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Abstract

Over the last decades, semiconductor/noble metal multicomponent nanostructures have raised
great interest owing to their promising potential in applying sustainable energy conversion,
including solar-driven water splitting or photovoltaic components in solar cells.

In this thesis, | work on the wet-chemical synthesis of octahedral Cu.O nanoparticles.
Furthermore, | fabricate gold nanorod/octahedral Cu20O core/shell and gold nanograin decorated
octahedral Cu,0 heterostructured nanoparticles as two different multicomponent counterparts.
Using these nanoparticle building blocks, I assemble monolithic cryoaerogels, opening a bridge
between the nanoscopic and macroscopic world.

The structure and morphology of the nanoparticles are characterised by scanning and
transmission electron microscopy, energy-dispersive X-ray spectroscopy, X-ray diffraction and
total reflection X-ray fluorescence. I use different spectroscopic techniques to investigate their
optical properties, including ultraviolet and visible spectroscopy, photoluminescence

spectroscopy, and time-correlated single photon counting.
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Introduction

The birth of nanotechnology dates back to the 20" century, with Richard P. Feynman’s
visionary lecture “There’s Plenty of Room at the Bottom™. Over the decades, nanoscience and
nanotechnology became one of the most promising fields of the 21% century. It focuses on the
fabrication, investigation and application of nanomaterials. Nanomaterials refer to the so-called
nanoparticles, which have an extension between 1 — 100 nm at least in one dimension, as well
as nanostructured materials. The latter are bulk materials with a microstructure that has
characteristic length on the nanoscale. Due to the high surface to volume ratio, nanoparticles
may possess new or different physical and chemical properties from those observed in the
corresponding bulk material; such as reactivity, mechanical and optical properties, or
biocompatibility. Thus, nanotechnology has attracted enormous attention in the last decades,
which resulted in plenty of innovations, e.g. giant magnetoresistance, drug delivery systems,
biomimetic, photonic, photovoltaic or metamaterials.'?

For my diploma thesis, | worked on the synthesis of octahedral copper(l) oxide (Cu20)
nanoparticles, as well as its two different heterostructures with gold. One type was a core-shell
structured nanoparticle: | grew the octahedral Cu20 on gold nanorods. In the other arrangement,
| decorated the pristine Cu.O nano octahedra with gold nanograins. | aimed to investigate how
the Cu20O nanoparticles’ optical properties are affected by the presence of gold nanoparticles,
as well as to investigate the impact of the gold’s relative position within the system. This
knowledge may help to design and implement catalytic properties more efficiently, which may
be crucial in future applications. In the following chapter, | present the basic theoretical

background for this work, and based on that | outline my detailed objectives.



1. Theoretical background

1.1. Heterostructured nanoparticles

In heterostructured inorganic nanoparticles (NPs), two or more components are connected
through interfaces, with distinct composition, shape, or size on the nanoscale. These particles
can integrate metals, semiconductors, insulators, plasmonic particles and other functional
domains. The integrated, multicomponent structure do not only possess the properties of the
pristine materials but owing to the synergy of the combined components, they may exhibit
diverse functions, and improved or novel properties, which cannot be achieved by their physical
mixture. These features enable their potential application in many areas, such as drug delivery,
photonics, photovoltaics, or solar energy conversion including photocatalysis. Apart from the
composition, heterostructured nanoparticles can be classified based on their geometrical
configuration; e.g. core-shell, decorated or Janus-type structures. The impact of the geometrical
arrangement can be particularly important in the case of plasmonic NPs since the plasmon
resonance frequency can be finely modulated through the size, shape and environment of the
particle. In noble metal — semiconductor heterostructured nanoparticles the plasmon-mediated
energy transfer holds tremendous potential in solar-driven photocatalysis. For example, TiOz is
one of the most widely studied photocatalytic materials, however, its main drawback is its wide
bandgap which is problematic in solar-energy applications. By integrating plasmonic
nanoparticles, this problem can be partly mitigated since their absorption is tuneable across the
solar spectrum. Among the different kinds of nanomaterials, noble metal — metal oxide
heterostructured nanoparticles have become an intensively studied area of research, thanks to
their advantageous photocatalytic properties, such as CO> reduction, degradation of organic
pollutants, and solar-driven photocatalytic water splitting. 3



1.2. Optical properties of semiconductor nanoparticles

In principle, semiconductors are materials, whose electrical conductivity increases with
increasing temperature, and its magnitude is between those of metals, such as gold or silver,
and insulators like glasses. This property originates from its forbidden band, characterised by
the Eq bandgap energy, which separates the last completely full band for electrons, the valance
(VB), and the next higher energy band, the conduction bands (CB). In semiconductors, Egq
usually ranges between 0.3 — 3.8 eV. Semiconductor nanoparticles, whose size approaches the
bottom of the nanoscale (1 — 20 nm) show remarkable optical and electronic properties. In this
size range, most semiconductors show quantum confinement. For example, as the particle size
decreases, the VB and CB split into discrete energy levels, and Eq increases as the particle size
decreases. Through the strong size dependence of Eg, the particle’s absorption and emission
energy can be finely tuned across a wide spectral range, which gives rise to their application in
bioimaging, solar energy conversion, quantum computing, and many other fields.® Although
larger semiconductor NPs do not possess the extraordinary properties resulting from the
qguantum size effect, colloidal semiconductor particles have raised great interest owing to their
promising potential in the application as photocatalytic material in water splitting or other
chemical reactions, a photoactive component in solar cells, and so on mainly due to their well-

defined and tuneable crystal facets.
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Figure 1. (a) Schematic illustration of the difference in the bandgap energy of a metal, semiconductor
and insulator. (b) The band structure as well as the discrete energy levels in a bulk semiconductor, in
nanocrystal semiconductors and in a molecule.

The large number of atoms in a bulk semiconductor (or colloidal particle) leads to the formation
of a band structure. In any case, external energy (whether thermal, electronic or optical) can
excite an electron (e”) from the VB to the CB. Under the irradiation of semiconductor material,
absorption occurs only if the incident photon energy is greater than or equal to the E4, below

the adequate photon energy, the semiconductor is transparent. Consequently, Eg plays an
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important role in determining the optical properties. The promotion of an e~ to the CB leaves a
positively charged hole (h*) behind in the VB. These charge carriers may ‘feel’ each other’s
presence via Coulomb attraction and are correlated to some extent. This is referred to as an
exciton. When the exciton binding energy (characteristic for the given material system) is
provided, the exciton is separated into free charge carriers. The separated charges are free to
move around in the VB and CB. The inverse process is called e — h* recombination, when an
e~ decays from the CB to the VB, emitting a photon (radiative recombination, i.e. fluorescence)
and/or generating phonons (non-radiative recombination). The lifetime of the radiative process
by which electrons drop to the VB and Egy energy photons are emitted is in the order of
nanoseconds. In the case of non-radiative recombination, the energy lost by the charge carriers
is transferred to the lattice and finally released as heat. This process occurs via
electron — phonon coupling, scattering, or indirectly via recombination centres such as the
particle surface, grain boundaries, dislocations, vacancies, or any kind of impurities. The
different recombination centres are located within the bandgap, where first, either an e or a h*
is captured, then subsequently the oppositely charged one. The charge carriers, captured by a
defect, do not recombine immediately. It can be reemitted before capturing the oppositely
charged one, in this case, the defect is called a trap, which can be shallow or deep depending
on its energy. Besides the recombination, the charge carriers can diffuse to the particle surface,
where they can reduce and/or oxidise compounds adsorbed on the particle surface. This is the

basis of the application of semiconductor NPs as photocatalytic materials.
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Figure 2. (i) lllustration of photon absorption/emission. The separated charge carriers can
(ii) recombine in the particle, (iii) be trapped, or (iv) participate in surface reactions.

Metal oxide NPs are typical photocatalyst materials, due to the promising arrangement of
electronic structure, light absorption properties and charge transport characteristics. Cuprous
oxide (Cu20) is a p-type transition metal oxide semiconductor, with a bandgap of approximately

2.17 eV.” Its low-cost, abundant availability, nontoxicity and stability would make it a good
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candidate for application as a photocatalytic material. However, the absorption range Cu,O
covers only a relatively small part of the solar spectrum, which limits the energy efficiency.
This issue can be overcome by extending the absorption range to the visible and near-infrared
range, via combining it with metals and integrating e.g. the plasmonic properties of a metal NP

component.®

1.3. Optical properties of gold nanoparticles: localised surface plasmon

resonance

Since ancient times, gold and other noble metal nanoparticle have been used — even if not
intentionally — for many artistic objects, such as in the Lycurgus cup or some church windows,
thanks to their bright colour when light falls on them.® The intense particle — light interaction
originates from the so-called localised surface plasmon resonance (LSPR). According to the
Drude model, the conduction band electrons can freely move within the particle, compared to
the quasi-stationary metal ions in the lattice. A periodic external electromagnetic field (light)
induces a coherent oscillation of these electrons (Figure 3), called plasmon in the literature. The
plasmon frequency is the function of several particle parameters including its size, shape, and
environment. If the frequency of the electromagnetic field matches the oscillation frequency of
the conduction band electrons, the oscillation becomes resonant. This phenomenon is the so-

called localised surface plasmon resonance.'%!
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Figure 3. (a) Schematic illustration of the localised surface plasmon resonance in the case of
gold nanospheres. (b) The typical extinction spectra of gold nanospheres and (c). nanorods.
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During the particle — light interaction the radiation is partially absorbed (metals are inherently
glossy) as well as scattering occurs. These two phenomena can be described with the absorption
(oabs) and scattering (oscat) Cross sections, the summation of which gives the extinction cross

section (gext). In the case of spherical particles:'?

Ep — Em |
GabS:4'ﬂ'k'T3'Im[m- (1)
2
8 €p — €m
Gscatzg'ﬁ'k4're'lmm (2)
Oext = Oabs T Oscat 3)

In the above equations, k is the wavenumber of the incident electromagnetic radiation, ¢m and
gp are the dielectric constants of the media and the particle, respectively, r is the radius of the
particle, and ‘Im’ stands for the imaginary part. The equations show that the absorption is
proportional to the volume of the particle, and the scattering is proportional to the volume
square of the particle. Hence, the bigger the particle the more intense the specific scattering.
Therefore, with increasing particle size the absorption’s relative contribution to the extinction
spectra becomes smaller and smaller, contrary to the contribution of the scattering, which
becomes more and more dominant. This is illustrated in Figure 4. It shows three samples,
containing different-sized spherical NPs in (a) transmitted and (b) reflected illumination. In the
case of small particle size, the difference between the absorption and scattering is not

significant. However, the sample with larger particles shows a remarkable difference.
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Figure 4. Spherical gold NPs in (a) transmitted and (b) reflected illumination. (c) Effective cross
section of a gold nanoparticle.*®

The presence of an electromagnetic field induces the displacement of the conduction band
electrons, which results in a charge distribution distortion within the particle. Due to the charge

separation, electrostatic attraction takes place between the displaced electrons and the metal
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ions. This electrostatic force attracts the electrons towards their equilibrium position, thereby,
the polarization of the particle induces the coherent oscillation of the conduction band electrons.
It can be described as a damped harmonic oscillator (dipole antenna). The model has three
parameters; the spring constant (k), the effective mass of the electrons (m), and the damping
(I"). The plasmon frequency can be calculated according to equation 4:%°

w= |— (4)

The spring constant’s magnitude is the function of particle shape, that is the particle geometry
fundamentally affects the electron oscillation. In spherical particles, the electron oscillation is
isometric due to the spherical symmetry. Therefore, its spectrum contains only one resonance
peak (Figure 3. b). However, the particle shape may results in interesting differences. The
simplest example of anisometric particle is the nanorod, which has the same extent in two
dimensions of the space, and a larger extent in the third dimension. Consequently, the
polarisation within the particle may take place in two different directions, thus both longitudinal
and transverse modes exist (Figure 3. ¢).1®'" As is demonstrated in Figure 5, the resonant
frequency of nanorods does not depend on their size, but on their length-to-width ratio (aspect
ratio). The longitudinal mode is particularly sensitive to the aspect ratio, thus the resonant

frequency is finely tuneable.81°

a) U G G
14
)
[=
3
o
-~
&
c
L
°
£
*
w
£
—
o
=
o v Al Al Ll
400 600 800 1000

Wavelength (nm)

Figure 5. (a) Extinction spectra of a gold nanosphere as well as gold nanorods with different aspect
ratios. (b) Gold nanorod solutions: the aspect ratio is increasing (from 1 to 4) from left to right.*4
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1.4. Noble metal — semiconductor heterostructured nanoparticles

In solar-driven photocatalysis, one of the main limiting factors of semiconductor NPs is their
absorption range, which covers only a relatively small part of the solar spectrum. Utilising the
LSPR, this limitation can be overcome. In semiconductors, charge separation in the plasmonic
NP absorption range can be induced by the LSPR. Therefore, the absorption range of the
semiconductor in heterostructured NPs can be extended from the UV up to the NIR region.

In heterostructured NPs, the interactions between the electronic states of the metal and the
semiconductor lead to spectral shift and broadening in both the semiconductor’s absorption
peak and the plasmonic peak of the noble metal, i.e. the spectra of heterostructured NPs show
a significant difference compared to the spectra of the physical mixture of the components.

At the metal — semiconductor interface some important phenomena arise from the electronic
structure of the components. One is the formation of a Schottky junction, which leads to the
migration of the charge carriers. In the case of a p-type semiconductor, it results in the
accumulation of the positively charged holes on the metal and the negatively charged electrons
on the semiconductor. Another effect is the Schottky barrier, which is the energy difference
between the band edge of the semiconductor and the Fermi energy of the metal. It can promote
the separation as well as prevent the recombination of the photogenerated charge carriers. As
the separated electrons and holes can participate in reduction and oxidation reactions,
respectively, these phenomena can improve the photocatalytic performance of the
heterostructured NPs.?°

Besides the impact on the charge carrier separation, noble metal NPs can also enhance the
optical properties through the LSPR. In the literature, six mechanisms have been proposed to

explain the synergetic interaction between the plasmonic metal and the semiconductor NPs:

i.  Plasmon-induced hot electron transfer (PHET), or SPR sensitization
ii.  Plasmon-induced metal-to-semiconductor interfacial charge-transfer transition
(PICTT), or direct electron transfer
iii.  Local electromagnetic field (LEMF) enhancement
iv.  Resonance energy transfer (RET)
v.  Light scattering (LS) effect

vi.  Plasmonic heating (PH) effect.

The above-listed mechanisms are depicted in Figure 6.
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Figure 6. Schematic illustration of the different plasmon enhancement
mechanisms in metal — semiconductor interactions.®

(i) After the LSPR excitation in plasmonic NPs, the electromagnetic decay can take place in
either a radiative (i.e. scattering) or non-radiative (i.e. Landau damping) pathway. In the case
of the non-radiative decay, the accumulated energy is transferred to electrons, generating so-
called ‘hot-electrons’. If the plasmonic NP is in contact with a semiconductor, the hot-electrons
with adequate energy can be injected into the CB of the neighbouring semiconductor. This
process is the so-called plasmon-induced hot electron transfer. The required energy to surpass

the Schottky barrier is significantly lower than the Eq semiconductor bandgap, and tunnelling,

with a lower possibility is also possible. The efficiency of this process is limited by the

thermalization of the hot electrons, as electron — electron and electron — phonon scattering takes

place during the charge transfer.?
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Figure 7. Schematic illustration of the plasmon-induced hot electron transfer
mechanism. The hot electrons, generated as a result of the plasmon decay, can
overcome the Schottky barrier and be injected into the semiconductor CB.??
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(i) Similar to PHET, the noble metal NP also serves as a light-collecting antenna in the
plasmon-induced charge-transfer transition (PICTT). Here, however, the strong interdomain
coupling of the components at the metal — semiconductor interface results in such a plasmon
decay, where e and h* are directly generated in the semiconductor’s CB and the metal,
respectively. This case is in contrast to PHET, since the hot electrons do not have to pass

through the interface, the energy loss due to the charge carrier thermalization can be avoided.?
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Figure 8. Schematic illustration of the plasmon-induced interfacial

charge-transfer transition. The hot electrons are generated directly in

the semiconductor CB, without the surpass of the Schottky barrier.??
(iii) In the case of the local electric field enhancement, the light-harvesting of the semiconductor
is enhanced through the LSPR. Near to the surface of the plasmonic NP, the local
electromagnetic field can be enhanced by several orders of magnitude because of the LSPR.
This results in the amplification of the light absorption, e — h™ generation as well as the charge

carrier separation in the semiconductor located in the vicinity of the plasmonic NP.?*

Metal e CB
oot
h+ VB

Semiconductor

Figure 9. Schematic illustration of the local electromagnetic field
enhancement. By enhancing the local electromagnetic field, the ‘plasmonic

antenna’ assists the e~ — h* generation and separation in the semiconductor.?
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(iv) Resonance energy transfer may arise if the semiconductor is located in the near field of the
plasmonic NP, and the plasmon band spectrally overlap with the absorption band of the
semiconductor. As previously discussed, in external electric field the oscillation of the
conduction band electrons in the plasmonic NP results in an electric dipole, which oscillation
frequency matches with the electric field of the incident light. Through dipole-dipole coupling
between the plasmonic dipole moment and the e~ — h* pair dipole moment of the semiconductor,
energy can transfer from the metal to the semiconductor. The energy transfer leads to e — h*

pair excitation in the semiconductor.?42°
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Figure 10. Schematic illustration of the resonance energy transfer. Through dipole-dipole interaction

the excited plasmonic NP can transfer energy to the semiconductor, promoting e~ — h* pairs.?2

(v) The light scattering effect of the plasmonic NP can significantly increase the number of
incident photons that pass through the semiconductor. Through the radiative decay of the LSPR,
an increased amount of photons can be directed towards the semiconductor to increase the
possibility of the semiconductor — photon interaction, leading to the generation of more charge

carriers.?
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Figure 11. Schematic illustration of the light scattering effect. The intense
light scattering of the plasmonic NPs increases the rate of the photons passing
through the semiconductor.??
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(vi) Plasmonic heating effect based on the photothermal effect. During non-radiative decay of
LSPR, the plasmonic NP can release heat into the local environment. The rise in the temperature
can drive chemical reactions as the reaction rate and the diffusion coefficient increase with the

temperature.??

The plasmonic NP can also influence the fluorescent properties of the semiconductor. As the
LSPR results in a great enhancement of the local electromagnetic field, enhanced fluorescence
can be achieved either through excitation enhancement, or emission enhancement. In excitation
enhancement, the increased local electromagnetic field due to the metal NP increases the
number of photoexcitation as well.?” On the other hand, emission enhancement is based on the
increased radiative decay rate. Since the enhanced electromagnetic field of the plasmonic NP
IS evanescent in nature, that is, it decays exponentially with the distance, accordingly, the
distance between the plasmonic and semiconducting NPs should be optimized in the range of a
few tens of nanometers.?®-30 Another aspect is the spectral overlap of the noble metal NP’s
plasmon band and the semiconductor NP’s emission band: if the LSPR peak overlaps with the
emission wavelength, the photoluminescence (PL) lifetime decreases, while the PL intensity
increases.®3 If the semiconductor and noble metal NPs are in direct contact, in general, it
results in fluorescence quenching, owing to the charge transfer from the excited semiconductor
to the metal. This results in the spatial separation of the charge carriers if the Fermi level of the
metal is located in the band gap of the semiconductor.

1.5. Nanoparticle synthesis

Nanoparticle synthesis can be categorised according to two strategies, the top-down and
bottom-up approaches. In general, a top-down method is based on the disintegration of bulk
material by physical or chemical processes (e.g. grinding, etching, and so on), whereas in the
bottom-up synthesis the particles are constructed out of atoms and molecules; via wet-chemical
techniques, physical or chemical vapour deposition, and so on. For example, in the 1850s
Michael Faraday was the first who prepared colloidal gold solution using wet-chemical
synthesis, which in fact, reserved its stability up to date. During wet-chemical approaches, by
systematically modulating the reagents (reducing agent, surfactant, etc.) and the reaction
conditions (temperature, stirring, etc.), desired size and shape can be achieved with narrow size

distribution.
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1.5.1. Synthesis of copper(l) oxide nano octahedra

The typical preparation procedure of Cu2O NPs based on wet-chemical approaches, which
provides the versatile ability to tailor particle size and shape, as well as high yields. Cu,O NPs
have been synthesised in various shapes, including spherical particles, nanowires, nanocubes,
or octahedra. Among them, octahedral Cu,O has attracted great attention due to their reactive
{111} facets, which show high photocatalytic performance. The colloid solution can be
prepared using a surfactant-free one-pot synthesis, in which copper nitrate (Cu(NO3)2), sodium
hydroxide (NaOH) and hydrazine (N2H4) are involved. The reaction of the particle formation
consists of two steps. First, the pH of a dilute aqueous Cu?" solution is adjusted with NaOH.
The colourless solution turns blue, indicating the Cu(OH). formation. In the second step, the
particles are formed through the reduction of copper species by N2Ha. A few seconds after N2Ha
is introduced, the colour of the solution turns yellow-green and then gradually becomes orange,
indicating the nucleation and the particle growth. The growth of the particles is also indicated
by the solution becoming less transparent over time. The reaction can be described according

to equations 5-7:3334

4 Cu(OH), + N,H, » 2 Cu,0 + N, + 6 H,0

)
Cu(OH), + 2 OH™ = [Cu(OH),]?" 6
4 [Cu(OH),]?~ + N,H, - 2 Cu,0 + N, + 6 H,0 + 8 OH" )

Following the nucleation, the ratio (R) of the growth rate along (100) to that of the (111) zone
axis determines the final shape of the particles. According to Wang, R = 1.73 leads to the
formation of perfect octahedron bounded by only {111} facets (Figure 12. a.), whereas
0.87 < R < 1.73 results in truncated octahedral particles bounded by {111} and {100} facets.*®
To this end, the volume of N2H4 should be precisely adjusted. The increasing amount of N2Ha
increases the nucleation rate, resulting in various shaped particles, such as nanocubes, octapods
or octahedra.®® Besides the nucleation rate, NoHs, as a Lewis base, also influences the pH, which
is also a factor in determining the shape-evolution of the particles. Thus, the NaOH
concentration also has an impact on the particle shape: with increasing NaOH concentration,
the growth habit of the particles transforms from cubic to octahedral (Figure 12. b.).*” The
effect of NaOH may be attributed to the increased oxidation potential of the [Cu(OH),]?~
species with the increasing NaOH concentration, which can be deduced from the following

equations:
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Cu(OH), + 2 OH™ = [Cu(OH),]*

_ [cutom),*]
~ [oH7]?

0.0591  [cu(oH),*"]"

E =E®©
T 9 o

E=E®+ 0.05911gL
[OH"]

2 Cu(OH),*” +2e~ - Cu,0+ 6 0H™ + H,0

(8)

9)

(10)

(11)

(12)

Furthermore, the OH™ ions have different affinity to the crystal planes with different indices.
The atomic arrangement of Cu and O atoms is different in the case of {111}, {110} or {100}
facets (Figure 12. c.). For example, a perfect Cu20 octahedron enclosed by {111} facets has

coordination unsaturated Cu atoms at the surface, in which the Cu atoms have dangling bonds

(Figure 12).% This results in different surface energy for the different facets, leading to

different affinity with the OH™ ions, which can also influence the crystal growth process.

The as-prepared particle solution is centrifuged and the precipitate is dispersed in ethanol,
which provides both the chemical as well as the colloidal stability.*® Moreover, ethanol

molecules have preferential adsorption on the {111} planes of Cu.O, which provides the

stability of the particles.*
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Figure 12. (a) Schematic illustration of the Cu,O octahedral NP growth mode,*
(b) the effect of the increasing NaOH concentration on the shape evolution, and
(c) the surface structure of Cu,O in the case of different crystal planes.®’
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1.5.2. Synthesis of gold nanorods

Nowadays, the most commonly used method in gold nanorod (AuNR) synthesis is the so-called
seed-mediated approach. In this technique, the nucleation and growth of the NPs are separated.
In the first step, the seed solution is prepared, which, in the second step, is injected into the
growth solution, where the seed particles obtain their final anisometric shape and size.
Separating the nucleation and growth phases provides a great control over the final shape and

size of the particles. The main steps of the AuNR synthesis are illustrated in Figure 13:
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Figure 13. Schematic illustration of the seed-mediated gold nanorod synthesis.*?

In an aqueous solution of hydrogen tetrachloroaurate (HAuCls) and cetyltrimethylammonium
bromide (CTAB), the CTAB forms a complex with the Au®* ions. The complex formation is

indicated by the colour change of the solution: the yellow Au®* solution turns into orange:
[AuCl,]~ + 4 CTAB = CTA*[AuBr,]” + 4 Cl~ 4+ 3 CTA* (13)

A strong reducing agent, e.g. sodium borohydride (NaBH.) can reduce Au®* into pristine Au°,
which leads to the formation of small (3 —5 nm), spherical gold nanocrystals. These are the so-
called seed particles. Gold nanorods are obtained by the further growth of the seed particles.

The growth solution contains Au®* ions, CTAB, ascorbic acid (AA), and several additives:
sodium oleate (NaOL), silver nitrate (AgNO3) and hydrochloric acid (HCI). Ascorbic acid is a

weak reducing agent, it reduces the Au®* ions into Au* ions:
CTA+ [AuBI‘4]_ + C6H806 = CTA+ [AuBrz]_ + 2 H+ + +2 Br~ (14)

The further reduction of Au™ takes place only after the addition of the seed, which catalyses the
reduction owing to the high surface energy, leading to the growth of the particle. The particle
surface is covered with CTA" which has a double role: it provides kinetic stability to the
dispersion as well as acts as a template and influences the crystal growth mechanism. In

principle, the seed crystals are not perfectly spherical, they have different sized and shaped
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facets on their surface. To the different facets different surface energy is related, and the larger
the surface energy the stronger the interaction between the crystal plane and the CTA". This
facet dependent interaction may be the driving force of the anisotropic growth. The ratio of the
seed particles and Au®* ions has a significant influence on the particle size: with increasing the
amount of seed particles, the nanorod width decreases, which means an increasing aspect ratio.
Furthermore, the additives have also an enormous impact on the size and shape of the particles.
For example, the nanorod length can be adjusted with the amount of Ag*, the pH influences the
geometry of the tips, and NaOL, which is one of the most promising additives, is promotes the
formation of AuNRs with outstanding shape and size purity.*

1.5.3. Synthesis of copper(l) oxide — gold heterostructured nanoparticles

Noble metal — semiconductor heterostructured NPs are typically fabricated in two different
arrangements. One is to deposit noble metal domains onto the surface of semiconductor NPs,
referred to as decorated particles, and the other is the core — shell heterostructure, when the
noble metal particle is embedded inside of the semiconductor particle (Figure 14). Both of them

are of great interest due to their potential application as photocatalytic materials.

Figure 14. Schematic illustration of heterostructured NPs. (a) Core — shell
structure: a gold nanorod is inside of a Cu,O nano octahedron. (b) Decorated:
gold nanograins are deposited on the outer surface of Cu,O nano octahedron.

Similarly to the preparation process of AuUNR synthesis, heterostructured nanoparticles can be
fabricated via a seed-mediated approach. To a mixture, consists of AuNR seed particles,
Cu(NO3)2, sodium dodecyl sulphate (SDS) and NaOH, a strong reducing agent (N2H.) is
introduced, to induce the reduction of Cu,O. Through heterogeneous nucleation, epitaxial
growth of Cu20 over the AuNRs results in core — shell heterostructured nanoparticles, in which
a single AuNR is located at the centre of every Cu.O octahedron. This process allows
controlling the particle size by adjusting the amount of AuNRs and resulting in narrow size

distribution and uniform shape.*4°
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Gold nanograins can grow on the outer surface of Cu.O nano octahedra through galvanic
reaction, due to the standard potential difference between AuCls / Au and Cu?* / CuzO pairs.
The process can be implemented by injecting HAUCI4 solution into Cu20 particle solution. The

reduction of AuCls~ ions by Cu-O crystals is described by equation 15:4°
3 Cu,0 + 2 AuCl,” + 6 H* > 6 Cu?* + 2 Au+ 3 H,0+8Cl- (15)

In principle, gold can be deposited selectively on the different parts of Cu.O octahedra,
exploiting the inhomogeneous distribution of surface energy (y), following the order of
Yracets < Yedges < tips- Beyond a certain AuCls concentration threshold, however, Au nanograins
are grown on the surface homogeneously. Increasing further the amount of gold precursor leads

to the etching of the Cu0 particles, because of the galvanic reaction.*’~*°

1.6. Cryogelation

In general, cryoaerogels are highly porous network structures, in which the gel network is
constructed from NP building blocks through interparticle connections, and the pores are filled
with air. The formation of the gel structure based on the rapid freezing of the NP solution and
its subsequent freeze-drying. Figure 15. schematically illustrates this process. A droplet of an
aqueous NP solution is injected into liquid nitrogen, where the rapid freezing leads to the
formation of small ice crystallites. The NP building blocks are excluded from the crystallites
and assemble in the gaps between the ice crystallites. During freezing, the propagation of the
crystallites’ boundary presses the NPs together to form the sheet-like substructures of the self-
supported network. Subsequently, the ice template is removed by freeze-drying, which process
involves low pressure (below the triple point of water) in order to sublimate the water ice. This
way the ice can be extracted avoiding the presence of the liquid phase, which, due to capillary
forces, would lead to the collapse of the porous gel structure. Thus, a porous structure can be
formed, where the ice crystals are replaced by air leading to an aerogel network of the
nanoscopic building blocks. This novel assembly technique allows the fabrication of monolithic
(self-supported) gel structures or cryogel coatings (via using a solid substrate as a support). One
of the main advantages of this approach lies in its versatility: nanoparticles with diverse
composition, surface chemistry and morphology can be gelated by means of this physical

gelation method and the chemical modulation of the surface ligands is not needed.
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Figure 15. Schematic view of the freeze drying process.%°
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2. Detailed objectives

During my thesis work, my research focused on multicomponent nanoparticle systems built up
from a semiconductor and a metal component. These nanoparticles are of great interest in the
modern photocatalysis, where the photoexcited charge carriers emerging in the semiconductor
can be spatially separated using a noble metal with an appropriate Fermi level. In this study, |
aimed to fabricate octahedral Cu,O NPs as well as its two different, multicomponent
heterostructured counterparts containing gold as a noble metal. One of them is a core-shell type
heterostructure, in which an octahedral Cu2O shell is grown onto a gold nanorod core located
in the centre of the particle. As its inverse counterpart, the outer surface of Cu.O nano
octahedron is decorated with gold nanograins. One of the main objectives is to synthesise these
three different NP systems with the same particle morphology, furthermore, to obtain the same
atomic ratio of gold and copper for the multicomponent NPs allowing them to be compared in
terms of optical and structural properties. My further goal is to gain a deeper insight into the
influence of the presence as well as the relative position of gold nanoparticles on the optical
properties of the octahedral Cu>O with special regard of extinction, absorption,
photoluminescence, and the lifetime of the radiative charge carrier recombination. To take one
step further towards the practical application of such multicomponent nanoparticle-based
systems, | intend to fabricate macroscopic, monolithic, highly porous cryoaerogel structures
from the NP building blocks.
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3. Experimental section

3.1. Materials and instrumentation

3.1.1.

3.1.2.

Chemicals

L-Ascorbic acid (BioXtra, >99,0%, Sigma-Aldrich)

Cetyltrimethylammonium bromide (BioXtra, >99%, Sigma-Aldrich)

Hydrochloric acid (>37%, Sigma-Aldrich)

Hydrogen tetrachloroaurate(III) trihydrate (trace metals basis, >99,9%, Sigma-Aldrich)
Silver nitrate (trace metals basis, 99,9999%, Sigma-Aldrich)

Sodium borohydride (ReagentPlus®, >99,0%, Sigma-Aldrich)

Sodium oleate (>99%, Sigma-Aldrich)

Ultrapure water (Millipore, resistivity of 18.2 MQ-cm @ 25 °C)

Hydrazine monohydrate (99+%, Thermo Scientific, 64% N2Hs content)
Sodium hydroxide (Reagent grade, Sigma-Aldrich)

Sodium citrate tribasic dihydrate (ACS reagent, >99,0%, Sigma-Aldrich)
Sodium dodecyl sulfate (ACS reagent, >99,0%, Sigma-Aldrich)
Copper(ll) chloride (powder, 99%, Sigma-Aldrich)

Copper(ll) nitrate trihydrate (puriss. p.a., Sigma-Aldrich)

Equipment

Analytical balance (Ohaus corp., PA114C)

Automatic pipettes (Eppendorf Research Plus)

Centrifuge (Eppendorf 5804 Benchtop and MiniSpin plus, Eppendorf)
Magnetic stirrer hotplate (IKA RCT Basic)

Ultrasonic cleaner (Elma S10, EImasonic)

Water purification system (Millipore Elix 3, Millipore Simplicity 185)
Energy dispersive X-ray spectrometer (Oxford Ultimax 40)
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= Fibre coupled diode-array visible spectrometer (Thorlabs CCS200)

= Scanning electron microscope (Zeiss LEO1540 XB, field emission cathode)

= Spectrofluorometer (FS5, Edinburgh Instruments equipped with an integrating sphere
and ultrafast TCSPC electronics)

= Transmission electron microscope (FEI THEMIS 200 Aberration Corrected
TEM/STEM)

=  UV-VIS-NIR spectrometer (Shimadzu UV-3600i Plus UV-Vis-NIR)

=  XRD (Bruker AXS D8 Discover)

» TXRF (Lab-built custom device with silicon drift detector and Zr collimator)>!

3.2. Synthesis procedures

During syntheses, | paid great attention to avoid any contamination. To this end, | used
disposable tools (pipette tips, centrifuge tubes, plastic spatulas), or cleaned them (glasswares,
stir bars) using freshly prepared aqua regia, rinsed with ultrapure water, and then dried them in
a drying oven. The solutions | used were always freshly prepared, except for the gold(l1)
solution. The latter was freshly diluted from a pre-prepared, refrigerated 0.1 M stock solution.
Analytical balance and automatic pipettes ensured the accurate measure and dispensing of the

chemicals.

3.2.1. Synthesis of octahedral Cu20 nanoparticles

The reproducible, high yield production of Cu2O NPs with the desired shape, size, and narrow
size distribution has been a major challenge. Although one can find several synthesis procedures
in the literature, none of them was found to be reproducible. Thus, | performed a series of
experiments, varying the conditions of the synthesis, the precursors and fine-tuning their
amount, to synthesise highly monodisperse octahedral Cu>O NPs with around 136 nm base edge
length in a reproducible way.

The octahedral Cu20 NPs were prepared as follows: copper nitrate (Cu(NOs3).) solution was
added to water using a 250 mL glass bottle at room temperature with constant stirring. Sodium
hydroxide (NaOH) was introduced under vigorous stirring. The colourless solution immediately
turned blue, indicating the precipitation of Cu(OH).. Hydrazine (N2H4) was then injected into

the solution, and vigorously stirred for a minute. The solution turned yellow-green after a few
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seconds, and then gradually became orange, indicating the nucleation and growth of the Cu.0O
NPs. The mixture was stirred slowly for 9 minutes, after which the particles were isolated via
centrifugation at 5000 rcf for 10 minutes. The supernatant was removed, and the precipitate was
dispersed in 10 mL ethanol and 10 mL water and centrifuged twice more to remove the
unreacted reagents. Finally, the product was dispersed in 10 mL absolute ethanol (referred to
as ethanolic stock solution in the following). This solution is stable and can be stored for

months.

Table 1. The name and amount of chemicals | used for the octahedral Cu,O NP synthesis.

Chemical Amount
H.O 91.8 mL
Cu(NO3)2 1mL (0.1 M)
NaOH 0.2mL (1 M)
N2H, 3mL (0.2 M)

Figure 16. Synthesis of octahedral Cu,O NPs. (a) Before the addition of N2H..
(b) — (c) After the addition of NoHa. (h) The final product.

3.2.2. Synthesis of gold nanorods

I aimed to synthesise gold nanorods with dimensions around (30 x 90) nm, with narrow size
distribution using a slightly modified version of a procedure reported by Ye et al.** The
procedure consists of two steps. First, | simultaneously prepared the so-called growth and seed
solutions. In the second step, I injected a certain amount of seed into the growth solution. Table

2. contains the chemicals and their amounts | used in this synthesis.
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To prepare the growth solution (Figure 17. a), the cetyltrimethylammonium bromide (CTAB)
and the sodium oleate (NaOL) were dissolved in 25 mL water using a glass bottle at the
temperature of 50 °C with constant stirring. After the complete dissolution, the solution was
allowed to cool down to 30 °C and silver nitrate (AgNO3) was added to the mixture. The
solution was left undisturbed for 15 minutes, after which the hydrogen tetrachloroaurate
(HAuUCI4) solution was added and stirred slowly for 90 minutes. During this time the yellow
solution became colourless, indicating the slow reduction of Au®** to Au*. The pH was adjusted
to around 1.4 with the addition of concentrated hydrochloric acid (HCI). After 15 minutes,
ascorbic acid (AA) was introduced with vigorous stirring, which was followed by the injection
of the seed solution after 30 seconds. The mixture was left undisturbed overnight in a 28 °C
bath, then centrifuged at 8000 rcf for 20 minutes. The supernatant was removed, and the

precipitate was redispersed in 25 mL 50 mM CTAB solution.

Table 2. The name and amount of chemicals | used for the AuNR synthesis.

Chemical Amount
CTAB 09g¢
NaOL 0.1543g
Growth AgNOs3 1.8 mL (4 mM)
solution HAUCI, 25 mL (1 mM)
HCI 0.21 mL (>37%)
AA 0.125 mL (0.064 M)
CTAB 5mL (0.5 mM)
Seed HAuCl4 5mL (0.2 M)
NaBH4 1 mL (6 mM)

a) Growth solutoion b) Seed c) AuNR solution

Figure 17. The images | made during the gold nanorod synthesis.
() The growth solution, (b) the seed, and (c) the AuNR solution.
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3.2.3. Synthesis of AUNR@ Cu20 multicomponent nanoparticles

I synthesised gold nanorod/octahedral Cu,O core/shell heterostructured NPs (referred as
AUNR@Cuz0 in the following) with the same dimensions as the previously synthesised pristine
Cuz0 nano octahedra, using a slightly modified version of a procedure reported by Kong et al.*
To fabricate AUNR@Cu20O, | used the previously synthesised gold nanorods, which, as seed
particles, acted as the nucleation centres for the Cu,O shell.

First, in order to set the proper particle concentration for the further steps of the synthesis, |
concentrated the as-prepared AuNR solution. To this end, | centrifuged 31.053 mL AuNR
solution at 3000 rcf for 20 minutes, removed the supernatant and redispersed the precipitant in
18 mL water. This ends up with a ¢A'® = 0.6257 mM AuNR solution. To reduce the CTAB
concentration an additional washing step was performed. Table 3. contains the chemicals I used
in the synthesis.

The octahedral Cu,O was grown around the AuNR seed particles at room temperature as
follows: Cu(NOs)2-3 H20 and sodium dodecyl sulphate (SDS) were dissolved in 25 mL water
using a 100 mL glass bottle at room temperature with constant stirring. AUNR solution was
introduced to the solution, and then NaOH was added under vigorous stirring. After 15 minutes,
N2Hs was added dropwise (1 droplet/s) over 3 minutes, and the mixture was kept gently stirred.
After 40 minutes, the product was centrifuged at 5000 rcf for 10 minutes. The supernatant was
removed, and the precipitate was redispersed in 10 mL ethanol and 10 mL water, and
centrifuged twice more. Finally, the product was redispersed in 5 mL absolute ethanol to
achieve an ethanolic stock solution.

Table 3. The name and amount of chemicals I used for the synthesis of AUNR@Cu.O.

Chemical Amount
Cu(NO3)2:3 H:O  0.0755¢
sDS 0.9013 g
AuNR solution 17.5 mL cA©=0.6257mM
NaOH 6.25mL (2 M)
N2Ha 6.375mL (0.4 M)
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Figure 18. Synthesis of AUNR@Cu.O. (a) Before and (b) after the addition
of N2H.. (c) The final product after concentration and purification.

3.2.4. Synthesis of Cu2O@Au multicomponent nanoparticles

| synthesised gold nanograin-decorated octahedral Cu.O nano nanoparticles (referred as
Cu0@Au in the following) using the previously synthesised pristine Cu2O nano octahedra,
serving as the nucleation centres for the Au nanograins. The Au nanograins were grown onto
the octahedral Cu,O NPs at room temperature as follows: 2.5 mL as-synthesised ethanolic Cu.O
NP solution was centrifuged at 5600 rcf for 10 minutes. The supernatant was removed, and the
precipitate was redispersed in 25 mL water using a 100 mL glass bottle. Under vigorous stirring
25 mL of 0.0116 mM HAuCI4 solution was then quickly poured from a flask into the solution.
After 1 minute, the stirring bar was removed, and the mixture was left undisturbed. After 19
minutes the product was centrifuged at 5000 rcf for 10 minutes. The supernatant was removed
and the precipitate was redispersed in 5 mL absolute ethanol to obtain the ethanolic stock

solution.

Figure 19. Synthesis of Cu20@Au. The as synthesised
heterostructured NPs (a) before and (b) after the purification.

30



3.3. Characterisation techniques

3.3.1. Ultraviolet and visible (UV-VIS) spectrophotometry

UV-VIS spectroscopy is a convenient technique used to study the optical properties of NPs.
The extinction spectra of gold NPs were measured with a conventional fibre coupled diode-
array spectrometer (

Figure 20. a.), operating in the visible range. The measurements of Cu,O and heterostructured

NPs were carried out using a double beam UV-VIS spectrophotometer (

Figure 20. b.), which enables extending the range of the measurement into the ultraviolet range.
The measurement is based on the decrease in intensity of the irradiated light as a function of
wavelength. To this end, the I intensity of light passing through the sample is compared to the
lo intensity of light passing through the reference (i.e. dispersion medium). The ratio I /1, gives
the transmittance (T), from which the absorbance (A) of the sample is expressed as:

1
A=-logs (E) = —logy,(T) (16)

| measured the extinction spectra of gold NPs using disposable plastic cuvettes with an optical
length of 10 mm, to avoid cross-contamination. For the measurement of Cu.O and
heterostructured NPs, | used quartz cuvettes with the same geometry, which allows the
measurement into the UV region. The shape, wavelength maxima and shifts in peak positions
of the spectra provide qualitative information about the particles; including the size, size
distribution, geometry, morphology, and stability. Through measuring the spectra of the
samples, | was able to monitor the synthesis processes as well as the stability of the synthesised

particles.

a) b)
Light source

Spectrometer

= Cuvette holder

Figure 20. (a) Fibre coupled diode-array spectrometer and (b) UV-VIS spectrophotometer.
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3.3.2. Photoluminescence spectroscopy (PL)

Photoluminescence spectroscopy is an important technique to characterise the optical response
of semiconductor NPs upon illumination. The intensity and wavelength of the photons emitted
from the sample under excitation provide information about the electron transition energies.
The PL intensity is proportional to the recombination rate of the photogenerated e — h* pairs.
The wavelength corresponds to the optical processes involved in the recombination. In steady
state PL measurements, a Xe lamp serves as the excitation source, and there are two basic
operation modes: the excitation and emission scans. The excitation spectrum is recorded, when
the fluorescence intensity is measured at a certain (fixed) emission wavelength, as a function
of the excitation wavelength. On the other hand, the fluorescence intensity can be recorded as
a function of the emission wavelength, along with a monochromatic excitation at a fixed
excitation wavelength, resulting in the emission spectrum. In time resolved photoluminescence
(TRPL or TCSPC refers to time-correlated single photon counting) the PL decay is measured,
that is the lifetime of the radiative recombination of the charge carriers. To this end, a pulsed
diode laser is used for the excitation, which irradiates the sample with sub-nanosecond pulses
with a certain repetition rate that allows to measure the tail of the decay. Investigating the PL
decay provides information about the radiative exciton recombination and different defects in
the crystal lattice, which are able to trap the charge carriers, inhibiting the band-edge

recombination and serving as relaxation pathways.
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Figure 21. (a) Schematic drawing of a spectrofluorometer and its main parts. (b) Representation of
band-edge and trap emissions.
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3.3.3. Scanning electron microscopy (SEM)

Scanning electron microscopy is an important technique in the characterisation of particle size
and morphology, producing images of the surface of the sample. The principles of SEM
operation are based on the interaction between high-energy electrons and atoms in the sample.
During the measurement, a focussed electron beam scans the sample surface from point to point,
causing a series of phenomena at different penetration depths. This results in the production of
different particles including backscattered and secondary electrons, as well as characteristic X-
ray photons (Figure 22. b.) The secondary electrons are the main source of the imaging: their
intensity is measured and converted into electrical signals, which modulate the brightness of
the pixels on the screen. During the scanning, as the intensity of the secondary electron emission
is changing from point to point, the brightness of the screen changes from pixel to pixel,
drawing an intensity map (i.e. the microscopic image) of the sample surface. Figure 22 displays
a schematic view of the SEM. The magnification of the microscope is primarily determined by
the size of the area in which the electron beam is focussed: the smaller the are the higher the

achievable magnification.
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Figure 22.52 (a) The electron source is a field emission cathode, from which electrons are emitted,
accelerated by a positive voltage bias, focussed by the condenser lenses, which are then driven to scan
the sample by the scanning coil. The particles originate from the electron beam — sample interaction are
collected by dedicated detectors, which signal is converted into the image. (b) Different products from
the electron — sample interaction, as a function of depth. Secondary electrons originate from the top
50 nm, backscattered electrons originate from the top 1-2 um and X-ray photons originate from the top
1 - 2 um layer of the sample.
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3.3.4. Transmission electron microscopy (TEM)

Transmission electron microscopy is an important technique both in imaging as well as in
analysing the crystal structure of the sample. Similarly to SEM, the operation of TEM is based
on the interaction between the electron beam and the sample. In the case of TEM, the electron
beam crosses the specimen resulting in forward scattered, elastically scattered and inelastically
scattered electrons, which are detected to form the microscopic image or the diffraction pattern
(Figure 23. b.). In imaging mode, the operation of TEM is analogous to that of the conventional
optical microscopes, except electromagnetic coils are used to focus the electron beam by
controlling the current. An objective aperture in the back focal plane allows only the direct or
only diffracted beams to pass through, resulting in the bright field or dark field images,
respectively. In the case of diffraction mode, the diffraction pattern consists of dots in the case
of single crystals, or concentric rings in the case of polycrystalline and amorphous materials.
Figure 23. a. displays a schematic view of TEM.
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Figure 23.%2 (a) Schematic illustration of a TEM and (b) the electron beam — sample interaction.

3.3.5. Energy-dispersive X-ray spectroscopy (EDS)

Electron microscopic instruments, such as SEM and TEM are usually coupled with an energy
dispersive X-ray spectrometer. Resulting from the electron beam — sample interaction
characteristic X-ray photons are produced, which enables to analyse the elemental composition

of the surface of the sample. The high energy electron beam can ionise the atoms of the sample
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resulting in the emission of an inner shell electron. When the produced hole is filled by a higher

energy level electron, the excess energy is emitted in the form of a characteristic X-ray photon.

Displaced

Electron Beam
Electron
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o/ “

Y
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Figure 24. Due to external stimuli, an inner shell (K) electron is ejected leaving behind a
hole. Subsequently, an electron from a higher energy level (L or M) fills the hole, releasing
the excess energy (K, or Kg, respectively) in the form of an X-ray photon emission.

3.3.6. Total reflection X-ray fluorescence (TXRF)

The total reflection X-ray fluorescence analysis provides both qualitative and quantitative
information about the sample. The basis of the measurement is the detection of characteristic
photons emitted by atoms of the sample under X-ray irradiation. Incident X-ray can ionise the
atoms of the sample resulting in the emission of an inner shell electron. An outer shell electron
can fill the hole, releasing the excess energy by the emission of an X-ray, which is characteristic
for the element. In TXRF, the sample is irradiated with a totally reflected beam, reducing the
absorption and scattering by the sample (i.e. the matrix effect), which results in enhanced
fluorescence yield, a better signal-to-noise ratio and higher sensitivity. The intensity of a certain
characteristic X-ray provides quantitative information of that particular element in the sample.
With the addition of an internal standard, which is a single element standard with known
concentration that is not present in the sample, gives the concentration of all the other elements

that is present in the sample.
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Figure 25. A schematic view of the total reflection X-ray fluorescence analysis.5®

3.3.7. X-ray diffraction spectroscopy (XRD)

X-ray diffraction is a technique that can be used for phase identification of crystalline materials,
it provides information about the atomic arrangement and crystal structure of the sample. XRD
is based on the interference of monochromatic X-rays and atoms configured in regular arrays

in the lattice. Constructive interference arises when the conditions satisfy Bragg’s law:
n-A=2-d-sinf a7

where n integer is the diffraction order, 4 is the wavelength of the incident X-rays, d is the
distance of the crystal planes and @ Bragg angle is the angle between the incident X-rays and
the scattering planes as illustrated in Figure 26. Every crystalline material has a unique
diffraction pattern, like a “fingerprint”, that is characteristic to the particular crystal phase. A

certain structure can be identified by comparing the measured pattern with a standard reference.

Figure 26. (a) Scheme of the Bragg diffraction. Constructive interference arises upon the incident
X-rays fulfil Bragg’s law. (b) An X-ray diffractometer.
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4, Results and discussion

4.1. Morphological and size control of nanoparticle building blocks

4.1.1. Synthesis of pristine Cu20 nano octahedrons

In order to obtain pristine Cu2O nanoparticles with octahedral shape and within the desired size
range, | attempted to reproduce several procedures from the literature. Ke et al. reported a series
of synthesis using NaOH, N2H4 and Cu(NOs), to produce octahedral Cu20O NPs with tunable
edge lengths between ca. 50 — 150 nm by adjusting the amount of NaOH.3*

My reproduction of the synthesis resulted in octahedral NPs with the desired shape, but the size
distribution was enormously large for all samples. | have attempted to purify the samples via
separating the larger particles with centrifugation, but | have not succeeded. The as-prepared
particle solutions, as well as the extinction spectra and the related SEM images of one of the

samples are shown below:
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Figure 27. (i) The as-synthesised Cu,O NPs, (ii) the extinction spectra of the supernatant (red) and
precipitate (black) of sample C, and SEM images of the (iii) supernatant and the (iv) precipitate of
sample C. The extinction spectra and representative SEM images of samples A, B and D are in the
appendices (Figure 1. Ap.).
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Saada et al. reported a procedure synthesising octahedral Cu,O NPs using copper (I1) chloride
(CuCly), hydroxylamine hydrochloride (NH2OH-HCI), SDS and NaOH.>

To reproduce the synthesis, | performed 6 parallel experiments simultaneously, under the same
conditions, using the same precursors in the same quantities. In principle, the 6 samples should
have been identical. In contrary, the colours of the as synthesised samples were different, as
well as their extinction spectra. Only one of them (sample Il) showed the characteristic
spectrum of the octahedral Cu,O NPs, even though its extinction peak was quite broad,
indicating the polydispersity of the sample. The SEM measurements confirmed that the 6
samples were significantly different, and besides the octahedral NPs, they contained octapods,
nanospheres, and amorphous particles. In addition, their surface was not smooth. The
polydispersity of sample Il is also confirmed by the SEM images. The as-prepared particle

solutions, the extinction spectra and the SEM images are shown below:
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Figure 28. (a) The as synthesised particles, (b) the extinction spectra of the 6 samples and (i) — (iv) the
related representative SEM images.
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Pastridn et al.>® reported another procedure similar to that of Saada et al., using the same
precursors: CuCl,, NHOH-HCI, SDS and NaOH. The reproduction of this synthesis route led
to identical colour of the as-prepared solutions, and their extinction spectra were similar as well.
However, the spectra did not show the characteristics of octahedral Cu2O NPs. The wide
spectral peaks indicated large polydispersity (as well as large average size) of the samples. The
SEM images confirmed that the shape of the particles was barely octahedral, the samples
contained many octapods and merged particles, and the samples were highly polydisperse. The

as-prepared particle solutions, the extinction spectra and the SEM images are shown below:

0,8

—A1

—A3
0,6

0,4

Absorption (arb. u.)

0,2

0,0 T T T T T
200 400 600 800 1000 1200 1400

Wavelength (nm)

b Amex 1000@  gHTa S,
& H e 2600

m—— [ FE &ﬂnm EHT = 5.0 Ny

sample and (Al - A3)

- 261 e

Figure 29. (a) The as synthesised particles, (b) the extinction spectra of the
representative SEM images related to the three samples.

Huang et al. used Cu(NOs)z, N2Hs, and NaOH to fabricate octahedral Cu,O NPs.*® To
reproduce their results, | carried out three parallel syntheses according to the paper. The colour
of the as-synthesised products was identical, as well as the extinction spectra and the
corresponding SEM images were very similar. It turned out to be a robust, reproducible
synthesis that resulted in Cu.O NPs with a narrow size distribution close to the desired size
range. The major problem was with the shape of the particles, which was not uniform, their
surface was rough, and the edges were roundish. The as-prepared particle solutions, the

extinction spectra and the SEM images are shown in Figure 30.
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Figure 30. (i) The synthesised particles, (ii) the related extinction spectra and (Al — A3) representative
SEM images of the three samples.

In order to improve the particle morphology, | made a series of synthesis tuning the
concentration of N2H4 while keeping all other parameters constant. The original recipe used
9.18 mL H20, 100 pL 0.1M Cu(NOs)2, 20 uL 1M NaOH and 700 puL N2Ha. As a reference, |
performed a synthesis according to the original recipe.

To cover a wide N2H4 concentration range, | made 7 more samples using the same quantity of
Cu(NOs)2 and NaOH as those in the original recipe, but with the following amounts of N2H4
and H»0: 200, 300, 400, 600, 630, 660 and 1000 uL of NoH4 and 9.68, 9.58, 9.48, 9.28, 9.25,
9.20 and 8.88 mL H-O, respectively. The colour of all samples made by the modified recipe
was the same as that of the reference. The extinction spectra were similar for each sample as
well, except for the sample made using 300 uLL N2Ha4, which showed a much narrower peak,
indicating narrow size distribution and uniform particle shape. The extinction spectra and the
related SEM images are shown in Figure 31.
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Figure 31. (i) Extinction spectra of the 8 samples made to investigate the effect of N,H4 quantity on the
particle morphology, (ii) extinction spectra of the sample made by the addition of 300 uL N.H4 and
(200 — 1000) representative SEM images of the different sample.

Increasing concentration of N2H4 resulted in the etching of the particles. In contrast, decreasing
the amount of N2H4 resulted in significant improvement in the particle morphology. The particle
surface was still rough in the case of the samples made by the addition of 600, 630 and 660 pL
N2H4, however, the samples with addition of 300 and 400 puL N2Hs resulted in smooth surfaces.
In the case of the sample made by the addition of 200 uL N2Ha, the edges became roundish.
To fine-tune the shape of the particles, I made another series of synthesis finely adjusting the
quantity of N2Hs around 300 pL (which | found to give the best result in the previous
experiment). In this case, as a reference, | made a sample with the addition of 300 puL N2Ha,
and | made 6 more samples as the follows: 225, 250, 275, 325, 350, 375 puL N2H4 and 9.505,
9.530, 9.555, 9,605, 9.630, 9.655 mL H>O was added (the concentration of Cu(NO3z). and
NaOH was constant). Again, the best result was achieved in the case of the sample made by the
addition of 300 puL N2H4. The measured extinction spectra and the related SEM images are
shown in Figure 32.
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Figure 32. Fine-tuning the concentration of NzHa.

To check the reproducibility of the synthesis, and the stability of the particles three parallel
syntheses using 300 puL N2Hs were carried out. The negligible difference in the extinction
spectra between the three as-synthesised samples and the previously synthesised one indicates

that the synthesis is robust and reproducible.
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Figure 33. Extinction spectra of a previously synthesised octahedral Cu.O NP sample after (black) and
three days after the synthesis (red), and the spectra of the three as-synthesised samples made parallel
(blue, green and purple).

For future experiments (gel formation), a larger amount of the sample is required. To this end,
| attempted to scale up the synthesis using 91.8 mL H>O, 1 mL 0.1 M Cu(NOs)2, 200 uL 1 M
NaOH and 3 mL 0.2 M N2Hjs (as it is described in chapter 3.2.1). | made two of the synthesis
in parallel to check the reproducibility. The extinction spectra of the as-synthesised scaled-up
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products were similar and did not show major difference compared to the spectra of the
previously synthesised sample. To test the stability of the particles the spectra of the sample
have been recorded over two months (Figure 34. ). The negligible difference in the spectra
indicates the stability of the particles. Based on the SEM images | determined the average base
edge length of the particles, which turned out to be around 136 nm.
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Figure 34. The scaled-up product (a) during the synthesis (aqueous solution) and (b) after the
purification (ethanolic stock solution) of pristine Cu,O nano octahedra. (c, d) Representative SEM
images of the parallel-synthesised scaled-up products as well as (e) the extinction spectra belonging to
the as synthesised scaled-up sample (black and red) and the reference (blue). (f) Extinction spectra
recorded from the same sample represent the stability of the sample. (g) Size distribution of the scaled-
up product (219 particles were measured).

Besides the SEM measurements, the elemental composition of the sample was measured with
energy dispersive X-ray spectroscopy (EDS). The results of the EDS measurement verified the
formation of the Cu20 phase (1:2 Cu:O ratio); the slight O excess can be attributed to the oxide
layer of the supporting Si and the absorbed ethanol molecules on the NPs. Table 4 contains the
results of the measurements, and Figure 35 shows one of the measurements.

Table 4. The results of the EDS measurements made on the scaled-up sample of the pristine Cu,0O
octahedral NPs (in atomic %).

Map position Cu @) Si Total
1 49.69 26.64 23.67 100.00
2 35.05 20.03 44.93 100.00
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Figure 35. Analysis of the elemental composition of pristine Cu,O octahedral NPs using EDS. (a) SEM
image of the measured area, the EDS map of (b) copper, (c) oxygen and (d) silicon (which was the
substrate of the sample)
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4.1.2. Synthesis of gold nanorods

| synthesised gold nanorods as it is described in 3.2.2. Based on the SEM analysis, the
dimensions of the synthesised AuNRs are as follows: the width is (27.6 + 2.1) nm and the length
is (81.3 +5.8) nm. This results in an average aspect ratio of 2.95. The peak position of its
longitudinal plasmon mode is at 722 nm. The concentration of Au® can be determined from the
intensity of the extinction spectrum at 400 nm. It resulted in ¢A'©® = 0.3526 mM. The narrow

extinction band of the sample indicates narrow size distribution and uniform shaped particles,

which are confirmed by the SEM analysis.
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Figure 36. Synthesis of gold nanorods. (a) SEM image of the product, (b) the distribution of the width
(red) and length (blue) of the particles and (c) the extinction spectrum of the sample.

44



4.1.3. Synthesis of AUNR@ Cu20 multicomponent nanoparticles

To fabricate AUNR@Cu,0O with dimensions approximately equal to those of the pristine Cu20
nano octahedra, first, | made a series of synthesis using different amounts of AuNR seed
particles to investigate the size controllability of the process. | added 0.5, 1, 2 and 3.5 mL

cAU© = 0.6257 mM AuNR solution to the growth solution to prepare sample a — d, respectively.
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Figure 37. Synthesis of AUNR@Cu2O. (i) During the synthesis and (ii) after the purification. (iii) The
normalized extinction spectra the AuNRs (purple) and sample a — d: black, red, green and blue curves,
respectively.

In principle, with increasing AuNR concentration the size of AUNR@Cu,O decreases. It was

confirmed by the SEM analysis of the samples (Figure 38):

100nm | =300 nm 100nm | =230 nm 100nm _| =180 nm 100nm | =440 nm
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Figure 38. Size analysis of AUNR@Cu.O core-shell heterostructured NPs.
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| attempted to scale-up the synthesis using the procedure described in chapter 3.2.3, resulted in
the ethanolic stock solution of AUNR@Cu20. The extinction spectra of the product were similar
and did not show major difference compared to the spectra of the previously synthesised sample
(Figure 39. a: green and blue lines). Based on the SEM images, | determined the average base
edge length of the particles, which turned out to be around 137 nm. The atomic ratio of Cu:Au

in the scaled-up AUNR@Cu.0 sample was determined with EDS and was found to be 38.62 +
0.74.
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Figure 39. (a) Extinction spectra of the scaled-up (blue) and a previously synthesized (sample d, green)
AUNR@Cu,0. (b) Size distribution of the scaled-up product. (c) Representative SEM images made of
the scaled-up product. The average particle size is around 137 nm (53 particles were measured).

Table 5. The results of EDS analysis made on the scaled-up sample of AUNR@Cu.0O in atomic %.
(Figure 2. Ap.).

Position C 0] Si Cu Au Total Cu/Au
1 6.64 27.22 0.64 63.88 1.62 100 39.43
2 6.43 26.2 5.79 60.01 1.58 100 37.98
3 6.96 27.05 3.29 61.11 1.59 100 38.43
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4.1.4. Synthesis of Cu20@Au multicomponent nanoparticles

To decorate the pristine Cu20 nano octahedra with gold nanograins, first, | made a series of
synthesis to investigate how the most homogeneous and uniform decoration can be achieved.
First, | varied the quantity of gold precursor in a wide range, while keeping all other parameters
constant. The procedure was as follows: 0.25 mL concentrated ethanolic solution of the
previously synthesised CuO NPs was centrifuged, and the precipitate was redispersed in
2.5 mL H20. During intense shaking, I quickly injected 2.5 mL of 0.2 mM Au®" solution into
the Cu.O particle solution. After 20 minutes of shaking, | centrifuged the sample at 4500 rpm
for 5 minutes and redispersed the precipitate in 2.5 mL absolute ethanol. | repeated the same
process with the injection of 0.08 mM, 0.04 mM, 0.02 mM and 0.01 mM of Au®" solutions.

The increasing Au content causes a continuous blue shift and broadening in the extinction
spectra (Figure 40 ii). In the case of sample A, which has the largest Au content, the spectral
change is remarkable. Based on the SEM images, the significant spectral change of sample A
(especially the experienced blue shift) can most likely be attributed to the etching of Cu2O NPs
by the increased Au content.*® Reducing the Au®" concentration facilitates the preservation of
the original particle morphology, and a uniform decoration can be achieved for sample C.
Lowering further the concentration of Au®* leads to an increasing amount of partially decorated,
or undecorated Cu20 NPs. The elemental composition of sample C and sample D was analysed

via EDS, which results are summarized in Table 6.
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Figure 40. (i) Solutions of Cu,O0@Au. The Au contend decreases from sample A to sample E. (ii)
Extinction spectra of the synthesised Au decorated and pristine (black line) Cu.O NPs. (iii) SEM images
of the decorated NPs.
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Table 6. The results of EDS measurements made on Cu,O@Au (in atomic%).

Sample Au Cu ) Si Total Cu/Au
C 0.80 8.87 5.90 84.44 100.00 11.09
D 0.18 4.25 3.15 92.42 100.00 23.61

To fabricate Cu,O@Au, with approximately an equal atomic ratio of Cu:Au to that of in
AUNR@Cu0 (around 39:1), | made another series of synthesis, to fine-tune the Au®*
concentration. To this end, | repeated the procedure, with the following concentrations of the
injected Au®* solutions: 0.020 mM, 0.018 mM, 0.016 mM, 0.014 mM, 0.0124 mM, 0.011 mM
and 0.010 mM (sample A to G, respectively). Although, the extinction spectra do not show
significant differences in this concentration range, the decoration was homogeneous only in the

case of sample D and E according to the SEM images.
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Figure 41. Fine-tuning the Au content in Cu,O@Au. The corresponding (i) extinction spectra and
(if) SEM images.

| adjusted the concentration of the Au®* solution to 0.0116 mM, and scaled-up the synthesis, as
it is detailed in chapter 3.2.4, resulted in the ethanolic stock solution of Cu,O@Au. The
decoration resulted in the red shift and broadening of the extinction peak supporting the
preservation of the initial octahedral shape and the deposition of the Au nanograins. Based on
the SEM images, the decoration turned out to be homogeneous. The atomic ratio of Cu:Au in
the scaled-up Cu,O@AuU was determined with EDS: 39.94 + 0.51. Based on the EDS
measurements, | successfully achieved approximately the same atomic ratio of Cu:Au in the

two different types of multicomponent nanoparticle systems, which became, thus, comparable.
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and (b) representative SEM images of the sample.

Table 7. The results of EDS measurements made on the scaled-up Cu,O@Au sample in atomic %

Patosummene. JOONM EHT = 5.00
i e | W= 25mm

(Figure 3. Ap.).

Position C O Si Cu Au Total Cu/Au
1 6.81 26.00 14.06 51.81 1.31 100 39.55
2 8.22 28.73 4.52 57.12 141 100 40.51
3 8.41 27.57 7.77 54.87 1.38 100 39.76
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4.2. Structural characterisation of the nanoparticle building blocks

The copper concentration in the samples was accurately quantified using total reflection X-ray
fluorescence. To this end, 50 pL of the ethanolic stock solution, 50 pL concentrated HNO3 and
50 pL yttrium standard was added to 4850 uL H>O. Table 8 summarizes the copper
concentration in the different samples:

Table 8. TXRF results for the copper concentrations.

Ethanolic stock solutions
Sample ppm g/L
Pristine Cu2O nano octahedra 453.0 0.453
AUNR@Cu,0O 1707.5 1.707
Cu.0@Au 170.8 0.171

The phase and purity of particles was analysed with X-ray diffraction spectroscopy. To prepare
the sample for the XRD measurement, | centrifuged 700 pL of the ethanolic stock solutions,
removed 690 pL of the supernatant and then redispersed the precipitate via ultrasonication in
the remaining 10 uL ethanol. I dropped 5 pL of the concentrated solution on top of a Si wafer,
and then let the ethanol evaporate. The results of the XRD measurements are shown in Figure
43. The peaks with 2@ values 0f 29.632°, 36.503°, 42.402°, 52.581°, 61.520°, 65.703°, 69.753°,
73.699° and 77.567° corresponds to the {110}, {111}, {200}, {211}, {220}, {221}, {310},
{311} and {222} crystal planes of Cu2O, respectively. The peaks with 2@ values of 38.188°,
44.386°, 64.578° and 77.569° corresponds to the {111}, {200}, {220} and {311} crystal planes
of gold, respectively.

The diffraction patterns of the pristine Cu.O nano octahedra were identical over 48 days,
indicating the stability of the NPs (Figure 43. a.). In the case of the pristine CuO nano
octahedra, the intense peak at 36.503° confirms that the particles are primarily bounded by
{111} facets. Although, the presence of the weak {110}, {200} and {220} peaks indicate that
the particles’ shape is not perfectly octahedral but slightly truncated. In the case of the
heterostructured NPs, the relative intensity of the {111} peak becomes less dominant. For the
AUNR@Cu20 it may be attributed to the presence of the AUNR, which may induce crystal
defects structure of the Cu.O shell, thereby, increasing the relative intensity of the other peaks.
For Cu20@Awu, the intensity of the {111} peak becomes even smaller implying the effect of
the deposition process: through galvanic reaction the reducing Au®* ions may etch the surface
of the Cu20 NPs during the growth of the nanograins. In the case of AUNR@Cu20, the {111}
and {200} peaks are characteristic for the facets at the tips of the AuNR. The gold nanograins
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cannot be detected with XRD, due to the small size of the domains. The diffraction patterns do

not contain unidentified peaks, which indicates the purity of the samples.
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Figure 43. Results of the X-ray diffraction analysis. (a) Investigating the stability of the pristine Cu,O
nano octahedra: XRD patterns of the same sample after the synthesis, as well as 2, 9, 13 and 48 days
after the synthesis. (b) XRD diffractograms of the pristine Cu,O and the multicomponent NPs. The data
cards of Cu,O and Au are in the appendices (Figure 4. Ap.). The intense peak at 69.2° 20 angle in all
samples is attributed to the silicon substrate.

The crystal structure of single NPs was investigated with transmission electron microscopy, as
well as by elemental composition analysis, using an EDS detector coupled to the TEM.

The TEM measurements confirm that the shape of the Cu.O NPs is not perfectly octahedral,
moreover, its clearly visible, that the crystal structure is not perfect, particularly in the case of
the dark field images of the pristine Cu,O nano octahedra, in which patches can be observed
(Figure 44). The patches may indicate voids inside or at the surface of the particle. This
assumption is supported by the EDS measurements, in which the intensity of copper drops at
the patches. In the case of AUNR@Cu-0, the TEM images shows stress-induced crystal defects
in the Cu20 shell, which manifest themselves as line defects pointing towards the AUNR core.
Moreover, in the region of the nanorod core, the Moiré effect of the different unit cells (i.e. Au
and Cu20) also appears (Figure 45). In the case of the Cu.O@Au, the size of the gold
nanograins can be determined based on the TEM images and was found to be around 6-8 nm.
Moreover, the TEM images confirm, that there is an atomic connection between the Cu,0O and

the deposited Au nanograins (Figure 46) and the growth is most probably epitaxial.
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Figure 46. TEM images and EDS measurements of Au nanograin decorated Cu,O NPs
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4.3. Optical characterisation of the nanoparticle building blocks

To investigate and compare the optical properties of the three different nano systems, namely,
the pristine Cu20O nano octahedra, the AUNR@Cu0 and the Cu2O@Awu, | prepared samples
with equal concentration of copper (0.5 mM equals to 0.0318 g/L) based on Table 8. Absorption
spectra of the samples were recorded in the integrating sphere of the Edinburgh FS5
spectrofluorometer using the synchronous “absorptance” mode calculating the pure absorption
from the diffuse reflectance.

The position of them main peak of the extinction spectrum of the pristine Cu20O nano octahedron
is located at 497 nm, which belongs to the superposition of the excitonic transition and the
scattering peak maximum. The decoration with Au nanograins resulted in a slight redshift as
well as in the broadening of the extinction peak. Moreover, the decoration resulted in an
increased absorption beyond 500 nm in the visible range (Figure 47. a.). In the case of the core-
shell structured NPs, the position of the main extinction peak suffered significant redshift to
580 nm. The longitudinal peak position of the AUNR significantly redshifted as well: from the
original 722 nm to 1200 nm. The absorption of the AUNR@Cu20 NPs remarkably increased in
the visible range (Figure 47.b.)
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Figure 47. (a) Extinction and (b) absorption spectra of pristine CuO nano octahedra (black),
AUNR@Cu,0 (blue) and Cu,O@Au (red) with 0.5 mM copper concentration in all samples.

The PL emission spectrum of the pristine Cu>O nano octahedra shows two peaks, which
positions are at 508 nm and 585 nm (Figure 48. a.). To record the excitation spectra, | applied

these 508 nm and 585 nm of emission wavelengths (Figure 48. b and c.), as well as for the
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time-correlated single photon counting (TCSPC) measurements (Figure 49). During the
TCSPC measurements, the samples were excited by a pulsed LED source (A =320 nm) with a
repetition rate of 1 MHz. The decay curves were fit using biexponential fitting functions for all
the measured samples indicating the contribution of two main radiative processes.

In the case of Cu,O@Au, the intensity of the PL spectrum decreased compared to the spectrum
of the pristine Cu20 nano octahedra. | measured another Cu,O@Au sample with more Au
content as well, which resulted in an even more decreased PL intensity (data are not shown). In
case of AUNR@Cu.0, the intensity of the PL spectrum further decreased. The decreased PL
intensity is probably attributed to the increased charge separation by the gold NPs. Furthermore,
the decrease in the PL intensity of AUNR@Cu20 compared to Cu,O@Au could also be
attributed to the stress-induced crystal defects in the Cu2O shell, in which the crystal defects act
as traps for the charge carriers, promoting the non-radiative recombination pathways. From the
characteristics of the excitation spectra, it can be concluded that the presence of gold does not
alter the excitation behaviour of the samples, but its efficiency decreases from pristine to
Cu20@Au to AUNR@Cu20.

Based on the TCSPC measurements, the presence of gold decreases the lifetime at the 508 nm
peak maximum for both AUNR@Cu.0 and CuO@Au, which effect implies an enhanced
charge-carrier separation by the gold nanoparticles. The PL peak maximum at 585 nm can be
attributed to the trap states in the oxide crystal. In the case of Cu,O@Au, the crystal structure
of the Cu.0 nano octahedra is not modified, the slight decrease of the lifetime may be attributed
to the charge separation effect of the Au nanograins. In the case of the AUNR@Cu0O, the
lifetime increases at the 585 nm peak maximum, which is probably the effect of the increased

amount of trap states due to the line defects in the Cu.O shell.

a) p—r b) | e c) 10000
10000 - —— Cu,0@Au —_— :u:f&no
c— ul U
- AuR@Cu,0 ] - 8000
a Q Q
e B CJ
g. ‘? 6000 4 .
7 ! 1 = @ N
S / : e S s O
/ s — / M
P L/ 4000 ~—~—
£ e E e
1 -
o 0. 2000 :
- - ——Cu,0 S—
~——— Cu,0@Au
i @508 nm . — AuR@cuo @585 nm
T T T 0 T v
450 500 550 600 280 300 320 340 360 380 400 280 300 320 340 360
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 48. Photoluminescence measurements of pristine Cu,O nano octahedra (black), AUNR@Cu,O
(green) and Cu,O@Au (red and blue) with 0.5 mM copper concentration in all samples. (a) Excitation
spectra and emission spectra with (b) 508 nm and (c) 585 nm excitation wavelengths.
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Figure 49. Results of the time-correlated single photon counting measurements of (a, b) pristine Cu,O
nano octahedra, (c, d) AUNR@ and (e, f) CuO@Au at excitation wavelengths of (a, c, €) 508 nm and

(b, d, f) 585 nm. The copper concentration was 0.5 mM in all samples (Figure 5. Ap.).
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4.4. Preparation of cryoaerogels

To fabricate monolithic cryoaerogels using the synthesised NPs, | prepared highly concentrated
aqueous solutions from the ethanolic stock solutions: approximately 5 g/L of the pristine Cu,0O
octahedral NPs and another, 30 g/L of the pristine Cu,O octahedral NPs, 24 g¢/L of
AUNR@Cu20 and 32 g/L of Cu,O@Awu. | injected 20 uL of those solutions into liquid nitrogen
filled glass vials, and then quickly put them in the refrigerated vacuum chamber of a laboratory
built lyophilizer (designed and built based on a sputter coater in the research group, Figure 50).
I left them for 4 hours at 200 pbar vacuum to let the water ice sublimate. Previous experiments
showed that pure water ice can entirely be sublimated using these lyophilization parameters.

Figure 50. The instrument used for the freeze-drying process: the low pressure (200 pbar) is provided
by a dry scroll vacuum pump attached to a vacuum chamber. The cooling during the freeze-drying is
achieved by a Peltier thermoelectric module (AT = 108°C), attached to a condenser providing a large
surface for the condensation of water. The hot side of the Peltier was chilled through a water-cooled
plate.

The freeze-drying process is shown in Figure 51. a. The nitrogen freezes due to the decreased
pressure (first minute in the image), and then sublimates in a few minutes. After 4 hours of
freeze drying, although the monoliths suffer some shrinkage, the process end up in porous
objects (Figure 51 b-d.). I fixed small fragments of the cryogels on a SEM pin stub using
conductive silver ink, and the samples were analysed with SEM (Figure 51 .e.), Figure 6. Ap.,

Figure 7. Ap., Figure 8. Ap.).
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The first sample, made from the 5 g/L pristine Cu.O NP solution collapsed before the freeze-
drying finished. This observation indicates that a minimum NP concentration is required to
obtain a stable aerogel structure with sufficient mechanical stability. The shrinkage during the
freeze-drying may indicate that the NP concentration is not high enough, resulting in an
insufficient interconnection between the NPs or they sheet-like substructures. However, the
higher NP concentration facilitates macrostructures with significantly less shrinkage.
Furthermore, the SEM images show a well interconnected porous microstructure, where the

sheets consist of the individual nanoparticles with preserved morphology.
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Figure 51. (a) Freeze-drying process in time. The monolith cryogel product made from the (b) pristine
Cu20 nano octahedra, (c) AUNR@Cu;0 and (d) Cu.O@Au. (e) Representative SEM images of the
cryogel product in the case of the pristine Cu,O. SEM images of the cryogels made from AUNR@Cu,0
and Cu,O@Au are in the appendices: Figure 6. Ap., Figure 7. Ap. and Figure 8. Ap.
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5. Summary

Using wet-chemical approaches, | synthesised pristine Cu,O nano octahedra, in high yield, narrow size
distribution with an average base edge length of 136 nm, in a reproducible way. Using a seed-mediated
process, | synthesised gold nanorods with average dimensions of (81 x 28) nm. Via growing octahedral
Cu20 onto the gold nanorods, and depositing gold nanograins onto the pristine Cu,O nano octahedra, |
fabricated two different heterostructured, multicomponent nanoparticle systems: (i) core-shell structured
gold nanorod — Cu,O octahedra, and (ii) Au nanograin-decorated Cu,O octahedra, respectively. The
fabricated heterostructured NPs have the same dimensions as that of the pristine Cu.O nano octahedra,
moreover, they possess approximately the same atomic ratio of copper and gold. The octahedral Cu,O
and its gold heterostructures were in the focus of my research to reveal the optical and structural

properties.

The presence of gold led to the decrease in the photoluminescence intensity for both the core-shell and
the decorated heterostructured NPs compared to the pure CuO NPs. The lowered PL intensity is
probably attributed to charge carrier separation enhancement in the heterostructures as a result of the
synergy of the components. This assumption is supported by the results of the PL lifetime measurements.
Comparing the heterostructured NP systems, it can be concluded that the relative position of the gold
has a significant impact on the optical properties of the system. The presence of gold was significantly
more dominant in the form of a gold nanorod than as in the form of nanograins: the nanograin decoration
has solely resulted in a slight shift and broadening of the absorption and extinction spectra. In contrast,
the gold nanorods have significantly modified the optical properties, causing large broadening and
orders of magnitude larger peak shifts including the plasmonic features of the embedded NRs. The effect
of gold nanorods was also significantly higher on the PL properties and resulted in a more intense
guenching. Even though the quantity of gold in the two heterostructured systems is approximately the
same, gold alters the optical properties in the form of a nanorod more significantly. This includes the
presence of the localised surface plasmon resonance, in contrary to the nanograins, whose size is under
the LSPR limit. Furthermore, the growth of the Cu20 phase is also influenced by the presence of the
gold nanorod, which might induce the formation of crystal defects and stress having an impact on the

non-radiative recombination of the carriers.

Using the NP building blocks, I successfully fabricated well interconnected highly porous macroscopic
cryoaerogels. Tuning the parameters of the cryogelation process (particle concentration, drying time),
all the three nanosystems were able to be converted into cryogel monoliths which opens the way towards

novel photocatalytic applications.
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Figure 1. Ap. Extinction spectra of the supernatant and precipitate of the particles that was synthesised
according to Ke et al. and the related SEM images.
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Figure 2. Ap. Analysing the elemental composition of the scaled-up AuNR@Cu,O core-shell
heterostructured NPs using EDS. (a) SEM image of the measured area, and the EDS map of (b) copper,
(d) oxygen, (d) oxygen and (e) silicon.
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Figure 3. Ap. Analysing the elemental composition of the scaled-up Au decorated Cu20 octahedral NPs.
SEM image of the measured area, and the EDS maps of copper, gold, oxygen and silicon.
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Figure 4. Ap. XRD data cards of Cu,O and Au.
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Figure 5. Ap. Time-correlated single photon counting measurements of (a, b) pristine CuO nano
octahedra, (¢, d) AUNR@Cu,0 and (e, f) Cu,O@Au at an excitation wavelength of (a, c, €) 508 nm and
(b, d, f) 585 nm. The copper concentration was 0.5 mM (0.0318 g/L) in all samples.
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Figure 6. Ap. Cryogelation using pristine Cu,0 octahedral NPs. The product and representative SEM
images with different magnifications.
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Figure 7 Ap Cryogelation using AUNR@Cu-0 octahedral NPs. The product and representative SEM
images with different magnifications.
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Figure 8. Ap. Cryogelatlon using Au nanograin decorated Cu,O octahedral NPs. The product and
representative SEM images with different magnifications.
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