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Abstract

Nanotechnology has revolutionized many aspects of modern science and industry. The
discovery of unique properties of nano-sized particles resulted in numerous improved
processes and applications. Thanks to quantum effects, well-developed surfaces, and
almost endless possible compositions and morphologies, nanomaterials revealed new
research opportunities. Among various nanomaterials, metal-based nanoparticles of
different shapes are particularly interesting due to their hidden potential, which can be
exploited in catalysis. Especially, anisotropic nanostructures like nanowires attract

attention as their specific morphology enhances some of their properties.

As most chemical reactions used on a large scale are catalyzed by transition metals in
bulk forms, it is expected that alternative solutions based on nanomaterials may
provide even better performance. Lower noble metal load, higher activity, and better
stability are key targets for scientists in this field. This work focuses on nanomaterial
implementation to make highly efficient catalytic systems for organic chemistry
transformations. During this research, nanowires were used as base structures for
catalyst preparations. The conducted work includes their synthesis, characterization,
application in nanocomposites with spherical nanoparticles of noble metals, and

evaluation of their catalytic activity.

The dissertation is composed of a collection of monothematic articles, begins with a
description of current knowledge about nanowires, their synthesis, and benefits and
unresolved issues connected with nanowire application in catalysis. Then, an example
of an ecological approach is presented that exploits industrial wastewater, rich in
heavy metals, as a precursor of nanowires. Further parts of the thesis show the
application of catalytic systems that utilize metallic nanowires and nanoparticles.
Based on abundant non-noble metal nanowire structures decorated with highly active
noble metal species, efficient catalysts were obtained and tested in advanced organic

chemistry transformations.



Abstrakt

Nanotechnologia zrewolucjonizowata wiele aspektéw wspoétczesnej nauki i przemystu.
Odkrycie unikalnych wtasciwosci nanoczgstek zaowocowato wieloma udoskonalonymi
procesami i aplikacjami. Dzieki efekom kwantowym, dobrze rozwinietym
powierzchniom oraz niemal nieograniczonymi wariantami sktadéw i morfologii,
nanomateriaty otworzyly nowe mozliwosci badawcze. Sposrdd  rdinych
nanomateriatéw, bardzo interesujgce sg nanoczastki na bazie metali o rozmaitych
ksztattach, ktdére to posiadajg ukryty potencjat katalityczny. W szczegdlnosci
anizotropowe nanostruktury, takie jak nanodruty, przykuwajg uwage naukowcow ze

wzgledu na specyficzng morfologie, ktéra wzmacnia niektdre z ich wtasciwosci.

Jako ze wiekszos¢ reakcji chemicznych stosowanych na duzg skale jest katalizowana
przez metale przejSciowe w postaciach makroskopowych, przewiduje sie, ze
alternatywne rozwigzania na bazie nanomateriatdw mogg dac¢ jeszcze lepsze osiagi.
Nizsza zawartos¢ metali szlachetnych, poprawa aktywnosci i stabilnosci to kluczowe
cele dla naukowcéw w tej dziedzinie. Niniejsza praca koncentruje sie na wykorzystaniu
nanomateriatéw do konstrukcji wysokowydajnych uktadéw katalitycznych dla
przemian w chemii organicznej. W trakcie tych badan nanodruty wykorzystano jako
gtowny materiat do syntezy katalizatoréw. Prace objety ich synteze, charakterystyke,
wytworzenie nanokompozytéw ze sferycznymi nanoczastkami metali szlachetnych

oraz analize ich wtasciwosci katalitycznych.

Rozprawe, ztozong ze zbioru monotematycznych artykutéw, rozpoczyna opis aktualnej
wiedzy na temat nanodrutéw, metod ich syntezy oraz korzysci i nierozwigzanych
probleméw zwigzanych z zastosowaniem nanodrutéw w katalizie. Nastepnie
przedstawiono przyktad ekologicznego podejsScia do zagadnienia tworzenia
nanodrutéw z $ciekdw przemystowych bogatych w metale ciezkie. W dalsze] czesci
pracy przedstawiono zastosowanie ukfadéw katalitycznych wykorzystujgcych
nanodruty i nanoczastki metaliczne. W oparciu o liczne struktury nanodrutéw metali
nieszlachetnych z osadzonymi wysoce aktywnymi nanoczgstkami metali szlachetnych
otrzymano wydajne katalizatory, ktére przetestowano w zaawansowanych

przemianach chemii organicznej.



Glossary
CNTs

CPE

cv

DFT

DMFCs
ECSA

EDA

EDX

HER

HRTEM
H-Si NWs
ICP-OES

MOR
NPs
NWs
OER
OLEDs
ORR
PFO

PFO-3DDT

PL
PVP
RHE
SAED
SEM
SM
SPS

STEM

SWCNT
TEM
TOF
TON
VLS
XPS

XRD

Carbon nanotubes

Conjugated polymer extraction
Cyclic voltammetry

Density functional theory

Direct methanol fuel cells
Electrochemically active surface area
Ethylenediamine

Energy-dispersive X-ray spectroscopy
Hydrogen evolution reaction
High-resolution transmission electron
microscopy

Hydrogen-terminated silicon nanowires
Inductively coupled plasma optical
emission spectrometry

Methanol electrooxidation reaction
Nanoparticles

Nanowires

Oxygen evolution reaction

Organic light-emitting diodes

Oxygen reduction reaction
Poly(9,9-dioctylfluorenyl-2,7-diyl)
Poly(9,9-dioctylfluorenyl-2,7-diyl-alt-3-
dodecylthiophene-2,5-diyl
Photoluminescence
Polyvinylpyrrolidone

Reversible hydrogen electrode
Selected area electron diffraction
Scanning electron microscopy
Standard mode

Solid phase synthesis

Scanning transmission electron
microscopy

Single-walled carbon nanotube
Transmission electron microscopy
Turnover frequency

Turnover number

Vapor-liquid-solid

X-ray photoelectron spectroscopy

X-ray diffraction



The thesis is based on the following published articles:

[P1] T. Wasiak, D. Janas, Nanowires as a versatile catalytic platform for facilitating
chemical transformations, J. Alloys Compd. 892 (2022) 162158.
https://doi.org/10.1016/j.jallcom.2021.162158

IF = 6.371, Ministerial points = 100

[P2] T. Wasiak, P.-M. Hannula, M. Lundstréom, D. Janas, Transformation of industrial
wastewater into copper-nickel nanowire composites: straightforward recycling of
heavy metals to obtain products of high added value, Sci. Rep. 10 (2020) 19190.
https://doi.org/10.1038/s41598-020-76374-x

IF = 4.6, Ministerial points = 140

[P3] T. Wasiak, D. tukowiec, S. Wactawek, J. Kubacki, D. Janas, Ni nanowires decorated
with Pd nanoparticles as an efficient nanocatalytic system for Suzuki Coupling of
anisole derivatives, Nano-Structures & Nano-Objects, 36 (2023) 101052.
https://doi.org/10.1016/j.nan0s0.2023.101052

IF = - (not released yet), Ministerial points = 40

[P4] T. Wasiak, D. Just, A. Dzienia, D. tukowiec, S. Wactawek, A. Mielarczyk, S. Kodan,
A. Bansal, R. Chandra, D. Janas, PANPs/NiNWs as a welding tool for the synthesis of
polyfluorene derivatives by Suzuki polycondensation under microwave radiation, Sci.
Rep. 14 (2024) 2336

https://doi.org/10.1038/s41598-024-52795-w

IF = 4.6, Ministerial points = 140

[P5] D. tukowiec, T. Wasiak, D. Janas, E. Drzymata, J. Depciuch, T. Tarnawski, J.
Kubacki, S. Wactawek, A. Radon, Pd decorated Co—Ni nanowires as a highly efficient
catalyst for direct ethanol fuel cells, Int. J. Hydrogen Energy, 47 (2021) 97.
https://doi.org/10.1016/j.ijjhydene.2021.11.177

IF = 7.2, Ministerial points = 140

Total IF =22.771 Total Ministerial points = 560



Table of Contents

A o ] 4 - [ OO O U P PO PPPTRPPPRRPPPTN 4
ADBSEIAKE ..t e 5
LG Lo 1371 2SRRI 6
i [ Ao To [¥ Lot i o T o DO P TSP P PP PPTRPPPRTPPIN 9
1.1. Nanotechnology — great potential in small things .........ccccciiiieiiiiiic e, 9
1.2. NANOWIIES SYNENESIS ..veiiiiiiiiiiiiiiiee ittt e e e e s e e s s saba e e e s s baeeeesnaseees 10
1.3. Nanowires application in Catalysis ......ccccceeeieieiiiiiiiiee e 15
2. Aims and ScOPe Of the WOIK.......coouiiiiieee e e 30
3. ReSUIts and diSCUSSION .....eiiiiiiiiiieeiee e ettt e e e e eanes 31

3.1. Recycling of heavy metals by transforming industrial wastewater into Cu-Ni

NANOWIIE COMPOSITES .. e 31
3.2. PANPs/NiNWs as catalytic platform for Suzuki coupling of anisole derivatives............ 37

3.3. Nanocatalytic approach for polyfluorene derivative synthesis by applying

microwave radiation to PANPS/NINWS catalyst.........ccccvueeiiiiiiiiiieeiiee e 44
3.4. Pd/Co-NiNWs as catalytic solution for direct ethanol fuel cells .........cccueeeveeeerieennnenn. 51
4. Conclusions and further PErsPECIVE ........oociriieeie e 58
2111 o [ToT = = o] o V2SR 59
Academic aChiEVEMENTS. ......cciiiiiiieeeee e e 75



1. Introduction

The thesis consists of the following parts: Introduction, Aims and scope of the work,
Results and discussion, Conclusions and further perspective. The first section contains
basic information about nanomaterials and the state of their development. As my
work focuses on metallic nanoparticles, particularly nanowire-like nanostructures,
their synthesis and applications are presented first. Next, in the Aims and scope of the
work, | outline the key objectives and perspectives of the dissertation. The subsequent
main part of this thesis includes the obtained results and their discussion based on
scientific papers published in research journals. Each subsection references to specific
topic of nanowire synthesis, formation of composite materials and gauging of their
catalytic properties in various chemical and electrochemical reactions. The last section
underlines conclusions obtained from the described works and presents future

opportunities for the investigated topic.

1.1. Nanotechnology — great potential in small things

Nanotechnology deals with the synthesis, structure, size modification and application
of nano-size objects in the range 1-100 nm in at least one dimension. Quantum effects
present in those entities provide improved characteristics such as higher surface area
and reactivity or better optical/electrical properties. The development of
nanotechnology, which converts nanoscience theoretical values to applicable forms,
gave bountiful opportunities to improve many aspects of various fields such as
chemistry, biology, medicine or electronics *. In 1959 the concept of nanotechnology
was introduced by an American physicist Richard Feynman, who presented a lecture at
the annual meeting of the American Physical Society entitled “There’s Plenty of Room
at the Bottom”. He postulated that Encyclopaedia Britannica could fit on the head of a
pin and talked about creating materials on the molecular level 2. In 1974,
nanotechnology was defined by Norio Taniguchi. According to him, “nanotechnology
mainly consists of the processing of separation, consolidation, and deformation of
materials by one atom or one molecule” >. The discovery of carbon nanotubes (CNTs)

by lijima and Ichihashi in 1991 was a huge step in the development of nanotechnology



*> Scientists gained awareness of possible beneficial properties hidden in

nanomaterials and thus started to research this subject on a larger scale. Some
focused on nanostructures similar to CNTs, however, with less handling and
manufacturing issues. Nanowires (NWSs) are anisotropic nanostructures built from
various materials such as metals °® non-metals °, and their compounds with other

elements 10712

. In the samples from the XVI century, scientists discovered that ore
deposits contained very thin single crystals built only from metal atoms, which were
called whiskers. In the mid-XX century, Bell Telephone Laboratories studied the
formation of thin materials from Al,O; and SiC. The superior strength of up to 10 Pa
obtained for micron-size particles encouraged scientists to continue research of
additives of reduced size for alloys and plastics. Silicon whiskers produced by the
Vapor-liquid-solid (VLS) mechanism by Wagner accelerated the development of such

13

materials ~°. Structures based on Al,03, GaP, MgO or NiO were obtained as thin

crystals. Further studies of synthesis parameters revealed the possibility to fabricate Si-

based nanostructures with diameters of 10 nm .

In 2001, Transmission Electron
Microscopy (TEM) allowed an in situ study of the VLS process, which provided essential
information about nanowire growth and confirmed Wagner’s mechanism. Due to the
work of many scientific groups, nanowire research soon transformed into an
interdisciplinary field, connecting chemists, physicists, and material scientists to
discover new nanomaterials and their unique properties. This resulted in a bountiful
variety of nanowires with different compositions. The main efforts of those works
were addressed to synthesis methods and application of nanowires in various key
aspects of modern science and technology. The work described herein focuses on the
catalytic properties of nanowire-based nanomaterials and therefore in the following

paragraphs, the synthesis of such composites and their application in catalysis will be

discussed.

1.2. Nanowire synthesis

In [P1], | conducted a literature study of nanowire synthesis and their application in
catalysis. The most characteristic feature of nanowires is their anisotropic morphology,

which provides beneficial properties that come from enhanced quantum effects.
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Formation of such structures can be achieved by two distinctive approaches. Top-
down methods include techniques allowing selective removal of atoms from bulk
substrate. Precise control over orientation and size of nanostructure leads to
fabrication of high-quality nanowires with small defects count. For that purpose,

15-18

lithography gained attention due to high resolution of 0.1 nm . Multiple variants of

that method are commonly used like electron beam lithography 1 nanoimprint

2021 or stencil lithography 2. Those techniques showed particular utility in

lithography
microelectronics industry due to ability to fabricate semiconducting nanowires. As a
substrate i.e. wafer is etched from excess material, etch mask protects remaining
atoms, therefore anisotropic pattern is achieved (Fig. 1). Nanowires obtained in this
way tend to exhibit tapered morphology due to unintended etching underneath the
mask 2. The main benefit of lithography is ability to produce highly ordered nanowire
arrays, which find application in microelectronics. However, several drawbacks like
expensive and complex equipment, difficult composition manipulation and

sophisticated scale-up procedures, decrease the large-scale application potential of

this method.

Lithography

]
]
|
|
2 |
E Product pattern
— Nanowire array

Resist CY T Y

7 » 3 J |l NN
Si substrate Si substrate |
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e ——
—————

i
1

Chemical etching

Sisubstrate | |

Etched channels with metallic residue /«f"

Fig. 1. Schematic illustration of methods of synthesis of nanostructure materials based

on top-down approach.

A far more convenient alternative to top-down methods comes from bottom-up
processes, where nanomaterials are built block-by-block from molecules. This
approach utilizes chemical reactions, which provide the growth of nanoparticles (NPs)

in a controlled manner due to the selection of conditions and additives. The most

11



common techniques in this category involve reactions in gas and liquid phases. Already
mentioned VLS method (Fig. 2) proved its usefulness in the formation of numerous
NWs made from ZnS **, Sn0, »°, In,05 *® Fe,03 %/, and Si ?. In such syntheses, inert gas
transports compounds in gaseous form or as solutions, along the tube furnace filled
with deposited catalyst. Catalyst supersaturated with precursor releases atoms, and
thus crystallization of metal clusters occurs, which contributes to the thermally-driven
growth of nanostructures. Simplicity and a wide diversity of precursors and substrates
are the main advantages of such a method. Versatility in forms of products (powders,

films) is also worth mentioning.

/" VLS mechanism
—_— | "
Catalyst 7 U JU ] 1
J/ 4 y
% ’ 4 ,
Substrate \ uu y (

Substrate |~

Surfactant-mediated assembly ~ Nanowires

O Precursor atoms

O o/ Q’\

ovo 6@

Surfactant molecule

Fig. 2. Schematic illustration of methods of synthesis of nanostructure materials based

on bottom-up approach.

Solution-based methods refer to techniques incorporating nanowire growth in
solutions containing metal ions. This type of synthesis gained attention due to superior
results for the fabrication of high-quality NWs with easy scale-up possibilities. Explored
chemical routes allowed the preparation of metallic and semiconducting NWs.
Although some procedures seem to enrol harsh conditions like Heath’s synthesis of
germanium NWs %°, outcomes justify such conditions. Along with his team, Heath used
metallic sodium dispersion in toluene to reduce GeCl; and phenyl GeCls in dry hexane
at elevated temperature and pressure. Obtained nanostructures exhibited diameters

in the range of 7-30 nm and lengths up to 10 um. The solvothermal methodology was

12



exploited for other nanowires made of cobalt 30, zinc oxide 31, cadmium sulfide 32, or

silver 3334

. Simple solution and one-pot methods are most attractive for industrial use
due to mild conditions in comparison to gaseous phase approaches *. By controlling
reaction parameters such as concentration, temperature, time, solvent, additives, and
pH, obtained nanowires can be very homogeneous in terms of diameters and length.
Furthermore, the reaction atmosphere can be easily tuned by the introduction of inert

gas, which prevents undesired oxidation of NWs °.

Reduction of metal ions is a common strategy to obtain NWs. It can be enhanced by
surfactants, which promote anisotropic growth (Fig. 2). They act as capping agents,
adsorbing on specific crystallographic faces and blocking additional atoms from being
built into the forming nanostructure. According to Wulff's theory, it is done by
modification of facets free energies, which have an impact on the overall shape of
growing crystal *’. Good shape control, formation of highly crystalline products, and
easily scalable processes are key aspects of solution-driven synthesis of nanowires. A

| 38-40 41-44

lot of work is dedicated to transition metals in this regard. Nicke , copper ,

45,46

cobalt , and silver 7*" are only a few examples of possible solution-based synthesis

outcomes.

Template-assisted methods can also promote the anisotropic growth in solution-based
approach. During such procedures, a template acts as scaffolding for nanowire growth
on or inside selected spaces. The main parameters, that influence the reaction, are
pore size and their uniformity. Macroscopic features of templates such as thickness
and chemical composition are also vital points of successful synthesis, due to post-
treatment steps involving template removal. Two characteristic groups of templates
can be distinguished: hard and soft. Anodic aluminum oxide % zeolites *°, and track-
etched polycarbonate >0 represent the former, whereas polymers >*, DNA >2 micelles
>3 and gels >* are examples of the latter. Filling the pores is crucial for uniform NWs,
which can be achieved by applying vacuum suction, pressure, or by full template
immersion in the solution. Unfortunately, using hard templates generates smaller
yields in comparison to soft templates. To a further extent, template-assisted growth
can be combined with electrochemical techniques, which can improve control over the

morphology of forming nanostructures to produce nanowires, nanorods, or even

13



nanotubes as homo- and heterostructures with various compositions >>_ Diffusion of
metal ions from solution to pores is therefore enhanced by the external field and the
reduction occurs inside the template attached to the cathode. Varying the parameters
of electric current, electrodeposition modes, and reaction time, the size of growing
NWs can be controlled °°. Besides the multiple conditions and potential variables,
which have to be addressed properly, electrodeposition was successfully utilized to

59

obtain a bountiful collection of nanowires, including those made of Co *’, Cu °%, Ge **°,

Pt % zZn0 ®! Co-Si0, ®%, BiTeSe .

Another interesting way of nanowire synthesis is electrospinning, which allows the
formation of different nanostructures and compositions such as porous or core-shell
NWs °*®>_ This process involves conducting polymer solution containing metal salt,
which is then ejected through the metal needle, connected to high-voltage power. An
electric field deforms the droplet into a cone-like jet stream, which follows the
grounded collector. Solvent evaporation results in solidified nanofibers appearing on
the collector. Such process is highly cost-effective, versatile, and can be easily scaled
up to meet industrial demands. However, size control of formed NWs is challenging
due to numerous parameters, which must be precisely estimated and maintained.
Furthermore, environmental conditions such as temperature or humidity can hinder

the results of electrospinning 6,

As indicated in the above discussion, the synthesis of nanowires can be conducted in
various ways. The synthetic methodology is dictated by desired outcome, which
consists of process scalability and properties of designed nanowires. Each approach
has several advantages and may be exploited for specific elements; however,
drawbacks are their inherent parts. To this day, an ecological, cost-effective, and
universal method for large-scale fabrication of nanowires has not been developed,
which only encourages scientists to continue their studies. Most of the presented
approaches are believed to be great opportunities for the implementation of
nanowires in industry and large-scale applications, however, they need major
improvements to be considered profitable and safe for the environment and people.
This summarizes the NW synthesis paragraph of this work. The next part focuses on

the application of nanowires in catalysis, which is the clou of the presented thesis.
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1.3. Nanowires application in catalysis

Catalysis is a topic of high priority due to the widespread of catalyst-driven reactions
across the entire chemical industry. From basic one-step transformations to complex
synthetic routes, catalysts are key ingredients during the development of various
chemical compounds produced on a large scale. As they accelerate certain reactions,
or even enable their progression, their vital role is underlined in many reviews 6672,
Their common property is lowering the activation energy; however, their mechanisms
may vary due to their composition, morphology, and working conditions. Catalysis can
be divided into two different approaches, defined by the phase character of the
catalyst concerning the reaction environment. Homogeneous catalysis occurs when
catalysts and reactants are present in the same phase. In contrast, heterogeneous
variants require the separation of both individuals between two phases. The most
commonly used category in industry is homogeneous catalysis. It often exhibits higher
activities, yields, and therefore better turnover numbers (TON) and frequencies (TOF),
which are the most important industrial parameters. Furthermore, homogeneous
catalysts tend to be more selective towards desired products and can be characterized
at ease, even by mechanistic studies. Despite such great advantages, they show some
drawbacks, which have been targets of scientists for a long time. The catalyst is
sometimes irrecoverable from the post-reaction mixture. This is a challenging issue,
especially for drug synthesis, where highly toxic complex-based catalysts are used.
Overall, homogeneous catalysis involves additional steps during the main process,

which can generate higher costs and hazards, which results in lower profits.

Such unfavorable quirks of homogeneous catalysis are absent when using
heterogeneous counterparts. Heavy industries, like petrochemical, and gas processing,
especially in continuous reactions, rely on heterogeneous catalysts, which although
have lower activities, they can be recycled conveniently. This crucial advantage over
homogeneous catalysis resulted in increased efforts directed toward the development
of highly active and stable heterogeneous catalysts. Additional benefits such as
greener ecological approaches for catalysts preparations, heavy metals utilization, and

better resource management, were the main driving forces of study in this matter.
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Even more emphasis in this regard is put on nanostructures, due to their unique
properties and potential opportunities. A plentiful range of nanomaterials with various
morphologies and compositions still wait to be discovered and tested as catalysts in
numerous reactions. One such promising category is metal-based one-dimensional
nanomaterials, such as nanowires, which proved to be an interesting emerging field for
catalysis. They can be formed by various methods, which were discussed in the
previous part of the presented dissertation. As the spectrum of potential applications
is very wide and rich in examples, this work only summarizes key burning issues, which
are addressed by the largest scientific groups of interest. Further discussion involves
the state of nanowire application in coupling reactions, reduction, electrocatalysis, and

photocatalysis (Fig. 3).

Coup“ng
v -NO, ) -NH,
\ ‘cgz H,0 U
Photocatalysis Nanowires Redhction
| H,0 \i\) ﬁé—‘
V_) Fuel L]
0, (H, — —

Electrocatalysis

Fig. 3. Application of NWs as catalysts.

1.3.1. Coupling reactions

Joining smaller compounds into more advanced structures is commonly used across

73,74 75,76

syntheses of pharmaceuticals , agriculture chemicals , and polymers "8, The

formation of C-C or C-heteroatom bonds is highly important as it leads to many
building blocks for the aforementioned substances. Through decades, Ullmann’s

79,80

reaction was modified and applied by other eminent researchers, which resulted in

16



82 83 84

a group of coupling reactions such as Suzuki ®, Kumada %, Stille ®*, Negishi
Sonogashira & and Heck . Their design allows coupling of specific nucleophiles with
electrophilic substrates. Whereas first coupling attempts were driven by copper-based
catalysis, further studies showed the superiority of nickel and palladium in this topic,

987 Other elements also

which shaped the current state of modern application
proved to be useful. Organometallic complexes based on tin 8 zinc %, magnesium 82
or boron ®, allowed efficient coupling of more advanced systems. However, their
catalytic performance comes with some setbacks like the highly toxic components
needed for the synthesis of complex catalysts, which is a serious environmental issue.
Expensive palladium challenges scientists to improve catalysis in every possible way to
gain the most benefits. Others search for alternatives, whose production will be less

harmful to ecosystems and wallets of potential industrial clients. In terms of

nanowires, they are believed to solve many problems generated by coupling reactions.

Suzuki-Miyaura reaction is commonly used as a testing ground for new coupling
reaction catalysts. Easy-accessible aryl halides and arylboronic acids are joined
together with the assistance of metal atoms (Fig. 4). Nanoparticles, especially spherical
ones, are studied the most in the Suzuki reaction. However, some experiments showed
even more significant improvement in catalytic properties when nanowires were
applied. Chawla et al. exploited Pd NWs, which exhibited better results than spherical
nanoparticles 8 Nanostructure synthesis involved co-surfactants, which enabled the
formation of hexagonal mesophases, which acted as soft templates. Followed by
controlled decomposition of bis-benzylidene acetone Palladium (0) in a hydrogen
atmosphere, palladium nanowires were obtained. 20 times lower catalyst loads were
needed to reach similar conversions as for the usage of NPs. Such outcomes revealed

hidden opportunities for NW-driven reactions.

Other research groups focused on reducing Pd content in catalytic nanomaterial. Lv
fabricated Pd-Cu bimetallic NWs, whose synergistic effects of both metals and unique
morphology resulted in quantitative vyields, high selectivity, and stability. The
presented nanocatalyst was able to promote reaction even for chlorobenzenes, whose
low reactivity is a common issue. Notable results were also achieved by

Lakshminarayana, who used combustion synthesis for CuFe,04 and then reduction of

17



PdCl, with NaBH, to obtain Pd/CuFe,0, NWs *°. Such nanostructure was able to
achieve 98% vyields for 4-methoxybiphenyl synthesis for just 10 minutes of reaction.
Interesting, this catalytic system proved to be compatible with moieties like -NO,, —F,
or —Cl, enabling reaching a wide spectrum of derivatives. High stability and consistent
conversion over several recycles strongly underline the benefits of a heterogeneous

catalytic system.

OH
B
XY “oH Z3
R Pd/CuFe;04 NWs —iyRe
= K2CO3, DMSO, 120°C SN

‘ Suzuki coupling

o]

o
| R Y\ Pd/CuFe,0, NWs R
N 0| K,CO3, DMSO, 120°C X 0"’
Ry _

» Ry
Heck coupling F
/ Pd NWs, PhsP, Cul, DIA,
isopropanol, 75°C 1 =
> Ry~
Sonogashira coupling =

Fig. 4. Synthesis of biphenyls by Suzuki cross-coupling 0 alkyl cinnamates by Heck
cross-coupling °*, and aromatic alkynes by Sonogashira cross-coupling *2. Reproduced

with permission from %. Copyright (2022) Elsevier.

Pd/CuFe,0, NWs also promoted the Heck reaction, which focuses on substrates
containing double bonds (Fig. 4) . As target products, researchers chose cinnamic
acid esters and stilbenes, whose syntheses exceeded 90% yields. The main advantage
is simplifying the production of those compounds, by reducing the two-step Claisen-
Schmidt condensation and hydrogenation method to a one-pot procedure. Even
dihydrochalcones, known for their antifungal and anticancer properties, could be

obtained by the Jeffery-Heck reaction.

Another C-C bond formation method is Sonogashira coupling (Fig. 4) & Terminal
acetylenes were coupled with aryl halides by branched Pd NWs °%. The seeded growth
of nanowires was possible due to ion liquid-stabilized gold nanoparticles. Gao and co-
workers showed 100% conversion, which lasted almost unchanged for four catalytic
cycles (Table 1). C-heteroatom bond formation was also studied in a matter of

nanowires-catalyzed coupling reactions. A core-shell nanowires like Cu@Cu,0 NWs are

18



a perfect example . As copper foam was oxidized and passivized, highly ordered
arrays of NWs were formed. They exhibited significant performance of 80-99% yields in
coupling aryl iodides with modified thiols under mild and ligand-free conditions (Table

1).

C-N bonds were also investigated due to being a vital point in the production of
pharmaceuticals and agrochemicals. Nasrollahzadeh’s team proposed Pd/Fes0; NWs
as an alternative catalyst for the synthesis of monoarylureas *°. Fast and convenient
preparation of magnetic and eco-friendly catalytic system was done by arc discharge in
water, followed by drop-drying of Pd-containing solution. Such a heterogeneous
system achieved promising results for ligand-free amidation and therefore, the
challenging synthesis of N-monosubstituted ureas was resolved, which was proven by
reaching almost 90% vyields. True catalytic centers of the catalyst were generated by
the formation of Pd nanoparticles, decorating NWSs during the reaction. The
postulated mechanism involved C=N intermediate, intramolecular water elimination,
and double-bond hydrogenation. In another study based on Pt NWs, Hu et al.
proposed an intramolecular direct dehydration mechanism *°. Once again nanowires
proved their catalytic properties and high yields were obtained. Tests also included a
greener approach, by utilizing water as solvent with 88% of N-benzylbenzeneamine
yield. The aforementioned examples of nanowire application in coupling reactions are

listed in the table below.

Table 1. Comparison of properties of NW-based catalysts in various coupling reactions.

Reproduced with permission from *3. Copyright (2022) Elsevier.

Coupling Temp. Time Yield

Catalyst reaction Solvent ra [h] %] Product Ref.
Pd NWs Suzuki Toluene 90 9 80 Biphenyl &
Pd/Cu NWs Suzuki DMF/H,0 80 2 99 Biphenyl 7
Pd/CuFe,0, NWs Suzuki DMSO 120 12 91 Biphenyl %
Pd/CuFe,04 NWs Heck DMSO 120 24 64 - 86 DHCs o
Pd NWs/IL Sonogashira Isopropanol 75 7-10 100 Diphenylacetylene %
Cu@Cu,0 NWs cs DMSO 110 12 99 Octyl M’gﬁ:g;"”he”y') o
Pd/Fes0, NWs C-N MeOH 120 1 87 1-Phenylurea »
Pt NWs C-N Toluene 100 24 94 N-phenyl-4- %

methoxybenzylamine
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1.3.2. Reduction reactions

Reduction of various chemical functional groups is a commonly used procedure.
Nitroaromatic compounds are dealt with significant emphasis. A lot of industrial and
agricultural wastewater contains high concentrations of such hazardous substances,
which generate crucial threats to the environment. A common method to transform

such compounds into a more convenient state is catalyzed reduction by NaBH, *2.

NO, Catalyst
) mme>r) (1)
eductor

To test new systems, 4-nitrophenol is often selected by scientists (Reaction 1). In this
field, nanowires showed promising results. Starting with Pd-based NWs, their excellent
performance surpassed nanoparticles *°. Furthermore, alloying with nickel improved
catalytic activity 7.7 times. This can be explained by better adsorption of substrate on
nickel atoms. In this case, nanowire anisotropic growth was enhanced by amidoamine
derivative with amphiphilic properties, which resulted in 3.5£0.4 nm diameters,
enhancing the catalytic activity of the system. Similar outcomes can be seen in
Chawala’s work 89, where diameters of 5+0.9 nm were observed. Additionally,
surfactants used for obtaining mesophases remained on the surfaces of nanowires,
which protected them against poisoning and improved the adsorption of reactants. To
decrease costs, other more accessible elements were incorporated in studies of

nanowire-based reduction catalysis.

Copper is an example of such an abundant and cheap alternative to noble metals like
palladium. An interesting nanostructure was achieved by the reduction of Cu® and cu®
ions with ascorbic acid, in the presence of cetyltrimethylammonium chloride .
Nanowires with highly rough surfaces exhibited enlarged surface area and therefore
better catalytic activity towards the reduction of nitro compounds. Another approach

to enhancing Cu NWSs reactivity was decoration with silver atoms by galvanic

replacement, which improved catalytic properties even further.

Some scientists focused on nickel insertions into Cu Nws

. The synergy between
both metals, along with high surface area resulted in a significant rise of reactivity in

comparison to bare Ni NWs. Scientists postulated that the increased number of
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available corners and edges were sources of those improvements. To push numbers
even higher, Ni/Cu NWs were supported by graphene, which enabled electron
migration from the NW surface and thus made it more electrophilic *®. This facilitated
the adsorption of reductive agent (BH4') and 4-nitrophenolate ions on the NW surface
and thus accelerated reduction. Another bimetallic composition worth mentioning is
prickly Ni NWs which were shelled with silver 193 and gold 1% The former was obtained
by NiCl, reduction in a mixture containing Tollens’ reagent (Ag(NH3),OH). The latter
was based on a two-step process involving Ni NWs fabrication, followed by HAuCl,
solution treatment. Both of them, unfortunately, resulted in lower catalytic activities in
comparison to Cu-based systems (Table 2). As Fu et al. discovered, Ag/Au NWs
performed better than Ni@Ag and Ni@Au NWs 105 summary, the discussed
examples revealed that Cu and Pd are the most promising candidates for nanowire-

driven catalysis of 4-nitrophenol reduction.

Table 2. Comparison of catalytic properties of NW-based catalysts in the reduction of

4A-nitrophenol. Reproduced with permission from . Copyright (2022) Elsevier.

Catalyst Ral:ae ((;i)?niﬁa)nt ?‘(::]quglfy f;?;?f ) Ref.
Pd/Ni NWs 1.00 / »
Surfactant-protected Pd NWs 2750 / &
Cu NWs 0.25 / 100
Cu NWs/Ag 0.40 4.44 10
Cu/Ni NWs/graphene 1.16 5.81 102
Ni/Cu NWs 0.91 0.057 1o
Ni/Ag core-shell NWs 0.13 0.26 108
Ni/Au core-shell NWs 0.08 0.01 104
Ag/Au NWs 0.23 0.91 105

1.3.3. Electrocatalysis

Besides reactions driven by chemical potentials, electricity is another form of energy,
which can be utilized to conduct chemical transformations. Nonetheless,
electrochemical processes are challenging. Electrocatalysts have to be precisely
designed to withstand continuous redox reactions for a prolonged time and exhibit
stable high activities. Nanomaterials could resolve such problems, like metal
nanoparticles supported on conductive materials. A carbon cloth can be an example,
which improves electric current flow to actual electrocatalytic sites, however, such
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systems tend to corrode and leach, which drastically decreases their catalytic

106,107

performance . More advanced nanostructures such as nanowires with anisotropic

morphology may minimize those issues. Their main advantage is very high surface area

108 ) ack of occurring coalescence, as opposed to nanoparticles, also

and conductivity
promotes higher catalytic activity '®°. There are numerous electrocatalytic reactions,
but not all of them include nanowires as a part of catalytic systems. Here only the most
important processes are discussed. Starting with water splitting, which can provide
eco-friendly and renewable hydrogen sources, which gathered attention of many

MO The process consists of a hydrogen evolution reaction (HER)

research groups
(Reactions 2, 4), which occurs on the cathode, and an oxygen evolution reaction (OER)
(Reactions 3, 5) which occurs on the anode (Fig. 5). In acidic medium half-cell reactions

occur as follow:

2H' +2¢” - H, (2)

1
H20—>502+2H++2e‘ (3)

Whereas, in alkaline medium water electrolysis process in different manner:

2H,0 + 2¢~ - H, + 20H~ (4)

1
20H™ =50, + Hy0 + 2e” (5)

For sustainable production of those gases, highly active and state-of-the-art catalysts
have to be used. Nowadays, the most common choice is Pt-based anodes and Ir or Ru-

112 bue to the high prices of those elements and their low abundance,

based cathodes
overall profitability is limited. Many studies postulated that nanowires could be
desired nanomaterials for that application. Ultrathin 2 nm wide Pt NWs accompanied
with single-layered 2D nickel hydroxide nanosheets showed even five times increased

catalytic activity for HER reaction compared with commercial Pt/C catalyst 13,
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Alloyed Pt NWs were also successive in this matter. FesgPtss NWSs prepared by Gue et

al. from Fe(CO)s and Pt(acac), were only 2.5 nm thick 114

, While acetic acid activation
allowed for surpassing 3.2 nm Pt catalyst in oxygen reduction reaction (ORR). More
complex morphologies such as zigzag-like PtsFe NWs supported by carbon black also

115
|

showed better performance in comparison to commercial materia . Even higher

values were observed for PtNiCo NWs

. Heterostructures were also investigated.
Metal-sulfide junctions with dense interfaces and specific electronic and surface
characteristics could improve catalysis even further. Pt3Ni/NiS NWs are perfect
examples, as they exhibited spectacular mass activity of 37.2 mA cm™ for HER *V/

(Table 3).

The core-shell approach of Koenigsmann’s group achieved 1.83 A/mg of mass-specific
activity for Pt/Pd NWs 18 This study shows that lowering Pt load can be done with
NWSs. Another pathway to better catalytic systems leads through non-noble metals,
which can be easily converted into nanoscale anisotropic materials. CoP NWs/CoMoP
nanosheets exhibited high HER activity due to synergy between their ingredients 19,
As CoMoP enhanced the dissociation of H,0, the CoP NWs allowed better adsorption
of hydrogen, and thus improved properties were observed. Another interesting finding
was presented by Yang, which used amalgamated Co and Mo as Co-N-MoO, NWs with

120

bountiful active sites *". The formed bifunctional nanocatalyst was able to reach 69

mV of overpotential vs reversible hydrogen electrode (RHE).

W — Electrolyte G@

Anode Cathode

Fig. 5. Scheme of electrocatalytic water oxidation.
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Other metals like manganese are also considered due to their high abundance and
minor toxicity. MnO, NWs were exploited in composite material by adding nickel and
1,3,4-thiadiazole-2,5-dithiol ***. Such a system could work under the same potential as
a RuO, catalyst (1.492 V vs. RHE). As the ruthenium price has blown sky-high in 2021,
this solution lowered costs drastically. However, the importance of expensive and

more reactive metals was also explored.

Iridium in the form of wavy NWs showed outstanding performance for OER and HER
due to the developed surface area and therefore higher catalytic activity 122 Alloying
iridium with nickel or cobalt showed that a compromise between price and activity

could be possible 123

, although it requires better optimization for large-scale usage.
Metal oxides were also utilized for OER electrocatalysts. Fe-TiO, NWSs/Ti properties
observed by Zhao et al. were reasonable for application, as they operated at 0.26 V

overpotential vs. RHE exhibiting 1 mA cm™ current density ***

(Table 3). Metal nitrides
like CON NWs with large lattice spacing showed even higher values of 10 mA cm™ at
0.29 v » (Table 3). Non-noble metals attracted the attention of many research teams
in this matter as well. The most obvious choice was copper, whose very high
abundance, low price, high conductivity, and convenient handling made it a perfect
candidate for a versatile catalytic platform. An interesting implementation could be a
core-shell 3D nanocomposite of Cu/NiFe NWSs, whose layered double hydroxide

structure exhibited very promising results %

. Accelerated electron transport by
developed surface and improved gas release were key features of such a system. The
current density of even 100 mA cm™ at 1.69 V surpassed values generated by
IrO,(+)//Pt(-) catalysts and lowered costs. Nickel-based NWs like NiSe 126 and Nis, ¥’
also showed promising outcomes. The high stability of nickel and cost-efficient

production are major advantages of those nanocatalysts. This proved the concept of

noble-metal-free catalysts, which can achieve high activities at lower prices.
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Table 3. Comparison of catalytic properties of NW-based catalysts in water-splitting.

Reproduced with permission from *3. Copyright (2022) Elsevier.

Catalyst [;ESgAl] Electrolyte n [V] vs. RHE CUE::TC(:E]S ity I:\(E/Idslzc::ﬂ(]e Ref.

Pt NWs/SL-Ni(OH), 22.8 0.1 M KOH 0.058 4 / w
FessPtsa/C / 0.1 M HCIO, 0.9 3.9 / 128
Pt-skin PtsFe z-NWs/C 34 0.1 M Hclo, 0.9 434 76 "
PtNiCo NWs 82.2 0.1 M Hclo, 0.9 5.11 / e
PtsNi, NWs-S/C / 1 M KOH 0.070 37.2 / w

Pt monolayer/Pd NWs / 0.1 M HCIO, 0.9 0.77 / 129
CoP NWs/CoMoP 4.67 1 M KOH 0.034 10 33 "
Co-N-MoO, NWs 31.97 0.1 M KOH 0.258 10 126.8 10
Ni/DMTD/MnO, NWs 32.89 1 M KOH 0.262 10 69.46 21
Ir NWs 31.3 0.1 M Hclo, 0.283 10 47 2

Ir/Ni NWs 70 / / / / 123

Ir/Co NWs 40 / / / / 123
Fe/TiO, NWs/Ti / 0.5 M H,50,4 0.260 1 126.2 124
CoN NWs / 1 M KOH 0.290 10 70 1
Cu/NiFe NWs / 1 M KOH 0.116 10 58.9 30
NiSe NWs / 1 M KOH 0.096 10 120 126

NiS, NWs / 1 M KOH 0.165 10 94.5 7

Another electrocatalytic reaction, whose development is crucial for industry, is
electrooxidation. Among many suitable substrates, alcohols emerged as convenient
power sources. Methanol electrooxidation reaction (MOR) is particularly important,

due to the promising results of direct methanol fuel cells (DMFCs) (Fig. 6) 131

_m
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Fig. 6. Scheme of anion exchange membrane fuel cell.

Currently, the best commercial catalysts for MOR are Pt-based bulk structures.
However, nanostructures can provide necessary improvements for more profitable
applications. Highly ordered nanoporous Pt NWs, prepared by a dual-template

approach, are perfect examples of how quantum effects and developed surfaces
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exhibited by nanowires may implement those changes. Zhang et al. observed that
smaller mesopore size in the template allowed for obtaining thinner NWs, which had

higher electrochemically active surface area (ECSA) reaching 40.2 m’g™.

Core-shelling and alloying of various metals could benefit certain electronic
characteristics and reduce the costs of the overall nanocatalyst. Wang proposed Pd/Pt
NWs arrays, obtained by electrodeposition of Pd NWs, followed by sputtering of Pt
thin coating *%. The synergistic effect provided by specific morphology gave promising
results in the form of more negative peak potential and higher current density. PtPdTe
NWs *** and PdRuPt NWs ** exhibited similar values. Guo et al. showed that catalytic
properties strictly depend on alloy composition 135, They used FePtPd NWs as an
example, in which Pd concentration controlled the shift of peak potential. Further
studies revealed that multi-shell nanowires can achieve even more spectacular results.
PtsFePd, NWs gave 4.038 A mg’' mass activity (Table 4), and after multiple
electrocatalytic cycles, their morphology was untouched **°. Other three-metallic
systems were also exploited. The palladium-free approach was presented by Li, whose
PtFeNi NWs were composed of ionic liquid to promote reaction in proton exchange

137, Many more nanowire-based electrocatalysts were prepared

membrane fuel cells
recently, however, most of them are still under development due to technological

issues and immaturity of concepts.

Table 4. Comparison of catalytic properties of NW-based catalysts in methanol

electrooxidation. Reproduced with permission from 3, Copyright (2022) Elsevier.

Catalyst Mass ac’fivity Specific actlvity CO oxidation Ref.

[mA mg™ (M)] [mA cm™] peak potentials
Nanoporous Pt NWs 398 (Pt) 0.98 / 138
Pd/Pt NWs 756.7 (Pt) 22.7 0.54 V vs. SCE 132
PtPdTe NWs 595 (Pt) / / 33
Pdo.s7RUo.4sPt NWs 1100 (Pt) 1.98 / 134
FeysPtssPdss 488.7 (Pt) / / 39
PtsFePd; NWs 4038 (Pt) / / 136
PtFeNi NWs 750 (Pt) 0.86 / il
PtFeNi NWs/ionic liquid 1430 (Pt) 1.64 / el
Pt/Zn NWs 1005.3 (Pt) 3.48 0.581 V vs. SCE o
PtCu, NWs 1287 (Pt) 1.87 0.478 V vs. SCE 1
Cu(OH),@CoCO3(0H),:nH,0 NW/CF / 0.223 0.5 V vs. SCE 12
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1.3.4. Photocatalysis

Since Fujishima showed photoinduced water decomposition on TiO,, a lot of emphasis

143

is put on the development of photocatalytically active materials ~*°. Those efforts are

motivated by new opportunities for resolving energy shortage and organic pollutants

144-146

issues . Visible light generated by the Sun is virtually infinite (for our generation)

and can enable chemical transformations, which are limited by ambient conditions.

Common examples of how new photocatalysts can be tested involve degradation of
organic dyes (Fig. 7). Wastewater produced by the textile industry is often polluted
with numerous dyes, which is a burning issue for the environment. Photocatalytic
degradation of such compounds may solve the problem, which other methods like
membrane processes and activated carbon adsorption struggle to overcome /7%

Nanowires, especially of semiconductor type, exhibited particularly valuable

contributions to this issue, out of which a few examples can be seen in Table 5.

Hydrogen-terminated silicon nanowires (H-Si NWs) successfully degraded methylene

10 (Table 5). Brahiti proposed mechanism was based on

blue and methyl orange
electron-hole pair generation on the surface of NWs. Photoelectrons leave the Si
valence band before being trapped by a hydrogen atom, which acts as an electron sink.
The pH of the solution controls oxidation/reduction rates. H-Si NWs surface slowly
changes its character toward a more hydrophilic nature due to the appearance of
partially protonated hydroxyl groups. When the dye is adsorbed on the active site,
oxidative degradation takes place. The authors observed that degradation efficiency

strictly depends on the crystal structure orientation of the NWs, as (100) Si substrates

exhibited higher performance.

Table 5. NW-based catalyst used during photodegradation of various substrates.

Copyright (2022) Elsevier.

Catalyst Reduced substrate Ref.
. Methylene blue 150

H-SINWs Methyl orange
ZnO NWs/Carbon fibers Methylene blue 1
GaN NWs Orange Il 12
Cu,Se NWs Malachite green 153
NaNbOs/g-CsN, Co, =4
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Furthermore, ZnO NWs — carbon fiber composite prepared by Xue demonstrated
enhanced photocatalytic properties thanks to ZnO piezoelectric nature 11 Nanowire
vertical alignment resulted in the formation of a 3D structure. Deformed ZnO NWs
provided improved migration of charge carriers (electrons and holes). This study
showed the synergistic effects of solar and mechanical energies in ecological industrial
wastewater treatment. However, other key aspects of environmental samples could
still damage such state-of-the-art nanocatalysts during their application. ZnO NWs are
pH-sensitive, which strongly affects their catalytic properties under harsh conditions,

which are common for industrial wastes.

Therefore, some interest was transferred to more resistant alternatives. Gallium
nitride NWs exhibited outstanding stability under extreme pH values *>>. The highest
performance in Orange Il degradation was achieved at pH = 3.4, which is beneficial for
real-life applications. As pH affects the space charge layer and redox potential,
catalysts should be designed based on their resistance to more acidic regimes, rather
than focusing only on overall catalytic activities. More examples of nanowires used in
photocatalysis include Cu,Se NWs for malachite green degradation, where a

d 3. Density

connection between NWs aspect ratio and reaction speed was observe
functional theory (DFT) calculations unravelled the influence of specific atomic charge

distribution on photocatalytic performance.

A slightly different application was found for NaNbO3; NWs coupled with polymeric
graphitic carbon nitride which were able to transform CO, into CH,4 using reduction 1>4
(Table 5). As described by Shi, photocatalysis may be also an interesting pathway for

environmentally friendly and cheap fuels.
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Fig. 7. Scheme of nanowire-driven photodegradation of dyes.

Presented catalytic applications, prove that nanowires are interesting alternatives for
other bulk and nanostructured materials. They can be exploited as main catalysts, a
support material, or an improver of catalytic properties, which makes them
multipurpose, versatile, and easy-to-tune platforms. The main features of nanowires
include their well-developed surface area, anisotropic morphology, and unique
electronic properties. A wide spectrum of possible chemical compositions generates

almost endless opportunities for nanomaterials in catalysis.
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2. Aims and scope of the work

This thesis is focused on the synthesis of nanomaterials and their application as
catalysts for organic chemistry reactions. Nanowires were chosen as primary nanoscale
objects to study since they are not explored extensively enough in catalysis-related
literature. Their composition was based on inexpensive and abundant elements such
as copper, nickel, and cobalt. For improving performance of formed catalytic systems,
a small amount of noble metal nanoparticles was implemented as highly active
catalytic sites. The synthetic paths involved in this thesis comprised essential chemical
transformations of great importance for chemical industry. The developed methods
and techniques used were convenient and unsophisticated in practice which in the
future could be easily scaled up. The following works described in this dissertation

include:

» Synthesis of bimetallic nanowires from highly toxic industrial wastewater

» Decoration of metallic nanowires with nanoparticles to obtain composite
nanocatalysts for coupling reaction to obtain small organic molecules and
conjugated polymers

» Design and application of trimetallic nanocomposite as electrocatalyst for

ethanol electrooxidation

Obtained nanomaterials were characterized by various techniques, which provided
essential information and insight into possible assembly mechanism and their catalytic
properties. The discussed results were published in reputed scientific journals, which

underline the significance of the accomplished goals.
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3. Results and discussion

3.1. Recycling of heavy metals by transforming industrial wastewater into Cu-Ni

nanowire composites

During my internship at Aalto University in Finland, along with scientists from the
Department of Chemical and Metallurgical Engineering, | studied the synthesis of non-
noble metal nanowires from industrial wastewater [P2]. Such complex mixtures are a
critical issue due to high toxicity and growing volumes, however, it is also a perfect
source of metal ions, which can be extracted and converted into useful materials. New
approaches for refining and recycling heavy metals are highly desired due to ecological
and economical aspects. To further extent, alternative routes for nanomaterials
synthesis are also interesting topics to explore. This research was an opportunity to

test complex solution as a precursor of anisotropic nanostructures.

| obtained environmental samples from copper electrorefining, which contained
mainly copper, nickel, arsenic, and antimony. It was a highly acidic solution due to the
high concentration of sulphuric acid used during industrial processing, as revealed by
analysis conducted using Inductively Coupled Plasma Optical Emission Spectrometry
(ICP-OES). | used the Chang protocol for Cu NWs synthesis as starting parameters for

135 | diluted the source

the study using the above-mentioned source of metal ions
material with deionized water to obtain a lower concentration of Cu and Ni ions,
therefore gaining similar conditions as in the aforementioned paper. The synthesis
required a highly alkaline medium, which was provided by a NaOH solution of 8-12 M,
added to the diluted precursor. After heating the base solution to 60-85°C, | added
ethylenediamine (EDA) as a capping agent to promote anisotropic growth and
hydrazine (N,H4), as a reducing agent. This resulted in the precipitation of red flakes,
which quickly turned black. Reactions were conducted for 10-60 min, and products

were magnetically separated, washed with deionized water, and dried in air at 100°C.

A schematic illustration of this process is covered in Figure 8.
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Fig. 8. Scheme of the synthesis procedure. Reproduced with permission from *°.

Copyright (2020) Springer Nature.

Co-precipitation of main components of the precursor solution can be described as

follows:

2Cu?* + NoH, + 40H™ - 2Cu + N, + 4H,0 (6)

2Ni%** + N,H, + 40H~ - 2Ni + N, + 4H,0 (7)

A more detailed nanowire growth mechanism can be explained in a couple of steps.
Cu® ions present in the basic environment form Cu(OH),> complex molecules are
reduced by hydrazine to Cu(OH),". Further reduction results in the formation of Cu,0

157,158 Simultaneously,

nano-seeds, which enable anisotropic growth on (110) plane
nickel hydroxide transforms into pure metallic atoms, which co-precipitate along the
axis designated by the Cu,0 seed. During the growth, EDA controls the thickness of
growing nanowires, by adsorption on sidewalls and thus blocking the building up of

additional atoms. The whole process can be seen in Figure 9.
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Fig. 9. Growth of a CuNi NW. [C] complexation, [R] reduction. Reproduced with
permission from *>®. Copyright (2020) Springer Nature.

Once the first sample (S1) was obtained, its characterization by Scanning Electron
Microscopy (SEM) revealed promising structures resembling nanowires, however, their
irregularity and twisted nature distanced them from a true anisotropic nanostructure. |
tried to optimize parameters such as temperature, concentrations of reaction
components, and pH value, to improve homogeneity and purity of nanowires.
Temperature studies showed that, at a certain point, at 80°C nanoparticles aggregate,
which is a result of accelerated Cu,0 formation (S9, Fig. 10). This led to insufficient
Cu®* supply for proper growth of NWs. The main focus was dedicated to studying the
importance of different reactant concentrations. The precursor solution was diluted to
three levels, which were 0.03 M, 0.06 M, and 0.12 M of copper ions. The highest
concentration gave mostly nanoparticles with a rough surface (S23, Fig. 10). In
conclusion, anisotropic growth seemed to be limited in favor of the formation of more
spherical nanostructures. Lower concentrations resulted in better morphologies, which

proved the stated concept.

Hydrazine, as a reducing agent, had a significant impact on forming nanomaterials.
When 0.2 mL of N,H4 was applied, the growth was uneven in all directions, and seed
particles were preferred. Lesser values gave expected outcomes of NWs and nanorods

155,158

based on literature knowledge . However, their morphology was hindered by a
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small coating of spherical nanoparticles. To tackle this inconvenience, the temperature
was elevated to 70°C, which deleted unwanted elements from the nanomaterial.
Unfortunately, for 0.2 mL NyH;, a similar test resulted in aggregated spherical
nanoparticles. It can be concluded that radial growth was promoted, which increased
the sizes of formed particles and therefore destroyed anisotropic morphology. Another
reactant involved in NW synthesis was a capping agent. It was found that EDA
concentration was crucial for desired nanostructure production. Higher concentration
allowed for longer NWs growth (S13, Fig. 10). Encouraged by those findings, | tested
EDA influence under elevated temperature, which led to thinner NWs and their

moderate lengths.

Then, | extended the reaction time, which displayed, that after a standard 10 min
reaction, plenty of metal ions remained unreacted. Additional time allowed for further
growth of NWs, even up to 10 um long (S15, Fig. 10). Visible spheres at the ends of
NWs corresponded to Cu,0 seeds, which was also reported by Rathmell *°. Lastly, |
investigated the impact of the basicity of the reaction mixture. At starting temperature
(60°C) 12 M NaOH solution gave thin NWs (S16, Fig. 10), however, increased
temperature diversified morphologies of produced nanostructures (S17, Fig 10). |
concluded that a higher concentration of OH™ accelerated complexes formation and
thus a rapid nanoparticle seeding. As growth initiation was promoted over the
propagation of anisotropic nanostructure, obtained nanomaterials were characterized

in shorter lengths.
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Fig. 10. SEM micrographs of the obtained selected nanostructures. SEM micrograph of
the first sample produced using reference conditions is highlighted (denoted as S1 in

the text). Reproduced with permission from **°. Copyright (2020) Springer Nature.
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After tuning reaction parameters, | concluded that S15 gave the best results among
conducted experiments. | discovered key parameters, which should be adjusted for
proper NW growth. Firstly, precursor solution concentration is crucial as an excess of
metal ions leads to unwanted radial growth of spherical nanoparticles. Secondly, the
length of NWs strictly depends on the reduction rate. Thirdly, the capping agent is the
main factor in the anisotropic growth of NWs and must be dosed appropriately, so the
full encapsulation of NWs may be omitted. Lastly, prolonged time is needed for higher
conversion of starting material into advanced nanostructures. | also observed that
under applied conditions only Cu and Ni were present, which was proved by Energy-
dispersive X-ray spectroscopy (EDX) analysis (Figure 5a - P2). Visible elements were
dispersed randomly along nanostructures, which excluded the possibility of formation

of core-shell structure.

To summarize, | was able to achieve promising results by utilizing simple wet chemical
reduction under controlled conditions to transform industrial wastes into
nanostructures. The presented approach may attract more attention to 1D
nanostructures due to the possible collaboration of industrial partners with
nanostructures-focused research groups. As heavy metals-rich industrial wastewater is
such a burning issue, an eco-friendly solution with additional benefits of nanowire
synthesis seems to be a huge opportunity to exploit on a large scale. This topic is still
an open field with spacious room for improvement and experimenting like various
reducing and capping agents or different metals for alloying with copper. The obtained
findings may become foundations for further studies targeting synthesis of nanowires

from complex industrial wastes.
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3.2. PANPs/NiNWs as catalytic platform for Suzuki coupling of anisole derivatives

As discussed previously in this thesis, a coupling reaction is an efficient way of joining
smaller molecules into larger and more complex chemical structures. Rapid
development of catalytic platforms for such transformations is crucial due to their
involvement in synthetic routes of fine chemicals, especially pharmaceuticals. Suzuki-
Miyaura reaction is particularly essential, as the organoboron and organohalide
substrate range contains numerous easy-to-handle species. Additional attention
comes from important drugs, which are produced thanks to this reaction such as
Losartan, Diflunisal, or Clonazepam **°. Suzuki reaction is dominated by homogeneous
complex-based palladium catalysts, which are expensive, and inconvenient, and their

production yields toxic by-products °°7*

. Those issues hamper the large-scale
application of coupling reactions. To overcome such limitations scientists are in search
of an alternative approach to heterogeneous catalysis, particularly, by exploiting
nanostructures. | joined those efforts by creating Pd decorated Ni NWs, which showed

promising results in the catalysis of Suzuki cross-coupling [P3].

Metallic nanowires, which acted as magnetic support material, were prepared by
simple wet chemical reduction of precursor solution with hydrazine. Self-assembly of
Ni atoms was enhanced by applying an external magnetic field, which improved
anisotropic growth by aligning metal atoms along the field. A more detailed analysis of
NW synthesis can be found elsewhere *°. The main advantages of this approach are
rapid reaction and simplified product separation due to the ferromagnetic properties

of nickel.

Palladium nanoparticles were deposited on NW surfaces by sonochemical technique,
using K,PdCl, as a palladium source and polyvinylpyrrolidone (PVP) as a capping agent
for better control over growth. Additionally, PVP helped in the generation of free
radicals, which were used to reduce Pd ions to metallic form. Those steps resulted in
nickel anisotropic structures with spikes along their surfaces, coated by palladium
spherical nanoparticles, which can be observed on Scanning Transmission Electron

Microscopy (STEM) micrographs (Fig. 11).
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Fig. 11. STEM and TEM micrographs of PANP/NiNW samples prepared with different
Pd** concentrations: a,d— 5mM (S1); b,e — 10mM (S2); ¢,f — 15mM (S3). Reproduced

with permission from '°>. Copyright (2023) Elsevier.

Selected area electron diffraction (SAED) patterning showed (111), (200), (220) faces
for Ni and (111), and (220) faces for Pd (Fig. 12 a,b). X-ray photoelectron spectroscopy
(XPS) allowed for a more precise analysis of chemical structure. Species like Ni,0O;
(856.6 eV) and Ni(OH), (855.4 eV), Pd (335.8 eV), and PdO (337 eV) were detected (Fig.
12 c).
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Fig. 12. (a) SAED pattern with marked Miller indices characteristic for metallic Pd and
Ni together with (b) linear profiles confirming the coexistence of Ni and Pd phases in
the analyzed sample S1. (c) X-ray photoemission spectra recorded for S1. Reproduced

and modified with permission from 163, Copyright (2023) Elsevier.

The catalytic study of as-prepared and characterized catalysts began with a model
reaction of biphenyl synthesis from phenylboronic acid and bromobenzene (Reaction
8). Reaction conditions like solvent, temperature, and base were inspired by literature

sources containing similar Pd catalysts '**¢’

. First tests conducted in DMF: H,0
environment ensured aggregation leading to lower activity, especially for samples with
higher concentrations of Pd. An extended reaction time of up to 24 h and elevated
temperature (70°C) was needed to obtain quantitative yields. After tuning the
parameters, S1 with the lowest Pd content exhibited improved results and even 100%

yield (Table 7). Therefore, further studies were focused on that specific catalytic

sample.
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Table 7. Suzuki coupling of bromobenzene and phenylboronic acid on nanocatalysts
163

with various Pd concentrations. Reproduced with permission from ~°. Copyright
(2023) Elsevier.
" Isolated
%mass Pd K.COs Teemp Time Solvent Yield T‘.J'fl
[mmol] [°C] [h] %] [min™]
4.80% 1 60 3 DMF/H,0 35% 0.21
2.00% 1 60 3 DMF/H,0 50% 0.74
2.00% 2 60 3 DMF/H,0 39% 0.57
2.00% 1 70 24 DMF/H,0 89% 0.16
2.00% 2 70 24 DMF/H,0 65% 0.12
0.34% 2 60 3 DMF/H,0 47% 0.89
0.34% 1 60 3 DMF/H,0 79% 1.00
0.34% 2 60 24 DMF/H,0 51% 0.86
0.34% 1 60 24 DMF/H,0 87% 0.92
0.34% 1 70 24 DMF/H,0 100% 1.01

Reaction conditions: 0.75 mmol of phenylboronic acid, 0.5 mmol of bromobenzene, 2 mL DMF, 2 mL
H,0, 10 mg of nanocatalyst.

Unfortunately, after switching from bromobenzene to 4-bromoanisole (Reaction 9),
yields decreased drastically. However, applying a different organic solvent (ethanol),
enhanced the yield of the synthesis of 4-methoxybiphenyl to 79%. This resulted also in
less toxic and easier post-treatment workup due to lower boiling point of ethanol.

188 A steric hindrance limited the

lodo-derivatives performed as expected
transformation of meta-substituted substrates in comparison to para- (85% vs. 93%
yields). Positive outcomes were limited by low TOF values of 1.01 min™, which needed

to be improved.

As conventional heating had some drawbacks such as temperature gradient in the
reaction vessel, and undesirable catalyst agglomeration on the walls during vigorous
stirring, a different approach had to be pursued. A microwave reactor was used for
further study to solve the aforementioned issues. It allowed a time reduction from 24
hours to only 15 minutes, which improved TOF values significantly. The parameter
study resulted in enhanced yields for anisole and toluene derivatives above 80% and
70% respectively (Table 8). Other moieties such as nitro-, hydroxyl- esters, and

carbonyl- were also tested, however, without any success. Therefore, it can be
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concluded that prepared PANPs/NiNWs composite catalyst exhibits high selectivity

towards anisoles and toluenes.

HO
\

X B-OH PdNP/NiNWs
O T
Solvent

K,CO,

)

(9)

Table 8. Suzuki coupling of various halo-derivatives with phenylboronic acid in the

presence of microwaves (Reaction 9). Reproduced and modified with permission from

183 Copyright (2023) Elsevier.

R X K,CO3 Temp. Time Isolated Yield TOF
[mmol] [°C) [min] (%] [min™]
4-OMe Br 2 70 15 48% 49.88
4-OMe Br 1 70 15 77% 80.02
4-OMe Br 1 90 15 95% 98.73
4-OMe Br 1 110 15 87% 90.41
3-OMe Br 2 70 15 96% 99.76
3-OMe Br 1 70 15 76% 78.98
3-OMe Br 2 90 15 100% 103.92
3-OMe Br 2 110 15 85% 88.33
4-Me Br 2 70 15 27% 28.06
4-Me Br 1 70 15 18% 18.71
4-Me Br 2 90 15 40% 41.57
4-Me Br 2 110 15 70% 72.75
4-MeO Br 2 70 15 0% 0.00
4-OH Br 2 70 15 0% 0.00
4-NO, Br 2 70 15 0% 0.00
4-OMe I 2 70 15 97% 100.80
4-OMe I 1 70 15 36% 37.41
4-OMe I 2 90 15 79% 82.10
4-OMe I 2 110 15 85% 88.33
4-COOMe I 2 70 15 0% 0.00

Reaction conditions: 0.75 mmol of phenylboronic acid, 0.5 mmol of aryl halide, 2 mL EtOH, 2 mL H,0, 10

mg of nanocatalyst (0.34% Pd/NiNWs).

To boost the TOF value even higher, the reaction time was shortened to 10 and 5 min,

which showed only a small variation in yields (Table 9). The catalyst load was also

lowered from 10 mg down to 2 mg for 15 min reaction, which resulted in an

astonishing 519.61 min™ TOF.

HO

/@,Bf B-OH PdANP/NiNWs

T
Solvent

MeO K

2 3

MeO

(10)
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Table 9. Reduction of reaction time and catalyst load for coupling of 4-bromoanisole

with phenylboronic acid (Reaction 10). Reproduced and modified with permission from

183 Copyright (2023) Elsevier.

Cata[lr\:]s;]load K,CO3 [mmol] Temp. [°C] ;—r::n? Solvent \lf?::jt[i/f] [r;(i)ni]
10 1 90 15 EtOH/H,0 95% 98.73
10 1 90 10 EtOH/H,0 97% 151.21
10 1 90 5 EtOH/H,0 95% 296.18
5 1 90 15 EtOH/H,0 100% 207.84
2 1 90 15 EtOH/H,0 100% 519.61

Reaction conditions: 0.75 mmol of phenylboronic acid, 0.5 mmol of aryl halide, 2 mL organic solvent, 2
mL H,0.

The stability of the new catalytic system was also investigated. 4-bromoanisole was
chosen as substrate and the reaction was conducted 5x, subsequently washing/drying
of the same portion of the catalyst. The three first cycles showed a minor decrease in
4-methoxybiphenyl yield (93%—>87%—>84%), however, the fourth cycle gave a higher
yield than starting reaction (99%), which again decreased in 5t cycle to 95%. Such a
phenomenon may be connected to the activation of the catalyst during consequential

reactions.

| concluded that microwave irradiation plays a vital role in the catalytic cycle of studied
composite nanomaterial. A more direct approach to heating the molecules was
beneficial due to the removal of the temperature gradient inside the reaction mixture.
This resulted in faster reaction times, as kinetics were enhanced significantly. The
metallic character of the prepared catalyst caused the occurrence of high voltage
current due to electron oscillation . Sparking and plasma discharging created hot
spots due to the Joule heating phenomenon (Fig. 13). As a result, improved diffusion,
heat, and mass transfers occurred. Conducted experiments showed huge differences in
reaction rates and yields of conventional and microwave approaches, which confirmed

the hypothesis.
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Fig. 13. Comparison of conventional and microwave heating approaches of the

163

reaction mixture. Reproduced with permission from . Copyright (2023) Elsevier.

The reaction mechanism followed a classical palladium-driven Suzuki coupling catalytic
cycle. Due to an alternative heating method, | speculated that the first step was the
generation of hot spots on PdNPs due to microwave irradiation. As-created active
species released Pd atoms by leaching into the reaction medium, which acted similarly
to a typical Suzuki catalyst (Fig. 14). Textbook subsequent stages of oxidative addition,
transmetalation, and reductive elimination occurred conventionally. Then Pd° atoms
redeposited on NWs, however, in different places due to entropy. This may explain the

observed behavior of recycled catalysts, in which the redistribution of Pd atoms self-

Microwave radiation

PdNPs/NiNWs

tuned overall properties.
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Fig. 14. Proposed mechanism for the PdANPs/NiNWs-catalyzed Suzuki cross-coupling

reaction. Reproduced with permission from 163, Copyright (2023) Elsevier.
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In summary, a new catalytic system was created, characterized, and exploited in the
coupling reaction. Palladium-decorated nickel nanowires were obtained by an
inexpensive and convenient synthesis protocol, which offers scale-up opportunities. A
specific selectivity towards anisole and toluene derivatives was observed during
catalytic reactions. Despite moderate to quantitative yields under conventional
heating, studies involved microwave irradiation, which boosted the catalytic properties
of PANPs/NiNWs to a further extent. A vast time reduction enabled by this approach
allowed taking it down from one day to an outstanding 5 minutes. Simplified
separation of catalyst from post-reaction medium, due to magnetic properties, was
another beneficial outcome of PANPs/NiNWSs-driven reactions. This study showed how
important nanomaterials are during the development of modern catalysts for
advanced chemical transformations. Their notable catalytic activities, promoted by
well-developed surface area and quantum effects can be further enhanced by
synergistic effects, by alloying and composing them together into highly efficient

catalytic platforms.

3.3. Nanocatalytic approach for polyfluorene derivative synthesis by applying

microwave radiation to PANPs/NiNWs catalyst

This work [P4] is an expansion of the previously presented concept of the Suzuki
coupling reaction, whose promising results encouraged further research on larger

chemical species. n-conjugated polymers are substances with a bountiful variety of

170,171

chemical structures. They proved to be versatile tools for photovoltaics , organic

172,173 174,175

light-emitting diodes (OLEDs) , and other electronic devices . They also

possess other interesting properties such as the ability to extract specific chiralities of
carbon nanotubes. Structure-dependent selectivity corresponds to m-m and CH-nt

interactions during polymer adsorption onto CNT walls. This characteristic behavior,

176-179

being exploited by numerous research teams , made conjugated polymers

valuable materials. Conjugated polymer extraction (CPE) emerged as a promising

solution compared to other single-walled carbon nanotube (SWCNT) purification

methods such as electrophoresis 180, density gradient centrifugation 18 or

182

chromatography ~°“. However, their synthesis struggles with optimization and mass
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control. Inhomogeneous polymers, which differ from batch to batch hinder SWCNTs
separation 8 Therefore, crucial efforts have to be made to improve their synthesis
protocols. The most common synthetic route involves the Suzuki polycondensation
reaction, which can be A-B or AA-BB types, according to used diaryl bromides and
diaryl boronate esters. It is catalyzed by palladium complexes such as
tetrakis(triphenylphosphine) palladium (0) - (Pd(PPhs)s. Although it possesses high
activity and selectivity, a set of drawbacks hinder industrial application. Due to
phosphine ligands, the production process is expensive and yields toxic by-products.
Furthermore, an oxygen-free reaction atmosphere is needed to ensure complex
stability. As a homogeneous catalyst, recyclability is almost impossible. Those issues
declassify complexes in terms of profitable catalysts for cheap polymerization

protocols.

To compensate for the listed problems, | applied PANPs/NiNWs as a nanotechnological
approach in Suzuki polycondensation (Fig. 15). The catalyst was prepared similarly to
the one in previously presented article. It is worth mentioning that during publishing
this was the first attempt at using such a catalytic system in this kind of reaction. In
addition to catalysis studies, obtained polymers were exploited in CPE protocols, in
which an enriched (7,5) SWCNT chirality fraction was successfully extracted from

polychiral raw material.

Microwave-assisted monomer welding on
Pd NP hot spots
Polymer

NiNW?
I
Pd N » Shorter reaction times
i » Quantitative yields
3 >
>

Monomer A Control over MW

Monomer B Dispersity <2

Fig. 15. lllustrative expression of key aspects of [P4]. Reproduced with permission from

184 Copyright (2024) Springer Nature.

For investigation of catalytic properties, a fluorene-based polymer was chosen as the
targeted product, precisely poly (9,9-dioctylfluorenyl-2,7-diyl) (PFO) (Reaction 11).
After preparation of 0.34%PdNPs/NiNWs catalyst, the initial experiment was
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performed in the same manner as for Pd(PPhs);-promoted synthesis. This included a
sealed reactor containing reactants and solvents. Magnetic stirring and conventional
heating were applied for three days, after which the commercial catalyst gave 83%
polymer yield, and the nanocatalyst performed poorly by reaching only 16% dimers
yield. | suspected that the paramagnetic properties of NWs resulted in strong
aggregation around Teflon-coated dipole. It might have caused a major decrease in the
catalytic activity of the tested sample. As microwave irradiation proved to enhance
catalytic properties in previous research and many other literature examples %€,
further studies involved microwave reactors. Once again, the alternative heating
method proved to be more efficient, compared to the conventional approach.
However, during this research, a more detailed investigation of energy supply was
conducted, by applying two different modes. A Standard Mode (SM) reached the
designated temperature by varying microwave power. After that temperature
oscillated around the target value with a 1°C buffer. The second mode called Solid
Phase Synthesis (SPS) relied on constant power. The target temperature range was

achieved under a stable supply of microwaves. A list of conducted experiments may be

found below (Table 10).

0 PdNPs/NlNWs
Br OOO Br
Tquene/H o] ( 11 )
H47C C H Base, Temp.

H{7Cs CgH
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Table 10. Microwave-assisted PFO synthesis via Suzuki polycondensation at Standard
and SPS modes. Reproduced and modified with permission from ***. Copyright (2024)

Springer Nature.

T Yield TOF

No. Mode  Power [W] Base/Conc. C] %] Y M, [kg/mol] M, [kg/mol] b
1 SM 0-200 Na,C0s/1M 80 0 -
2 SM 0-200 Na,C0s/1M 110 62 1793 1.88 3.06 1.63
3 SM 0-200 Na,C0s/1M 130 57 1648 8.08 11.31 1.40
4 SM 0-200 K,CO3/1M 80 34 983 3.14 3.99 1.27
5 SM 0-200 K,CO3/1M 110 69 1995 5.25 8.45 1.61
6 SM 0-200 K,CO3/1M 130 75 2168 4.56 6.61 1.45
7 SPS 80 Na,C0s/1M 75-80 0
8 SPS 80 Na,C0s/1M 105-110 82 2371 8.32 16.31 1.96
9 SPS 80 Na,COs/1M 125-130 41 1185 4.95 6.68 1.35
10 SPS 80 K,COs/1M 75-80 51 1475 3.45 4.59 1.33
11 SPS 80 K,COs/1M 105-110 69 1995 6.61 11.90 1.80
12 SPS 80 K,COs/1M 125-130 60 1735 6.19 8.66 1.40
13 SPS 100 Na,COs/1M 105-110 88 2544 14.32 25.99 1.82
14 SPS 120 Na,C0s/1M 105-110 78 2255 8.37 12.67 1.51

Reaction conditions: 0.12 mmol of diarylbromide, 0.12 mmol of diarylboronate ester, 2 mL of base
solution, 2 mL of toluene, 1 drop of Alliquat 336, and 10 mg of PANPs/NiNWs catalyst. The reaction was
carried out for 1 hour. The degree of polymerization was estimated by dividing M,, by monomer mass
(0.388 kg/mol).

In both microwave modes, reaction times were shortened from 3 days of conventional
heating down to 1 hour. In most conducted experiments, polymer yields exceeded
60%, which was a significant improvement compared to the previously presented
yields. By tuning certain conditions such as temperature, heating mode, or base, a
strong connection to molecular weight and yield was observed. Starting with thermal
adjustment and sodium salt, the reaction under 80°C gave no polymer at all. This was
reported for both microwave modes, which concluded that a higher temperature was
needed for a reaction to occur at a satisfying rate. Therefore, it was increased to
110°C, which vyielded oligomers (M,=1.88 kg/mol) for Standard Mode and longer
chains (M,=8.32 kg/mol) for SPS mode. It is worth noting that in most cases, | observed
a decrease in molecular weight when temperature was increased to 130°C. At this
temperature, only sodium salt under the Standard program positively affected chain
length and such reaction conditions resulted in a higher M,, of 8.08 kg/mol (compared

to 1.88 kg/mol).
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This showed how important the base is during Suzuki polycondensation. In literature,
strong and weak bases are preferred according to used substrates and their reactivity
1877189 A5 they allow quaternization of organoboron structures, and therefore increase
their nucleophilicity. Consequently, it results in higher reactivity and accelerated

polymerization process %°.

Due to the high impact on kinetic aspects of
polycondensation, base choice can drastically alternate reaction outcomes. Microwave
mode determined how much power was provided to the reaction vessel. A predicted
behavior of Standard Mode could be expressed as a downhill function, where at the
start the output power is high and slowly decreases over time to fairly consistent
values of around 5-15 W at desired temperature. This provided a higher reaction rate
in the first minutes of the experiment and after that lower power limited the
maximum polymer chain length, which could grow in the designated time. Opposite
conditions were applied by SPS mode, which released microwave power in short bursts
to maintain reaction temperature in a specified regime. This mode delivered power to
catalyst and reactants in more controlled and stable way leading to enhanced chain
growth, which at certain conditions gave higher molecular weights (entry 8 - 8.32
kg/mol vs. entry 2 - 1.88 kg/mol and entry 11 - 6.61 kg/mol vs. entry 5 - 5.25 kg/mol in
Table 10). This encouraged further testing of the influence of SPS power output. By
applying 100 W | was able to obtain a polymer with M,, = 25.99 kg/mol, which
corresponded roughly to 37 units of fluorene-derivative monomer. However, a further

increase to 120 W resulted in shorter chains up to 22 units (M, = 12.67 kg/mol).

The generation of hot spots on metallic nanostructures, provided by microwave

heating, strongly affected process thermodynamics %

. This phenomenon was
amplified by SPS mode, where high power was delivered through whole synthesis,
compared to Standard mode. Enhanced reactant diffusion and uniform heating of
reaction volume improved the reaction rate and allowed the formation of longer
chains. Palladium nanoparticles transformed into welding spots of high energy were a
key aspect of accelerated polycondensation (Fig. 16). Furthermore, the homogeneity

of the obtained polymers was satisfying. Dispersity indices (P) ranged between 1.27

and 1.96.
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184

(diarylboronate ester), respectively. Reproduced with permission from . Copyright

(2024) Springer Nature.

To exhibit the potential applicability of obtained polymers, CPE protocols were used
for the chirality-dependent separation of SWCNTs. A remarkable selectivity of PFO

179194 Figure 17 shows UV-VIS spectra

towards (7,5) chirality was presented previously
and Photoluminescence (PL) maps of prepared samples. Firstly, whole nanocarbon
material was suspended with poly(9,9-dioctylfluorenyl-2,7-diyl-alt-3-
dodecylthiophene-2,5-diyl) (PFO-3DDT) in toluene to reveal the composition of the raw
material. UV-VIS spectra of this dispersion can be seen in Figure 17a, confirming the
presence of a wide spectrum of SWCNT species. In the second experiment, synthesized
PFO with higher molecular weights were used to achieve extraordinary (7,5)-
enrichment, while PFO with shorter chains were more selective towards (6,5) SWCNTs
as illustrated in the enclosed optical absorption spectra in Figure 17c. In PL maps (Fig
17b, d), numerous features can be observed for unselective PFO-3DDT dispersion,

whereas PFO dispersion (Table 11 entry 13) exhibited a single peak coming from (7,5)
SWCNT chirality.
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Fig. 17. (a) UV-VIS spectrum of SWCNTs suspended by PFO-3DDT. (b) Excitation-
emission PL map of suspended material. (c) The influence of molecular characteristics
of the synthesized PFO batches on the optical absorbance spectra of SWCNTs
suspended with this polymer. Polymer with the highest molecular weight (49.74
kg/mol) refers to Pd(PPhs),—driven reaction which is shown here as a reference, all the
other polymers were obtained using PdNPs/NiNWs nanocatalyst. (b) excitation-
emission PL map of extracted (7,5) SWCNTs using Table 1 - entry 13 polymer.
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Reproduced with permission from ~°". Copyright (2024) Springer Nature.

This study showed how the development of a new catalytic system can improve
conjugated polymer synthesis. Quantitative yields proved the high activity of the
presented catalyst. A wide range of molecular weights suggests possible tuning and
optimization opportunities, which can lead to even more controlled polycondensation.
Significant acceleration accomplished by applying microwave irradiation was another
key advantage, which allowed a 1-hour reaction instead of 3 days of conventional
heating. High quality of obtained polymer chains was characterized by low dispersity
indices, which in all cases were below two. Additional utility factor in the form of (6,5)

chirality isolation by produced polymers is also worth mentioning. Overall results show
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an opportunity window for controlled and more convenient ways of conjugated

polymer production.

3.4. Pd/Co-NiNWs as catalytic solution for direct ethanol fuel cells

The last work [P5] of this monothematic cycle is connected to electrocatalysis. Green
and sustainable sources of electric power are a common focus of numerous studies,
due to the never-ending electricity demand driven by the continuous development and
growth of the human population. Alternatively, by considering sun, wind, and water
195,196 energy can be produced by chemical reactions. Direct extraction of electrical
energy from stored sources can be achieved in fuel cells. Recently, this topic has
become a crucial issue due to ecological regulations regarding fossil fuel exploitation.
Alcohol electrooxidation is considered an alternative source of electricity for small
devices and in the automobile industry. However, the electrochemical processes of
chemical compound conversion, which yield electricity, require an efficient and stable
catalytic system. Commonly used Pt-based systems are highly active and can work
under mild conditions. Unfortunately, a list of drawbacks such as high vulnerability to
CO poisoning, low abundance, and high market price, limits commercial application
197,198 Therefore, more advanced catalysts are studied in this regard. | participated in

such research, where | synthesized composite nanocatalyst for electrooxidation

consisting of cobalt-nickel nanowires and palladium nanoparticles.

Nanostructures were prepared by a two-step protocol. During the first part, the cobalt-
nickel nanowires of various molar ratios were obtained by the reduction of metal ions
by hydrazine under a magnetic field, which enhanced anisotropic growth. Next, in a
similar manner to previously discussed works, Pd nanoparticles were deposited by the
sonochemical process. A set of nanocomposites exhibited different morphologies,
according to designed chemical compositions. STEM images showed that a higher
concentration of Co nanowires created a bead-like anisotropic structure, whereas the
increase of Ni content created spikes along the surface. Those features had a key
influence on nanowire surfaces and therefore, controlled palladium nanoparticle

deposition. An X-ray diffraction (XRD) analysis showed a significant relation between
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nanowire metal ratio and nanostructure. For Ni-rich samples, the cubic Ni(Co) phase
was dominant. A highly disordered hexagonal Cog 5-Nig2s phase could be observed for
the opposite situation regarding the concentration of both metals (Fig. 18). Moreover,
STEM micrographs revealed plate-like structures surrounding NWs (Fig. 19). According
to EDX analysis, such plates were composed of metallic oxides. Palladium was detected

at the edges of those oxide layers.
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Fig. 18. XRD patterns of CoNi NWs synthesized using different Co:Ni ratios with marked
peaks corresponding to the Ni(Co), Cog.75Niys phases and CoPd. Samples synthesized
using 0.5 mM (a) and 0.75 mM (b) of K,PdCls. (Cog—Ni; - black curve, Co;—Nis - red
curve, Cos—Nis - blue curve, Cos—Niy - green curve, Co;—Nig - orange curve). Reproduced

with permission from '*°. Copyright (2022) Elsevier.
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Fig. 19. STEM HAADF (a, c, e) and BF-DF (b, d, f) images of CoNi NWs synthesized using
different Co:Ni precursor ratios: 9:1 (a, b), 5:5 (c, d) and 3:7 (e, f); (g) HAADF STEM
image of CoNi NW synthesized using Co:Ni precursor ratio equal to 9:1 with marked
areas and corresponding to them EDX spectra (h) confirming existence of Co and Ni
oxides and Pd nanoparticles deposited on this oxidized surface. Reproduced with
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permission from ~~°. Copyright (2022) Elsevier.

In high-resolution TEM (HRTEM) images of analysed samples, PdNPs were observed in
two distinctive zones. The first one corresponded to the highly disordered core
Cog.75Nig25 phase (Fig. 20a,b), whereas the second could be described as an oxidized
plate-like surface of PdO,NPs (Fig. 20c,d). Crystallization of palladium species occurred
particularly on oxidized surfaces, however, few clusters were spotted on the crystalline
Ni(Co) phase (Fig. 20d-f), and metallic PANPs were observed on surfaces of Cos-NisNWs
(Fig 20g,h). In conclusion, palladium ions crystalize as metallic particles and oxidized

species, however, oxide nucleation occurs only on oxidized surfaces.
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Fig. 20. HRTEM micrographs of CoNi NWs synthesized using Co:Ni precursors ratio: 9:1
(a-c), 3:7 (d-f) and 5:5 (g and h); (b) enlarged green marked area on (a) confirming
existence of highly disordered Cog75Nig2s hexagonal structure; (c) enlarged blue-
marked area on (a) with identified interplanar distance characteristic for PdO, (101)
planes; (e) enlarged green-marked area on (d) with identified interplanar distance
characteristic for Ni (111) planes; (f) enlarged marked blue area on (d) confirming the
existence of Pd atomic clusters at the edges of highly crystalline Ni phase; (h) enlarged
green marked area on (g) with identified interplanar distance characteristic for Pd

199

(111) planes. Reproduced with permission from ~~. Copyright (2022) Elsevier.

XPS analysis gave interesting results, which unraveled more information about Pd
deposition (Fig. 21). Tests were performed on obtained nanocomposites and after Ar*
treatment, which removed the oxidized layer. In contrast to Ni and Co, the palladium
atomic concentration decreased with the depths of nanomaterial. Ni2p photoemission
spectra exhibited Ni,Os, NiO, and Ni atoms building NW core at 856.6 eV, 854.4 eV,

and 852.8 eV respectively 197,200

Two components of Co2p;;, spectra were
deconvoluted as Cos04 (797.6 eV) and satellite structure. Pd 3d confirmed the

presence of previously detected Pd and PdO, nanoparticles. A higher concentration of
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Pd precursor resulted in lower PdO, peak intensity (Fig. 21g,h). This related to the
preferable crystallization of metallic Pd form when the content of Pd*" was sufficient.
Removing of oxide layer revealed metallic nickel and cobalt along with minimal cobalt

oxide inclusions.
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Fig. 21. Ni2ps (a3, b and c), Co2py/; (d, e andf) and Pd3ds, (g,
h and i) photoemission spectra recorded for CoNi NWs (Co:Ni ratio equal to 3:7) after
deposition of Pd NPs using 0.5 mM of K,PdCl, (a, d, g) and 0.75 mM of K,PdCl, (b, e, h);
the spectra on (c, fandi)were obtained after Ar'ion treatment procedure.
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Reproduced with permission from ~°~. Copyright (2022) Elsevier.

After the characterization of nanomaterial, an electrocatalytic activity of the as-
prepared composite was investigated by means of cyclic voltammetry (CV). First tests
were run in 1 M NaOH and results of the fifth cycle were gathered in Figure 22. Peaks
above 0.3 V corresponded to Pd oxidation and reduction of generated oxides, which

was described in the literature 2°%.
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Fig. 22. Cyclic voltammetry curves of Co:Ni NWs decorated by Pd NPs in argon-
saturated 1.0 M NaOH solution at a scan rate of 20 mV/s at room temperature. The
solid lines present the results for electrocatalysts synthesized by using 0.5 mM
palladium precursor, while the dashed lines by using 0.75 mM palladium precursor.

Reproduced with permission from 199, Copyright (2022) Elsevier.

To investigate catalytic activity towards application in fuel cells, ethanol
electrooxidation was focused as a research subject, due to low toxicity and inexpensive
sources of such fuel. The addition of ethanol into the electrolyte solution was followed
by Ar bubbling in order to remove dissolved oxygen. The lowest catalytic activity was
recorded for Cos-Nis and Coo-Ni; samples. Passivated by plate-like oxides, the nanowire
core was separated from PdO, deposited on the edges of those structures, which
hindered the synergistic effect of the catalytic platform. Samples with higher Ni
content exhibited less concentration of such obstacles. At metal ratio Co:Ni 1:9, Pd
crystalized in metallic form, and thus catalytic activity was boosted significantly up to
2500 mA/mgpy for 1.92% Pd concentration. Nevertheless, optimization required a
balanced phase nanostructure. On the other hand, Cos-Ni; samples gave the highest
mass activities due to the appropriate contribution of Ni(Co) cubic and highly
disordered Cog75Nig 25 phases (5252 mA/mgpy for 0.5 mM Pd precursor and 8003
mA/mgpq for 0.75 mM) (Fig. 23a). The oxophilic nature of used metals facilitated the
generation of OH,4s at lower potentials, which resulted in oxidative desorption of the

202,203

intermediate products . Also, the interface between Co-Ni NWs and Pd NPs

induced charge transfer. High dispersion of active sites in the form of Pd nanoparticles,
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well-developed surface area, and synergistic effects were the main reasons for
enhanced catalytic performance. Furthermore, the interface between Co-Ni NWs and

Pd NPs induced charge transfer, which strongly affected the overall catalytic activity.
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Fig. 23. (a) Comparison of the cyclic voltammograms (EOR curves) of electrocatalysts in
the form of cobalt-nickel nanowires with different Co:Ni ratios decorated by Pd in
argon-saturated 1.0 M NaOH + 0.5 M CH3CH,OH solution at a scan rate of 20 mV/s; (b)
plot showing an enlargement of the data between 0 and 3500 mA/mgpy. Reproduced

and modified with permission from **°. Copyright (2022) Elsevier.

The presented work showed a strong correlation between the morphology of support
nanostructure and the crystallization of noble metal. The phase composition of Co-Ni
nanowires controlled the way of decoration with palladium by preferring oxidized or
metallic forms of nanoparticles. As a result, the catalytic properties of the final
nanocomposite could be optimized to meet requirements for highly active and durable
catalytic systems for specified applications. Obtained findings unravel a part of
mechanisms, which drive the deposition of palladium species on metal-based

anisotropic nanomaterials and reveal new opportunities for studies in the future.
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4. Conclusions and further perspective

This dissertation was focused on a nanotechnological approach for catalysis-related
chemical transformations. As a main target, the application of nanowires as catalysts
was explored. The introduction section highlighted the most common routes for the
synthesis of such anisotropic nanostructures and their participation in catalytical
studies of various chemical reactions [P1]. Literature showed how nanowires impact
the modern development of catalysis, in which their contribution exhibits promising
results in many fields such as organic chemistry, electrocatalysis, and photocatalysis.
However, there are still countless compositions of nanowires, which are waiting for
proper characterization and may find an intriguing and prosperous application in this

area and beyond.

Among the synthesis of various nanowires, one of the presented works described the
formation of anisotropic nanostructures from industrial wastewater [P2]. The
possibility of transforming such inconvenient solutions into nanomaterials is an
interesting outcome of my internship at Aalto University in Finland. Due to restricted
ecologic policy in most countries around the globe, waste management is a crucial
issue, which can be addressed by obtained results. Recycling heavy metals from highly
acidic solutions is difficult due to its complex composition and large amounts of
produced waste. On the other hand, extracted copper and nickel successfully served as
a precursor solution for an environmentally-conscious synthesis of nanostructures.
Those findings revealed new frontiers of waste transformation into advanced

nanomaterials.

The study of catalytic properties of nanowire-based systems was covered by utilizing
nickel and cobalt-nickel nanowires as support materials for highly active palladium
nanoparticles [P3, P4, P5]. Those non-noble metals are perfect candidates for such
tasks due to their abundant nature and inexpensive precursors used to create them. In
that case, large-scale production of nanowires can be fairly easily achieved. Suzuki-
Miyaura reaction was targeted as a testing ground for PANPs/NiNWs composite due to
the high importance of such reaction in organic chemistry synthesis [P3]. Among novel

catalysts, nanowires are in the minority, as homogeneous complexes are mainly
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studied. This creates a research niche, which presented papers should fill with new
information. The proposed system successfully facilitated anisole and toluene
derivatives coupling with organic phenylboronic acid derivatives under conventional
heating. However, the true potential of PANPs/NiNWs was only discovered when
microwaves were used. Its application resulted in a significant improvement of
catalytic properties, facilitating shorter reaction times and higher yields of synthesized
biphenyls. Similar behavior was observed for the Suzuki polycondensation reaction
[P4]. Microwave irradiation-generated hot spots were the main reason for higher
activities, as they promoted reactions near catalytic active sites and improved mass
and energy transfers. For electrocatalytic application, bimetallic nanowires containing
cobalt and nickel were used [P5]. Detailed characterization of samples allowed deep
analysis of the relations between morphology and catalytic performance. Despite

sparse Pd concentration, studied nanomaterials exhibited promising results.

Nanowires are very interesting nanomaterials, which possess unique properties. They
can find applications in many industries, however, at this stage, the main targets for
them are electronic devices, while other fields of exploitation such as catalysis remain
to be explored to a more satisfactory extent. Presented outcomes of long-term
research confirmed the significance of nanowires in catalysis and their properties,
proving that subsequent research in this area is strongly advised. Further study of the
topics discussed in this dissertation should focus on expanding the scope of metallic
nanowires and nanoparticles as well as their bimetallic counterparts. Additional
interest should be devoted to non-noble metals such as Ni, Cu, or Fe, whose
abundance and low price are major benefits for the convenient production of
nanomaterials. Synergistic effects of numerous composites may reveal enhanced
catalytic properties in presented fields of catalysis. Moreover, other application
opportunities should be exploited to attract more attention of scientific and industrial
communities. For instance, processes in the gaseous phase or plasma-enhanced
synthesis should also be considered, as they could gain from the catalytic properties of
such nanomaterials. The study of nanowires in catalysis is an enormous blank spot in
science, which should be addressed with high priority, as those nanomaterials have the

potential to revolutionize this research field.
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