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Abstract

Metal oxide and sulfide nanostructures are a versatile family of materials with wideanging
applications, and their development remains ongoing. In nanoscience, attention liging
directed towards their synthesis and further advancement, including thereating of new
complex structures and morphologies. In this regardpn-exchange reactions have emerged
as a cuttingedge strategy for synthesizing novel ionic nanomaterials, allowingrecise
control over the phase andthe morphology. This field continuously evolves with
discoveries of new mechanisms and phenomena contributing improved materials being
synthesized

This thesiswas focusedon the synthesis of metal oxide nanostructugs, specifically CuO
nanowires, and their use as a model material for investigating anion-exchange
transformation as a potential mechanism foithe synthesis of new materials. The selection
of CuO nanowires as a model material is ideal due to their omimensional shape,
simplifying the study of phase transformations. For that reason, ultrghin nanowires are
desired for exploring the transformation processes The synthesis of CuO nanowires was
achieved throughthe thermal oxidation of copperin air. The mehod is straightforward,;
however, the nanowire-growth mechanism is complex angoorly understood. Hencethe
research efforts in the first part of the thesis were dedicated to unraveling the mechanism
behind the thermal growth of CuO nanowiresWefound that the nanowires likely originated
from twinned CuO grains, where oxidation preferentially occurred at thewin -boundary
defect on the grain surfaceDuring the oxidation,the NW roots becomepartially buried in
the CuO layer growing below the nanowiresA theoretical model we developed supported
the growth of nanowires and underlying oxide layersTo studythe size-dependent effects
on the phase transformations and to observe how nanowires behave close to the liroit
guantum 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 betweenthe nanowired @lameter andthe temperature was explained
through the modeling of nucleation processes.

Following the synthesis of CuO nanowireswe carried out thermally dependent
sulfurization to induce an oxide-to-sulfide phase transformation. The resulting
nanostructures are morphology and phase dependerdn 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 struatires were
voided CuS nanowires. However, ithe 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 CuS structure.We also developed a
theoretical model to explainthis intriguing observation.

The investigation into phase transformations in CuO nanowires was extended by
utilizing plasma in the postglow region of a microwave discharge as a sulfiration
environment. The plasmainduced dimensionality change by reshapingthe 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 processdkat are
dependent on molecules or radicals interacting with surfacesThe understanding of the
nanowire growth mechanism will aid in the development and application of copper oxide
nanostructures. Additionally, the described phenomena and mechanismsafion-exchange
processes open up new possibiliies for synthesizing materials through phase
transformation reactions, while also contributing to fundamental scientific knowledge.
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Chapterl

Introduction

1.1 Nanowires

Nanowires (NWs) arelD nanomaterials with nanoscale diameters, witta wide variety of
applications in many fields which setsthem apart from bulk materials. Their diameters are
typically smaller than 100 nm and they can beengineered from various materids, including
semiconductors like silicon and semiconducting metal oxidesnetals like gold and silver,
and even organic compound§l], [2].

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

Recently, there has ben a great deal ofresearch 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 bulkmaterials, particularly in aspects like electrial
conductivity. NWs have garnered attentionfor their catalytic utility, attributed to their
slower sintering rate compared to most nanoparticles(NPs), thereby offering greater
specific surface area$7]. Amid diverse materials, metal oxides frequently undergo testing
in applications spanning gas sensing, photonicsatalysis, 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 applicatigri®r
example in photovoltaics due to their semiconducting properties, as well as in
optoelectronics, as catalysts, photocatalystgas sensors andield-emission sourcedq4], [8].
Many other metal oxide NWs exhibit properties similar to those described abovd], [4],
[7], [9]. Due to thér wide variety of applications and facile synthesis, CuO NWs represent
an ideal model material forthe fundamental research of 1D materials, such as growth
mechanisns and phase transformations.

However, despite their potential, challenges remain in the fge-scale synthesis and
assembly oNWs, as well as their integration into practical devices. In addition, mechanisms
of NW growth are to a large extentstill not understood, with fundamental questions, such
as whythe growth of NWs occus predominantly in one dimension, still unanswered. As a
result, the growth of NWsremains a hot topicfor the nanoscience communityNew 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 aModel Material to Sudy PhaseTransformations in Nanomaterials

In ionic materials such as metal oxides, the common phase transformations include cation
or anion exchangeThesetypes of transformations are greatly facilitatedby 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 fovestigating processes
within nanomaterials. When the size ofNPs is decreased below their Bohr exciton radius,
the electrons become confinedresulting in the quantification of their energy states. This
quantification can occurin 1D (in 2D nanomaterials such as nanoplates), 2D (irlD
nanomaterials such as nanowires, hanotubegtc.)or 3D (in OD nanomaterials i.e.guantum
dots). In comparison to materials with higher dimensionalities, 1D materials exhibita
higher surfaceto-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 systemsThe 1D geometry reduces the complexity of the
system compared to bulk magrials or three-dimensional counterparts. By condensing the
system into a single dimension, the study becomes more manageable and computationally
lessdemanding. Furthermore, the diameter ofthe NWs can often be adjusted by modifying
the synthesis parametes, facilitating the precise exploration of sizedependent 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 imn axial direction makes NWs a
material where both bulk effects inan axial direction and quantum effects ina radial
direction can be studiedand compared representing an ideal compromise betwen a bulk
material and a nanomaterial.

1.1.2 Growth of NWs

NWs can be synthesizedising various methods, which can be categorized into synthesis
from the liquid phase and synthesis from the vapor phase. Liquipghase techniques involve
using precursors in solute form for NW synthesis. Examples of liquidased methods
include hydrothermal synthesis, electrodeposition, selyel, and sonochemicdll] . Achieving
one-dimensional growth is accomplished by employing strategies such as templasssisted
methods and catalgt utilization. In template-assisted methods, a porous substrate serves
as the template for NW preparation. Various methodgan utilize these templates. For
instance, in templateassisted electrodeposition, a template with nanoscale pores, such as
anodizedaluminum 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 onedimensional structures that adopt the
shape of the pore. Another approacho achievingone-dimensional growth from solutions
involves using a catalyst for the saalled solutionliquid-solid (SLS) growth of NWs.
Common catalysts areNPs of transition metals with low melting points, such as gallium
indium, tin, or bismuth, and even gold and silveNPs 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 gcursors into the
material that will make up the NW. Upon supersaturation of the catalyst droplets, NW
nucleation occurs and continuedor as long as the precursor is supplied to the catalyst
droplet. Crystal growth occurs at the interface between the forning NW and the molten
catalyst droplet, leading to anisotropic crystal growth.

Conversely, catalystfree NW growth is also reported in some methods. For instancthe
hydrothermal growth of metal oxide NWs is often reported without the use of a specific
strategy to achieve unidirectional crystal growth. Although catalystree 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 mehods for NW synthesis encompass techniques like chemical vapor
deposition (CVD), physical vapor deposition, laser ablation, molecular beam epitaxy,
plasmabased techniques, and others that utilize NW precursors in the vapor phadeke
liquid -phase technigies, 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 welknown vapor-liquid-solid (VLS) system. This process is
analogous to the SLS mechanism described earlidnt 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 vapegphase NW precursors
can react with or dissolve into the catlyst 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 apor-solid-solid (VSS) mechanism.

In present work, for the synthesis of CuO NWsye employed the thermal oxidation of
metallic coppe, which is an example of catalystree NW growth. Apart from copper, other
metals such as iron12]z[14] or zinc [15], [16] can also be thermallyoxidized to produce
metal oxide nanowires.

1.1.3 CopperOxide NWs: Properties andSynthesis

Copper (Il) oxide (CuO) NWs represent an environmentally friendlynarrow-band-gap,
semiconducting nanomaterial, withband-gap energies between 1.2 and 2 g¥7]z[24]. CuO
NWs are promising materiab for nanotechnological applications due to their facile
synthesis and properties, making them an excellent candidate material for gamsing[25]7
[34], photocatalysis [35], [36], energy-storage applications [37]7[43], biomedical
applications[44], opto-electronic devices[18], [45]z[47] etc. They can besynthesizedusing
electrodeposition, solgel, hydrothermal, other wet-chemical methods plasmaassisted
methods, etc. [8] However, the simplest method for their fabrication is thermal oxidation.
Here, CuO NWs can be synthesized by heating metallic copper in airasr oxygenrich
atmosphere. There have beennumerous reports of thermal oxidation as a route to
synthesizing CuO NWsand the method iswell-established for obtaining arrays of CuO NWs.
However, the fundamental science behinthe thermal growth of NWs is still lackingdetails
of the mechanismsdriving their growth , which is currently mostly based onassumptions.
Determining the mechanism of CuO NW growth presents a challenge and a knowledge gap
that must be bridged

1.14 Mechanism of CuO NV@owth by the Thermal Oxidation Method

The mechanism behind the thermal growth of CuO NWSs 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 CuO layer emerges directly atop the copper surface, followed
by the CuO layer, which serves as the inception point fire CuO NW growth. The GO layer

is thicker than the CuO layer and contains larger grains. Over time and withcreasing
temperature, both the CuO and GO layersbecomethickner 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 &f/8|
including their length and diameter, also exhibit correlations with temperature; higher
temperatures result in thicker and longer NWs. Conversely, onlghe NWO @ength
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 VaporSolid-Solid (VSS) mechanisms, as the melting
and boiling points of copper and its oxidesre abovethe temperature range of 300 € to
700 °C where CuO NW growth is commonly observéd9] . 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 triggerghe 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 stres;nduced grain-boundary diffusion
[48], [50]z[52]. However, the rationak behind how such diffusion leads to NW growth
remains elusive, necessitating further research to establish a connection between grain
boundary diffusion and onedimensional 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 subsequentforming 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 duringxidation. 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 growthmechanism 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 toa lower oxygen concentration at the
substrate surface. Consequentlythe 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 NVWgrowth. These gaps include understanding the
contributions of processes in the underlying C¢O and CuO layers to CuO NW growth, a topic
that remains largely unexploredand 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 Phaselransformations in Nanomaterials

From afundamental point of view, studying phase transformations represents a unique way
to observe different phenomenaand mechanisms in solidstate reactions. From the
applicative point of view, phase transformations in nanomaterits represent a way to tune
the properties of initial nanomaterials or a way to synthesize completely new materials.
Phase transformations in hanomaterials can be induced by controlled tuning eternal
factors such as temperature, presure, and chemical mvironment, resulting in an altered
crystal structure and composition of the initial nanomaterial. Understanding the
mechanism and controlling these phase transformations iscrucial to tailoring the
properties and functionalities of nanomaterials for specific applications.

Apart _from the reaction conditions_used to achieve the transformation, the
OOAT O&I Oi AGET 1680 1 O0OAT I A A dsBdA Foh @xaniple, pr(aﬁ,&
transformations in metal-organic frameworks often result in the preservation of single
crystallinity during the transformation due to their porous and flexible structure, enabling
afacile rearrangement of the crystad Iailding blocks during transformations[56], [57]. On
the other hand, preservation of single crystallinity is rarely reported inionic crystals with
compactstructures, sud as metal oxides or other inorganic crystals with densely packed
crystal structures. Nevertheless, the phase transformations of binary ionic inorganic
nanomaterials, such as metal oxidesepresent a unique way to fabricate new materials,
which would be hard or almost impossible to produceusing conventional bottom-up
techniques.

When chemically modifying the material, numerous strategies can be usg&altransform
nanomaterials. h recent years,jon-exchange reactionshave emergedas a new promising
method for the synthesis of complexonic nanomaterials[58], [59].

1.2.1 lon-exchangeReactions inNanomaterials

lon-exchange reactions in thesolid-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 utilizedon-exchange readbns represent a powerful
strategy for developing new nanomaterials with tailored properties and functionalities. By
carefully selecting the precursor materials and controlling thdon-exchange process, it is
possible to producecomplex, functionally graded materials. Beyond the synthesis of new
materials, ion-exchange reactionsalso find their applications in doping or the surface
modifications of nanomaterials. Moreovera partial ion-exchange transformation is a route
to synthesize multiple -phasenanomaterialswith different morphologies [58], representing
a methodthat could facilitate the production of epitaxial hanostructures.

The advantages ofon-exchange reactions extend beyond those of conventional bottem
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 byion-exchange reactions, aiming to maintain analogies
between anion and cation sublatties. Consequentlyemerging phasescan be metastable
under specificconditions [59] . Furthermore, the morphology of the initial nanomaterial also
influences the phase of the transformednaterial [60].

i AOAOE
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lon-exchange reactions in the solid state have predominantly been observed in
nanoscale materials. This occurrence is attributed to the possible reduction the activation
energy within nanoscale crystals dudo the presence of higkenergy sites in the form of
crystal defects,curved surfaces and lowcoordination facets. This lowered activation energy
not only facilitates the reaction but also enables theformation of metastable phases. The
diminished crystal size may also promotea more straightforward strain relief during the
process.In nanomaterials such as NW,the majority of atoms resideclose to the surface and
can easily compensatdor a lattice distortion. When the ion exchange is performed in
solution, the solvation ofthe exchanged cations also influences the reaction, with stronger
solvation reducing theion-exchange activation energy and promoting the reactiofl0].

The two types ofion-exchange reactionsare 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, understind 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 wascarried out in subsections 1.2.1.1 and 1.2.1.2.

1211 CationBxchangeReactions inNanomaterials

Cation-exchange reactions are more common and easier to achieve thanion-exchange
reactions. The reason for thais the higher mobility of the smaller cations in the crystal
lattice, enabling the faster exchange of cations without alteringthe anionic sublattice.
Therefore, in mostcation-exchange reactionsthe anionic sublattice is retained and its
rigidity is the reason forthe structural preservation of the solid material during the reaction
[58], [59]. lon-exchange reactions also strongly depend on the sizd the material, as will
be demonstratedin the examples below.The exact mechanism ofon-exchange reactions is
not entirely understood. However, there are some studieshat are shedding light on it. In
reference[61] the authors used molecular dynamics simulations to simulata PbSto-CdS
transformation. From the results, they concluded that cation exchange is initiated by Cd
ET OAOOOE OE A ith® Rb catieanE AuE of DeEADBSA ¢b @ he P2+ ions then migrate
through the interstitial sites. In CdS domainsthe jumping of the Pb cations between
octahedral interstitial sites is greatly facilitated bythe formation of Cd Frenkeldefects by
lowing the repulsive forces, which would occur betweerthe Pk?+ and the Cck* ions if the
latter were to occupy their original positionsin the crystal structure.

One of the most important factorsthat determines whether the transformation would
be complete and the morphology of the nanomaterial retaineds the preservation of the
anion sublattice during the cation exchangeThis was demonstrated by Jeong? al [62],
[63], whoreport on the transformation of orthorhombic AgzSe NWs to wurtzie-type CdSe
NWs. In the process, the single crystallinity was preserved, \wih was attributed to the
topotactical relationship between the Se sublattices, minimizing significant lattice
alterations during the cation exchange, a crucial factor for preservinthe morphology and
single crystallinity [64], [65] .

Similarly, Powell et al. [66] achieved a complete transformation of roxbyite CisS
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 #n
preservation of the anion sublattice.

Li et al.[67] performed cation exchange on the CdSe nanocrystals. Here 2-Cchations
were exchanged with Cu cations, followed by Cti exchange with Z@&+. 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 wake
hexagonal CdSe polymorph, the resulting copper and zinc lseides were metastable
hexagonal polymorphs, which were, in this case, favored ovedhe more stable cubic
polymorphs.

A similar example was reported by Kimet a/.[68], who performed Cu cation exchange
on the berzelianite CuxSe nanocrystals with Ni cations. In the process, single crystalline
metastable, NisSe nanocrystals with spinel-type crystal structures were formed, and the
anion facecentered-cubic substructure was retained.

Another example of howthe crystal structure can dictate the course othe cation-
exchange transformation was pointed out by Garianet a/.[69], who performedthe cation
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exchange of C& cations on cubic and metastablehexagonal CuSe nanocrystals with Pt
cations. Since PbSenly has one stable phaseé,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 CuSe polymorph was used as a starting materiathe
cation exchange proceeded vighe random nucleation of the PbSe phase on the £3e
nanocrystals. However, when the hexagonal polymorph of €se was the starting material,
the preferred PI?+ diffusion through the a and b planes produced PbSe stripes in the Se
structure.

Another factor influencing the outcome of theon-exchangetransformations is the size as
shown in reference [70]. Here, the authors achieveda reversible cation exchange of Cd
with Ag* in CdSeNPs. This transformation only occurred in NPs, not micrescale particles,
indicating size-dependent reaction barriers.Furthermore, nanorods, tetrapods, and hollow
nanosphereswith diameters larger than 5 nm retained their shape, while nanorodswith
diameters smaller than 5 nm transformed into spheres due toa disruption of the anion
sublattice. The AgSe crystal structurealsodepended onthe initial crystal size, with thicker
nanorods becoming tetragonalAgSe and thinner ones forming cubic structure.

A factorwhich also influences the transformation is the shape of the éated crystals as
pointed out by Li ef al [71], who performed copper cation-exchange reactions orCu sS
(roxbyite) NPs of different shapes with cobalt cations. When nanoplates were used as the
shape of the initial nanocrystalthe anion sublattice was preserved in the transformation,
and metastable wutzite-type CoS was the transformation product. On the other hand, when
nanorods were used as the initial crystal shape, thermodynamically stabjeetlantide-type
CoS was formed; however, the arrangement of the anion sublattice wasnot preserved
during the transformation. This shapedependent crystal structure of the transformed NP
was attributed to the larger surface area of the nanorodg€ompared to nanoplateswhich
would expose faces of lower stabilityif the transformed phase were wurtzite-type CoS.
Cmsequently, the lower thermodynamic stability of the nanorods could result in a
rearrangement of the anion lattice toa more stable form.

1212  Anion-ExchangeReactions inNanomaterials

In contrast to cation-exchange reactionsanion-exchange reactions are lesgeommonly
reported. This is because anions tend to havkess 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 handnion-exchange reactions
are often accompanied bya complete breakdown and reorganization ofthe structure,
forming voids, hollow structures, and core-shell structures[59].

One such example wawdemonstrated by Parker al [72], who transformed ZnO NPs to
ZnS NPs by exposing them to hexamethyldisilathiane at elevated temperatures. Initially, the
formation of aZnS shell, which grows epitaxidy on ZnO NPswas observed. Although ZnO
and ZnS both possess wurtzitgéype 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 othe ZnO coe outwards. Oxygen was confirmed ithe shell region in
the intermediate phase ZnQS:-x before the anion exchangeoccurred. The final hollow ZnS
NPs were of the same shape dise initial ZnO NPs, and they were single crystalline as well.
Nevertheless, tle morphology was not preserved as the final NPs were hollow.

Another research reporting the hollowing of the NPs duringn anion-exchange reaction
was conducted by Honget al [73], who performeda ZnOto-ZnS transformation with the
use of ditert-butyl disulfide as a sulfurizing agent tdform hollow sulfide NPs.

There are however, ways to avoidthe hollowing of the NPs in the process adn anion
exchange. One such way is ¢huse ofan anion-extracting agent For example, recently, Lim
et al[74] successfully transformed inverse spinel F€, nanocrystals to inverse spinel F&&
with the use of the oxygenextracting reagent (Z)}N-trimethylsilyloctadec-9-en-1-amine
(TMS-ODA). HS gas was used as a sulfuriziregent.Oxygen extraction byTMS ODAresults
in the formation of oxygen vacanciesyhich increasethe anion diffusivity and decreasethe
activation energy for anion diffusion.The anion-extracting reagent thus increaseshe anion
mobility and makes itcomparable to cation mobility.

Another report, where the mobility of the anions was increased andthe single
crystallinity in the anion exchangevaspreserved, is describedby Jiaet a/[75]. Here, CANCN
NPs with a distorted NaCl crystal structure were reacted with Se nanopowder tproduce
CdSe NPs witlasphalerite-type crystal structure. The ransformation started on the surfa@
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of the CANCN NPsvith 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 reactionAnother surprising
outcome of the reaction ighe formation of sphalerite-type, structured CdSe instead othe
more thermodynamically stable wurtzite-type CdSe. This phenomenon is analogous to the
one described incation-exchange reactions, where metastablphases preferentially form
in cation-exchange transformations if the substructure of the anion sublattice is preserved.
This can be explained by taking into consideratiomhe anisotropic arrangement of NCK
anions, which results inthe 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 enablesthe controlled rearrangement of Cd+ without the loss of the single
crystallinity.

Thangalaet al.[76] found that, similar to cation exchangethe anion-exchange size plays
a major role when it comes tothe retention of crystallinity in gas-solid-reaction-induced
phase transformations. In their researchthey nitride tungsten oxide WsOs NWs by
exposing them to ammonia at elevated temperatuie NWs with dameters of less than 10
nm retained thesingle crystallinity during transformations, whereas the nitrid ing of thicker
tungsten oxide NWs resulted in polycrystalline nitride NWs with highly oriented grains
alongthe longitudinal direction of the NW. Nucledion of the nitride phase was observed to
be epitaxially related to the oxide phase. This can be explained in the following wayn
thinner NWs, thenucleation occurs alonghe NW. With the size of the nuclei and diameter
of the NWshaving approximately the samevalue, this means that nutei form in only one
dimension. Because nuclei have preferred orientation in the longitudinal direction of the
NW, they can easily merge to one single crystal. On the other hand, in thicker NWs, when
the nucleation starts, multiple nuclei form on the crosssection of the NW, which may not
have the same orientation inthe radial direction. Consequently the fusion of those nuclei
into one single crystal ismore difficult.

When studyinganion-exchange reactios, we can se¢hat even though they are harder
to achieve than caibn-exchangereactions, and preservation of single crystallinity is much
harder, similar principles apply for anion-exchange reactios as for caipbn-exchange
reactions. In both cases the factorsvhich should be considered are(i) similarity between
crystal structures of initial and transformed crystal,(ii) size of the treated crysta] (iii) use
of the catalystand (iv) shape and morphology of the initial crystal.

However, many factors have noyet been explored, even though their influence on the
ion-exchange transformations could be significantThese includethe access oftreated NPs
to additional material that could contribute to the reaction(for example if treated NPs are
isolated or embeddedin the bulk substrate, that could also contribute to the reactior).
Furthermore, the influence of a non-equilibrium ion-exchange environment (such as
plasma) as anion-exchanging environment, has also not been researched. Therefore, the
influence of these twofactors onion-exchange reactionsvas our main focus in this thesis.

1.3 Motivation and Thesis Objectives

lon-exchange phase transformations haw recently gained popularity, particularly as a
method for the synthesis of advanced nanomaterials with uniqueorphologies and phase
compositions [58], [59], which are difficult or practically impossible to achieve via
conventional bottom-up methods Further progressin the area related tothe synthesis of
new nanomaterials with the use ofion-exchange reactions will contribute to the
development of new nanomaterialsHowever,the mechanisms of their transformations are
still in the process of exploration. Furthermore numerous factors influencingthe outcome
of theion-exchange transformations andnany new remarkable phenomema (examples are
described in Sections1.2.1.1 and 1.2.1.2)pre constantly being discovered signaling that
there is still much more to discover before the general mechanism ofion-exchange
transformations can be determined.

There are numerousfactors influencingthe course ofion-exchangereactions, including
the phase and morphology of initial crystalthe use ofan ion-extracting agent etc. Hence,
when it comes tothe designof new materials with ion-exchangereactions, it iscrucial that
the research community is familiar with these factors. Many more factorscould influence
the course ofion-exchangephase transformationsthat have not been described in the
literature yet. One such factor is whetherthe initially treated nanomaterial has access t@
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limited or unlimited amount of ions, which could potentially participate in theion-exchange
transformation. For example, in our model systentcopperoxide 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 addition&opper cations, which
diffuse from the underlying substrates tothe NW top, where they react with oxgen.
Therefore, if the anion-exchange reactionis 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 andn this way, isolated prior to
sulfurization. This phenomenon has never been emphasized the literature . However, it
may influence the outcome of the reaction and play a role ithe design of new
nanomaterials. o

Another factor that influences the reactiord Cpurse isthe 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 irm gaseows environment (environment in
thermodynamic equilibrium) or in aplasma environment (nonequilibrium 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 inthe transformations is another
potential factor influencing the outcome.The preservation of single crystallinity is very
difficult in anion-exchange reactios due tomigrations and rearrangements ofthe cation
and anion sublattices during the transformation. However, if the rearrangements are
minimal, this could potentially lead tothe preservation of single crystallinity during anion-
exchangetransformation.

Therefore, the CuO NWs were selected as a model matetialstudy anion-exchange
phase transformationsto explore the phenomena described abové he anion exchange will
be achieved via sulfurizationusing gaseous (kS)to achievethe exchange of oxygen aons
with sulfur anions. Torealize the described researchthe thesis has the following objectives

Objective 1: Understanding the mechanism drivinghe growth of metal oxide NWs formed

during the oxidation of metal foil.

CuO NWavere selected as a modehaterial 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), asusing 1D

model material would simplify the observation and theoretical analys of the studied

processes duringthe transformation. For the synthesis of our model material,thermal

oxidation was selected as a method to obtaithe NWs because ofits simplicity, low cost,

and good control over the NW parameters.To achievea complete phase transformation in
the NWs, ultrathin NWs are required.To obtain such NWs, we firsthave to optimize the

reaction parameters neededfor 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 wine

NW parameters change withthe experimental conditions.As describedin Sectionl.1.5, the
mechanism of metal oxide NW growth via thermal oxidation is still not completely

understood, and further research is needed

The development ofmetal oxide layers onthe metal substrate serving as a NW base
might play a major role in the NW growth However, thiswas 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 beexplained. The NW morphology and
crystal structure should be examined with electron microscopy to find the triggers of 1D
growth in metal oxide nanocrystals. Firthermore, the experimental results should be
supported with theoretical modeling to confirm the validity of the assumptions for the NW
growth processesFinally, to generalizemetal oxidation as a technique to produce NWshe
other variations of metal oxidation should be studied, such as plasrassisted metal
oxidation, and expanded tothe oxidation of other metals apart from copper.

This objective is addressed in Chapter Zhe outcome of this objective ishe production
of CuO NWs aslD 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 ipphasetransformation reactions.
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Objective 2: Finding the conditions for the synthesis diiltra-thin NWs and determine the
lower limit for the NW diameterthat can be achievedvith thermal oxidation

To achieve complete phase transformations inour model CUONWS, they should beas thin
as possible. Apart from complete transformation, this, inombination 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 oxidationshould
be determined. From the literature, it is known that the NW diameter and length generally
increase with increasing temperature. Thereforeit can be concluded that the thinnest NWs
can be produced at the loest temperature where NW growth is possible. Howeverthe
reports of the temperature range for the NW growth are conflicting.For example, he
growth of CuO NWs is most commonly reported in the temperature range 46Cto 700 °C
[49], [77]Z[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 CUONW growth is still unknown. NW growth
should be studied around the limiting temperature to find thesmallest 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 the growth of NWs under
limiting conditions. The outcome of this objective is knowing the lowest temperaturet
which CuONWSs still grow andfinding the smallest NW diameterthat can be achievedia
thermal oxidation. Ultra-thin NWs can then be usedo study anion-exchange phase
transformations as a model system

Objective 3: Exploration of the aion-exchangephasetransformation mechanism and factors
influencing the mechanism, usingnetal oxidezmetal sulfide as a model system

This objective focuses orstudying the anion-exchangephase transformations inthermally
synthesizedCuONWSs.In our caseg oxygensulfur exchange was chosen abe ion exchange
of interest as bothmetal oxides and sulides haveawide range of applications and represent
materials that will undoubtedly be subjected to further developmentin particular, the focus
of the researchis placed on determining whetherthe mechanism and outcome of the
reaction are altered ifthe CUONWS have limited or unlimited access tanetal 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, itshould alsobe possible to observahe NW size effect on the outcome of the
transformation reactions and morphology of the transformed NWs.

Tostudy the effect of cation (non) limitation on the outcome of theoxygen-sulfur anion-
exchange reaction oxide NWs should te sulfurized in two regimes. First, the whole
substrate with grown CUONWSs should be sulfurizedoy subjecting it to thermal treatment
in anH.S atmosphere. In this case, the cations from the bulk substratenalso diffuse inside
the NW and participate inthe reaction. Secondly, the sulfueation should be performed on
isolated NWs. In this case, the amount of cationbat 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-exchangeoutcome, the NWs should be subjected to plasmassisted sulfurization,
using HS plasma as a sulfurizing agen this case the sulfurizing agents arexcited sulfur
species produced in plasmarhe morphology and phase of the resultingnetal sulfide NWs
should be compared to the NW that were sulfurized thermally, where H,S molecules in
thermal equilibrium are used as a sulfurizing agent. The difference in mechams andthe
advantages of the norequilibrium environment for performing anion-exchange reactiors
can be inferred by examininghe morphologies and structures ofthe transformed NWs.

Furthermore, sulfurization of CUONWSs with different thicknesses should provide us
with the influence of the size effect on théransformation outcome and answerthe question
of whether the preservation of single crystallinity is possible ina copper oxide, copper
sulfide 1D system by controlling the NW diameter.

Objective 3 is addressed in Chapter.3'he outcome of this objective isletermining the
anion-exchangemechanism in our model system and studying howa limited or unlimited
cation supply affects the mechanism othe reaction, as well as detemining how the
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introduction of a non-equilibrium reaction environment in the form of plasma affects the
course ofthe transformation.
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Chapter2

Growth of Ultra-Thin Gopper Oxide
Nanowires

Chapter 2presents our results on thegrowth and optimization of the growth for copper

oxide nanowires, which will serve as a model nanomaterial used to sty phase
transformations. For our purpose the ideal model material would hava one-dimensional

shape asa 1D system simplifies the obsevation and theoretical treatment of the processes
occurring during the transformation reactionsas described inSubsectionl.1.1 Therefore,

the main emphasis ofChapter 2 lies in exploring the growth mechanismof CuO NWs by
thermal oxidation.

Section 2.1exploresthe mechanism for the CuONWs grown by thermal oxidation The
mechanism provides quantitative information on the influence ofthe experimental
conditions onthe NW parameters. Since the goal is to synthesi2éWs that areas thin as
possible, the khowledge of the NW growth mechanism isvery important. Themechanism
was determined by performing the growth of CuO NWs by thermally oxidizing metallic
copper substratesunder various experimental conditions (temperature, pressureand time
of oxidation). The dependenceof the NW parameters on the experimental conditions was
monitored by electron microscopy.Furthermore, the evolution of the underlying copper
oxide layers serving athe NW base was also studied and their role in the growth of NWs
was determined. Based onthe results, the theoretical model was developed fora
guantitative 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 Section2.2.the growth of CUONWSs is expanded to plama-assisted techniques and to
the oxidation of different metals to show the versatility of metal oxidation as route to the
synthesis of metal oxide NWsThe growth of ZnO, CuQand FeO; nanostructures was
studied. The mechanism for the growth of nanostrucres was proposed and supportedby
theoretical modeling.
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2.1 Synthesis ofCuO NV8 by Thermal Oxidation and Exploration of the
Gowth Mechanism

In Section 21, the mechanism of CUONW growth is explored.This section is dividedinto
two subsections: Subsection 2.1, focusing on experimental observations with detailed
electron microscopy analysis othe CuO NWs and copper oxide layers serving &se NW
base,and Subsection 2.2,focusing ondeveloping thetheoretical 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 orma detailed analysis ofthe NW
crystal structure and microstructural analysis ofthe oxide layers forming below the NW<o
gainacomplete insight into the NW growth mechansm.

The parameters varied were time and temperature. Electron microscopyas usedto
analyze the formed NWs andctopper oxidelayers. Based on observations, the processes of
the copper oxide layed @evelopmentand NW growthare described. Results suggest that
NW growth starts in the CuO layer from twinned CuO grains. The defect in the structure
represents a catalytic spot wherethe oxidation reaction most likely proceeds elongating
the crystal in one dimension. NWsindthe CuO layer grow on top withthe reaction between
copper species and oxygen molecules, whitee CwO layer grows at the expense @¢he CuO
layer at the CyO/CuO interface.The position ofthe interface is determined bythe oxygen
concentration in the oxidelayers. Deeper in the layer, where oxygen concentration is lower,
the oxygen deficient CuO layerforms preferentially.

This subsection addresss Objective 1 The results of this subsection were published in
apeer-reviewed scientific article inthe journal Crystal Growth and Design

Regarding my contribution, | synthesized the CuO NWs, performed SEM amghrt of TEM
analysis, analyed and interpreted the results and wrote theinitial text of the manuscript.
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unidirectional, one-dimensional copper oxide (CuO), especially = Cu,0

focusing on the role of underlying oxide layers. Extensive
experimental data sets of grown nanowires in an ambient atmosphere  Heatnz
at different oxidation temperatures and times were collected,
analysed, and correlated with theoretical modeling of growth
processes. Detailed microstructural analysis revealed that upon
annealing in air, the Cu,O layer of randomly oriented columnar
grains forms first, followed by preferentially oriented CuO grains,
evolving into CuO nanowires. Our results highlight the importance of copper and oxygen diffusion and concentration in equilibrium
between Cu, O and CuO phases in the oxide film and indicate that CuO nanowires originate in twinned CuO grains, which elongate
due to the twin boundary’s instability. With broad experimental data sets on growth conditions, we obtain the complete picture of
experimental and modeled growth of copper oxide nanowires, which will enable the tailored design of nanowires and their
implementation in catalysis, sensing, and other applications.
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B INTRODUCTION Despite extensive research, the mechanism of one-dimen-
sional (1D) metal oxide NW formation upon thermal oxidation
has yet to be unraveled. So far, several theories have been
suggested, but without consensus and suffering from limited
data for du'ect comparison. Among other factors, stress
gmchents are believed to be the main driving force f-:lr NW
growth; however, gas humidity and external electric field®’
should be taken into account. Nevertheless, there are common

Understanding the processes that govern the formation of
nanowires (NWs) and their anisotropic growth is a fundamental
scientific challenge. At the same time, resolving the mechanism
of NW formation is important for facilitating NW synthesis in
practical applications, where control over their physical,
structural, and chemical properties is needed. Specifically,

copper oxide (CuO) NWs are e 4plc|red due to their ﬁpotential conclusions to all investigations: upon annealing, first a Cu,O
use in h?dmgen sulfide (H;S)," ammoma (Nﬂﬂ: " ethanol layer forms on top of the Cu substrate, followed by a CuO layer
vapors, ~'" and other gas SBIISIII% as well as various on which CuO NWs grow, forming a three-layered composite:
appllcatlons in photocatal}rsisjm field emitters,'™ ' bat- Cu/Cu,0/Cu0.*** Durmg thermal oxidation, the Cu ions

teries,' ~*" supercapaators e surface-enhanced Raman migrate from the Cu substrate by grain boundary cllffum-:m to the

spectrosmpjr, antibacterial agents and so forth. Up to top of the CuO layer** or toward the Cu,0/CuO boundary by
now, the anisotropic growth of CuO NWs>® was realized by the Kirkendall effect.*” Combined with lattice-mismatch-
solution-based methods, hydrothermal and electrochemical induced compressive stress on the Cu,0/Cu0 boundary, this

Y12 and so forth. However, the expedites Cu ion diffusion through oxide layers to the top of the

methods, plasma oxidation,™"
most common and simple technique is thermal oxidation, where CuO layer, facilitatin 08, ?‘{rﬂlﬂh Such stress- drll;en4_graln
boundary diffusion™ ?

ametallic copper substrate is heated in ambient air or an oxygen- and stress relaxation are
rich atmosphere. Oxidation temperature and annealing time are

key determinants of the resulting NW's physical properties. Received: July 30, 2022
Cu( NW growth is reported in the temperature range 400—700 Revised:  October 14, 2022
°C;* however, growth at lower temperatures has also been Published: October 24, 2022

reported.” In the literature, CuO NW length and diameter
. . : . - 31-34
increase with the increase in oxidation temperature,

whereas increased heating rate reduces their number density.**
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Figure 1. (a) SEM micrographs of CuO NWs prepared by thermal oxidation of copper at different times and temperatures. The scale bars correspond
to 20 um. (b) SEM micrograph of the fracture cross-section of the oxide layers, showing three distinct regions. The sample was oxidized at 487 + § °C
for 13.5 h. (c) Summary of time and temperature development of Cu,0 and CuO layers, as well as CuO NWs.

commonly listed as causes for CuO NW growth. Meanwhile,
oxygen gradient-driven diffusion due to oxygen consumption on
the CuO NW surface is the cause for CuO crystal elongation."8
As the growth of CuO NWs has also been observed by Cu,0
thermal oxidation without a metallic Cu substrate,*” Cu,0 or
the Cu,0/CuO phase interface may play a crucial role in CuO
NW growth.

To solve these questions, in the present work, we systemati-
cally study copper oxidation, Cu,O and CuO layer evolution,
and CuO NW growth in the temperature range roughly
determined between 400 and 700 °C at different oxidation
times (2—13.5 h). We particularly focus on the investigation of
the oxide layers, as it has been unclear up to now what their role
is in the NW growth, where in the oxide layers NWs originate
and what initiates and drives 1D growth of NWs. A thorough
investigation of how oxidation conditions influence the NW
parameters (length, diameter, and number density), the role of
structural defects and the microstructure relationship between
CuO and Cu,0 oxide layers enabled us to gain further insights
into the growth mechanism of CuO NWs. To describe the NW
growth, theoretical modeling was utilized.

B EXPERIMENTAL SECTION

For the thermal oxidation synthesis of CuO NWs, copper foil (Alfa
Aesar, purity 99.95%, thickness 0.25 mm, annealed and oxygen-free)
was power-punched into 10 mm diameter discs, placed on alumina
holders, inserted into a quartz tube, and heated in a tube furnace (OTF-
1200X, MT1 Corporation). Heating started at room temperature (20
°C), and the final temperature was reached after 90 min. Discs were
oxidized at four different temperatures: Final temperatures were in the
temperature furnace program set and indicated as 400, 500, 600, and
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700 °C. However, the real sample temperature measurements with the
thermocouple indicated some discrepancy between the set and the
actual measured temperature. This can be expected as the quartz tube
was held open on one side and additional oxygen flow was introduced
on the other side, which could contribute to the cooling of the
environment in the quartz tube. Final temperatures reached were thus
measured as 376, 487, 596, and 702 °C, with an error estimated at about
5 °C. Oxidation was carried out at each temperature for six different
durations (2, 3, 4, 7.5, 10.5, and 13.5 h; 90 min heating from room
temperature included). All experiments were carried out at atmospheric
pressure with an additional supply of oxygen flowing at 180 sccm to
assure oxygen-rich conditions.

As-oxidized samples were analyzed by scanning electron microscopy
(SEM, Prisma E, Thermo Fisher Scientific Inc.) to assess NW length
and diameter and the thicknesses of oxide layers. Cross-sections of
samples were metallographically prepared by epoxy resin mounting and
polishing with S00—4000 grit size SiC sandpapers, followed by
polishing with 3 ym diamond paste and 0.04 um colloidal silica (OP-
S). The microstructure was analyzed by electron backscatter diffraction
(EBSD, EDAX Hikari Super) coupled with a focused ion beam (FIB-
SEM; CrossBeam 550, Zeiss).

Microstructure and phase composition were further analyzed by
transmission electron microscopy (TEM, JEM-2100, JEOL Inc.).
Individual NWs were extracted by sonication in EtOH(abs) and
transferred in the solution onto nickel (Ni)-supported amorphous
carbon grids. The bulk cross-sectional samples were prepared by
mechanical thinning and final argon (Ar) ion etching (further details are
provided in the Supporting Information).

B RESULTS

Copper was oxidized in the temperature range 376 + 5702 £ §
°C as 400—700 °C is the most commonly reported temperature
range where CuO NWs grow.”” Upon oxidation, all copper

https2//doiorg/10.1021/acs.cgd.2c00863
Cryst. Growth Des. 2022, 22, 66566666
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Figure 2. Time dependence of oxide layer thicknesses for the Cu,O layer at temperatures 376 + 5 (a) and 596 + 5 °C (c) and for the CuO layer at
temperatures 376 + S (b) and 596 + 5 °C (d). Red circles and error bars represent measured data. The curves reflect the square root law known from

other experiments and theoretically described in the present model.

2

Small equiaxed
grains

Figure 3. SEM—EBSD analysis of oxide layers produced at different temperatures, oxidized for 13.5 h. (a) Low-magnification EBSD map of the sample
oxidized with visible Cu/Cu,0/CuO layering. In the insets are a magnified EBSD map of the CuO layer and a SEM micrograph of equiaxed grains
formed at the Cu/Cu,Q interface, where oxide layers peeled off the Cu substrate. (b—d) EBSD maps of oxide layers synthesized at the following: (b)
487 £ 5, (c) 596 + 5, and (d) 702 + S °C with corresponding EBSD pole figures showing Cu,0 and CuOQ texturing.
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Figure 4. Overview TEM micrograph of the Cu oxide sample oxidized at 376 = 5 °C for 10.5 h. (a) Cross section of oxide layers: Cu,0, followed by the
CuO layer, topped by CuO NWs. (b,c) Bright- and dark-field TEM micrograph pair on the Cu,0/CuO interface outlining a single columnar Cu,0
grain. (d) Cu,0/CuO interface with visible CuO grains intercalated between Cu,O columnar grains. (e) Cu,0/CuO interface with a well-defined
incoherent phase boundary. (f) High-resolution TEM (HR-TEM) micrograph of the phase boundary with marked lattice planes and corresponding
(g) selected area electron diffraction (SAED) recorded over the interface. (h) Cu,0/CuO interface with visible equiaxed CuO grains at the interface.
(i,j) Bright- and dark-field TEM micrograph pair of the CuO layer, outlining the protrusion of CuO NWs into the CuO layer.

plates turned black, which indicated the formation of CuO. SEM
micrographs of all sample surfaces after oxidation are presented
in Figure la

Except for the sample oxidized at 376 + 5 °C for 2 h (90 min
heating 20—376 + § °C, and 30 min holding at 376 + 5 °C), NW
growth was observed in all samples. As expected, on top of the
oxidized Cu substrate, a layered Cu,O/CuQ/Cu0O NW
composite formed, as seen in Figure 1b. NW parameters and
thicknesses of both layers under all conditions used are
summarized in the schematic representation in Figure Ic.

In order to study the processes governing oxidation, we began
the investigation on Cu,0 and CuO layers below the NWs. The
thickness of Cu,0 and CuO oxide layers increased with time in
the initial stages of oxidation, as seen in Figure 2a—d.
Experimental measurements were fitted with the square root
law from the developed theoretical model. The measurements
and theoretical simulations were performed at 376 + S and 596
+ § °C to see if the trend differed at different temperatures. The
theoretical model used in the fittings was developed in our
previous research;*” calculations are included in the Supporting
Information. The Cu,O layer was thick and grew significantly
faster than the CuO layer. The growth of both oxide layers
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drastically increased with temperature (Figure S3a—d). As can
be seen, the theoretical model fit was satisfactory for the CuO
layer, but deviated at high temperatures for Cu,O. Such
deviations at higher temperatures (596 + S and 702 + § °C)
are caused by the formation of voids and cracks at the Cu/ Cu,O
interface, interrupting Cu diffusion due to the loss of contact
between the layers. The decrease or loss of contact between Cu
and Cu, O phases changes the energies of copper diffusion from
the copper substrate and may even terminate copper delivery
from the main copper layer, which was not taken into account in
the simulation model.

The microstructure of Cu oxide layers was analyzed by EBSD.
Representative samples were oxidized in the temperature range
487 +5—702 + § °C for a total oxidation time of 13.5 h to assure
sufficient layer thickness for the technique. The original Cu
substrate consisted of large randomly oriented copper grains,
exceeding 100 gm (Figure 3a). On top of the Cu substrate,
mostly columnar Cu,O grains were found (Figure 3b—d). The
column’s width depended on the temperature: at 487 + 5 °C,
columns were on average less than 2 gm thick and became
progressively thicker with the increase in temperature, reaching
more than 10 gm at 702 + 5 °C. Apart from columnar grains,

httpss//doiorg/10.1021/acs.cgd.2c00853
Cryst. Growth Des. 2022, 22, 6656—6666
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Figure 5. (a) SEM and (b) TEM micrographs of a CuO NW with diameter change as the NW grows; the bottom segment is noticeably wider, but
quickly narrows and remains constant. (c) HR-TEM of the bottom NW segment with multiple planar defects and central twin boundary, marked with a
red dashed line. (d) SAED pattern recorded over a central defect corresponding to a twin boundary with the (1—10) twinning plane. (e,f) TEM
micrograph of the Cu,0/CuOQ interface, with a CuO grain with multiple twins, and corresponding (g) SAED indicating the twin boundary with the

(002) twinning plane.

smaller equiaxed 2—5 gm Cu,O grains were observed at the Cu
interface, as evident from Figure 3d. The close-up SEM image in
Figure 3a shows an area where oxide layers peeled off the copper
substrate after the samples were cooled down, allowing insights
into the initial oxidation stages. After oxidation, an initially flat
copper surface (Figure S4a in the Supporting Information )
attained an indented structure. Dents formed where nucleation
of Cu,0 took place, and Cu ions and electrons were extracted
from the Cu substrate to Cu,O nuclei, occupying the dents, as
Cu,O grew at the expense of the Cu phase and oxygen. Thus,
these small Cu,O crystallites actually served as an entry point for
Cu atoms to diffuse from the copper substrate into the oxide
layers. Slightly above the Cu/Cu,O boundary, grains became
bigger, although some still equiaxed, and eventually evolved into
a columnar shape, indicating Cu,O layer top growth by
elongation of columns. Such hierarchical microstructure,
starting from small grains at the Cu/Cu,O interface, followed
by elongation into columnar grains, was observed at all oxidation
temperatures. Grains and pillars in the Cu,O layer were
randomly oriented and their orientation did not depend on
the orientation of the underlying Cu grains (Figure 3b—d,
individual grain poles can be seen in Figure S5 in the Supporting
Information).

On top of the Cu,O columns, smaller CuO grains formed.
Due to limitations of the technique, only larger grains
synthesized at 596 = 5 and 702 + S °C gave satisfactory
EBSD signals. In contrast to Cu,O grains, CuO grains showed
strong texturing, that is, preferential growth in a certain
crystallographic orientation. As indicated in the pole figures
for CuO in Figure 3¢,d, the [001] direction of most CuO grains
at 596 + 5 and 702 + 5 °C was preferentially oriented
perpendicularly to the growth direction of the oxide layers. The
shape of the CuO grains can be clearly resolved at 702 + 5 °C
(see EBSD of the enlarged part in Figure 3a), where
anisotropically shaped grains elongated parallel to the direction
of oxide growth prevail. Some anisotropic grains extended above
the CuO layer to form NWs, suggesting that elongated grains

represent lower parts of NWs, buried in the CuO layer, and NWs
originate deeper in the CuO layer.

The microstructures of the CuO layer produced at lower
temperatures, and particularly the interface between oxide
layers, were analyzed on an atomic scale by TEM. Because TEM
examines a much smaller area and thus fewer grains, the
statistical component of the analysis was lost. Nevertheless, it
provided valuable information about the oxide layers and their
relation on a much smaller scale than EBSD. TEM analysis was
performed on the sample oxidized for 10.5 h at 376 + § °C
(Figure 4a). The reader should note that because TEM
preparation of the sample included ion thinning, the oxide
layers and NWs were partially etched, which reduced the
thickness of Cu,O and the length of CuO NWs of the analyzed
sample in Figure 4a.

As expected, grains of both oxide phases produced at 376 + 5
°C were the smallest of all analyzed temperatures, but the
microstructure followed the same principles: in the lower part of
the Cu,O layer, smaller equiaxed grains were observed (Figure
4b), whereas in the upper part of the Cu,O layer, thicker
columnar grains could be observed (Figure 4c) (additional
results on Cu,O columns are included in Supporting
Information, Figure S6). Grain boundaries between the Cu,0
columns close to the Cu,O/CuO interface contained individual
CuO grains, as seen in Figure 4d. The interface between oxides
was well defined, the oxide phases were in contact across the
whole interface, without visible voids or cracks on micro-
(Figure 4b,d) or nanoscales (Figure 4e,f). There was no visible
epitaxial relationship between the phases, as indicated by the
SAED pattern in Figure 4g.

The microstructural composition of the CuO phase for the
sample oxidized at 376 + § °C differed from the one oxidized at
702 + 5 °C. At 376 = § °C, the CuO layer at the Cu,0/CuO
interface consisted mostly of faceted equiaxed CuO grains,
measuring around 100 nm in diameter, separated by grain
boundaries running along the facets (Figure 4h). Similarly to
samples oxidized at higher temperatures, the CuO layer also

https://doi.org/10.1021/acs.cgd.2c00863
Cryst. Growth Des. 2022, 22, 66566666
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Figure 6. (a) Temperature influence on length and diameter for samples oxidized at 376 + 5 °C (blue circles), 487 + 5 °C (orange circles), 396 + 5 °C
{gray circles), and 702 = 5 "C (yellow circles). Every circle represents one NW. The total time of oxidation was 13.5 h for all samples. (b) Temperature
dependence of average NW diameter for samples oxidized for 13.5 h. () Temperature dependence of average NW length. (d—g) Time dependence of
NW lengths at different temperatures: (d) 376 £ 5, (e) 487 = 5, (f) 596 £ 5, and (g) 702 % 5 °C. Red dots represent experimental measurements, and
red lines are results of our theoretical simulations for the growth of copper oxides at thermal oxidation of Cu at 376, 487, 596, and 702 "C. Simulated

NWs are shown for samples oxidized for 13.5 h at every temperature.

contained anisotropic grains, which elongated to form NWs
growing above the CuO layer (Figure 4i). However, as seen in
Figure 4j, at 376 + 5 °C, NW roots were not buried as deep in
the layer as for the sample oxidized at 702 + 5 °C, where some
NWs extended across the whole CuO layer (Figure 3a). Itis also
evident that the proportion of elongated grains was lower in
samples oxidized at lower temperatures.

Elongated grains from which CuO NWs have formed exhibit
central planar defects identified as twin boundaries. It is often
the case that the lower part of a NW is thicker and contains more
than one twin boundary; examples are shown in Figure 5ab. As
the NW elongates, the growth of some twinned crystals may
cease, while others continued to grow, resulting in NWs with
thicker parts closer to the root. The twin boundary ran along the
(1—10) twinning plane for the NW in Figure 5b,c, as seen from
SAED in Figure 5d. However, other twinning planes in CuQ
NWs have been reported in the literature,”" indicating that there
are multiple types of twin boundaries possible in CuO. Twin
boundaries are not limited only to NWSs, as they can be found in

grains as well. One such example is shown in Figure 5e,f, where
the analyzed grain contained polysynthetic twin boundaries,
with (002) twining plane (Figure 5g), suggesting that all CuO
grains are prone to the formation of twin boundaries, resulting in
an anisotropic grain shape.

Statistical data about grown N'Ws were obtained by measuring
the length and diameter of about 100 randomly chosen NWs for
every sample. The temperature effect on length and diameter is
visible in Figure 6a—c. Figure 6a shows the correlation between
the diameter and length at all four temperatures used. Each point
on a graph represents one NW. It is evident that the range of the
diameters and lengths on each sample was large. We found short,
long, thin, and thick NWs on every sample, with thicker NWs
generally shorter, resulting in large standard deviations when we
measured average lengths and diameters. This indicates that
multiple types of NWs grew on the sample: thin NWs, which
have the potential to significantly grow in length, and thicker
ones, which elongate at a much slower pace. Both, the average
diameter and length increased with temperature (Figure 6b,c,

6661 https:/doiorg/10.1021/acs.cgd. 2c00853
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respectively) for NWs grown for 13.5 h, agreeing well with
previous reports.”™*

All samples at all temperatures followed a similar length and
diameter time dependence trend. The diameter did not seem to
drastically change with time and was more or less constant
(within the range of error) regardless of the oxidation duration
(diameter dependence on time can be seen in Figure 57), which
is in good agreement with previous reports’’ and the theoretical
model. NW length increased with the increase in time, as seen in
Figure 6d—g, which is also consistent with literature reports,
where parabolic NW length—time dependence is commonly
observed.” In our case, monotonic growth with saturation was
observed in the samples, correlating well with the developed
theoretical model.

B DISCUSSION

Detailed microstructural analysis of oxide layers allows for the
acquisition of important information about processes taking
place during copper oxidation. Based on our results, the
dynamics of events in the oxide phases can be deduced, and is
summarized in Figure 7.

i,

Figure 7. Mechanism summary of copper oxide growth after thermal
oxidation of copper. Blue circles represent copper atoms, and red circles
represent oxygen atoms.

Understanding the Formation and Role of the Cu,0
Layer. Copper oxidation starts with oxygen adsorption on the
copper surface. There, each oxygen molecule accepts four
electrons from four copper atoms in the Cu phase in a redox
reaction

4Cu + O, — 2Cu,0 (1)

Here, copper atoms are extracted from the Cu phase and diffuse
inside the emerging Cu,O phase. Because at temperatures lower
than 250 °C only the Cu,O phase is usually observed,” we can
safely assume that at the beginning of the oxidation, when the
copper substrate is heating up, initially only Cu,O forms directly
on the surface of the Cu substrate, whereas CuO forms at higher
temperatures. Cu,0/Cu boundary formation takes place via
random nucleation of Cu,O nuclei. To compensate for the
lattice mismatch between the metallic and oxide phases, nuclei
size right at the Cu/Cu,O boundary is limited, which assures a
large number of grain boundaries and facilitates fast grain
boundary diffusion of Cu atoms from the Cu substrate to Cu, 0.
Above the initially formed Cu,O crystallites, newly nucleated
crystallites are not as limited in size due to stress and can grow
significantly. However, as they do so, their neighboring grains
start to hinder lateral grain growth, and a direction perpendicular
to the copper substrate becomes the prevailing direction of
growth, resulting in columnar gra.'ins."" As noted in the Results
section, multiple Cu,O grains form on a single, much larger Cu
grain, indicating that as long as copper grains are sufficiently
larger than Cu,O grains right at the Cu/Cu,O interface, the
copper substrate merely plays the role of the copper atom source
and its microstructure does not impact the microstructure of
oxide grains growing above it. It is thus indicated that small
crystallites at the Cu/Cu,0 interface play an important role in
Cu microstructure shielding effects on the microstructure of
oxide layers above them. The Cu,O layer plays an important role
in copper oxidation, as copper is transported through the layer to
the Cu,0/Cu0O boundary. In the temperature range of our
experiments, grain boundary Cu ion diffusion is the prevailing
type of diffusion,” and the polycrystalline nature of the layer is
thus necessary to facilitate transport.

Role and Chemistry of the Cu,0/Cu0 Interface. Based
on the results, we propose the following mechanism of growth
and reactions at the interface between oxide phases. At the
interface, the oxide phases are in the following equilibrium

CuO + Cu = Cu,0 (2)

Here, Cu atoms that diffuse from the Cu substrate to reach the
interface between the oxides and jump between the oxide
phases. Their transfer (jump) from the Cu,O to the CuO phase
results in reaction 2, which increases the size of the Cu,0O layer.
However, reaction 2 is reversible, and in the next step, Cu,0 can
transform back to Cu and CuO, releasing Cu atoms, which can
then jump into another CuO unit to start a new “jump” cycle.
This set of jumps ends when the Cu atom eventually meets and
reacts with an oxygen molecule diffusing from the atmosphere
inside the oxide layers to form CuO. This process is summarized
in reaction 3 and Figure 8a

# Cu= Cu,0

0
’

Figure 8. Mechanism and reactions involved in shifting the Cu;O/CuQ interface. (a) As oxide phases are in equilibrium at the interface, the CuO layer
grows by the reaction between Cu atoms and O, molecules. (b} As the CuO layer thickens, the oxygen concentration at the interface decreases. (c)
Decrease in oxygen concentration at the interface favors the formation of the Cu,O layer. Blue circles represent copper atoms, and red circles represent

oXxygen atoms.

hittps=/doiong/10.1021/acs.cgd. 2000863
Cryst. Growth Des. 2022, 32 6656— 6666
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Figure 9. Different modes of copper diffusion toward the NW top. (a) Twin boundary Cu diffusion, followed by a reaction with oxygen on top, results
in long and thin NWs. (b) Surface diffusion results in thick and short NWs. Here, a portion of diffusing Cu atoms is consumed in the reaction on the
NW walls; hence, fewer Cu atoms reach the NW top. (c) Combination of both copper diffusion modes. Some twinned crystals grow via twin boundary
diffusion of Cu and significantly elongate, other grains grow via surface diffusion and grow significantly slower. Blue circles represent copper atoms, and

red circles represent oxygen atoms.

2Cu,0 + O, — 4Cu0 3)

From the arrangement of oxide layers, it can be concluded that
the concentration of oxygen molecules in the oxide layers
determines the equilibrium nature of reaction 2. Above the
Cu,0/Cu0 interface, where oxygen concentration is relatively
high, the oxygen-richer CuO phase is more stable. In contrast,
underneath the interface, where oxygen concentration is lower,
CuyO is more stable. The deeper below the Cu,0/CuO
interface we look, the lower the oxygen concentration gets, and
equilibrium in reaction 2 is shifted further toward the formation
of the more stable Cu,O phase. On the other hand, above the
Cu,0/Cu0 interface, in the CuO layer, oxygen concentration
increases as we approach the surface of the CuO layer, and
equilibrium in reaction 2 is shifted toward CuO formation. A
similar arrangement is seen in the oxidation of iron: at an
oxidation temperature of 600 °C, three iron oxide phases (FeQ,
Fe;0,, and a-Fe,0;) coexist and are arranged in a layered
fashion from the iron substrate to the atmosphere: FeO/Fe;0,/
Fe,0,.”* Hence, oxygen-richer phases are found closer to the
atmosphere, and the oxygen concentration gradient in the oxide
layers determines the order in which phases are arranged. In this
way, the position of the Cu,0/CuO interface is regulated by the
oxygen concentration gradient, as schematically shown in Figure
8a—c. When the CuO layer thickens, the oxygen concentration
at the Cu,O/CuQ interface simultaneously decreases as the
oxygen diffusion path to this interface increases. Lower oxygen
concentration shifts equilibrium in reaction 2 toward Cu,O
formation; hence, the CuO layer decomposes at the Cu,0/CuO
interface, and the Cu, O layer grows at the expense of CuO. CuO
grains found between Cu,O columns (Figure 4d) are most likely
remnants of the CuO phase and indicate that, at some point of
oxidation, the phase interface was located there.

From the CuO Layer to CuO NWs. The lack of epitaxial
relationship and much smaller grains in the CuO layers
compared to Cu;O indicate that the microstructure of CuO
should be independent of the Cu;O microstructure as long as
Cu,O grains are sufficiently large. Equiaxed faceted CuO grains,
which along buried NWs comprise the CuO layers, are of a
similar size to NW diameters; hence, an assumption can be made
that some of those faceted grains act as seeds for the initiation of
NW growth and elongate in one direction. The question that
arises here is which properties a seed needs to possess for 1D
growth.
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The vapor—liquid—solid and vapor—solid—solid mechanisms
commonly used for describing NW growth can be safely ruled
out: the melting point of copper (1085 °C) and its oxides (CuO
1326 °C, and Cu,0O 1232 °C} are much higher than the
temperature range of CuO NW growth. Instead, 1D growth
could be ascribed to the formation of twin boundaries in CuO
grains, resulting in CuO texturing. Apart from being
preferentially oriented with the [001] crystallographic orienta-
tion perpendicular to the direction of oxide layer growth, CuO
grains also preferentially elongate in that particular direction.

Twin boundaries from the NW in Figure 5c¢ and grain in
Figure 5f have different twinning planes. However, both (1 —1
0) and (0 0 2) twinning planes are parallel to the determined
preferred orientation of CuO grain growth. Hence, it is surmised
that twin boundaries dictate the direction of CuQ grain
elongation. Twin boundaries found in many CuO grains suggest
that the CuO phase is very prone to forming 2D defects in its
crystal structure, and the twin boundaries are observed in most
CuO NWs. The twin boundary represents a catalytic spot where
growth will continue.”® On such catalytic spots, the Cu atoms,
which are not consumed in the reaction at the Cu,0/CuO
interface, are more likely to react with oxygen,” and grains, thus,
elongate in the direction parallel with the twinning plane.
Therefore, to answer the question of which CuO grains elongate
in one direction, grains which exhibit vertical twin boundaries
are likely to elongate and become NWs. This is, of course, true
only if there are no other grains to physically prevent growth,
meaning that grains formed deep in the CuO layer or at the
Cu,0/CuO interface in equilibrium reactions described above
are unlikely to become NWs even if they are twinned. Such an
example is the grain in Figure 5f

CuQ NWs grow on the top; hence, for NWs to vertically
elongate, copper has to be supplied through the NW on the very
tip. This can be achieved via diffusion along the surface of the
Nws, 4330 o by diffusion through the twin boundary in bi-
crystalline NWs.”” The twin boundaries present important
pathways for the diffusion of Cu atoms, and the diffusion of Cu
through the twin boundary may even be favorable over surface
diffusion.*

In our theoretical model, we considered both copper supply
routes to the NW top: surface diffusion and twin boundary
diffusion. We observed that if one or the other is prevailing, the
morphology of NWs is different, which could explain why the
range of diameters and lengths of NWs on a single sample is so
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broad. Copper atoms delivered from a NW root via surface
diffusion are involved in the reaction with oxygen adsorbed on
the side surface of the NW.*" In this case, thick NWs grow, and
their length is limited by the maximal diffusion path. Adsorption
of oxygen molecules is required for the reaction, and it is higher
on a relatively defected NW surface caused by low temperature
ora certain orientation of the crystalline planes. In contrast, long
and thin NWs are formed when oxygen molecules do not adsorb
in a large quantity on a relatively perfect crystalline NW
structure, or the copper atoms diffuse from the root to the tip of
the NW through the twin boundary and are protected by the
NW walls from interacting with oxygen. In this case, the
diffusion path is much longer; however, the initial diameter of
the NW does not increase. Consideration of different diffusion
modes resulted in a large variety of lengths and diameters in
simulated NWs as well (Figure 6d—g). Diffusion modes are
schematically shown in Figure 9a—c.

Different Cu atom diffusion modes may also explain why
some NWs are thicker at the root (e.g.,, NWs in Figure Sa—c).
Such NWs exhibit multiple central twin boundaries and in such
cases, some of the twinned crystals grow predominantly by
surface diffusion of Cu atoms, while others grow by twin
boundary diffusion (Figure 9¢c). Crystals where twin boundary
diffusion of Cu is dominant will result in longer N'Ws, while the
opposite is true for twinned crystals growing via surface diffusion
of Cu atoms.

B CONCLUSIONS

In summary, we performed a systematic study of CuD NW
growth via thermal oxidation at different times and temper-
atures. With the assistance of electron microscopy techniques
and numerical simulations, we investigated the evolution of
copper oxide phases on a copper surface and their transition to
NWs. Microstructural analysis of the underlying layers
combined with numerical simulations allowed us to acquire
insights into the chemical processes governing the relationship
between CuO and Cu,O phases, as well as the formation of
NWs.

The evolution of Cu,Q microstructure starts with the
formation of small equiaxed nuclei on the copper surface,
followed by columnar grains. CuO phase growing on top
consists of equiaxed and vertically elongated grains, some of
which grow above the surface of the CuO layer to become NWs,
The relationship between Cu;0 and CuO phases is governed by
the flux of copper from the Cu substrate and oxygen from the
atmosphere. Copper atoms diffusing from the Cu substrate are,
during their diffusion path, involved in various reactions. They
participate in equilibrium between CuO and Cu,O phases at
their interface and are also consumed in the reaction with oxygen
molecules diffusing into the oxide layers. In this way, the oxygen
concentration gradient also indirectly affects the equilibrium
between oxide phases and determines the position of the
boundary between oxygen-rich CuO and oxygen-deficient Cu,0
phases.

CuO NWs most likely originate in twinned CuO grains.
Twinned sites act as catalytic spots, where a reaction between
copper and oxygen is most probable. Diffusion of copper toward
the NW top can proceed via the twin boundary or NW side
surface. Different diffusion modes result in different nanowire
shapes.
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1. Theoretical model of copper oxide development on thermally oxidized copper

The model describes the growth of two oxide layers (CuxO) and CuQ) on a surface of a
copper sample treated at some temperature in oxygen-containing atmosphere. Thus, two
reactions are considered to deseribe the shifting of the boundary between the oxides:

Cu,0 + 0 — 2Cu0., (S1)
Cu0 + Cu — Cu,0. (S2)

When deseribing the motion of a copper atom from the copper sample to the upper surface of
Cu20 oxide, two types of diffusion. namely short-circuit diffusion between Cu20 grains and
lattice diffusion through the volume of CuyO grain, are considered. When the copper atom
reaches to upper surface of Cu20 layer, it can jump into the layer of CuO oxide that is formed
on the layer of CuyO. At that, one molecule of CuO is turned to CurO molecule. Then the
movement of a copper atom is described as a set of jumps to overcome a potential well, where
a molecule of CuzO containing two copper atoms at the moment. is converted again into CuQ
molecule thus releasing one copper atom, and then a new Cu20 molecule is created in the
neighboring node of the lattice after the released copper atom jumps into this node. This
transformation is described by the reactions:

Cu;0 — Cu0 + Cu — Cu,0. ($3)

This set of jumps is finalized when Cu atom reaches an oxygen atom and the molecule of
Cu20 1s converted into two molecules of CuO as deseribed by reaction (1): the new CuO
molecule is generated at that, and a thickness of CuO oxide layer increases.

Langmuir adsorption isotherms are used in the model to desecribe the densities nyo, mx2s. and
nx2r of oxygen molecules adsorbed on the surface of the substrate, on the side surface of a
nanowire and on the nanowire tip!:

Nyp _ _ Poz nygzs _ _ Poz nxzr _ _ FPoz (84:'
ny Ppo+Pgz g Pos+Paz ng Por+Pp3

where ng is a density of adsorption nodes on a surface of CuOQ, Pgo. Pps. Por are the constants
that do not depend on the pressure Pgy, but depend on the temperature:

3/2
_ Moz) 5/2 [_ e(Zgo2i—Ei—gai)
Pos = (322) " (kpT.)%/2exp |~ Zeeoztton] (S5)
where Mp; is the mass of the oxygen molecule. kg: &p2q are the adsorption energies (eV) of
oxygen molecules on the surface of the oxide layer (i — 0), the side surface of NW (i — s),
and the top surface of NW (i — 1). respectively: g.oz are the internal energies (eV) of oxygen
molecules on the above-listed surfaces:

Pgz is the partial pressure of oxygen, Pa. and is dependent on the total pressure P in the
chamber, Pa:

doz
Py, =—22__P, S6
o2 Padd+Poz ( )

where ¢oz 1s the oxygen flow. and ¢hdd 1s the sum of flows of the additional gases. scem.
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Two above mentioned fluxes of copper atoms through the thickness of Cu20 oxide are
described by the flows gcuip and @cull, respectively, with the same equations of the diffusion
through a layer with a thickness L; at the absence of sources and sinks due to the reactions in
the layer. Hence, the reactions on the inter-oxide boundary are responsible for the creation of
the driving foree of the diffusion. The total flux of copper atoms to the boundary between
Cw0 and CuO layers is a sum:

Peur = PeurbPeurb + PeuntPeuat- (S7)
where Pcyp and Pgyn are the factors that describe the cross-sections of the inter-grain

boundaries and grains with respect to the total cross-section. The factors are expressed as a
ratio:

Scuzogb Scuzolar .
_ “cuzogh P, =——=u2oar (58)
cull

P ==
Culb ] -
ScuzogbtScuzolar Scuzogb+Scuzolat

where Scu2og) and Scu2oiar are the surface area occupied by the grain boundaries and grains,
respectively. By considering the columnar shape of CuyQ grains that is approximated by
cylinder shape. the above parameters are:

Beysoy? 2

Y — H(dcuz‘}' z ) _ ndZyso — mdguzo (1 + bcuzﬂ) -1 S — nduzo0 (89)

CuZzogb 4 4 4 2deuzo > Cu20lat +

B z
((1+2§;3°) _1) 1

P, = ==/ P, = 510

Culb (1 bruzo )E Cull (1 bruzo )E ( }

2dcyap 2dcyap

where dewo and beyo are the diameter of CuyO grain and thickness of the grain boundary.
respectively.

The density nq(z) of the copper atoms on the boundary between the oxides i1s calculated by
the equations:

2 )
A3 ey

Deyai dz2 =0, (511}

Pruai
Ney — Newo = __-'J'c ~AoLox. (S12)
Wil

where Deygi 1s a diffusion coefficient. and indexes b or *“I" should be substituted to
distinguish the flows through the grain boundaries and lattice, respectively.

The flows of copper @cusi at the coordinate z = Loy 1s:
1 1 BEpy | .
Peurs = S NcuVer = S NeuVolXP [_ﬁ]- (513)
where the exponent expresses the probability to overcome the potential well &5 T: is a
temperature of the sample: kg is Boltzmann constant.

The diffusion coefficient is%:

Deyyi = Docqi8XP [_ %] (S14)

where Dy 1s deseribed as
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Vvoaj

Doc1i = Qpeii 5 (S15)

apel 1s a numerical coefficient. and w is the frequency of the lattice vibration that depends on
the temperature™:

vy = 2K (s16)

h 1s the Plank’s constant.

Then the flow @cur 1s:

1 cuoVo [ 35.':1:'] .

P = exp | ——|. 517

Peuii 14—Z0Vo Loxs 2 P kgTs ( }

2Dgeai
1 EEc1p 1 gecyy| | PounVo
Prul = ( d agv exp [_ + 2h, anv exp |— ] (Sls)
14 9cuzo )(“ ovo j } kgT, 1 Cuzo)(“ ova } kgT, 2

{ 2bCyzo 2Dgeyp Ot ( deyzo ET T

. . . . A
where ag 15 a lattice parameter: Hgg 1s the surface density of atoms of the copper sample, m™;
Loxi 1s a current length of the cuprous oxide grain.

Similar evaluations are used to desecribe the delivery of oxygen molecules from the surface of
CuO layer exposed to the gas phase. to the boundary between the CuO and Cu20 layers. The
flow @y is found by use of the density ny2 of oxygen molecules on the inter-oxide boundary:

d? .
w2 e =0, (S19)
eE
Dez = Dowoexp (). (S20)
a "
Ny —MNyg = _%Lox} (521}

where Dg:2 1s a constant; D2 is a coefficient of oxygen diffusion. &2 is a potential well. eV

. . . 9 .
nxo 1s the density of oxygen molecules adsorbed on the surface of CuO oxide. m™: Loy 1s a
current thickness of CuO oxide.

Then one can write

Py = NV =2n.,V = 2n v_ogxp (— EExz)exp(_M) -
x1 xlYx—dec x2 Y x—dec x2 2 ksTs 4 kBTS

= N, Voexp (— W) (S22
where ny) = 2myz 15 a density of oxygen atoms after the dissociation of O; molecules on
CwyO/CuO boundary; vy /2 exp(—e(&,p + Ex_gis) /KpT,) 1s a frequency of the jumps of the
oxygen molecule from CuO toward CuxO oxide followed by the molecule dissociation, &.gis is
the energy of 02 dissociation at the presence of CuO.

After combining the equations (S21) and (S22), the flux of oxygen atoms to the boundary
between Cu20 and CuO layers is:

91 = Trmsiey— weap (- T (s23)

1‘|ng” 2 kBTS

The same approach is used to deduce the flow of copper atoms from the boundary between
the oxides to the upper surface of CuQ oxide that is exposed to the action of the gas phase:

3
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1 Ty My Vo ( 3(fc2+fx—dis))
=—Neyr— Vs =@, — — EXp| ———, 524
Peuz = 3 Mcuz ng €2 14 :gl'o o 2 P gT, (S24)
a2z

where neu? is a density of Cu atoms on the surface of CuO oxide: nxo/ng is a relative density of
oxygen molecule adsorbed on the surface of CuQ from the gas phase: w2 1s a frequency of the
jumps of Cu toward Oz molecule from Cuy0 oxide followed by the dissociation of the oxide,
&2 s the energy of dissociation in reaction (3): Doc2 is a constant.

When describing the growth of CuO nanowires, the loss of copper atoms on the surfaces of
the nanowires that are exposed to the oxygen adsorption should be considered, while for the
surfaces submerged into CuO layer — should not.

Thus, for the diffusion of copper along the N'W surface that is located in the layer of CuO
oxide. and thus no oxidation takes place here. the density newom of copper atoms at the root
of the nanowire 1s:

— _ PCuznw _ _ Pcuznw .
Neyzonw = Meouzo Dews Aploy =My Deus YT (825)
8
Dewz = DocaeX (——) $26
cuz 0c2E€XP kg Ts (S26)

where the initial density ncw2g of copper atoms is considered to be equal to ny, since this is the
density of Cui0 in the CuxO/CuO boundary.

The density of the copper atoms along the nanowire surface exposed to oxygen atmosphere is:

62 { ) —di. -
Deus T3 = —nc, (2) Zvoexp (—2252), (s27)
_ _ PEcag .
Deus = Dewsoexp (—122). (S28)
B2ngy(z) Nyas Vo __elex—dis—Eeas) o)
dz2 - TICH{:Z) Mg DCLLSO exp ( kB‘TS ) (Shg:}

where myz 1s the number density of oxygen molecules adsorbed on the side surface of the
nanowire:; &2; 1s the energy of dissociation in the reaction (S3) for the nanowire side surface
exposed to gaseous oxygen.

The solution of equation (529) ney(0) = newome 15

. 1/2
Ny (2) = Neya0nwCOS [(Eiexp [_ w}) Z]- (530)

g Deyso kpTs

The rate of conversion of copper atoms from CuO to CuO oxide by a side surface of one
nanowire with the length Luw 1s:

I‘]‘IW

News (L) = |

n EE._4di
nCu{Z)nx_zsvDexp (_x—dls) annw(z)dZ =
0 0

kBTs

, i - 172
= ﬂCu2anR:_TVDexp (—%) 2w [[™ R, (z)cos [("::Sm;'—"mexp [—% ) z] dz. (S31)

By assuming the constant radius of a nanowire along the nanowire length Ruw(0) ~ Ruw(Law).
the last expression is simplified:
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Nyas ( egx—dr:s)
—— v e_ —_——
ng '° xp ks

1/2
Nyzs Vo exp [_ E{E.x—dis _ 8025) )

NCus(an) = 2NMRpyy (0)

Ny Deuso kgT;
: Myzs Vo e(£x—dis—Ecas) 1/2 .
xn sin ( ——ex [— 7]) Luw | 532
Cu2dnw [ no Deuso P kgTs nw ( :}

The rate of conversion of copper atoms on a tip of the nanowire with the length Luw is:

2t €Er—di
NCut(an) - nCu(an) L Vue’m ( kx Tm) nR%w(an] =
Bls

x—diz

n BEp— Myze ¥ (Ex—dis—Ec s)
= Heriw(an)ni;vﬂexp (_E) Ney20nw 08 [(i_"gxp[ # an] (513)

na Dcuso

where ny; 1s the number density of oxygen molecules adsorbed on the top surface of a

Nnanowire,

The flux of the copper atoms consumed by one nanowire is

q?-‘:uan(an) [NCu.s(an:] + NCut{an)] (834}

TR [U)

If the radius of the nanowire is the same along the nanowire length, the last expression is:

@Cuan{:an) = HCuzonw%VoexP (_ %) F(an)' (535)
0 BTs
Myzs - s(e Ex—dis” Fc2s /2
( n; Dr::sa o [ kEJBTs - )-I:] sin [( xz2z Vo exp[ e(fx—dns_fcz.g)])lfz ] +
F(Lpyw) = R (0) o Deuso kaT L (S36)

+ MCOS [(n-ﬂx Vo exp [ B(Ex— drs_ECZs)]) :|
N2z ng Dcuso kpT:
After substitution (S35) into (S25). the flux 1s:

eEy_di
MyasVoeXpP (#_T?M)F (Lnw)

elE &
gxp[__(_LMl] Fi an

(S37)

@Cuan(an) =T aove
1+Do Lg_rg o

and the density of the copper atoms at the nanowire root after substitution (S33) to (S25) is:

nCuZOnw (Laxi‘.) =0 (538)

1+2_U‘LDX2YLF(LHW)

The whole set of nanowires grown per unit of area at a time ¢ consume the flux:

Lnw-m

Peuzn(t) = f o (L)@cuznw(L)dL =

o

“Cx—dis
Y A— n.rzs'b'ogxp( KpTs )F(L)
.[ pD{ ) ﬂu"’o n_rzs;xp[ E‘[:f.’x_d!s 3.:2} dL (‘339}

Do "% gy KgTs F(L)

where pp(L) 1s the density of distribution of the nanowires on length.

Then the rates of nanowire growth, and the rate of growth of the side surface are:

29
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dL

3
a
ﬁ (an) = NCut(an) 2

TRz (Low)

Nyzs ¥V e(Ex—dis—Ec2s) 1/2 n EEx—dis .
= nCuZUnw{an)CUS [(i_oexp [_# ) an Hiarvﬂ,ex'p (_ k‘::s )ﬂg (840)

ng Dewso keTs

w Myas ( es.r—dr’s) 3
zt, L =N, (2 Voexp| —————)ag =
{ m.-..']| Cu.{ ) '-'10 o p kBTs 0

= Neya0me (Lnw) ”‘"“vcexp( ;T‘Tj‘:s)a cos [( x2s_Yo exp[ w] ] (S41)

ng Dcuso

After combining the above expressions. a system of the equations to describe the growth of
oxide layers with thicknesses Lox(f) and Loy2(7). as well as the length Ly (f) and radius Ry(t)
of the nanowires can be written:

[ ( Ppy Py )A
1+ap; Loximin 1+ayLoximin e
(Larl(t] = Larlmfn) A (Loxz(t) = Larzmm]'
3
( Fot + ou )Ac - ( 22 + 2Ce ) an ag“ Dc(La.erm ),

1+apiloxs 1+apLloxy 1+bLoxzmin 1+cloxzmin

dL (Larl(t) = Larlmin) N (Loxz(t) = Laerm)
oxl _ ) 542
dr ( Prs + Pu ) ZAC - ( 28 + 2Ce ) - nw ag“ Dc('[‘axz)- (84 :}

1+apilox1 1+apLlox 1+bLoyz 1+clgaz
(Larl(t) = Larlmm) N (Loxz(t) = Laerm)-
( Pbl _I_ PIJ. ) 2‘4{::

1+apiloximin ~ 1+@nloximin

(Larl(t) = Larlmfn) A (Loxz(t) = Larzmm):
\ 0, otherwise

r ( 2B, + 2C, )
1+bLoxzmin 1+cLoxomin/
(Loxl{t) = Loxlmin) A (Loxz(t) = Lonmin);

( Ppy Py ) + ( 2B, 2C )
dloys l+apiloyy  L+aploy/ ¢ 1+bLgyz  l+eLlgya/ '

at (Lox1(8) > Logimin) A (Loxz () > Loromin); (S43)

_( Ppy Py )A
o
I+apiLoyimin 1+ loximin
(Loxl(t) = Loxlmin) A (Loxz(t) > Loxz:min);
\ 0, otherwise

(£)
( a,(t )nnsm NeuzonwLoxzmin)»

dR (Loxlit) = Loxlm:n) A (Loxzit) = LonmEn):
—_nw __ (t)
dt o, (t) nng(ﬂ Neyzonw (Loxz)'

(Loxl{:t) > Lorlmin) ) (Loxz{:t) > LonmEn):
\ 0, otherwise

(S44)
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aL(t)n(?uZOnw(Lo:t*Zmin]COS(ELLHW)-
ALy (Loxl(.t) > Lo.rlm:'n) A (Loxz(t) = Lonmin:]: .
T ar = 495 (tJnCuzonw (Lorz)cos{ﬁl. an)l (845:}
{Loxl (t) > Loxlmin) M (Loxz{:t) > Lonmin):
0, otherwise

( Ppy Pp ) A
cr
ltap Loxymin ~ 1+apLloximin
(Loxl {t) = Lorlmm) A (Loxz{t) = LonmEn):
Pp. P az
( = + - )Ac - an agn Dc(Lo.erin:]!
oxz

1+apylpxs  1+aplox
dL (Loxl {t) > Loxlm:’n) A (Loxz{t) = LonmEn):
ox _
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( P Py ) A
or
I+apiLpramin~ 1+apLoximin
(Loxl {t) = Lorlm:’n) A (Loxz{t) = Lo.erEn):
0, otherwise

where the mitial conditions are Loxi(0)=Lio. Lox2(0)=L2e. Lox(0)=Lio+ L. and the
parameters are:

V, Vi ElEypatEyr—
Ao =Ny B.=2na3exp (——( o d“));
2 kgTs
2 Vo B{ECZ + Ex—dec)
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Myzs @y,
Dc(LE) = nCuZUnw{LI’)HRrZLw(an)aLCOS(ﬁL{t)an) + Z?TRnw(O) nx = ﬁ_SIH(ﬁLan):

x2t PL
. _ GgVg | W = QgVg | _ GgVg | c= AgVg |
b1 2Dge1b ! i 2Dgea ’ 2Dgx2 ! 2Dgen !
1/2
n EFy_di n v, els fe—Epns)
a, = Xzt agsvoexp (_ x dls): .BL — ( xzs_ Vo B'Ep[ x—dis—Sczs ]) :
hg kpTs o Deuso kgTs

g

_ nyzs(t) exp [_ B(E,r—dis—fcz}] . :
Nos 1+2cLiyLF (Lnw)

kgTs Ncuzonw(Li) =

2 MNyas
—————sin(fy L) +—
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The experimental dependence of the sample temperature is approximated for the calculations
by the expression: T,(f) = (Typar — To)(1 — exp[—t/T]) + 293 (K). where Tyqy 15 376, 487,
596, or 702 °C: Tp=20°C, r=2500 s. The value of the adsorption energy go02=1.15eV is
selected from the caleunlated by Sun ef al. for the adsorption of O2 on the oxygen-deficient

F (an) = cos (.BLan)-

CuO surface®; &02 = &0 =1.29 €V is the energy of atomization of oxygen molecule. The
value of the dissociation energy of 02 on the Cu20 surface &-dis = 0.65 €V 1s located within
the range 0.13...0.85 ¢V calculated by Zhang et al.” for Oy dissociation on the CuyO oxygen-
deficient surface. The energies &g and &g of the copper atom diffusion through the Cu,O
layer were set to correspond to the data on the temperature dependence of the diffusion
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6.7 and to fit the results on the measured values of the

mechanisms reported in the literature
oxides. The energy &2 = 0.8 ¢V of oxygen diffusion was set to describe the kineties of the
CuO layer. and the value was validated in the reported paper while describing the results
obtained by Zhu er al. and Yuan et al. in their experiments®®. The energies &2 and &2 = 0.36
eV of copper diffusion in the CuQ layer and along the nanowire side surface were adjusted to
fit the ratio of thicknesses of CuO and CuyO oxides to the data from the experiments. The
internal energies &.02¢ and &.02: of oxygen molecules adsorbed on the side and top surfaces of
a nanowire, which are shown in Table 1. are just the numerical parameters necessary to
evaluate the real difference between the adsorption energies &o2mr and &omws for the oxygen
molecule on top and side surfaces of the nanowire.

Interesting conclusions can be made after analyzing the values listed in the table. The energies
&1b and &1 that are responsible for the diffusion of copper atoms through Cu20 layer by use
of the inter-grain (short-circuit) and lattice mechanisms, respectively, are characterized with
the similar values in the temperature range 487°C to 702 °C, and both of them are lower for
approximately 0.2 eV for 376 °C.

Table 1 — Energies & ¢2; and & g2 used in the calculations

Energies, eV
T.°C

Eclb &Il &2 En02nws En02mwt
376 1.02 1.56 0.68 0.72 1.19
487 1.224 1.754 0.81 0.74 1.14
596 1.26 1.78 0.6 0.67 1.15
702 1.26 1.78 0.67 0.58 1.09

This change in the energies can be explained by two possible reasons: the oxide layer is either
too porous at the temperature of 376 °C. or too strained by the stress that affects the energies
through the expression & = &, + aF; /e, where & 1s the energy at the absence of the stress,
is a coefficient, € is the electron charge (to fit the summand to €V). Non-monotonic behavior
with maximum of the energy &2 of copper diffusion through CuQ layer (the difference
between the maximal and minimal energy is 0.21 €V) can also be explained by the
superposition of porosity and stress in this oxide layer. In contrast, the decrease in the
energies &oO2ms and &ozm can be explained by the formation of more perfect erystalline
structure of the growing nanowire at the temperature increase.
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2. TEM cross-section sample preparation procedure

Oxide cross-sections were analyzed with TEM on two samples: the one oxidized at 376=5 °C
for 10.5 h and the one at 596+5 °C for 10.5 h. They were both prepared in the same way,
following the classical TEM preparation procedure: Oxide layers, which peeled off the sample
after the synthesis. when the sample was cooled to the room temperature, were placed in the
brass tube (outer diameter 3 mm), fitted between two Si1 wafer slabs and fixated by epoxy
resin. After thermal treatment to harden the epoxy resin, the brass tube with the samples was
cut with a precision diamond saw into shorter pieces, which were the thinned first with
mechanical polishing with silicon carbide sandpapers. followed by dimpling and ion milling
to obtain electron transparent cross-section sample (images from the optical microscope of the
prepared sample synthesized at 596=5 °C for total oxidation time 10.5 h are shown in figure
S1).

50 pm
(d)

20 pm 20 um

Figure S1. (a) Intermediate and (b-¢) final step of conventional TEM cross-section sample
preparation: sample oxidized at 596=5 °C for 10.5 h. (a) Transmission optical microscope
micrographs of cross-section of Cu20-CuO sample embedded in epoxy resin, fixed between
two Si slabs providing additional support. The sample was already mechanically thinned
down to about 10 pm in the disc center: the Cu20 1is red transparent layer, marked with red
rectangle. (b) — (¢) TEM cross-section of CuyO-CuO sample after Ar* ion thinning process:
(b). (d) transmission light mode; (c) and (e) reflected light mode.
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