °C). b, c FFTs of neighboring segments indicate that the segments are slightly tilted towards one 
another. Nevertheless, they exhibit similar orientations. 
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 TEM analysis of the isolated NWs sulfurized at H2S pressures of 10 kPa and 1 kPa at 

110 °C for 30 min (of which 20 min included heating from room temperature to 110 

°C). 

When isolated NWs were exposed to H2S at increased temperature, polycrystalline sulfide 

NWs were observed exhibiting Kirkendall voids. Examples of NWs with such a structure are 

shown in Supplementary Fig. 10a-f. 

 

Supplementary Fig. 10: Examples of isolated copper sulfide NWs after copper oxide NWs were isolated and 
treated with H2S. Examples include NWs treated at H2S pressures of 10 kPa (a-c) and 1 kPa. (d, e) at 110 °C for 30 
min (of which 20 min included heating from room temperature to 110 °C). Voids in the newly formed structures are 
indicated with red arrows. f enlarged part, from which grain with covellite CuS phase is observed as determined 
from the inset FFT. 
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Grains in isolated transformed NWs were randomly oriented and predominantly composed of 

covellite phase, as demonstrated in Supplementary Fig. 11. 

 

Supplementary Fig. 11: Electron-diffraction analysis of sulfurized isolated NWs. a TEM micrograph of the isolated 
NW sulfurized at at 110 °C, H2S pressure of 1 kPa for 30 min (of which 20 min included heating from room 
temperature to 110 °C). b SAED pattern of the area marked with a red circle in a. c Model of covellite crystal 
structure.  



134 Chapter 3. Exploration of Phase Transformations in CuO NWs  

TEM analysis of the copper sulfide layer below sulfurized 

NWs 

Energy-dispersive x-ray spectroscopy EDS measurements performed on the CuO sample 

sulfurized for 2 hours at a H2S pressure of 100 kPa and room temperature indicate that apart 

from the NWs, the copper oxide layers below NWs also sulfurize (Supplementary Fig. 12a). This 

is confirmed by the polycrystalline electron-diffraction pattern in Supplementary Fig. 12b. 

 

Supplementary Fig. 12: Analysis of the sulfurized layer serving as the base for NW growth for 2 hours at a H2S 
pressure of 100 kPa and room temperature. a TEM micrograph with EDS. b Corresponding polycrystalline electron-
diffraction pattern confirming the presence of low chalcocite phase in the layer 
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Theoretical model 

A theoretical model was proposed to describe the results of the experiments. 

When a nanowire of copper oxide is removed from the ground oxide layer, the delivery of copper 

atoms from the external source (i.e., the copper layer) is terminated. That is why the 

sulfurization is provided by the CuO stem of the nanowire, according to the equation: 

𝐶𝑢𝑂 + 𝐻2𝑆 → 𝐶𝑢𝑆 + 𝐻2𝑂.                                                        (S1) 

It is assumed that after the reaction, a layer of copper sulfide is formed on the surface of the 

nanowire; for that, the bonding energy is high, so copper and sulfur do not diffuse into the depth 

of the nanowire. In contrast, CuO aggregates from the nanowire body diffuse towards the 

surface of the copper sulfide that is exposed to the action of hydrogen sulfide. On the surface, 

the sulfurization reaction occurs, thus increasing the thickness of the CuS layer. Due to the low 

diffusivity, the lower boundary of the CuS layer does not shift from its initial position, which is 

located at a distance Rnw from the nanowire center. At the same time, the diffusion of species 

from the CuO layer to the surface of the CuS layer results in a decrease in the thickness of the 

CuO layer. Since the initial coordinate of the lower boundary of the CuS layer is not changed, 

and both the layers are considered continuous, the decrease in thickness of the CuO layer means 

the generation of an internal void . The schematic of the processes is shown in Fig. 3a. 

Hydrogen sulfide molecules are adsorbed on the surface of a detached nanowire, and the 

density nH2S of the adsorbed molecules with respect to the density nCuS of the adsorption nodes 

is1 

𝑛𝐻2𝑆

𝑛𝐶𝑢𝑆
=

𝑃𝐻2𝑆

𝑃0+𝑃𝐻2𝑆
,                                                                      (S2) 

where PH2S is the pressure of hydrogen sulfide, Pa; 𝑛𝐶𝑢𝑆 = 𝑎𝐶𝑢𝑆
−2  (aCuS is a lattice period of CuS); 

P0 is the constant that depends on the temperature: 

𝑃0 = (
𝑀𝐻2𝑆

2𝜋ℏ2
)
3 2⁄

(𝑘𝐵𝑇𝑠)
5 2⁄ 𝑒𝑥𝑝 [−

𝑒(𝜀𝑎𝐻2𝑆−𝜀𝑖−𝐻2𝑆)

𝑘𝐵𝑇𝑠
],                                         (S3) 

where MH2S is the mass of the hydrogen sulfide molecule, kg; aH2S is the adsorption energy (eV) 

of the molecule on the surface; and i-H2S is the internal energy (eV) of the molecule. 

The flux of CuO aggregates that diffuse through the CuS layer describes the diffusion along a 

layer with a thickness LCuS, while the reaction (S1) takes place on the surface of the CuS layer 

only. Thus, the density nCuO(z) of the CuO aggregates on the CuS surface is described by the 

equation with DCuO as a diffusion coefficient: 

𝐷𝐶𝑢𝑂
𝑑2𝑛𝐶𝑢𝑂

𝑑𝑧2
= 0,                                                                   (S4) 

𝑛𝐶𝑢𝑂 − 𝑛𝐶𝑢𝑂0 = −
𝜑𝐶𝑢𝑂

𝐷𝐶𝑢𝑂
𝑎𝐶𝑢𝑆𝐿𝐶𝑢𝑆,                                                         (S5) 

𝐷𝐶𝑢𝑂 = 𝐷0𝑐1𝑒𝑥𝑝 [−
𝑒𝜀𝑐1

𝑘𝐵𝑇𝑠
] = 𝛼𝐷𝑐1

𝜈0𝑎𝐶𝑢𝑆
2

2
𝑒𝑥𝑝 [−

𝑒𝜀𝑐1

𝑘𝐵𝑇𝑠
] = 𝛼𝐷𝑐1

𝑘𝐵𝑇𝑠

ℎ
𝑎𝐶𝑢𝑆
2 𝑒𝑥𝑝 [−

𝑒𝜀𝑐1

𝑘𝐵𝑇𝑠
],              (S6) 

where c1 is the diffusion activation energy; LCuS is the thickness of the CuS layer; 0 is the 

frequency of the lattice oscillations; and h is Plank’s constant. 

The flux of CuO aggregates CuO at the surface is determined by the rate of reaction (S1), that is: 
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𝜑𝐶𝑢𝑂(𝐿𝐶𝑢𝑆) =
1

2
𝑛𝐶𝑢𝑂

𝑛𝐻2𝑆

𝑛𝐶𝑢𝑆
𝜈0𝑒𝑥𝑝 [−

𝑒(𝜀𝑐1+𝜀𝑥−𝑑𝑖𝑠)

𝑘𝐵𝑇𝑠
],                                         (S7) 

where x-dis is the energy of CuO dissociation in the presence of an H2S molecule. 

After combining equations (S5) and (S7), the flux CuO can be found: 

𝜑𝐶𝑢𝑂 =
𝑛𝐻2𝑆

1+
𝑎𝐶𝑢𝑆𝜈0
2𝐷0𝑐1

𝐿𝐶𝑢𝑆
𝑛𝐻2𝑆
𝑛𝐶𝑢𝑆

𝑒𝑥𝑝[−
𝑒𝜀𝑥−𝑑𝑖𝑠
𝑘𝐵𝑇𝑠

]

𝜈0

2

𝑛𝐶𝑢𝑂0

𝑛𝐶𝑢𝑆
𝜈0𝑒𝑥𝑝 [−

𝑒(𝜀𝑐1+𝜀𝑥−𝑑𝑖𝑠)

𝑘𝐵𝑇𝑠
].                      (S8) 

Then, the rate of increase of the thickness of the CuS layer and the corresponding rate of the 

decrease of the thickness of the CuO layer are  

𝑑𝐿𝐶𝑢𝑆

𝑑𝑡
(𝐿𝐶𝑢𝑆) = 𝜑𝐶𝑢𝑂𝑎𝐶𝑢𝑆

3 =
1

1+
𝑎𝐶𝑢𝑆𝜈0
2𝐷0𝑐1

𝐿𝐶𝑢𝑆
𝑛𝐻2𝑆
𝑛𝐶𝑢𝑆

𝑒𝑥𝑝[−
𝑒𝜀𝑥−𝑑𝑖𝑠
𝑘𝐵𝑇𝑠

]

𝑛𝐻2𝑆

𝑛𝐶𝑢𝑆

𝜈0

2

𝑅𝑛𝑤

𝑅𝑛𝑤+𝐿𝐶𝑢𝑆
𝑛𝐶𝑢𝑂0𝑎𝐶𝑢𝑆

3 𝑒𝑥𝑝 [−
𝑒(𝜀𝑐1+𝜀𝑥−𝑑𝑖𝑠)

𝑘𝐵𝑇𝑠
],    

(S9) 

𝑑𝐿𝐶𝑢𝑂

𝑑𝑡
(𝐿𝐶𝑢𝑆) = −𝜑𝐶𝑢𝑂𝑎𝐶𝑢𝑂

3 =

−
1

1+
𝑎𝐶𝑢𝑆𝜈0
2𝐷0𝑐1

𝐿𝐶𝑢𝑆
𝑛𝐻2𝑆
𝑛𝐶𝑢𝑆

𝑒𝑥𝑝[−
𝑒𝜀𝑥−𝑑𝑖𝑠
𝑘𝐵𝑇𝑠

]

𝑛𝐻2𝑆

𝑛𝐶𝑢𝑆

𝜈0

2

𝑅𝑛𝑤−𝐿𝐶𝑢𝑂

𝑅𝑛𝑤
𝑛𝐶𝑢𝑂0𝑎𝐶𝑢𝑜

3 𝑒𝑥𝑝 [−
𝑒(𝜀𝑐1+𝜀𝑥−𝑑𝑖𝑠)

𝑘𝐵𝑇𝑠
],(S10) 

with the initial conditions LCuS(0) = LCuS0, LCuO(0) = Rnw.  

When a nanowire of copper oxide is attached to the ground oxide layer in the presence of 

gaseous hydrogen sulfite, the diffusion of Cu2O aggregates along the CuO surface is defined by 

the sulfurization process as on a side surface as on the tip of the nanowire. The processes 

occurring in the discussed system are illustrated in Fig. 3h. 

Migration of the Cu2O aggregate along the CuO layer is described with a set of events when one 

copper atom is released from the aggregate, thus converting it to the CuO aggregate, and moves 

to the next position, which results in the formation of Cu2O aggregate at the position. 

When reaching an adsorbed H2S molecule, the Cu2O aggregate undergoes the following 

reaction, accompanied by the formation of the Cu2S aggregate. 

𝐶𝑢2𝑂 + 𝐻2𝑆 → 𝐶𝑢2𝑆 + 𝐻2𝑂.                                                       (S11) 

The initial concentration 𝑛𝐶𝑢20𝑛𝑤 of Cu2O aggregates at the nanowire root is determined by the 

processes of copper diffusion along the oxide layers, and the copper flux is not affected by H2S 

molecules at that: 

𝑛𝐶𝑢20𝑛𝑤 = 𝑛𝐶𝑢2𝑂 −
𝜑𝐶𝑢2𝑛𝑤

𝐷𝐶𝑢2
𝑎𝐶𝑢𝑂𝐿𝐶𝑢𝑂 = 𝑛𝐶𝑢2𝑂 −

𝜑𝐶𝑢2𝑛𝑤

𝐷0𝑐2
𝑎𝐶𝑢𝑂𝐿𝐶𝑢𝑂𝑒𝑥𝑝 (

𝑒𝜀𝑐2

𝑘𝐵𝑇𝑠
),           (S12) 

where the initial density nCu2O is the density of Cu2O in the Cu2O/CuO boundary; 𝑛𝐶𝑢2𝑂 = 𝑎𝐶𝑢2𝑂
−2 ; 

aCu2O and aCuO are the lattice periods of Cu2O and CuO, respectively.  

Under the condition of the sulfurization reaction on the side surface of a nanowire, the 

distribution of the copper atoms along the nanowire surface is: 

𝐷𝐶𝑢𝑠
𝜕2𝑛𝑐𝑢(𝑧)

𝜕𝑧2
= −𝑛𝐶𝑢(𝑧)

𝑛𝐻2𝑆(𝑧)

𝑛𝐶𝑢𝑂
𝜈0𝑒𝑥𝑝 (−

𝑒𝜀𝑥−𝑑𝑖𝑠

𝑘𝐵𝑇𝑠
),                                  (S13) 

where nH2S(z) is the density of H2S molecules adsorbed on the side surface of the nanowire; x-dis 

is the energy of dissociation of adsorbed H2S molecule at the proximity of Cu2O aggregate. 

The diffusion coefficient DCus is expressed as  
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𝐷𝐶𝑢𝑠 = 𝐷𝐶𝑢𝑠0𝑒𝑥𝑝 (−
𝑒𝜀𝑐2𝑠

𝑘𝐵𝑇𝑠
),                                                      (S14) 

𝜕2𝑛𝑐𝑢(𝑧)

𝜕𝑧2
= −𝑛𝐶𝑢(𝑧)

𝑛𝐻2𝑆(𝑧)

𝑛𝐶𝑢𝑂

𝜈0

𝐷𝐶𝑢𝑠0
𝑒𝑥𝑝 (−

𝑒(𝜀𝑥−𝑑𝑖𝑠−𝜀𝑐2𝑠)

𝑘𝐵𝑇𝑠
),                                (S15) 

where c2s is the energy of the release of the Cu atom from Cu2O aggregate, which should be 

spent to allow migrating of the Cu2O aggregate along the CuO layer; 𝑛𝐶𝑢𝑂 = 𝑎𝐶𝑢𝑂
−2 . 

To describe the results of the experiment, the density of H2S molecules is assumed to be changed 

linearly along the length of the nanowire: 

𝑛𝑥𝑆(𝑧) = 𝛼𝑥𝑠0𝑧.                                                                (S16) 

Thus, the resulting equation to find the density of Cu2O aggregates along the nanowire in the 

presence of an H2S molecule is 

𝜕2𝑛𝑐𝑢(𝑧)

𝜕𝑧2
= −

𝑛𝐶𝑢(𝑧)

𝑛𝐶𝑢𝑂
𝛼𝑥𝑠0𝑧

𝜈0

𝐷𝐶𝑢𝑠0
𝑒𝑥𝑝 (−

𝑒(𝜀𝑥−𝑑𝑖𝑠−𝜀𝑐2𝑠)

𝑘𝐵𝑇𝑠
) = −𝑎𝑛𝑧𝑛𝐶𝑢(𝑧)                 (S17) 

where 𝑎𝑛 =
𝛼𝑥𝑠0

𝑛𝐶𝑢𝑂

𝜈0

𝐷𝐶𝑢𝑠0
𝑒𝑥𝑝 (−

𝑒(𝜀𝑥−𝑑𝑖𝑠−𝜀𝑐2𝑠)

𝑘𝐵𝑇𝑠
). 

The solution is expressed in terms of the Bessel functions and modified Bessel functions2 

𝑛𝐶𝑢(𝑧) = 𝐶1√𝑧𝐽1
3

(
2

3
√𝑎𝑛𝑧

3

2) + 𝐶2√𝑧𝑌1
3

(
2

3
√𝑎𝑛𝑧

3

2)                                       (S18) 

To find the constants C1 and C2, the boundary conditions are implied 

𝑛𝐶𝑢(0) = 𝑛𝐶𝑢20𝑛𝑤;              
𝑑

𝑑𝑧
𝑛𝐶𝑢(𝑧) = 0.                                             (S19) 

Since the following relations take place 

lim
𝑧⟶0+

𝑛𝐶𝑢(𝑧) = −
2𝐶2

3
1
6∙𝑎𝑛

1
6 ∙Γ(

2

3
)

= −
1.23

𝑎𝑛

1
6

𝐶2;   lim
𝑧⟶0+

[
𝑑

𝑑𝑧
𝑛𝐶𝑢(𝑧)] =

3
2
3∙𝑎𝑛

1
6 ∙Γ(

2

3
)∙(√3𝐶1+𝐶2)

2𝜋
= 0.448𝑎𝑛

1

6(√3𝐶1 + 𝐶2),  

(S20) 

the constants are: 

𝐶1 = 0.469𝑎𝑛

1

6𝑛𝐶𝑢20𝑛𝑤;                       𝐶2 = −0.813𝑎𝑛

1

6𝑛𝐶𝑢20𝑛𝑤,                              (S21) 

The solution of the above equation allows us to obtain 𝑛𝑐𝑢(𝑧), under condition of nCu(0) = nCu20nw  

𝑛𝐶𝑢(𝑧) = 0.813𝑎𝑛

1

6𝑛𝐶𝑢20𝑛𝑤 [√
𝑧

3
𝐽1
3

(
2

3
√𝑎𝑛𝑧

3

2) − √𝑧𝑌1
3

(
2

3
√𝑎𝑛𝑧

3

2)] = 𝑛𝐶𝑢20𝑛𝑤𝐹𝐵(𝑧),            (S22) 

𝐹𝐵(𝑧) = 0.813𝑎𝑛

1

6 [√
𝑧

3
𝐽1
3

(
2

3
√𝑎𝑛𝑧

3

2) − √𝑧𝑌1
3

(
2

3
√𝑎𝑛𝑧

3

2)].                                  (S23) 

The number of copper atoms converted per one second from Cu2O to Cu2S by a side surface of 

one nanowire with length Lnw is: 

𝑁𝐶𝑢𝑠(𝐿𝑛𝑤) = ∫ 𝑛𝐶𝑢(𝑧)
𝛼𝑥𝑠0

𝑛𝐶𝑢𝑂
𝜈0𝑒𝑥𝑝 (−

𝑒𝜀𝑥−𝑑𝑖𝑠

𝑘𝐵𝑇𝑠
) 2𝜋𝑅𝑛𝑤(𝑧)𝑧𝑑𝑧

𝐿𝑛𝑤
0

.                           (S24) 

However, by considering the experimentally observed constant distribution of the nanowire 

radius Rnw along the length, the expression is simplified: 
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𝑁𝐶𝑢𝑠(𝐿𝑛𝑤) =
𝛼𝑥𝑠0

𝑛𝐶𝑢𝑂
𝜈0𝑒𝑥𝑝 (−

𝑒𝜀𝑥−𝑑𝑖𝑠

𝑘𝐵𝑇𝑠
) 2𝜋𝑅𝑛𝑤 ∫ 𝑛𝐶𝑢(𝑧)𝑧𝑑𝑧

𝐿𝑛𝑤
0

.                            (S25) 

It should be stressed that during the sulfurization process, the length of the nanowire Lnw, which 

is the length of the CuO structure, stays constant. However, the flux of Cu2O aggregates that are 

delivered to the nanowire tip forms a ‘head’ on the nanowire. The parameters of growth for the 

head can be calculated using the reported model, which considers a similar two-stage growth of 

a nanowire under the condition that the characteristics of the adsorption of the ‘main’ part of 

the nanowire and the ‘head’ are different3. 

The number of copper atoms converted per second from Cu2O to Cu2S by the top surface of the 

nanowire with length Lnw is: 

𝑁𝐶𝑢𝑡(𝐿𝑛𝑤) = 𝑛𝐶𝑢(𝐿𝑛𝑤)
𝑛𝐻2𝑆𝑡

𝑛𝐶𝑢𝑂
𝜈0𝑒𝑥𝑝 (−

𝑒𝜀𝑥−𝑑𝑖𝑠

𝑘𝐵𝑇𝑠
)𝜋𝑅𝑛𝑤

2 ,                                 (S26) 

where nH2St is the density of H2S molecules adsorbed on the tip of the nanowire. 

Hence, the flux of copper atoms consumed by one nanowire is 

𝜑𝐶𝑢2𝑛𝑤(𝐿𝑛𝑤) =
1

𝜋𝑅𝑛𝑤
2 (0)

[𝑁𝐶𝑢𝑠(𝐿𝑛𝑤) + 𝑁𝐶𝑢𝑡(𝐿𝑛𝑤)] = 

=
𝑛𝐶𝑢20𝑛𝑤

𝑅𝑛𝑤
2 (0)

𝜈0

𝑛𝐶𝑢𝑂
𝑒𝑥𝑝 (−

𝑒𝜀𝑥−𝑑𝑖𝑠

𝑘𝐵𝑇𝑠
) [
∫ 𝐹𝐵(𝑧)𝛼𝑥𝑠02𝑅𝑛𝑤𝑧𝑑𝑧
𝐿𝑛𝑤
0

+

+𝐹𝐵(𝐿𝑛𝑤)𝑛𝑥𝑡𝑅𝑛𝑤
2

] =
𝑛𝐶𝑢20𝑛𝑤

𝑅𝑛𝑤
2 (0)

𝜈0

𝑛𝐶𝑢𝑂
𝑒𝑥𝑝 (−

𝑒𝜀𝑥−𝑑𝑖𝑠

𝑘𝐵𝑇𝑠
) 𝐹(𝐿𝑛𝑤),   

(S27) 

𝐹𝑐(𝐿𝑛𝑤) = [
∫ 𝐹𝐵(𝑧)𝛼𝑥𝑠02𝑅𝑛𝑤𝑧𝑑𝑧
𝐿𝑛𝑤
0

+

+𝐹𝐵(𝐿𝑛𝑤)𝑛𝑥𝑡𝑅𝑛𝑤
2

].                                               (S28) 

After substituting (S27) into (S12), the density of the copper atoms at the nanowire root is: 

𝑛𝐶𝑢20𝑛𝑤(𝐿𝐶𝑢𝑂, 𝐿𝑛𝑤) =
𝑛𝐶𝑢2𝑂

1+
𝑎𝐶𝑢𝑂𝜈0
𝐷0𝑐2

𝐿𝐶𝑢𝑂𝛾𝐿𝐹𝑐(𝐿𝑛𝑤)
,                                             (S29) 

𝛾𝐿 =
1

𝑛𝐶𝑢𝑂𝑅𝑛𝑤
2 𝑒𝑥𝑝 [−

𝑒(𝜀𝑥−𝑑𝑖𝑠−𝜀𝑐2)

𝑘𝐵𝑇𝑠
].                                                  (S30) 

The rate of the nanowire growth due to the formation of the Cu2S head is  

𝑑𝐿𝑛𝑤

𝑑𝑡
(𝐿𝐶𝑢𝑂, 𝐿𝑛𝑤) = 𝑁𝐶𝑢𝑡(𝐿𝑛𝑤)

𝑎𝐶𝑢2𝑆
3

𝜋𝑅𝑛𝑤
2 =

𝑛𝐶𝑢20𝑛𝑤(𝐿𝐶𝑢𝑂, 𝐿𝑛𝑤)𝐹𝐵(𝐿𝑛𝑤)
𝑛𝑥𝑡

𝑛𝐶𝑢𝑂
𝑎𝐶𝑢2𝑆
3 𝜈0𝑒𝑥𝑝 (−

𝑒𝜀𝑥−𝑑𝑖𝑠

𝑘𝐵𝑇𝑠
), (S31) 

where aCu2S is a lattice period of Cu2S. 

The rate of growth of the Cu2S layer on the side surface of the nanowire is: 

𝑑𝐿𝐶𝑢2𝑆
𝑑𝑡

(𝑧, 𝐿𝐶𝑢𝑂, 𝐿𝑛𝑤) = 𝑛𝐶𝑢(𝑧)
𝑛𝑥𝑠(𝑧)

𝑛𝐶𝑢𝑂
𝜈0𝑒𝑥𝑝 (−

𝑒𝜀𝑥−𝑑𝑖𝑠
𝑘𝐵𝑇𝑠

) 𝑎𝐶𝑢2𝑆
3 = 

= 𝑛𝐶𝑢20𝑛𝑤(𝐿𝐶𝑢𝑂, 𝐿𝑛𝑤)𝐹𝐵(𝑧)
𝛼𝑥𝑠0

𝑛𝐶𝑢𝑂
𝑧𝑎𝐶𝑢2𝑆

3 𝜈0𝑒𝑥𝑝 (−
𝑒𝜀𝑥−𝑑𝑖𝑠

𝑘𝐵𝑇𝑠
).                              (S32) 

𝐿𝐶𝑢2𝑆(𝑧, 𝐿𝐶𝑢𝑂, 𝐿𝑛𝑤, 𝑡) = 𝑛𝐶𝑢20𝑛𝑤(𝐿𝐶𝑢𝑂)𝐹𝐵(𝑧)
𝛼𝑥𝑠0
𝑛𝐶𝑢𝑂

𝑧𝑎𝐶𝑢2𝑆
3 𝜈0𝑒𝑥𝑝 (−

𝑒𝜀𝑥−𝑑𝑖𝑠
𝑘𝐵𝑇𝑠

) 𝑡 = 
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=
𝑛𝐶𝑢2𝑂

1+
𝑎𝐶𝑢𝑂𝜈0
𝐷0𝑐2

𝐿𝐶𝑢𝑂𝛾𝐿𝐹𝑐(𝐿𝑛𝑤)
𝐹𝐵(𝑧)

𝛼𝑥𝑠0

𝑛𝐶𝑢𝑂
𝑧𝑎𝐶𝑢2𝑆

3 𝜈0𝑒𝑥𝑝 (−
𝑒𝜀𝑥−𝑑𝑖𝑠

𝑘𝐵𝑇𝑠
) 𝑡.                        (S33) 

The time dependencies of the thicknesses LCu2O(t) and LCuO(t), the length Lnw(t) of the nanowires, 

and the thickness LCu2S(z, LCuO, Lnw, t) can be found by solving the system4. 

The results of the experiments were simulated with the developed model. The experimental 

dependence of the temperature was defined by the expression: 𝑇𝑠(𝑡) = (𝑇𝑚𝑎𝑥 − 𝑇0)(1 −

𝑒𝑥𝑝[− 𝑡 𝜏⁄ ]) + 293 (K), where T0 = 20 C,  = 450 s. Two different temperatures Tmax (24 C and 

110 C) were used in combination with three hydrogen sulfide gas pressures: 105, 104, and 

103 Pa.  

The following dependencies of energies on temperature were used to fit the results of the 

experiments for the detached nanowires: 𝜀𝑎𝐻2𝑆(𝑇𝑠) − 𝜀𝑖−𝐻2𝑆(𝑇𝑠) = 0.255 (
𝑇𝑠0

𝑇𝑠
)
𝜐

 for the 

difference between the adsorption and internal energies of the H2S molecule on the CuS layer; 

𝜀𝑐1(𝑇𝑠) = 0.51 (
𝑇𝑠0

𝑇𝑠
)
𝜐

 for the diffusion of the CuO aggregate through the CuS layer; 𝜀𝑥−𝑑𝑖𝑠(𝑇𝑠) =

0.273(
𝑇𝑠0

𝑇𝑠
)
𝜐

 for the transformation of the CuO aggregate into the CuS aggregate, where  = 1.85 

and Ts0 = 297 K. 

According to the developed model, there is a uniform distribution of adsorbed H2S molecules 

along the surface of the detached nanowire. The reaction of CuO molecules that compose the 

initial surface of the nanowire, acts as a driving force to pump copper oxide from the volume of 

the nanowire, since the diffusion of CuS molecules that form a crust on the surface of the 

nanowire as a result of reaction (S1) into the CuO layer is implied as being much lower (to the 

point of being negligible) than the diffusion of the CuO molecules through the CuO layer to the 

surface to react with H2S molecules. The latter assumption is necessary to explain the formation 

of the voids in the volume of the nanowire during the sulfurization. The dependencies of the 

thicknesses of the CuS and CuO layers, as well as their sum over time are shown in Figures 3 b, d, 

f, while the changes to the nanowire shape, including the formation of the axisymmetric void, 

are shown in Fig. 4 c, e, g. At the high pressure of 105 Pa and low temperature of 24 C only a 

thin layer of about 2 nm is formed after 2 h of sulfurization and a slightly bigger void with a 

radius of about 3 nm is formed in the central part of the nanowire. The void formation was not 

observed in the experiment; however, the real voids are not necessary, and should be 

axisymmetric, and the difference can be explained by the assumptions used in the model. It 

should also be noted that the volume for one CuS molecule is larger than the volume for the 

CuO molecule, and the volume of a certain radius, which is consumed in the central part of the 

nanowire, occupies the volume with the lesser radius on the outer part of the nanowire, which 

is considered in the model. When the pressure is decreased by an order of a magnitude to 

104 Pa, but the temperature is increased to 110 C, the significant changes in the shape of the 

nanowire are observed even after 30 min of the treatment. The whole volume of the CuO layer 

is consumed and converted to a CuS layer on the outer surface of the nanowire after just 8 

minutes. Thus, the nanowire is converted into a nanotube with CuS walls, while mixed 

composite structure of CuO+CuS walls can also be obtained, if the treatment time is shorter than 

some critical time. A further decrease of the H2S pressure to 103 Pa does not change the picture 

significantly, while it changes the critical time to about 15 minutes, thus showing a possibility 

for flexible control of the composition of the resulting nanostructure. In reality, multiple void 



140 Chapter 3. Exploration of Phase Transformations in CuO NWs  

formations are observed instead of the simulated void formation, and the real structure is 

changed from a solid nanowire to a shell nanostructure. 

 The treatment of CuO nanowires with hydrogen sulfide allows flexible shaping of 

the nanowires when nanostructures with voids are grown, which can be used for 

various storage applications. The temperature of the process is a much more 

effective control parameter than the gas pressure, which is explained by the 

exponential dependence of the processes on the temperature. 

The same temperature dependence on time was used to simulate the results of the experiments 

conducted for the attached nanowires that underwent sulfurization. During the first stage, the 

sulfurization of the attached nanowires according to the schematic in Figure 1 was considered 

for a hydrogen sulfide gas pressure of 105 Pa for times of 24, 48, 72, 96 and 120 minutes. 

Equations (S24)–(S28) describe the formation of a Cu2S layer along the surface of a nanowire 

with a constant radius Rnw and length Lnw, which were set to 50 nm and 1 m in the simulation, 

respectively. The equations allowed calculating the dependence LCu2S(z, t) along the nanowire, 

which is shown in Fig. 3 i-m by the magenta line. Then, the obtained by equation (S18) 

dependence ncu(z) was used to calculate the growth of 1D nanostructures; for that the reported 

model was utilized [3]. The nanostructures (‘nanobulbs’) are indicated with a blue line, and 

special initial conditions were implied with respect to the initial coordinates of the nanobulbs 

and their initial radii: 

𝑧𝑖 = 𝑧𝑖−1 −
4

2+𝛼
𝑅𝑖−1;         𝛼 =

2𝑅0

𝐿𝑛𝑤
;         R0 = 0.04 m;         i = 1..35.                         (S39) 

The parameters were conditioned to illustrate the growth of the nanobulbs and the dependence 

of the concentration of Cu2O molecules along the nanowire and to form a continuous conical 

Cu2S structure. It should be noted that the reported model [3] was used separately for each 

nanobulb; the nucleation stage is not considered and is replaced by a fixed set of initial radii and 

lengths of the nanobulbs in the applied system of equations. 

To calculate the growth of a ‘head’ of Cu2S on the tip of the nanowire, another model [2] was 

used under the condition that a concentration ncu(Lnw) is calculated with the present model. 

The assumption about non-uniform (i.e., linearly dependent) distribution of the adsorbed H2S 

molecules along the nanowire makes it possible to explain the experimental results. The nature 

of this distribution is a discussion issue, and can be conditioned by the interaction of gaseous 

hydrogen sulfide with a dense array of CuO nanowires.  

The following energies were used to fit the results of the experiments: energy 𝜀𝑎𝐻2𝑆 − 𝜀𝑖−𝐻2𝑆 

= 0.47 eV and 𝜀𝑎𝐻2𝑆 − 𝜀𝑖−𝐻2𝑆 = 1.2 eV for the difference between the adsorption and internal 

energies of the H2S molecule on the side of the nanowire and its tip, respectively, and energy 

c2s = 0.435 eV for the activation of diffusion for the Cu2O aggregate along the surface of the 

nanowire; energy x-dis = 0.835 eV for the transformation of the Cu2O aggregate into the Cu2S 

aggregate. 

 At the relatively high adsorption and diffusion activation energies, which disable the 

effective diffusion of H2S molecules and their re-distribution along the surface of the 

attached nanowire (unlike the distribution of oxygen along CuO nanowire), the 

molecules are stuck at the place where they adsorb. The tips of the nanowires 

collect a large concentration of hydrogen sulfide molecules, which resembles the 
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distribution of water drops along the top under the cover of a dense forest during 

rainfall. 
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3.2 Plasma-Facilitated 1D-to-2D Phase Transformation from CuO to 
CuS 

In the research described in Section 3.2, the anion-exchange reactions were again 
performed on CuO NWs. However, instead of gaseous H2S, the sulfurization was performed 
with microwave H2S plasma as a sulfurizing agent. In this way, metastable reactive species 
were introduced in the reaction. This was done with the intention to study the effect of a 
non-equilibrium environment on the anion-exchange reaction. The outcome of the 
transformation was compared to thermal sulfurization. The differences in mechanisms 
were discussed and supported by theoretical modeling. Furthermore, we also studied how 
the diameter of the NWs affects the transformation outcome. While the single crystallinity 
was not completely preserved, the thinnest NWs resulted in single-crystalline grains 
entirely in one dimension. 

The results of this subsection were summarized in a manuscript submitted to the journal 
ACS Nano. 

Regarding my contribution, I performed the experiments, analyzed the results, and 
wrote the initial manuscript. 
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ABSTRACT 

The increasing demand for novel nanomaterials necessitates innovative techniques to 

tailor their properties and morphologies. In this context, the development of strategies to 

control conversions between distinct material morphologies is important. This research 

unveils an intriguing observation of a plasma-assisted, anion-exchange, phase 

transformation that facilitates the conversion from 1D copper oxide nanowires to 2D 

copper sulfide nanoplates. The process of anion exchange was performed by sulfurizing 

copper oxide nanowires using both thermal and microwave plasma-assisted methods. Our 

investigation reveals that plasma-assisted sulfurization triggers the initiation of 2D-
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structure growth from the initial nanowire, followed by complete conversion of the 

original 1D copper oxide into 2D copper sulfide structures. This transformation in 

dimensionality is likely propelled by the accumulation of surface charges within the 

plasma environment, particularly in regions of heightened curvature in the emerging 

copper sulfide phase. The intensified electric field in these zones directs the flow of 

charged plasma species towards these specific areas. Furthermore, the preferred 

adsorption of the sulfur species on the nanoplate edges drives the outward diffusion of 

copper ions from the nanowire core to the edges of the forming nanoplates, where the 

sulfurization predominantly occurs. These suggestions were supported with theoretical 

modelling of the sulfurization processes. The morphology of the transformed nanowires 

depends on the initial nanowire diameter and the duration of the treatment. This study 

thus underscores the potential of plasma-assisted techniques, showcasing their efficacy 

in the advanced processing of nanomaterials by enabling controlled and distinctive nano-

modifications. 

Nanofabrication often requires the capacity to produce materials with unconventional 

phases and structured morphologies encompassing different dimensionalities. In this 

regard, the recent focus is on 0D, 1D and 2D nanomaterials 1–4. These types of materials 

are particularly interesting due to their increased surface-to-volume ratio and distinct size-

dependent transport properties linked to quantum confinement 5. 

Beyond the conventional routes of bottom-up nanostructure growth through bulk, 

solution, or deposition techniques, a strategy for crafting nanomaterials of distinct 

morphology is also feasible via the phase transformations of pre-existing nanomaterials. 

In this context, a method enabling a controlled dimensionality conversion between 1D 

and 2D materials would be very significant. However, thus far, reports on 
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interdimensional transformations, particularly between 1D and 2D nanomaterials, are 

scarce. An example of such a transformation was exhibited by Lu et al., who induced a 

conversion from 1D to 2D in CrCl3 nanowires (NWs) using a scanning-tunneling 

microscope 6. Nevertheless, a straightforward technique that facilitates both 

dimensionality alteration and chemical modification remains elusive. 

This is where plasma-assisted techniques, rapidly emerging as potent methods for 

nanomaterial synthesis and modifications 7–12, could be exploited. The use of plasma 

could pave the way for interdimensional transformations in nanomaterials. Plasma-

assisted processes, due to their generation of reactive species like ions and radicals in a 

non-equilibrium environment, often diverge significantly from standard thermal methods 

in terms of rates and mechanisms. This renders them ideal for the rapid production and 

modification of nanomaterials with 1D and 2D morphologies 13,14. The dimensionality of 

plasma-produced nanostructures can be adjusted by manipulating the plasma parameters. 

For instance, the oxidation of metallic copper substrates in a microwave plasma 

afterglow, with plasma species supplied through a 400-µm-wide hole, yields CuO 

nanostructures of varying morphologies. Their dimensionality depends on their distance 

from the plasma-treatment center, with greater distances leading to lower dimensionality 

15. In addition to tailoring the structure dimensionality, plasma can serve as a tool for 

chemical modification during a dimensionality transformation. For instance, in ionic 

materials like metal oxides, plasma could facilitate ion exchange, which is an effective 

transformation strategy for producing diverse structured nanomaterial morphologies 16,17. 

In such reactions, existing nanomaterials are treated with specific precursors that induce 

ion exchange, reshaping the material into metastable morphologies and phases that are 

often unattainable with standard bottom-up methods. Cation-exchange reactions more 

commonly lead to the preservation of the initial nanomaterial morphology, while anion-
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exchange reactions are particularly useful for the synthesis of core-shell or hollow 

nanomaterials 16,17. Ion-exchange reactions are most commonly performed in solutions; 

however, the utilization of gaseous ion-exchanging precursors has also been reported 18–

22. 

On the other hand, the potential of plasma-based methods to achieve ion-exchange 

transformations in nanomaterials is, to a large extent, still unexplored in spite of the 

numerous advantages that plasma-based methods possess. Therefore, coupling the ion-

exchange strategy with plasma-based methods could open new possibilities for the 

modification and synthesis of ionic nanomaterials. 

In our ongoing research we investigate plasma-assisted ion exchange involving oxygen 

and sulfur using a model system of metal oxide NWs. Plasma-assisted sulfurization has 

previously proved effective in the synthesis of metal sulfide materials such as MoS2 thin 

films prepared by the plasma-assisted sulfurization of metallic Mo film 23 as well as MoO3 

via anion exchange 24. Plasma-assisted sulfurization was also used to transform MoO3 

nanoplates into MoS2 nanoplates 25. Here, it was found that the MoO3 is first reduced to 

MoO2, followed by an oxide-to-sulfide anion-exchange transformation. Furthermore, 

plasma-assisted anion exchange via sulfurization was used to obtain FeS2 films from 

Fe2O3 nanorods 26 and MoS2–WS2 vertical heterostructures from a Mo-W film27. 

Our focus here lies in demonstrating the plasma's capacity to enable a 1D-to-2D phase 

transformation in CuO NWs, transforming them into (CuS) nanoplates. These CuS 

structures exhibit promising properties for numerous applications such as photocatalysis 

28–30, electrocatalysis 31, photothermal therapy 32–36, supercapacitors 37–41, and lithium-ion 

batteries 42–44. 

Remarkably, this 1D-to-2D transformation is absent from thermal sulfurization, where 

it is predominantly equiaxed grains that are formed. This transition holds not only 
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scientific interest, but also a practical value, as the structured CuS plates enhance the 

effective surface area of the transformed NWs, expanding their potential for catalytic, 

sensing, and other applications. 

RESULTS AND DISCUSSION 

Our model 1D material, CuO nanowires (NWs), was synthesized through the thermal 

oxidation of copper foil. In this process, a grainy copper oxide layer covered with thin 

CuO NWs forms on the copper surface, as shown in Figure S1a. The diameters of the 

NWs range from approximately 6 nm to around 40 nm, with an average diameter of 13±5 

nm (see Figure S1b). The NWs exhibit a single-crystalline structure and grow along the 

[110] direction (Figure 1a, b). Before sulfurization, the CuO NWs were detached from 

their growth substrate and transferred onto TEM grids. Subsequently, the NWs underwent 

sulfurization within the afterglow region of a H2S/Ar microwave plasma (the 

experimental setup is shown in the Figure S2b) for 30 minutes, without the application of 

external heating. 

As depicted in Figures 1c-e, this treatment enabled the conversion from 1D-to-2D 

structures, leading to the complete transformation of the 1D CuO NWs into 2D 

nanostructures that form along the length of the original NWs. The altered phase was 

identified as covellite (CuS) (Figure S8b), signifying the replacement of oxygen anions 

with sulfur during the process. To comprehensively investigate this remarkable 

dimensionality conversion resulting from anion exchange, we initially assessed whether 

it was an outcome of plasma-specific factors or if it could also be achieved through a 

thermal sulfurization in the absence of plasma. Therefore, we conducted thermal 

sulfurization experiments on CuO NWs at room temperature and elevated temperature, 

maintaining the other experimental parameters identical to those in the plasma-based 

experiment. The room-temperature experiment exhibited no discernible reaction after 30 
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minutes (Figure S10). As a result, in the subsequent experiment, the temperature was 

elevated to mimic the temperature to which our NWs were exposed in the plasma. The 

temperature that is achieved by the plasma treatment was estimated using a thermocouple 

positioned in the plasma afterglow, in the same region where the TEM grid with CuO 

NWs was treated (Figure S3a). The measured temperature was sensitive to the 

thermocouple's position and fluctuated between 60 °C and 90 °C (Figure S3b,c). 

However, due to potential variations in the plasma species’ recombination and the heating 

effect between the sample and the thermocouple, the measured temperature is an 

approximate value. Given our intention to assess whether thermal sulfurization could 

replicate the plasma's effects, the thermal treatment temperature should not fall below that 

in the plasma. Hence, to account for the potential differences, the temperature was slightly 

elevated to 100°C. This approach ensured that the plasma temperature did not exceed that 

of the thermal treatment, while still maintaining a comparable temperature range. 

Following a 30-minute thermal treatment, the nanostructures exhibited a CuO NW core 

enveloped by small, equiaxed, copper sulfide grains (Figure 1f-h). 
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Figure 1. CuO NWs and resulting morphologies of their thermal and plasma-assisted 

sulfurization: a TEM micrograph of a CuO NW. b HRTEM micrograph of a CuO NW 

from area marked with red square in a. c Schematic representation of 2D structures 

formed after plasma-assisted sulfurization of CuO NW. d,e TEM micrograph of 2D 

structures formed after plasma-assisted sulfurization of CuO NW at lower (d) and higher 

(e) magnification. f Schematic representation of nanostructure formed after thermal 

sulfurization of NW at 100 °C with small, eqiuaxed grains formed on CuO NW surface. 

g,h TEM micrograph of nanostructures formed after thermal sulfurization of CuO NW at 

100 °C at lower (g) and higher (h) magnifications. 

While the growth of 2D structures remained absent in the case of thermally treated 

samples, it remained unclear whether the thermal reactions indeed occur through different 

mechanisms than their plasma-assisted counterparts, or if the thermal transformation 

simply progresses at a slower pace, with 2D structures emerging at subsequent stages of 

the process. To fully examine the evolution of the copper sulfide grains over time—from 

their inception to the comprehensive conversion of the initial CuO NWs into the sulfide 
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phase—we conducted a full array of experiments, varying the treatment duration for both 

the plasma-assisted and thermally treated specimens. The outcomes of these 

investigations are outlined in Figure 2. 

In the domain of plasma-assisted sulfurization (Figure 2a-e), the nucleation of the 

sulfide phase on the NW surface becomes apparent after just 1 minute of treatment 

(Figure 2a). This stage involves the emergence of small, CuS grains on the NW surface, 

followed by their subsequent growth, resulting in core-shell configurations after 5 

minutes of treatment (Figure 2b). The CuO NW core retains its single-crystalline 

structure, while the growing CuS shell is polycrystalline, characterized by randomly 

oriented, equiaxed CuS grains surrounding the CuO core (Figure S4i). A progressive 

thickening of the sulfide shell occurs after 10 minutes (Figure 2c). However, the true 

onset of the 2D structure’s formation starts only after 15 minutes (Figure 2d). At this point 

some NWs exhibit both equiaxed and planar grains. The diameters of the equiaxed CuS 

grains closely resemble the thickness of the CuS nanoplates (Figure S6). This suggests 

that the initiation of the 1D-to-2D transformation likely originates in the equiaxed grains 

within the CuS layer, which eventually assume a preferential 2D growth. By the 30-

minute mark, the CuO NWs are entirely transformed into CuS nanoplates (Figure 2e). 

This shift in the nanostructure’s growth trajectory is further evident in the temporal 

dependence of grain size (Figure 2f), where the continuous upward trend in grain size 

experiences an abrupt leap in the CuS grain diameter after 15 minutes of plasma 

treatment. 

In contrast, substituting the plasma treatment with a thermal treatment at 100 °C, 

without altering the other experimental conditions, results in a more gradual 

transformation. There were no observable changes to the surfaces within the initial 

treatment periods of 1 to 10 minutes (Figure 2g-i). The emergence of minute sulfide grains 
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becomes evident solely after 15 minutes of treatment (Figure 2j). Similar to the dynamics 

of the plasma-assisted transformation, the grains grow with the treatment time (Figure 2j-

n), with the identified sulfide phase being covellite (Figure S11a). However, in this 

instance, growth does not coincide with the formation of 2D grains. Instead, equiaxed, 

sulfide grains persist even after 90 minutes of treatment, when the CuO NWs are entirely 

converted into sulfide NWs. This further confirms that the reasons behind the shift from 

1D to 2D upon transformation should be attributed to the processes induced by plasma. 

 

Figure 2. Time evolution of CuS grains upon plasma-assisted and thermal sulfurization 

of CuO NWs. a-e TEM micrographs of CuO NWs sulfurized with plasma for a 1 min, b 

5 min, c 10 min, d 15 min and e 30 min. f time dependence of CuS grains formed upon 

plasma-assisted sulfurization of CuO NWs. g-m TEM micrographs of CuO NWs 

sulfurized by thermal sulfurization at 100 °C for g 1 min, h 5 min, i 10 min, j 15 min, k 
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30 min, l 60 min and m 90 min. n time dependence of CuS grains formed upon thermal 

sulfurization of CuO NWs. 

The nanoplates formed on the CuO NW surface are visualized in the TEM micrograph 

of Figure 3a, where an example of a CuO NW subjected to 15 minutes of plasma-assisted 

sulfurization is presented. The CuS nanoplates, viewed perpendicularly to their normal, 

are indicated by yellow arrows, while other nanoplates are denoted by red arrows. As can 

be seen in Figure 3a, CuS nanoplates originate in the outer region of the CuS shell and 

grow tangentially to the NW surface. The orientation of the nanoplates in Figures 3b and 

c suggests that the expansion of the nanoplates occurs perpendicular to the [001] 

direction, as demonstrated in Figure 3d (more examples indicating such orientation can 

be found in Figure S5a-f).  

The experimental findings in Figures 3a-c suggest a mechanism for CuS nanoplate 

formation, schematically depicted in Figures 3e-h. This mechanism was also supported 

with theoretical modelling of the adsorption of sulfur species and processes describing 

CuO diffusion during nanoplate formation with the results presented in figure 3i-k (a 

detailed description of the model can be found in the Supporting Information). 

During sulfurization, reactive sulfur species (RSS) generated in the plasma come into 

contact with the CuO NW surface (figure 3e), instigating the exchange of oxygen anions 

with sulfur. In addition, the plasma contains excited species of argon and hydrogen, as 

indicated in the optical emission spectrum (Figure S3d). Surface reactions encompass the 

formation of the CuS phase through the interaction between the copper ions and the RSS, 

while oxygen ions participate in reactions with excited hydrogen species to generate water 

molecules. In the initial stages, the morphological development of the structure follows 

the typical anion-exchange mechanism—the formation of CuS nuclei is followed by the 

rapid formation of a CuS layer (figure 3f) yielding a core/shell structure of CuO/CuS 17. 
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This is true for both the thermal and plasma-assisted sulfurization, with the thermal type 

being slower. Subsequent reactions induce the outward diffusion of copper and oxygen 

ions toward the NW surface through the CuS layer. Further progression of the reaction 

most commonly results in the formation of voids in the crystal structure as the outward 

diffusion of copper and oxygen ions proceeds faster than the inward diffusion of sulfur 

species. The coalescence of the voids in the later stages could result in the formation of 

hollow parts of the structure, which can be visible in completely transformed, thermally 

sulfurized NWs (figure 2m). 

As the grains in the CuS shell expand, the layer can cleave or fracture to release the 

stress that is accumulated due to rapid growth, as illustrated in Figure 3g. The cleaved 

portion might partially detach from the layer and orient upward, aligning tangentially with 

the NW surface to minimize the strain. This serves as the foundation for the tangential 

growth of the 2D structures. Covellite is known for exhibiting perfect cleavage along the 

(001) crystal planes 45–47. Furthermore, the (001) face is the most stable 48. However, even 

though the CuS is naturally prone to maximize the surface area of the (001) face, our 

results indicate that the growth of 2D CuS structures is greatly facilitated by plasma-

specific effects. Hence, plasma-surface interactions should be a pivotal consideration in 

describing the mechanism. Similarly, in reference 49 it was found that when growing 2D 

Cu(2-x)S structures via chemical vapor deposition, the utilization of plasma can enhance 

the aspect ratio of the structures that are formed, indicating the plasma’s favorability 

towards the preferred growth direction of nanostructures. 

In our case, the key distinction between plasma and thermal sulfurization resides in the 

nature of the sulfurizing species—H2S molecules in the thermal treatment and RSS in 

plasma. The excited species in plasma can be classified into two categories that 

potentially contribute to the reaction: electrically charged ions along with free electrons 
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on one side, and excited metastable neutral species on the other. Generally, in the 

afterglow region, the concentration of neutral species surpasses that of the charged 

species by several orders of magnitude 50,51, thus positioning them as the predominant 

sulfurizing agents in our scenario. However, in our case the positioning of the NWs was 

close to the glow region known as the "early afterglow" (Figure S2b), where the density 

of the charged particles cannot be disregarded. Charged species like ions and electrons 

might play an important role in the formation of 2D nanostructures. The principal impact 

of the charged species within a plasma environment is the generation of a surface charge 

on the exposed areas. When CuO NWs come into contact with plasma, a "plasma sheath" 

forms around them due to their interaction with charged particles. In non-equilibrium 

plasmas, electrons exhibit higher temperatures than other charged species, leading to an 

elevated flux of electrons towards the NW surface, causing the NW to acquire a negative 

charge. The accumulated charge in turn, attracts positive ions from the plasma, thereby 

increasing their concentration within the sheath. This process screens the negative surface 

charge from the plasma surroundings. The electric field encompassing the NW acquires 

a greater intensity around the sharp regions with high curvatures. Consequently, the flow 

of positively charged species from the plasma becomes preferentially directed towards 

these sharp points on the surface 52, particularly along the exposed edges of the cleaved 

parts in the CuS layer. This phenomenon aids their further growth and promotes the 

tangential expansion of the resulting 2D nanostructures. Furthermore, the defects that 

might form due to the bombardment of the sharp edges with positive argon ions increase 

the surface-adsorption ability also for neutral plasma species, which are otherwise 

unaffected by the electric field. This preferential adsorption of sulfur species in turn 

attracts the CuO units, directing their diffusion towards the cracked edges and in this way 

facilitating the preferential progression of the CuS phase’s formation on these parts. 
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A theoretical model (Supporting Information) was developed to reveal the main 

features of the 1D-to-2D transformation found in the experiment. The model is based on 

the assumptions of rapid growth of the CuS layer on the surface of the CuO NW, which 

is accompanied by stress that leads to the formation of cracks along the surface of a thin 

CuS layer, as well as partial flaking of the layer. The flaked part serves as a nucleus for 

the future growth of the 2D nanostructure, when copper oxide aggregates diffuse through 

the CuS layer and are accumulated at the nucleus, which is characterized by anisotropic 

of properties with respect to the adsorption of sulfurizing species from the gas phase. The 

side surfaces of the nucleus adsorb fewer molecules due to the smaller number of surface 

defects, in comparison with the defected surface of sharp edges of the flaked thin film. 

The edges also create local electric fields, which enhances the ion bombardment, and the 

generation of more defects, thus enhancing the molecules’ adsorption on the edges. The 

increased concentration of the sulfurizing reagent promotes the diffusion of CuO 

aggregates towards these parts of the nanostructure, which results in a preferential growth. 

The process is limited by the quantity of the material contained in the NW parts under the 

nucleus of the 2D nanostructure, so the number density of the nanoplates along the NW 

determines their sizes. 

As experimentally observed and confirmed with a theoretical analysis (figure 3i), the 

onset of the CuS nanoplate growth impedes the further growth of the CuS layer 

encapsulating the CuO core, as most of the CuO phase is consumed in the CuS nanoplate 

formation instead of the CuS layer. On the other hand, the consumption rate of the CuO 

phase is increased due to the increased adsorption of sulfur species on the surface of the 

nanoplate. In this way the nanoplates act as pumps for the CuO phase. The pumping flux 

increases with the progress of the nanoplate’s development, as calculated in the model 

(figure 3j). Therefore, the mechanism based on the different adsorption tendencies of the 
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different nanoplate faces can explain the nanoplate-formation mechanism and the growth 

of the nanoplates. The results also correlate well with the experimental observations for 

the nanoplate’s width and thickness, as observed in figure 3k. 

 According to the results of a numerical analysis, the difference between the 

adsorption energies for the various parts of a nanostructure and the internal 

energy of the gas molecules plays a vital role in determining the morphological 

shape, like for the 2D nanoplates and for 1D nanowires 53. When the internal 

energy exceeds the adsorption energy, the molecular adsorption becomes 

extremely low, and the corresponding dimension does not change, so the 

difference between the adsorption energies affected by the internal energy of 

the molecules defines the aspect ratio. 
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Figure 3. Formation of CuS nanoplates on the CuO NW surface. a - TEM micrograph of 

a NW sulfurized with plasma for 15 min with the visible formation of CuS nanoplates. 

Nanoplates viewed perpendicular to their normal are marked with yellow arrows, whereas 

the other nanoplates are marked with red arrows. b - Enlarged part of the area marked 

with yellow square in a, with visible (006) crystal planes, indicating the preferential 

growth direction of the nanoplate. c - Enlarged part of the area marked with red square in 

a - with FFT indicating the orientation of a nanoplate. d - Model of a CuS nanoplate. e-h 

- Schematic representation of the mechanism leading to the growth of 2D CuS 

nanostructures on a NW surface. e - Initial interaction between RSS and CuO NW surface. 

f - Formation of polycrystalline CuS shell around the NW as a result of reaction between 

CuO and RSS. g - formation of cleavages and fractures in the CuS layer and exposure of 

the edges to plasma environment. h - growth of 2D structures from the grains on the 

exposed edges due to preferential diffusion of the copper ions to these areas. i-k - Results 

of the experiments and calculations of CuS nanoplate growth over time in plasma at 100 

°C: i - thickness of CuO and CuS layers, and total diameter of nanowire; j - sectional view 

of CuO nanowire at its sulfurization k - growth of CuS nanoplate with a height Lnp, width 

anp, and thickness bnp. The scale bars correspond to a 20 nm, b,c 10 nm. 

The transformed NWs consistently adopt a polycrystalline nature, primarily consisting 

of 2D structures. However, their morphologies vary, as depicted in the examples in Figure 

4, showcasing the different NWs resulting from 15 minutes of plasma-assisted 

sulfurization. Some NWs, such as the one illustrated in Figure 4a, still retain a CuO core 

enveloped by a CuS shell composed of both smaller equiaxed and larger planar grains. 

Such a structural type is commonly observed in the transformation of thicker NWs. The 

presence of the CuO core is discernible in the TEM image of Figure 4a and is confirmed 

by the EDS mapping, which reveals the concurrent existence of copper, oxygen, and 
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sulfur within the NW (Figures 4b-e). Further examples with a clearly visible CuO core 

can be found in the Figure S4g-i. 

A second morphological type emerges from the complete transformation of CuO NWs 

into multiple 2D CuS nanoplates oriented radially and axially, as seen in Figure 4f. The 

complete transformation is affirmed through HRTEM imaging, which exclusively 

identifies CuS grains (as exemplified in Figure 4g, alongside its corresponding FFT 

pattern in Figure 4h). The third morphology is once again an outcome of the complete 

conversion of CuO NWs into CuS nanoplates. In this case, the nanoplates align 

exclusively along a single dimension, along the axial direction of the initial CuO NW 

(Figure 4i). The 1D alignment and single-crystalline nature of the CuS plates are 

confirmed with higher-magnification images (Figure 4j) and their corresponding FFT 

(Figure 4k). Hence, in these structures, the single crystallinity is preserved in the radial 

direction during the transformation. 

These variations in the morphologies of transformed NWs can be attributed to 

differences in the NW diameter and the duration of the treatment. Rough estimations of 

the required conditions (diameter and treatment time) for each morphology are depicted 

in Figure 4l. As described above, the CuS shell develops around the CuO NW, becoming 

apparent after 5–10 minutes of plasma treatment (Figure 2b,c). By the 15-minute mark, 

certain NWs have already initiated the transition to 2D nanoplates, while others retain a 

CuO/CuS core/shell, some of which are still predominantly composed of equiaxed grains 

forming a CuS layer (Figure S4g-i). As a result, the initiation of the 2D plate growth is 

not synchronized across all the NWs. The starting point for this initiation is estimated to 

be between 12 and 18 minutes (indicated by the time error bars on point 1 in Figure 4l). 

The thinnest NWs, which begin their transformation from 1D CuO to 2D CuS at an earlier 

stage (e.g., after 12 minutes of treatment), can achieve a full transformation within 15 
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minutes. The maximum diameter that preserves the radial single crystallinity is estimated 

by calculating the diameter of a cylindrical CuO NW that contains the same number of 

CuO units as there are CuS units in the average CuS plate (further details in Supporting 

Information with figures S12 and S13). This estimation, for a treatment time of 15 

minutes, is on average approximately 10 nm (point 1 in Figure 4l), and for 30 minutes, it 

is around 15 nm (point 3 in Figure 4). The values are different, as after 15 minute, most 

of the nanoplates are still growing, whereas after 30 minutes, they attain their final 

dimensions. 

In simple terms, an average 10-nm CuO NW will undergo a complete transformation 

into CuS nanoplates, while preserving the single crystallinity in the radial direction after 

15 minutes of plasma treatment. Conversely, an average 15-nm CuO NW will undergo 

the same transformation under an extended treatment and will still contain a CuO phase 

after 15 minutes. 

For NWs thicker than 15 nm, their transformed morphology depends on their diameter, 

the moment at which the transformation began, and the overall treatment duration. Larger 

diameters, later initiation of the 2D growth and a shorter treatment time make the 

preservation of the CuO core more likely. This is because thicker NWs have a greater 

volume of CuO material and a longer outward diffusion path of copper and oxygen ions. 

Prolonged plasma exposure of the thick NWs increases the likelihood of complete 

transformation, coupled with a breakdown of single crystallinity in all directions. After 

30 minutes, even the thickest CuO NWs (approximately 40 nm thick) are wholly 

converted into CuS nanoplates, indicating that the threshold diameter value for complete 

transformation extends beyond 40 nm. This value, in conjunction with point 1 in Figure 

4l, was used to estimate the slope of the boundary between fully and partially transformed 

NWs in Figure 4l. In addition, for more precise estimations, additional plasma 



160 Chapter 3. Exploration of Phase Transformations in CuO NWs  

sulfurization for 25 min was performed and the formed CuS nanoplates measured (point 

2 in figure 4l). An example of the nanoplates formed after 25 min of plasma treatment 

can be seen in Figure S7. 

 

Figure 4. Different morphologies of transformed NWs with an estimation of the 

conditions needed for their formation. a TEM micrograph of the structure type which 

exhibits a CuO core, with a CuS shell, from which the 2D CuS structures grow. b dark-

field TEM micrograph of the part marked with a red square in a. c-e EDS elemental maps 

of the part in b. c copper map, d oxygen map and e sulfur map. f TEM micrograph of the 

structure type where CuO NW completely transformed to CuS nanoplates, with multiple 

CuS plates in radial and axial directions. g dark-field TEM micrograph of the grain 

marked with a red square in f. and h its corresponding FFT indicating the CuS single 

crystal viewed form [3-31] direction. i TEM micrograph of the structure type with 

completely transformed CuO NW to CuS nanoplates, with CuS nanoplates arranged along 

the length of the NW with the preservation of single crystallinity in the radial direction. j 

TEM micrograph of the part marked with a red rectangle in i with k, the corresponding 

FFT pattern. Peaks circled in red and green correspond to grains marked with red and 
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green arrows in j respectively. l Estimated morphology diagram, indicating the influence 

of CuO NW diameter and treatment time on the morphology of the resulting NW. Scale 

bars correspond to 100 nm (a, f, i), 20 nm (b-e) and 5 nm (g, j). 

In summary, we undertook both thermal and microwave plasma-assisted sulfurization 

processes on CuO NWs to examine the exchange of oxygen anions with sulfur. Our 

findings reveal that beyond the ion-exchange phase transformation, plasma-assisted 

sulfurization instigates a remarkable dimensionality shift from 1D CuO NWs to 2D CuS 

nanoplates. This unique transition was absent in the context of thermal sulfurization, 

strongly suggesting that it stems from plasma-specific influences. 

The plasma-assisted sulfurization of CuO NWs starts with the rapid growth of a CuS 

layer that envelopes the initial CuO NW. The growth rate is a key factor that defines the 

development of surface stress in the layer, which can be enough to cause the partial 

flaking of the envelope. Further development of the nanoplates is characterized by 

anisotropic growth due to the adsorption properties, with sharp edges adsorbing more 

plasma species than the flat side surface. Thus, plasma makes it possible to transform 1D 

nanostructures into 2D nanostructures by growing 2D envelopes on the surface of the 1D 

nanowires, and then exfoliating the envelopes by use of the stress generated during the 

action of the intensive plasma fluxes. The possibilities for plasma chemistry can also be 

beneficial for the process by providing the combinations of the materials with the best 

inclination to form the large stresses in the surface layers. 

 Fast growth of surface layers in plasma results in a large surface stress which, 

in turn, is a key factor determining the formation of nuclei based on the flaked 

parts of the surface layer. Moreover, local electric fields generated at the 

interaction of the plasma with the nuclei affect the redistribution of charged 

plasma species, thus promoting the anisotropic growth of the nanostructures 54. 
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The configuration of the resulting structures and the arrangement of the 2D plates 

primarily depend on the thickness of the NWs and the duration of the treatment. NWs 

with diameters below 15 nm can maintain their single-crystalline character in the radial 

direction when completely transformed. 

 

METHODS 

Synthesis of copper oxide nanowires 

The initial CuO NWs were synthesized by the thermal oxidation of copper foils in a 

tube furnace (OTF-1200X, MTI Corporation). 1-cm-wide copper discs (supplier Alfa 

Aesar, purity 99.95%, thickness 0.25 mm, annealed and oxygen-free) were positioned on 

alumina holders, which were placed in the quartz tube (80 mm in diameter) inside the 

furnace (schematic representation of experimental setup is shown in figure S1a). One side 

of the quartz tube served as an oxygen inlet and the other side was opened to the 

atmosphere with a KF 16 port. During the oxidation, oxygen was introduced to the quartz 

tube with a flow of 180 sccm. The temperature program was set as follows. Heating from 

room temperature (20 °C) to 265 °C in 30 min, followed by 12 h annealing at 265 °C. 

The temperature was also measured with a thermocouple positioned in the same position 

as the sample. After the heating stopped, the oxygen supply was terminated, and the 

samples were left to cool to room temperature in the furnace. 

Sulfurization of NWs 

Preparation of CuO NWs for sulfurization 

Oxidized copper substrates with CuO NWs were put inside a beaker and immersed in 

1 ml of absolute ethanol. Beakers with samples were then put on an ultrasonic bath for 5 

min to detach the NWs from the copper substrates and disperse them in ethanol. A couple 
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of drops of ethanol with dispersed NWs were then drop-cast on nickel-supported lacey 

carbon TEM grids. 

Thermal sulfurization 

TEM grids with CuO NWs were subjected to treatment with H2S gas at room 

temperature (24°C) and 100 °C on alumina holders placed inside the quartz tube (diameter 

80 mm) in the same tube furnace where copper oxidation was conducted. A schematic of 

the setup can be seen in figure S2a. The treatment at room temperature was performed 

for 30 min. The treatment at 100 °C was performed for 1 min, 5 min, 10 min, 15 min, 30 

min, 60 min and 90 min. One side of the quartz tube served as the inlet for argon and H2S 

gas. The other side was connected to a rotary pump. When heating the furnace from 0 to 

100 °C, the quartz tube with the sample was filled with argon gas to 1 bar. When 100 °C 

was reached, the tube was evacuated to the base pressure of 1–2 bar and the flow of 

gaseous mixture 2% H2S in Ar was introduced to the quartz tube at a total pressure of 15 

Pa. 

Plasma-assisted sulfurization 

The CuO NWs were also sulfurized with the use of microwave plasma. The TEM grids 

with deposited CuO NWs were placed inside the quartz tube (80 mm in diameter). One 

side of the tube was connected to the rotary pump and the other served as an inlet for an 

8-mm-wide quartz tube, which served as the entry for plasma species, generated by 

surfatron connected to the microwave generator via coaxial cable. The experimental setup 

can be seen in figure S2b The distance between surfatron and sample was 11 cm. The 

sample was placed directly in front of the exit of the 8-mm tube (position 2 in figure S3b). 

The gaseous mixture used for plasma sulfurization was 2% H2S in argon. The gas was 

constantly supplied in the tube furnace with the sample. The pressure was maintained at 
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15 Pa. The sulfurization was conducted for 1, 5, 10, 15 and 30 min. The power used was 

150 W; the reflected power was 0 W. 

In both thermal and plasma-assisted procedures, toxic H2S gas was used. Even though 

the concentration in the gas mixture was relatively small (2% H2S, 98% Ar) and small 

quantities were used (pressure of the mixture was maintained at 15 Pa), caution still 

needed to be taken when performing the experiments. The reaction chamber must be well 

sealed to prevent leakage of the gas in the laboratory. 

Electron microscopy analysis 

CuO NWs and sulfurized NWs were analyzed with scanning electron microscopy 

(SEM, Prisma E, Thermo Fisher Scientific Inc.) operating at 10 kV and a transmission 

electron microscope (TEM, JEM-2100, JEOL Inc.) operating at 200 kV. 
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Additional data on synthesis and analysis of CuO NWs: 
Copper (II) oxide nanowires (CuO NWs) were prepared via the thermal oxidation of copper foils 

in a horizontal tube furnace, as schematically shown in figure S1a. From the literature 1 it is known 

that upon copper oxidation, a Cu2O layer is formed first, followed by a CuO layer on top. The 

surface of the CuO layer exhibits a grainy structure and serves as a base for the growth of the 

CuO NWs (figure S1b). The NW parameters (length, diameter and number density) depend on 

the conditions used. In our case, we used a temperature of 265 °C, as in our previous research we 

found that around this temperature the NWs are thin and still exhibit high density2. The NW 

diameters synthesized at this temperature range between 6 and 40 nm, with an average value of 

13 nm. Their distribution is shown in figure S1c. An increase in the oxidation temperature results 

in thicker NWs. Their density also decreases at temperatures above 500 °C1. On the other hand, 

when the temperature is decreased below 250 °C, the NWs become even thinner; however, their 

density also drastically decreases, because temperatures around 200 °C already represent a 

limiting value for the growth of CuO NWs 2. 

Experimental details can be found in Methods Section in the main text. 

 
Figure S1. Synthesis and additional analysis of CuO NWs. a Schematic of experimental setup. 

Copper discs were placed in the tube furnace and oxidized at 265 °C in oxygen flow. b SEM 

micrograph of the surface of oxidized copper discs demonstrating the grainy CuO structure and 

CuO NWs grown from the surface. c Distribution of NW diameters with normal distribution curve  
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Experimental setup of plasma-assisted and thermal 

sulfurization of CuO NWs 
Thermal sulfurization was conducted with the same tube furnace, where the copper oxidation was 

conducted. For sulfurization, separate quartz tube was used. The experimental setup is 

schematically shown in figure S2a. 

Plasma-assisted sulfurization was performed with the use of surfatron-induced microwave 

plasma. The sample was placed in the early afterglow region of the plasma, as shown in the 

experimental setup in figure S2b. 

Experimental details can be found in the Methods section in the main text. 

 

Figure S2. Schematic representation of experimental set-ups for thermal and plasma-assisted 

sulfurization of CuO NWs. a Tube furnace used for thermal sulfurization. b Set up used for 

plasma-assisted sulfurization. 
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Plasma characterization and temperature measurements 
To measure the temperature that the treated sample reached when exposed to plasma we measured 

the temperature around the area where the sample was positioned with a thermocouple (see figure 

S3a). We found that the temperature greatly depends on the positioning, with the smallest 

movement affecting the temperature. The plasma temperature was measured in three positions on 

the ceramic holder (figure S3b). As expected, the temperature was the highest, directly in front of 

the quartz tube, serving as inlet for the reactive plasma species into the larger tube with the sample 

(figure S3c) (position 3), which is where the sample was placed. In all cases, the temperature rises 

for around 10 min when plateau is reached (figure S3c). 

The glow region of the plasma was also characterized with optical emission spectroscopy (OES), 

which reveals atomic peaks of argon and hydrogen as well as molecular peaks associated with the 

S2 molecules 3 (figure S3d). 

 

Figure S3. Temperature and optical emission measurements for plasma characterization. a 

Experimental setup for measuring temperature by positioning thermocouple where CuO NWs 

were treated. b Different positions on the alumina holder where temperature was measured. c 

Time dependence of the temperature during plasma treatment on the positions in plasma afterglow 

marked in figure b. d Optical emission spectrum of the glow area with indicated peaks 

corresponding to argon, hydrogen and S2 molecule.  
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TEM analysis of transformed NWs 
Plasma-assisted sulfurization for 15 min 
After 15 min of plasma-assisted sulfurization the transformed NWs can possess three different 

morphologies. The first two morphologies are present in CuO NWs that are already completely 

transformed to CuS nanoplates. In such cases, the single crystallinity can be preserved in the radial 

NW direction by the formation of isolated nanoplates arranged in the axial direction of the initial 

NW (figures S4a-c). In the second case, the transformation from oxide to sulfide is also complete; 

however, multiple CuS nanoplates in the radial direction are formed, indicating that NWs exhibit 

polycrystalline character in all three directions (figures S4d-f). The third morphology type can be 

observed in NWs where the transformation from CuO phase to CuS phase is still not complete 

yet, and the CuO core is still visible (figures S4g-i). From the ring pattern in selected-area 

electron-diffraction (SAED) pattern (figure S4i) it can be seen that the orientation of the CuS 

grains around the CuO is random. 

 

Figure S4. Morphologies of CuO NWs that were sulfurized with plasma for 15 min: a-c Structure 

formed by complete transformation of CuO NW to CuS nanoplates, which become arranged 

axially along the length of the original NW d-e Structure formed by complete transformation with 

multiple CuS plates in axial and radial directions. g-i Structures where CuO core is retained and 

2D growth of CuS structures has not yet begun. SAED pattern inset in i indicates the presence of 

single-crystalline CuO core thar is encapsulated with randomly oriented CuS grains.  
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The nanoplates grow tangentially to the NW surface and the normal of the 2D plates corresponds 

to the 001 direction. Examples of additional nanoplates that start growing on the NW surface after 

15 minutes of plasma treatment viewed perpendicular to their normal, with visible normal 

directions, are shown in figures S5a-f. 

 

Figure S5. a-f Additional examples of CuS nanoplates. In all figures the (006) planes are marked 

with red lines. 
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In some NWs, treated for 15 min, equiaxed grains were still present. The diameter of the equiaxed 

grains closely corresponds to the thickness of the CuS plates (see Figure S6), suggesting that the 

growth of the nanoplates is initiated on individual equiaxed grains, which at some point grow by 

expansion in 2D. 

 

Figure S6. Comparison between diameter of formed CuS equiaxed grains and thickness of CuS 

nanoplates formed after 15 min of plasma sulfurization. Similar values between the two suggest 

that the growth of CuS nanoplates originates in the equiaxed grains. 

Plasma-assisted sulfurization for 25 min 
Plasma-assisted sulfurization was also performed for 25 min for a further evaluation of the CuS 

nanoplates, and for a better experimental assessment of which initial CuO diameter and plasma 

treatment time result in which morphology (main text figure 4l). Examples of structures formed 

after 25 min in plasma can be seen in figure S7. 

 

Figure S7. Example of CuS nanoplates formed after Cuo NWs were sulfurized for 25 min. 

Plasma-assisted sulfurization for 30 min 
After 30 min of plasma-assisted sulfurization, the CuO phase is completely transformed to CuS. 

The polycrystalline SAED pattern of a transformed NW bundle (figure S8a) for CuS-phase 

identification is shown in figure S8b. The diffraction pattern confirms the covellite phase 

(covellite structure is shown in figure S8c). 
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Figure S8. TEM analysis of the NWs for confirmation of the covelite (CuS) phase. a TEM 

micrograph of the NW bundle, sulfurized with plasma for 30 min. b Polycrystalline SAED pattern 

of the NWs in a, corresponding to the covellite phase. c Model of a covellite unit cell. 
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Different structures of completely transformed NWs can also be visible in samples sulfurized for 

30 min. In contrast to the 15-min treatment, all NWs are completely transformed to CuS, hence 

the transformed NWs attain either a morphology where the individual CuS plates are arranged in 

an axial NW, or the morphology that exhibits several CuS nanoplates in a radial direction. 

Examples of such morphologies are shown in figures S9a,b respectively. 

 

Figure S9. Examples of different morphologies obtained after plasma-assisted sulfurization of 

CuO NWs for 30 min. a Structure, where individual CuS plates are arranged one by one in axial 

direction of initial NW. Here the single-crystalline character was preserved in the radial direction 

during transformation. This type of morphology is only visible in the middle and upper parts of 

the NW. Lower part was most likely thicker in initial CuO. NW transforms to structure with 

multiple CuS plates in radial direction. b Structure where CuS plates are again arranged in axial 

direction of initial NW; however, the structure also exhibits several CuS plates in radial direction. 

In this case, the single-crystalline character was not preserved in any direction. 
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Thermal sulfurization of NWs at room temperature 
Thermal sulfurization was first performed at room temperature, by exposing the sample to an 

Ar/H2S flow, using exactly the same experimental setup as in plasma without plasma ignition. 

After 30 min of such treatment, no change was observed in the CuO NWs (figure S10a-f) 

 

Figure S10. a-f Examples of NWs, treated for 30 min at room temperature in a flow of H2S in 

argon. No visible changes in the NW structure are found. 

Thermal sulfurization of NWs at 100 °C for 90 min 
The longest time used for the thermal sulfurization of CuO NWs was 90 min, to achieve complete 

CuO-to-CuS transformation. Additional examples of NWs treated in this way can be seen in figure 

S11a-c. The SAED pattern inset in figure S11a confirms that the transformed NWs are composed 

of covellite CuS grains. 

 

Figure S11. a-c examples of structures formed upon thermal sulfurization of CuO NWs. Inset 

SAED pattern in a confirms the presence of CuS phase. 
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Calculations of maximum initial CuO NW diameters for the preservation of 

single crystallinity in radial NW direction during plasma-assisted 

sulfurization 
To determine the lowest CuO NW diameter that will, when sulfurized, result in only one CuS 

plate in a radial direction (i.e., where the resulting CuS structure will exhibit individual CuS 

nanoplates arranged in a row along the axial direction of the initial CuO NW), we calculated the 

radius of a CuO NW that would, upon transformation, give an average nanoplate, as seen in the 

drawing in figure S12. We did this by measuring the surface areas of several nanoplates. We did 

this by assuming the cylindrical shape of the CuO NW, which would result in the planar CuS, 

where the amount of CuO units is the same as the amount of CuS units. 

 

Figure S12. Scheme of transformation from a cylindrical NW segment to planar nanoplate 

segment. 

Therefore, amount n of CuO and CuS are equal: 

𝑛(𝐶𝑢𝑂) = 𝑛(𝐶𝑢𝑆)                                                       (S1) 

By expressing the amount with mass (m) and molar mass (M) we get: 
𝑚(𝐶𝑢𝑂)

𝑀(𝐶𝑢𝑂)
=

𝑚(𝐶𝑢𝑆)

𝑀(𝐶𝑢𝑆)
                                                        (S2) 

Mass can be then substituted with density (𝜌) and volume (V). Volume can then be further 

substituted with πr2h for a cylindrical NW, where r is its radius and h is the length of a NW 

segment that will transform to nanoplate. For a nanoplate, the volume can be expressed as the 

product of the surface of the main face (S) and its thickness (t). When measuring the surface of a 

nanoplate in the TEM, we need to consider that the image of a plate represents a 2D projection. 

Therefore, we also need to determine the orientation of the plate and consider the angle 𝜃 between 

the normal of the plate and the direction of view. 

By considering these substitutions and expressing the NW radius, we obtain: 

𝑟(𝐶𝑢𝑂) = √
𝜌(𝐶𝑢𝑆)∙𝑆(𝐶𝑢𝑆)∙𝑑(𝐶𝑢𝑆)∙𝑀(𝐶𝑢𝑂)

𝑐𝑜𝑠𝜃∙𝜌(𝐶𝑢𝑂)∙𝑀(𝐶𝑢𝑆)∙𝜋∙ℎ
                                              (S3) 

An example for the calculations of the CuO NW radius can be seen in figure S13. The surface 

area of the main face (S) and length along the NW axial direction (h) of a nanoplate marked in a 

red square in figure S13a were measured. For the h value we can take the dimension of a 

nanoplate, or we can also consider the empty space between two neighboring grains. The 

measured values are 38 and 44 nm, respectively (figure S13b). For the thickness of the nanoplate, 

the average measured value of 6.23 nm was used (figure S6), for the densities of CuS and CuO, 

4.76 and 6.31 g/cm3 were used, respectively. For the 𝜃 value, the angle between the direction of 

view [021], determined by FFT (figure S13c), and the normal to planar CuS structure, [001], was 

used, which corresponds to 24.9 °C. By also considering the CuO and CuS molar masses of 75.545 

g/mol and 95.611 g/mol, respectively, the value of the CuO NW diameter that resulted in the 

formation of this nanoplate is 4.9 nm for an h value of 44 nm and 5.3 nm for an h value of 38 nm. 

Both values are around 5 nm (diameter 10 nm). By performing the same calculations on other 

nanoplates obtained by plasma-assisted sulfurization for 15 and 30 min, the obtained results 

suggest that for 15 minutes, the value of CuO NW diameter that would result in complete 

transformation to a single nanoplate is approximately 10 nm and 15 nm for sulfurization times of 

15 min and 30 min, respectively. 
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Figure S13. Example of measurements of a nanoplate for further calculations of the CuO NW 

diameter from which the nanoplate was formed. a nanoplate marked with a red square, on which 

the calculations were performed. b Measurements of nanoplate surface and length along the initial 

CuO NW axial direction. c determination of orientation of CuS nanoplate from FFT. Spots 

marked with red and green correspond to grains marked with red and green arrows, respectively. 

Theoretical model 
To describe the mechanism of CuS nanoplate growth, the theoretical model describing the 

processes during plasma-assisted sulfurization was employed. 

In the model, the following conversion of a copper oxide (CuO) aggregate in the presence of 

a hydrogen sulfide (H2S) molecule is considered, which results in the formation of a copper sulfide 

(CuS) aggregate and a molecule of water (H2O): 

𝐶𝑢𝑂 + 𝐻2𝑆 → 𝐶𝑢𝑆 + 𝐻2𝑂.                                                                (S4) 

When a detached NW is exposed to the reaction, a layer of copper sulfide is formed on the 

NW surface, so CuO aggregates should cross the CuS layer to be involved in reaction (S4). 

Hydrogen sulfide molecules are adsorbed on the surface of a detached NW, and the density nH2S 

of the adsorbed molecules with respect to the density nCuS of the adsorption nodes is: 
𝑛𝐻2𝑆

𝑛𝐶𝑢𝑆
=

𝑃𝐻2𝑆

𝑃0+𝑃𝐻2𝑆
,                                                                       (S5) 

where PH2S is the pressure of hydrogen sulfide, Pa; 𝑛𝐶𝑢𝑆 = 𝑎𝐶𝑢𝑆
−2  (aCuS is a lattice period of CuS); 

P0 is a constant that depends on the temperature: 

𝑃0 = (
𝑀𝐻2𝑆

2𝜋ℏ2
)
3 2⁄

(𝑘𝐵𝑇𝑠)
5 2⁄ 𝑒𝑥𝑝 [−

𝑒(𝜀𝑎𝐻2𝑆−𝜀𝑖−𝐻2𝑆)

𝑘𝐵𝑇𝑠
],                                           (S6) 

where MH2S is the mass of the hydrogen sulfide molecule, kg; aH2S is the adsorption energy (eV) 

of the molecule on the surface; i-H2S is the internal energy (eV) of the molecule. 

During this rhw diffusion of CuS aggregates into the CuO layer is considered to be much 

slower, which leads to the generation of a void in the body of the NW.  

The schematic of the processes is shown in figure S14. 
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Figure S14. Formation of CuS nanoplate on surface of CuS layer formed as a result of 

sulfurization of CuO NW exposed to plasma-enhanced process in atmosphere of hydrogen sulfide 

gas. Diffusion of CuO aggregates to the outer surface of the CuS layer is accompanied with the 

generation of a void in the body of the CuO NW due to the difference of the diffusion fluxes. The 

rapid growth of the CuS layer in the plasma led to the generation of stress in the surface layer, 

which, in turn, results in cracking of the latter. The crack absorbs the CuO aggregates; moreover, 

the flaked part of CuS layer straightens and becomes a protrusion from the CuS layer, which 

attracts species from the plasma due to the local electric field. As a result, the flaked protrusion 

becomes a nucleus for the future nanoplate. 

The flux of CuO aggregates through the CuS layer of thickness LCuS is not involved in the 

reaction (S4) while diffusing through the surface, and CuO is converted into CuS aggregates only 

on the surface that is exposed to the direct action of the H2S molecules. So, the density nCuO(z) of 

the CuO aggregates on the CuS layer is: 

𝐷𝐶𝑢𝑂
𝑑2𝑛𝐶𝑢𝑂

𝑑𝑧2
= 0,                                                                   (S7) 

𝑛𝐶𝑢𝑂 − 𝑛𝐶𝑢𝑂0 = −
𝜑𝐶𝑢𝑂

𝐷𝐶𝑢𝑂
𝑎𝐶𝑢𝑆𝐿𝐶𝑢𝑆,                                                         (S8) 

𝐷𝐶𝑢𝑂 = 𝐷0𝑐𝑒𝑥𝑝 [−
𝑒𝜀𝑐

𝑘𝐵𝑇𝑠
] =

𝜈0𝑎𝐶𝑢𝑆
2

2
𝑒𝑥𝑝 [−

𝑒𝜀𝑐

𝑘𝐵𝑇𝑠
] =

𝑘𝐵𝑇𝑠

ℎ
𝑎𝐶𝑢𝑆
2 𝑒𝑥𝑝 [−

𝑒𝜀𝑐

𝑘𝐵𝑇𝑠
],                   (S9) 

where DCuO as a diffusion coefficient; c is the energy of activation of the CuO diffusion through 

the CuS layer; LCuS is the thickness of the CuS layer; 0 is the frequency of the lattice oscillations; 

and h is Plank’s constant. 

Thus, the flux CuO of CuO aggregates at the surface of CuS is: 

𝜑𝐶𝑢𝑂(𝐿𝐶𝑢𝑆) =
1

2
𝑛𝐶𝑢𝑂

𝑛𝐻2𝑆

𝑛𝐶𝑢𝑆
𝜈0𝑒𝑥𝑝 [−

𝑒(𝜀𝑐+𝜀𝑥−𝑑𝑖𝑠)

𝑘𝐵𝑇𝑠
],                                                 (S10) 

where x-dis is the energy of dissociation of the CuO aggregate in the presence of a molecule of 

water. 

After combining the equations, the flux CuO is: 
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𝜑𝐶𝑢𝑂 =
𝑛𝐻2𝑆

1+
𝑎𝐶𝑢𝑆𝜈0
2𝐷0𝑐1

𝐿𝐶𝑢𝑆
𝑛𝐻2𝑆
𝑛𝐶𝑢𝑆

𝑒𝑥𝑝[−
𝑒𝜀𝑥−𝑑𝑖𝑠
𝑘𝐵𝑇𝑠

]

𝜈0

2

𝑛𝐶𝑢𝑂0

𝑛𝐶𝑢𝑆
𝜈0𝑒𝑥𝑝 [−

𝑒(𝜀𝑐1+𝜀𝑥−𝑑𝑖𝑠)

𝑘𝐵𝑇𝑠
],                     (S11) 

which makes it possible to determine the rate of growth of the CuS layer: 

𝑑𝐿𝐶𝑢𝑆
𝑑𝑡

(𝐿𝐶𝑢𝑆) = 𝜑𝐶𝑢𝑂𝑎𝐶𝑢𝑆
3 = 

=
1

1+
𝑎𝐶𝑢𝑆𝜈0
2𝐷0𝑐1

𝐿𝐶𝑢𝑆
𝑛𝐻2𝑆
𝑛𝐶𝑢𝑆

𝑒𝑥𝑝[−
𝑒𝜀𝑥−𝑑𝑖𝑠
𝑘𝐵𝑇𝑠

]

𝑛𝐻2𝑆

𝑛𝐶𝑢𝑆

𝜈0

2

𝑅𝑛𝑤

𝑅𝑛𝑤+𝐿𝐶𝑢𝑆
𝑛𝐶𝑢𝑂0𝑎𝐶𝑢𝑆

3 𝑒𝑥𝑝 [−
𝑒(𝜀𝑐1+𝜀𝑥−𝑑𝑖𝑠)

𝑘𝐵𝑇𝑠
],          (S12) 

with the initial condition LCuS(0) = LCuS0. 

After reaching a certain thickness, the CuS layer undergoes cracking due the rapid growth, 

when the internal stress cannot be released by rebuilding the structure. The crack formation on 

the surface of the CuS layer re-distributes the fluxes of the CuO aggregates that reached the 

surface of the CuS layer, since the crack is considered as a place with enhanced adsorption 

properties, so the CuO aggregates tend to group around the crack, which becomes a nucleus for 

the future nanoplate. At that point, the cracked layer unrolls and starts protruding from the rest of 

the CuS layer. The protrusion generates a local electric field that attracts the positively charged 

species from the plasma, thus focusing the flux of the building material towards the protrusion, 

and especially its edges. The ions bombard the surface and generate a number of defects, which 

functionalize the surface and increase its adsorption ability. In this way the redistribution of the 

treating flux stimulates the growth of the protrusion, which is transformed into a nanoplate. At 

that point, the adsorption on the top and side surfaces of the nanoplate and its side is characterized 

by the energies 𝜀𝑎𝐻2𝑆𝑡 and 𝜀𝑎𝐻2𝑆𝑠, respectively:   

𝑛𝐻2𝑆𝑡

𝑛𝐶𝑢𝑆
=

𝑃𝐻2𝑆

(
𝑀𝐻2𝑆
2𝜋ℏ2

)
3 2⁄

(𝑘𝐵𝑇𝑠)
5 2⁄ 𝑒𝑥𝑝[−

𝑒(𝜀𝑎𝐻2𝑆𝑡−𝜀𝑖−𝐻2𝑆)

𝑘𝐵𝑇𝑠
]+𝑃𝐻2𝑆

, 

𝑛𝐻2𝑆𝑠

𝑛𝐶𝑢𝑆
=

𝑃𝐻2𝑆

(
𝑀𝐻2𝑆
2𝜋ℏ2

)
3 2⁄

(𝑘𝐵𝑇𝑠)
5 2⁄ 𝑒𝑥𝑝[−

𝑒(𝜀𝑎𝐻2𝑆𝑠−𝜀𝑖−𝐻2𝑆)

𝑘𝐵𝑇𝑠
]+𝑃𝐻2𝑆

.                             (S13) 

It is assumed for simplicity that after the crack formation all the CuO aggregates are supplied 

to the nucleus of the nanoplate, so the growth of the CuS layer is terminated, and further the flux 

of CuO aggregates feeds the formation of the CuS nanoplate only. Thus, as the rate of the decrease 

of the CuO layer is: 

𝑑𝐿𝐶𝑢𝑂

𝑑𝑡
(𝐿𝐶𝑢𝑆) =

{
 

 −
1

1+
𝑎𝐶𝑢𝑆𝜈0
2𝐷0𝑐

𝐿𝐶𝑢𝑆

𝑃𝐻2𝑆

𝑃0+𝑃𝐻2𝑆

𝑅𝑛𝑤−𝐿𝐶𝑢𝑂

𝑅𝑛𝑤

𝜈0

2
(
𝑎𝐶𝑢𝑂

𝑎𝐶𝑢𝑆
)
3

𝑒𝑥𝑝 [−
𝑒(𝜀𝑐+𝜀𝑥−𝑑𝑖𝑠)

𝑘𝐵𝑇𝑠
],   𝐿𝐶𝑢𝑆 < 𝐿𝐶𝑢𝑆𝑐𝑟;

−
1

1+
𝑎𝐶𝑢𝑆𝜈0
2𝐷0𝑐1

𝐿𝐶𝑢𝑆
𝑛𝐻2𝑆
𝑛𝐶𝑢𝑆

𝑒𝑥𝑝[−
𝑒𝜀𝑥−𝑑𝑖𝑠
𝑘𝐵𝑇𝑠

]

𝑛𝐻2𝑆

𝑛𝐶𝑢𝑆

𝜈0

2

𝜋𝑎𝑛𝑏𝑛

𝜋𝑅𝑛𝑤ℎ𝑚𝑎𝑥
𝑛𝐶𝑢𝑂0𝑎𝐶𝑢𝑜

3 𝑒𝑥𝑝 [−
𝑒(𝜀𝑐+𝜀𝑥−𝑑𝑖𝑠)

𝑘𝐵𝑇𝑠
],    𝐿𝐶𝑢𝑆 ≥ 𝐿𝐶𝑢𝑆𝑐𝑟 

, (S14) 

with the initial condition LCuO(0) = Rnw; LCuScr is a critical thickness of the CuS layer during the 

plasma treatment, when the crack formation is initiated; an and bn are half-width and half-

thickness of a nanoplate cross-section at the nanoplate root (nucleus); the parameters are also 

semi-major and semi-minor axes of the nanoplate cross-section that is considered to be elliptical. 

It should be emphasized that the crack generation depends greatly on the rate of growth of the 

corresponding layer structure, and the rate is much higher during the plasma treatment, in 

comparison with the processes of thermal treatment. However, stress generation is not considered 

in the model, and LCuScr is considered as a parameter. 

For further nanoplate growth, the transport of CuO aggregates into the CuS is determined by 

the sulfurization process on the side and top surfaces of the nanoplate. 

The diffusion of the CuO aggregate along the part of CuS nanoplate surface that is located in 

the CuS layer (in the crack) is not accompanied by the conversion into CuS aggregates: 

𝑛𝐶𝑢𝑂𝑛𝑝 = 𝑛𝐶𝑢𝑂 −
𝜑𝐶𝑢𝑛𝑝

𝐷𝐶𝑢𝑂
𝑎𝐶𝑢𝑆𝐿𝐶𝑢𝑆,                                                          (S15) 

where nCu0np is the density of CuO aggregates at the root of the nanoplate, and the initial density 

nCu0 of copper aggregates equals the density of bulk CuO. 
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Under the conditions of the oxidation reaction on the side surface of nanoplate, the distribution 

of the copper aggregates along the nanoplate surface is determined by the equation: 

𝐷𝐶𝑢𝑠
𝜕2𝑛𝑐𝑢(𝑧)

𝜕𝑧2
= −𝑛𝐶𝑢(𝑧)

𝑛𝐻2𝑆𝑠

𝑛𝐶𝑢𝑆
𝜈0𝑒𝑥𝑝 (−

𝑒𝜀𝑥−𝑑𝑖𝑠

𝑘𝐵𝑇𝑠
),                                          (S16) 

where 𝑛𝐻2𝑆𝑠 is the number density of hydrogen sulfide molecules adsorbed on the side surface of 

the nanoplate. 

The diffusion coefficient DCus is expressed as  

𝐷𝐶𝑢𝑠 = 𝐷0𝑐𝑒𝑥𝑝 (−
𝑒𝜀𝑐𝑠

𝑘𝐵𝑇𝑠
) =

𝜈0𝑎𝐶𝑢𝑆
2

2
𝑒𝑥𝑝 [−

𝑒𝜀𝑐𝑠

𝑘𝐵𝑇𝑠
] =

𝑘𝐵𝑇𝑠

ℎ
𝑎𝐶𝑢𝑆
2 𝑒𝑥𝑝 [−

𝑒𝜀𝑐𝑠

𝑘𝐵𝑇𝑠
],                       (S17) 

𝜕2𝑛𝑐𝑢(𝑧)

𝜕𝑧2
= 𝑛𝐶𝑢(𝑧)

𝑛𝐻2𝑆𝑠

𝑛𝐶𝑢𝑆

𝜈0

𝐷𝐶𝑢𝑠0
𝑒𝑥𝑝 (−

𝑒(𝜀𝑥−𝑑𝑖𝑠−𝜀𝑐𝑠)

𝑘𝐵𝑇𝑠
),                                           (S18) 

where cs is the energy of diffusion of the CuO aggregate along the side surface of the CuS 

nanoplate.  

The solution of the equation for nCu(0) = nCu0np is 

𝑛𝐶𝑢(𝑧) = 𝑛𝐶𝑢0𝑛𝑝𝑐𝑜𝑠 [(
𝑛𝐻2𝑆𝑠

𝑛𝐶𝑢𝑆

𝜈0

𝐷𝐶𝑢𝑠0
𝑒𝑥𝑝 [−

𝑒(𝜀𝑥−𝑑𝑖𝑠−𝜀𝑐𝑠)

𝑘𝐵𝑇𝑠
])
1 2⁄

𝑧].                       (S19) 

The number of CuO aggregates converted to CuS per unit time by the side surface of a 

nanoplate with the length Lnp is: 

𝑁𝐶𝑢𝑠(𝐿𝑛𝑝) = ∫ 𝑛𝐶𝑢(𝑧)
𝑛𝐻2𝑆𝑠
𝑛𝐶𝑢𝑆

𝜈0𝑒𝑥𝑝 (−
𝑒𝜀𝑥−𝑑𝑖𝑠
𝑘𝐵𝑇𝑠

) √2𝜋√𝑎𝑛
2(𝑧) + 𝑏𝑛

2(𝑧)𝑑𝑧
𝐿𝑛𝑝

0

= 

= 𝑛𝐶𝑢0𝑛𝑝
𝑛𝐻2𝑆𝑠

𝑛𝐶𝑢𝑆
𝜈0𝑒𝑥𝑝 (−

𝑒𝜀𝑥−𝑑𝑖𝑠

𝑘𝐵𝑇𝑠
)√2𝜋 ∫ √𝑎𝑛𝑝

2 (𝑧) + 𝑏𝑛𝑝
2 (𝑧)𝑐𝑜𝑠 [(

𝑛𝐻2𝑆𝑠

𝑛𝐶𝑢𝑆

𝜈0

𝐷𝐶𝑢𝑠0
𝑒𝑥𝑝 [−

𝑒(𝜀𝑥−𝑑𝑖𝑠−𝜀𝑐𝑠)

𝑘𝐵𝑇𝑠
])
1 2⁄

𝑧] 𝑑𝑧
𝐿𝑛𝑝
0

, (S20) 

By assuming that the radius of a nanoplate is weakly changing from the root to the top, the 

expression is simplified: 

𝑁𝐶𝑢𝑠(𝐿𝑛𝑝) = √2𝜋√𝑎𝑛
2(0) + 𝑏𝑛

2(0)

𝑛𝐻2𝑆𝑠
𝑛𝐶𝑢𝑆

𝜈0𝑒𝑥𝑝 (−
𝑒𝜀𝑥−𝑑𝑖𝑠
𝑘𝐵𝑇𝑠

)

(
𝑛𝐻2𝑆𝑠
𝑛𝐶𝑢𝑆

𝜈0
𝐷𝐶𝑢𝑠0

𝑒𝑥𝑝 [−
𝑒(𝜀𝑥−𝑑𝑖𝑠 − 𝜀𝑐𝑠)

𝑘𝐵𝑇𝑠
])
1 2⁄

× 

× 𝑛𝐶𝑢0𝑛𝑝𝑠𝑖𝑛 [(
𝑛𝐻2𝑆𝑠

𝑛𝐶𝑢𝑆

𝜈0

𝐷𝐶𝑢𝑠0
𝑒𝑥𝑝 [−

𝑒(𝜀𝑥−𝑑𝑖𝑠−𝜀𝑐𝑠)

𝑘𝐵𝑇𝑠
])
1 2⁄

𝐿𝑛𝑝].             (S21) 

The rate of conversion of CuO aggregates by the top surface of the nanoplate is: 

𝑁𝐶𝑢𝑡(𝐿𝑛𝑝) = 𝑛𝐶𝑢(𝐿𝑛𝑤)
𝑛𝐻2𝑆𝑡
𝑛𝐶𝑢𝑆

𝜈0𝑒𝑥𝑝 (−
𝑒𝜀𝑥−𝑑𝑖𝑠
𝑘𝐵𝑇𝑠

) 𝜋𝑎𝑛(𝐿𝑛𝑝)𝑏𝑛(𝐿𝑛𝑝) = 

= 𝜋𝑎𝑛(𝐿𝑛𝑝)𝑏𝑛(𝐿𝑛𝑝)
𝑛𝐻2𝑆𝑡

𝑛𝐶𝑢𝑆
𝜈0𝑒𝑥𝑝 (−

𝑒𝜀𝑥−𝑑𝑖𝑠

𝑘𝐵𝑇𝑠
)𝑛𝐶𝑢𝑂𝑛𝑝𝑐𝑜𝑠 [(

𝑛𝐻2𝑆𝑠

𝑛𝐶𝑢𝑆

𝜈0

𝐷𝐶𝑢𝑠0
𝑒𝑥𝑝 [−

𝑒(𝜀𝑥−𝑑𝑖𝑠−𝜀𝑐𝑠)

𝑘𝐵𝑇𝑠
])
1 2⁄

𝐿𝑛𝑝],   (S22) 

where 𝑛𝐻2𝑆𝑡 is the concentration of hydrogen sulfide molecules adsorbed on the top surface of 

the nanoplate. 

The total consumption of CuO aggregates by the nanoplate is 

𝜑𝐶𝑢𝑛𝑝(𝐿𝑛𝑝) =
1

𝜋𝑎𝑛(0)𝑏𝑛(0)
[𝑁𝐶𝑢𝑠(𝐿𝑛𝑝) + 𝑁𝐶𝑢𝑡(𝐿𝑛𝑝)].                                   (S23) 

By assuming that the cross-section of a nanoplate is weakly changing from the nanoplate 

bottom to the top, the expression is simplified: 

𝜑𝐶𝑢𝑛𝑝(𝐿𝑛𝑝) = 𝑛𝐶𝑢𝑂𝑛𝑝
𝑛𝐻2𝑆𝑠

𝑛𝐶𝑢𝑆
𝜈0𝑒𝑥𝑝 (−

𝑒𝜀𝑥−𝑑𝑖𝑠

𝑘𝐵𝑇𝑠
)𝐹(𝐿𝑛𝑝),                                (S24) 
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𝐹(𝐿𝑛𝑝) =

[
 
 
 
 √2√𝑎𝑛

2(0)+𝑏𝑛
2(0)

𝑎𝑛(0)𝑏𝑛𝑝(0)
(
𝑛𝐻2𝑆𝑠

𝑛𝐶𝑢𝑆

𝜈0

𝐷𝐶𝑢𝑠0
𝑒𝑥𝑝 [−

𝑒(𝜀𝑥−𝑑𝑖𝑠−𝜀𝑐𝑠)

𝑘𝐵𝑇𝑠
])
−1 2⁄

𝑠𝑖𝑛 [(
𝑛𝐻2𝑆𝑠

𝑛𝐶𝑢𝑆

𝜈0

𝐷𝐶𝑢𝑠0
𝑒𝑥𝑝 [−

𝑒(𝜀𝑥−𝑑𝑖𝑠−𝜀𝑐𝑠)

𝑘𝐵𝑇𝑠
])
1 2⁄

𝐿𝑛𝑝] +

+
𝑛𝐻2𝑆𝑡

𝑛𝐻2𝑆𝑠
𝑐𝑜𝑠 [(

𝑛𝐻2𝑆𝑠

𝑛𝐶𝑢𝑆

𝜈0

𝐷𝐶𝑢𝑠0
𝑒𝑥𝑝 [−

𝑒(𝜀𝑥−𝑑𝑖𝑠−𝜀𝑐𝑠)

𝑘𝐵𝑇𝑠
])
1 2⁄

𝐿𝑛𝑝] ]
 
 
 
 

 (S25) 

After substitution the flux can be found: 

𝜑𝐶𝑢𝑛𝑝(𝐿𝑛𝑝) =
𝑛𝐻2𝑆𝑠𝜈0𝑒𝑥𝑝(−

𝑒𝜀𝑥−𝑑𝑖𝑠
𝑘𝐵𝑇𝑠

)𝐹(𝐿𝑛𝑝)

1+
𝑎𝐶𝑢𝑆𝜈0
𝐷0𝑐1

𝐿𝐶𝑢𝑆
𝑛𝐻2𝑆𝑠
𝑛𝐶𝑢𝑆

𝑒𝑥𝑝[−
𝑒(𝜀𝑥−𝑑𝑖𝑠−𝜀𝑐)

𝑘𝐵𝑇𝑠
]𝐹(𝐿𝑛𝑝)

.                                      (S26) 

Thus, the density of the copper oxide aggregates at the nanoplate root can be found: 

𝑛𝐶𝑢𝑂𝑛𝑝(𝐿𝐶𝑢𝑆) = 𝑛𝐶𝑢𝑂𝑛𝑝 =
𝑛𝐶𝑢𝑂

1+
𝑎𝐶𝑢𝑆𝜈0
𝐷0𝑐2

𝐿𝐶𝑢𝑆𝛾𝐿𝐹(𝐿𝑛𝑝)
,                                          (S27) 

𝛾𝐿 =
𝑛𝐻2𝑆𝑠

𝑛𝐶𝑢𝑆
𝑒𝑥𝑝 [−

𝑒(𝜀𝑥−𝑑𝑖𝑠−𝜀𝑐)

𝑘𝐵𝑇𝑠
],                                                        (S28) 

The rate of the nanoplate’s height Lnp increasing is  

𝑑𝐿𝑛𝑝

𝑑𝑡
(𝐿𝑛𝑝) = 𝑁𝐶𝑢𝑡(𝐿𝑛𝑝)

𝑎𝐶𝑢𝑆
3

𝜋𝑎𝑛𝑝(𝐿𝑛𝑝)𝑏𝑛𝑝(𝐿𝑛𝑝)
= 

= 𝑛𝐶𝑢𝑂𝑛𝑝(𝐿𝑛𝑝)
𝑛𝐻2𝑆𝑡

𝑛𝐶𝑢𝑆
𝜈0𝑒𝑥𝑝 (−

𝑒𝜀𝑥−𝑑𝑖𝑠

𝑘𝐵𝑇𝑠
) 𝑎𝐶𝑢𝑆

3 𝑐𝑜𝑠 [(
𝑛𝐻2𝑆𝑠

𝑛𝐶𝑢𝑆

𝜈0

𝐷𝐶𝑢𝑠0
𝑒𝑥𝑝 [−

𝑒(𝜀𝑥−𝑑𝑖𝑠−𝜀𝑐𝑠)

𝑘𝐵𝑇𝑠
])
1/2

𝐿𝑛𝑝].     (S29) 

The rate of growth of the nanoplate’s width 𝑎𝑛𝑝 = 2𝑎𝑛 and thickness 𝑏𝑛𝑝 = 2𝑏𝑛 are, 

respectively: 

𝑑𝑎𝑛𝑝

𝑑𝑡
(𝑧, 𝑡, 𝐿𝑛𝑝) =

𝑑𝑏𝑛𝑝

𝑑𝑡
(𝑧, 𝑡, 𝐿𝑛𝑝) = 2𝑛𝐶𝑢(𝑧)

𝑛𝐻2𝑆𝑠
𝑛𝐶𝑢𝑆

𝜈0𝑒𝑥𝑝 (−
𝑒𝜀𝑥−𝑑𝑖𝑠
𝑘𝐵𝑇𝑠

) 𝑎𝐶𝑢𝑆
3 = 

= 2𝑛𝐶𝑢𝑂𝑛𝑝(𝐿𝑛𝑤)
𝑛𝐻2𝑆𝑠

𝑛𝐶𝑢𝑆
𝜈0𝑒𝑥𝑝 (−

𝑒𝜀𝑥−𝑑𝑖𝑠

𝑘𝐵𝑇𝑠
) 𝑎𝐶𝑢𝑆

3 𝑐𝑜𝑠 [(
𝑛𝐻2𝑆𝑠

𝑛𝐶𝑢𝑆

𝜈0

𝐷𝐶𝑢𝑠0
𝑒𝑥𝑝 [−

𝑒(𝜀𝑥−𝑑𝑖𝑠−𝜀𝑐𝑠)

𝑘𝐵𝑇𝑠
])
1 2⁄

𝑧].    (S30) 

The model was applied to clarify the processes that guide the transformation of a 1D CuO NW 

into a 2D CuS nanoplate. The dependence of the sample temperature was described by the 

expression: 𝑇𝑠(𝑡) = (𝑇𝑚𝑎𝑥 − 𝑇0)(1 − 𝑒𝑥𝑝[− 𝑡 𝜏⁄ ]) + 293 (K), where Tmax = 100 C; T0 = 20 C, 

 = 450 s. 

The following dependencies of energies on temperature were used to fit the results of the 

experiments: energy: 𝜀𝑎𝐻2𝑆(𝑇𝑠) − 𝜀𝑖−𝐻2𝑆(𝑇𝑠) = 0.154 (
𝑇𝑠0

𝑇𝑠
)
𝜐
 for the difference between the 

adsorption and internal energies of the H2S molecule on the CuS layer; 𝜀𝑐1(𝑇𝑠) = 0.51 (
𝑇𝑠0

𝑇𝑠
)
𝜐
 for 

the diffusion of the CuO aggregate through the CuS layer; 𝜀𝑥−𝑑𝑖𝑠(𝑇𝑠) = 0.273(
𝑇𝑠0

𝑇𝑠
)
𝜐
 for the 

transformation of the CuO aggregate into the CuS aggregate,  

𝜀𝑎𝐻2𝑆𝑠(𝑇𝑠) = 0.009(
𝑇𝑠0

𝑇𝑠
)
𝜐
 for the energy of adsorption of the H2S molecule on the CuS nanoplate 

side surface; 𝜀𝑎𝐻2𝑆𝑡(𝑇𝑠) = 0.098(
𝑇𝑠0

𝑇𝑠
)
𝜐
 for the energy of adsorption of the H2S molecule on the 

CuS nanoplate’s top surface; 𝜀𝑖−𝐻2𝑆(𝑇𝑠) = 0.59 (
𝑇𝑠0

𝑇𝑠
)
𝜐
 for the internal energy of the H2S 

molecule; where  = 1.85 and Ts0 = 297 K. 

The result of the calculation shows that crack formation can change the conditions of growth 

of the main component, since the rate of transformation of the CuO layer into the CuS layer 

becomes much slower (Figure 3i). At the same time, the void formation is intensified as the 

nanoplate increases its size, since the surfaces of the nanoplate adsorb a larger number of H2S 

molecules. Thus, the 2D nanostructure acts like a pump for the underneath layer of CuO oxide, 

and the more the surface of the nanostructure is developed, the more powerful is the flux of the 

pumped-out CuO aggregates (Figure 3j). It should be noted that the anisotropy of the growth of 

the 2D nanoplate originates from the shape of the flake of the external layer of the 1D 

nanostructure, which acts as pattern for the deposition by providing the area with different 
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energies of adsorption. At that point, the top surface of the nanoplate preserves the defectiveness 

of the crack, from which the whole nanoplate was created, while the side surfaces have fewer 

defects (Figure 3k). 

The simulation of a nanoplate shape (figure S15a-d) confirm the necessity of feeding the 

nanoplates from the neighboring regions of the NW, which are not located directly under the 

nucleus; the length of these regions limits the nanoplate growth – the denser are the concentrations 

of the nanoplate nuclei along the surface of the NW, the less the nanoplates will grow. According 

to the model assumption, the number of nuclei depends on the crack generation, which, in turn, 

is controlled by the rate of growth of the layer on the surface of a 1D NW, and the fastest growth 

is provided by plasma. 

 

Figure S15. Results of simulation of a shape of CuS nanoplates grown on the surface of a 

fragment of CuO NW during the NW plasma sulfurization for different times: a – 7.5 min; b – 15 

min; c – 22.5 min; d – 30 min. The NW is directed towards the x-axis. 
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Chapter 4 

4 Beyond the Growth and Phase 
Transformation of CuO Nanowires 

In Chapter 4, the growth of CuO NWs is further expanded by developing strategies to 
enhance the NW growth. Furthermore, copper oxidation was studied for the practical 
example of electronic components. This involved two studies. First, the strategy to enhance 
the NW growth by delaying the growth saturation is presented. The second study looked at 
copper oxidation in a 3D integrated circuit using broadband dielectric spectroscopy (BDS). 

4.1 Development of the Strategy to Overcome the Saturation Point in 
the CuO NW Growth 

In Subsection 4.1, the topic of CuO NW growth by copper oxidation is revisited with a search 
for a strategy that will reach beyond the growth saturation point. The saturation during NW 
growth occurs when the NW length increases to a point where efficient copper delivery to 
the NW top becomes insufficient. This phenomenon is particularly emphasized when 
copper delivery occurs on the NW surface, where it can potentially be involved in the 
reaction with oxygen before reaching the top of the NW. The proposed strategy to avoid 
these limitations involves multiple stages. In the first stage, the conventional growth of CuO 
NWs via copper oxidation is carried out. This is then followed by the deposition of metallic 
gold NPs on the NW sides. In this way, oxygen adsorption on the NW sides is prevented, and 
copper diffusion towards the NW top is not disrupted. After the gold deposition, the 
oxidation procedure is repeated to further elongate the NW beyond the length that would 
result in growth saturation in the absence of gold. 

This section addresses Objective 1. The results of this subsection were published in a 
peer-reviewed scientific article in the journal Advanced Theory and Simulations. 

Regarding my contribution, I contributed to the analysis of the results and jointly wrote 
the paper with the other co-authors. 
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4.2 Exploration of Copper Oxidation in Integrated Electronic Circuits 
with Broadband Dielectric Spectroscopy 

In Section 4.2, copper oxidation was studied using the practical example of an integrated 
electronic circuit via broadband dielectric spectroscopy (BDS). The oxidation was studied 
by cycling the temperature between low and high temperatures. With this method, the 
formation of roughened CuO layers during the cycles is clearly demonstrated, indicating 
that copper oxidation might play a role in the material ageing of electronic components. 

This objective addresses Objective 1. The results of this subsection were published in a 
peer-reviewed scientific article in the journal Electroanalysis. 

Regarding my contribution, I analyzed the results and jointly wrote the paper with the 
other co-authors. 
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Chapter 5 

5 Conclusions and Perspectives 

CuO NWs were fabricated via thermal oxidation and used as a model material for studying 
phase transformations. In the first part of the thesis, the mechanism of NW growth was 
unraveled, and optimization of the experimental parameters was performed to achieve the 
growth of the ultrathin NWs. These were then used as a model material to study the 
mechanisms of oxide-to-sulfide phase transformations and explore different phenomena 
and influencing factors, disclosing new phenomena not observed before. The main 
conclusions are summarized with respect to each thesis objective: 

 
Objective 1: Understanding the mechanism driving the growth of metal oxide NWs formed 
during the oxidation of a metal foil. 
The mechanism of nanowire metal oxide NW growth by plasma-assisted metal-foil 
oxidation was studied by oxidizing Zn, Cu and Fe foils. The oxygen plasma synthesis proved 
to be a universal tool for obtaining metal oxide nanostructures, such as NWs and nanobelts. 
The plasma assists with oxidation via ion bombardment of the metal surface, forming 
microstructured “hillocks” or nucleated sites that serve as a starting point for the 
nanostructure’s growth. In addition, due to the presence of reactive species in the plasma, 
the oxidation proceeds faster than in conventional thermal oxidation. 

Nevertheless, despite all the advantages of plasma utilization, thermal oxidation without 
plasma is more straightforward as it requires no special equipment and allows better 
control over the final NW parameters. Thermal oxidation proved particularly useful for the 
production of dense CuO NW arrays. Therefore, as the model material to study phase 
transformations, we selected CuO NWs obtained via copper thermal oxidation, and in the 
subsequent research, this material was employed in the experiments. 

The mechanism of the CuO NW thermal growth was studied experimentally with 
electron microscopy, as well as theoretical modeling. According to the results, the overall 
process and mechanism of NW formation can be described in the following way. Copper 
thermal oxidation starts with the formation of smaller equiaxed Cu2O grains, which extend 
to randomly oriented columnar grains forming a Cu2O layer, serving as a pathway for the 
diffusion of copper species towards the surface. On the top of the Cu2O layer, the CuO layer 
is formed, consisting of preferentially oriented grains. The position of the Cu2O–CuO 
interface is mainly governed by the concentration gradient of oxygen molecules diffusing 
inside the layers. We found that oxygen pressure does not significantly affect the growth of 
the Cu2O layer, which grows through the decomposition of the CuO layer. 

In contrast, it greatly affects the growth of the CuO layer, which grows on top via a 
reaction between copper and oxygen. CuO NWs originate in the CuO layer, most likely in 
equiaxed grains, which exhibit defects in the form of a twin boundary. This defect acts as a 
site with increased catalytic activity, where oxidation proceeds much faster, elongating the 
NW in one dimension. Copper supply to the NW top occurs through surface and twin-
boundary diffusion. Depending on which type of diffusion is dominant, NWs can exhibit 
different morphologies. NWs, where the twin boundary is the prevailing diffusion, are 
longer and thinner than NWs, where surface diffusion is the prevailing type. This is because, 
during surface diffusion, copper species can react on the NW side, contributing to its 
thickening, and, therefore, fewer copper atoms reach the top of the NW, contributing to NW 
elongation. The reason why these NWs still attain an elongated shape is the redistribution 
of internal energy of the oxygen molecules during the adsorption on the NW surface. This 
energy can be partially used to desorb the oxygen molecule. Due to the catalytic 
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characteristics of the NW tops with more imperfections than the NW sides, the energy for 
oxygen adsorption is higher on the NW tops. Therefore, fewer oxygen molecules are 
desorbed on the NW top, which in this way collects more oxygen molecules, contributing to 
the oxidation reaction. Since oxygen adsorption and copper diffusion, the main processes 
driving the oxidation, strongly depend on the temperature, the temperature is the main 
factor influencing the NW growth and morphology. 

 
Objective 2: Finding the conditions for the synthesis of ultra-thin CuO NWs and determining 
the lower NW diameter limit that can be achieved using thermal oxidation  
The second objective focused on finding the thinnest NWs that can be achieved by thermal 
oxidation to optimize the synthesis parameters for obtaining ultra-thin NWs. 

The time and oxygen pressure did not significantly influence the NW diameters. 
However, they do influence the NW density. The conditions were selected for obtaining the 
maximum NW density to facilitate the evaluation of the NW growth. The main parameter 
that influences the NW diameters is the oxidation temperature. Therefore, by gradually 
decreasing the oxidation temperature, we found that the lowest temperature where NWs 
were still observed was 187±5 °C. Since the average diameter of the NWs directly correlates 
with the temperature, with lower oxidation temperatures resulting in thinner NWs, this 
temperature was where the thinnest NWs were obtained. The average diameter of such 
NWs was found to correspond to approximately 8 nm. However, the thinnest NWs found to 
grow at this temperature exhibited thicknesses between 3 and 4 nm. The correlation 
between NW diameters and the temperature was explained with the theoretical modeling 
of the thermodynamics of NW nucleation and evaluation of the temperature dependence of 
the critical NW nucleus. After initiation of their growth, NWs grow only in one dimension, 
without considerable thickening. Therefore, the size of the critical CuO nucleus was 
assumed to correspond to the smallest value of the NW diameter. Small changes in the 
oxidation temperature (up to 50 °C) have a small impact on the critical diameter of CuO 
NWs. Hence, very thin NWs can also be observed at slightly higher oxidation temperatures 
than the determined limiting temperature. This is useful as the NW density at the limiting 
temperature is very low. We can obtain denser NW arrays that are still sufficiently thin by 
moderately increasing the temperature. Satisfactory agreement between the experiments 
and the simple modeling approach indicated that the thermodynamics of NW nucleation 
indeed plays a role in determining the NW diameters. The reasons why NWs do not grow 
below the determined temperature can be connected to the ceased formation of the CuO 
phase at lower temperatures and insufficient grain-boundary diffusion of copper through 
the oxide layers. 

 
Objective 3: Exploration of the anion-exchange phase-transformation mechanism and factors 
influencing the mechanism, using copper oxide and copper sulfide as a model system 
Objective 3 focused on using the produced NWs as a model system to study the mechanism 
of oxide-to-sulfide phase transformations. This was done by sulfurization of the NWs with 
H2S gas under different conditions and in different environments. 

In the first part of the study, NWs were treated with H2S in two regimes. In the first 
regime, isolated NWs were sulfurized, while in the other regime, NWs that were still 
attached to the underlying substrate from which they grew, were treated. In this way, the 
amount of copper that is accessible to the NWs and can participate in sulfurization reactions 
differs between the two regimes. In the case of the isolated NWs, the amount of copper is 
limited to the copper present in the NW. On the other hand, when the NWs are attached to 
a macro-scaled copper foil, they have access to a practically infinite amount of copper, which 
could diffuse inside the NW and contribute to the reaction. It was found that the result of 
the transformation differs depending on the regime used. Sulfurization of the isolated NWs 
results in the anion exchange of oxygen anions with sulfur. Due to the faster outward 
diffusion of copper and oxygen species compared to the inward diffusion of sulfur species, 
the resulting nanowires are polycrystalline and exhibit Kirkendall voids. On the contrary, if 
the NWs are still attached to the underlying substrate, an additional mechanism comes into 
play, which includes the reaction of copper species from the underlying layers, diffusing in 
the NW during the reaction with H2S. Due to the additional supply of material in the NW, the 
resulting structures are considerably thicker. This process is analogous to the growth of 
CuO NWs. However, instead of growing in 1D, the nanostructures grow in all directions. 

Nevertheless, the topmost part of the NW is still the most active site for the reaction and 
thickens the most. The copper sulfide phase was also dependent on the regime used. When 
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isolated NWs were used, the NW transformed upon sulfurization to the covellite (CuS) 
phase. On the other hand, when the NWs had access to an additional copper supply, the 
resulting phase was Cu2S. 

To further explore the mechanism of anion exchange, the CuO NWs were sulfurized in 
the post-glow region of a microwave Ar/H2S plasma. It was found that apart from the phase 
transformation, plasma induces a dimensionality change by transforming the 1D CuO NW 
to 2D CuS nanoplates that are arranged along the NW length. The nanoplates originate in 
equiaxed grains that are formed on the NW surface in the initial sulfurization stages. If the 
NW diameter is sufficiently small, the transformed NW attains a shape with single-
crystalline nanoplates arranged one-dimensionally along the NW length. Hence, the single 
crystallinity is preserved along the two dimensions of the NW. The critical NW diameter for 
this to happen depends on the reaction time, and it amounts to approximately 10 nm for the 
time when the thinnest NWs are completely converted. 

 
Further outlook 
The analysis of CuO NW thermal growth with developed theoretical approaches explaining 
the processes occurring during oxidation represents a contribution towards the controlled 
synthesis of CuO NWs, which will facilitate their utilization in applications. However, 
exploring the NW growth mechanisms and factors influencing the morphology should be 
continued in the future as there are countless factors, such as humidity, use of an external 
electric field, composition of oxidized metal, etc., which still require further analysis for a 
complete assessment of the influences on NW growth. Therefore, even though the thermal 
growth of CuO NWs has been reported in numerous studies for more than 20 years, we can 
expect further research on their growth for many years to come. 

Concerning phase transformations in nanomaterials, the ion-exchange transformation 
for the synthesis of advanced materials is still new and, to a large extent, unexplored. For 
example, in this thesis, two phenomena related to such transformations, i.e., dependence of 
the transformation mechanism on the cation supply and dimensionality transition, have 
been reported, which have not been emphasized in the literature yet. This indicates that 
there are many more interesting phenomena waiting to be discovered, which will further 
contribute to the understanding of the dynamic processes in the solid state occurring on the 
nanoscale, enabling further advances in the design and synthesis of new nanomaterials. 

In addition, relating to the research done in this thesis, expanding the results obtained 
on other ionic materials models is necessary to confirm the universality of the studied 
phenomena. Furthermore, the transformation of NWs indicated that the preservation of 
single crystallinity of the transformed NWs is possible in two dimensions as a single-
crystalline NW transformed into multiple single crystals arranged in 1D. However, the 
conditions required to successfully execute an anion exchange on a nanowire while 
completely retaining its single crystallinity pose a challenge and should be the subject of 
further research.
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