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Abstract

To meet the pressing need for green and sustainable energy sources, many researchers are
engaged in the field of electrochemical energy conversion and storage. Likewise, the
development of efficient portable electrochemical sensors and biosensors has emerged as a key
player in disease diagnosis. In this context, the performance of such electrochemical devices
critically depends on the intrinsic properties and structure of the applied electrode materials.
Conventional electrode designs typically rely on bulk materials of microscale dimensions that
are loaded on supporting electrodes such as foams, meshes, and 3D-printed substrates, and thus
often require the use of binders. However, this fabrication approach limits the performance and
reduces the mechanical stability of such electrodes, necessitating the exploration of advanced
nanostructured architectures and alternative design approaches to achieve enhanced efficiency
and meet diverse application requirements. In this thesis, the development and characterization
of advanced electrode materials for electrochemical applications including nonenzymatic
glucose sensing, supercapacitors, and the oxygen evolution reaction (OER) are presented.

The fabrication of hierarchical 3D structures in core-shell form as self-supported electrodes
offers numerous benefits for electrochemical applications. In particular, this work introduces a
new strategy for the synthesis of 3D nanowire and nanotube networks decorated with various
LDH nanosheets. This design approach utilizes feasible and simple synthetic routes, including
template-assisted synthesis, electroless plating, and electrodeposition. The prepared 3D
architecture, with its unique "2D on 1D" structure, exhibits synergistic effects through
combining the advantages of the individual components at multiple levels of architecture: i) the
1D core networks provide continuous pathways for electron transfer, while the 2D nanosheets
as the shell enlarge the surface area and boost the electrocatalytic activity, ii) these
interconnected 3D networks provide both mechanical robustness and high porosity for efficient
mass transport, and iii) the direct growth of catalytical active LDH over the interconnected
nanotubes or nanowires accelerates the charge transfer due to the high electric conductivity of
the core and the intimate junction between the active material and the substrate.

In this thesis, a detailed introduction on the topic, theoretical background, and a wider literature
survey are presented in Chapter I. Three peer-reviewed articles reporting the main results of
this work were published and are presented in this cumulative thesis. Briefly, two electrode
designs were developed and systematically characterized. The first design is based on a Ni
nanowires network (Ni-NWN) (Chapter I1) whilst the second is built on a Ni nanotube network
(Ni-NTNW) (Chapter I11). Both systems were decorated with different LDH nanosheets. The
as-synthesized active electrodes were investigated for the following three applications.

For the water splitting process, the focus was on engineering active sites enriched NiCo
LDH/Ni-NWN and NiFe LDH/Ni-NWN electrocatalysts for the OER, which is the bottleneck




step in water oxidation. Herein, LDH-decorated nanowire networks were investigated as
efficient OER electrocatalysts. Transmission electron microscopy (TEM) images confirmed the
conformal growth of LDH sheets over the entire wires, while X-ray photoelectron spectroscopy
revealed the presence of a metal hydroxide shell. The NiFe LDH/Ni-NWN electrocatalyst
demonstrated remarkable performance with a low overpotential of 222 mV to achieve a current
density of 10 mA cm™ and a small Tafel slope of 42 mV dec™, suggesting favorable OER
kinetics. The 3D architecture, featuring a "nanosheet on nanowire™ configuration, not only
secured mechanical stability but also promoted ion diffusion through the porous network and
facilitated the charge transfer through the metallic Ni-NWN. These factors ensured the
regeneration of active species during the OER, resulting in excellent stability over 50 hours.

For the hybrid supercapacitor (HSC) application, the NiCo-LDH@NIi-NTNW electrode was
investigated. The proposed ultrathin electrode (20 um) overcomes the shortcomings of classical
electrode designs that rely on macroscopic support materials. Increasing the mass loading of
the active material is a typical tactic to enhance the volumetric energy density. However, this
approach results in reduced porosity, morphology distortions, and demolition of portions of the
active material and dead mass, thus reducing the electrical contact. In contrast, the micro- and
nano-structuring of a hierarchical electrode combines the highly porous Ni-NTNW with the
large interface of the LDH nanosheets. In addition to the achieved high rate-capability and
cycling stability, the electrode demonstrated a remarkable volumetric capacity of 126.4 C cm”
3, Furthermore, when assembled with activated carbon (AC) into an HSC, it delivered a high
energy density of 14.7 mWh cm, outperforming state-of-the-art high volumetric energy
density supercapacitors.

For glucose electrooxidation, Ni(OH).@Ni-NTNW and NiCo-LDH@Ni-NTNW were
explored as binder-free electrodes that represent a hierarchical paradigm to overcome the
inherent limitations of LDH materials. Electroless plating was employed as a simple and
scalable method to fabricate the Ni-NTNW substrate, followed by an optimized
electrodeposition step to grow LDH nanosheets over the Ni-NTNW. Scanning electron
microscopy (SEM) micrographs, energy dispersive X-ray analysis (EDX), and X-ray
diffraction (XRD) measurements confirmed the deposition of conformal NiCo-LDH
nanosheets on the inner and outer surfaces of the Ni-NTNW. The NiCo-LDH reinforced
network exhibited superior activity compared to the Ni(OH)> modification. The optimized
catalyst layer demonstrated excellent sensitivity of 4.6 mA mM cm?, low detection limit of
0.2 mM, wide linear range of 0.03 to 2.5 mM glucose, high selectivity, and stability.

To summarize, this PhD thesis emphasizes the significance of tailored electrode architectures
and nano-structuring strategies in improving the performance of electrochemical devices. The
research outcomes contribute to the development of an emerging design paradigm that can be
extended to other customized electrocatalysts for widespread applications.
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Zusammenfassung

Um den dringendsten Anforderungen an umweltfreundliche und nachhaltige Energieressourcen
gerecht zu werden, beschaftigen sich viele Forscher mit der elektrochemischen
Energieumwandlung und -speicherung. AufRerdem hat sich die Entwicklung effizienter mobiler
elektrochemischer Sensorik und Biosensorik als wichtiger Schlussel zur Diagnose von
Krankheiten erwiesen. In diesem Zusammenhang héngt die Leistung solcher elektrochemischer
Systeme wesentlich von den intrinsischen Eigenschaften und Strukturen der verwendeten
Elektrodenmaterialien ab. Herkdmmliche Elektrodendesigns bestehen in der Regel aus
Nanomaterialien, die auf Tragerelektroden wie z.B. Gewebe oder 3D-gedruckten Substraten
aufgebracht werden, und erfordern daher hdufig die Verwendung von Bindemitteln. Dieser
Herstellungsansatz schrankt jedoch die Leistung ein und verringert die mechanische Stabilitét
solcher Elektroden. Weshalb ist die Erforschung neuartiger nanostrukturierter Architekturen
und alternativer Designansétze erforderlich, um eine hohere Effizienz zu erzielen und
verschiedene Anwendungsanforderungen zu erfillen. In dieser Arbeit wurden neuartige
Elektrodenmaterialien fur elektrochemische Anwendungen wie nicht-enzymatische
Glukosesensorik,  Superkondensatoren und  Sauerstoffentwicklungsreaktionen (OER)
entwickelt und charakterisiert.

Die Herstellung von hierarchischen 3D-Strukturen in Kern-Schale-Form als selbsttragende
Elektroden bietet zahlreiche Vorteile fiir elektrochemische Anwendungen. In dieser Arbeit
wurde eine neue Synthesestrategie fiir 3D-Nanodraht- und Nanordhrennetzwerke entwickelt,
die mit verschiedenen LDH-Nanoschichten beschichtet wurden. Dieser Designansatz setzt
praktikable und einfache Syntheserouten ein, einschlieflich Templategestitzten Synthese,
stromlose Beschichtung und Elektroabscheidung. Die vorbereitete 3D-Architektur mit ihrer
einzigartigen "2D auf 1D"-Struktur zeigt synergistische Effekte durch die Kombination der
Vorteile der einzelnen Komponenten auf mehreren Architekturebenen: i) die 1D-
Kernnetzwerke bieten kontinuierliche Ubertragungswege fiir Elektronen, wahrend die 2D-
Nanoschichten als Hulle die Oberflache vergroRern und die elektrokatalytische Aktivitat
steigern, ii) diese miteinander verbundenen 3D-Netzwerke bieten sowohl mechanische
Stabilitdt als auch hohe Porositat fur einen effizienten Stofftransport, und iii) das direkte
Wachstum von katalytisch aktivem LDH tber den verbundenen Nanoréhren oder Nanodrahten
beschleunigt die Ladungsibertragung aufgrund der hohen elektrischen Leitfahigkeit des Kerns
und der direkten Verbindung zwischen dem aktiven Material und dem Substrat.

In dieser Dissertation wird zunéchst in Kapitel I eine ausfihrliche Einfiihrung in das Thema,
der theoretische Hintergrund und ein umfassenderer Literaturliberblick gegeben. Es folgen drei
peer-reviewed Artikel, in denen die wichtigsten Ergebnisse dieser Arbeit vertffentlicht wurden
und die in dieser kumulativen Dissertation aufgefthrt sind. Im Wesentlichen wurden zwei
Elektrodendesigns entwickelt und systematisch charakterisiert. Das erste Design basiert auf
einem Ni-Nanodraht-Netzwerk (Ni-NWN) (Kapitel 11), wahrend das Zweite auf einem Ni-
Nanorohren-Netzwerk (Ni-NTNW) besteht (Kapitel 111). Beide Systeme wurden mit
verschiedenen LDH-Nanoschichten modifiziert. Die hergestellten aktiven Elektroden wurden
fur die nachfolgend erlauterten Anwendungsbereiche untersucht.
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Bei der Wasserspaltung lag der Arbeitsschwerpunkt auf der Entwicklung hochaktiver NiCo
LDH/Ni-NWN- und NiFe LDH/Ni-NWN-Elektroden fir die OER, den Engpassschritt bei der
Wasseroxidation. Die Transmissionselektronenmikroskopie (TEM) bestatigte das konforme
Wachstum von LDH-Schichten (ber die gesamten Drédhte, wéhrend die R&ntgen-
Photoelektronenspektroskopie (XPS) das Auftreten einer Metallhydroxidhulle nachwies. Der
NiFe LDH/Ni-NWN-Elektrokatalysator erbrachte eine bemerkenswerte Leistung mit einer
niedrigen Uberspannung von nur 222 mV bei einer Stromdichte von 10 mA c¢m, und einer
geringen Tafelsteigung von 42 mV dec, was auf eine giinstige OER-Kinetik hindeutet. Die
3D-Architektur mit einer " Nanoschicht auf Nanodraht"-Konfiguration sicherte nicht nur die
mechanische Stabilitat, sondern verbesserte auch die lonendiffusion durch das pordse Netzwerk
und erleichterte den Ladungstransfer durch das metallische Ni-NWN. Diese Faktoren sorgten
fiir die Regeneration der aktiven Spezies wahrend der OER, was zu einer hervorragenden
Stabilitat tber 50 Stunden fiihrte.

Fur die Hybrid-Superkondensator (HSC) wurde eine NiCo-LDH@Ni-NTNW-Elektrode
untersucht. Die vorgeschlagene ultradiinne Elektrode (20 pm) berwindet die Nachteile
klassischer Elektrodendesigns, die auf makroskopischen Trégermaterialien basieren. Die
Erhéhung der Masse des aktiven Materials ist eine typische Strategie, um die volumetrische
Energiedichte zu erhéhen. Dieser Ansatz fuhrt jedoch zu einer verringerten Porositét, zu
morphologischen Verzerrungen und zum Abbruch von Teilen des aktiven Materials, was den
elektrischen Kontakt verringert. Im Gegensatz dazu kombiniert die Mikro- und
Nanostrukturierung einer hierarchischen Elektrode die hochpordsen Ni-NTNW mit der gro3en
Grenzflache der LDH-Nanoschichten. Neben der erreichten hohen Kapazitdt und
Zyklenstabilitat zeigte die Elektrode eine bemerkenswerte volumetrische Kapazitit von 126.4
C cm?. Wenn die Elektrode mit Aktivkohle (AC) zu einem HSC zusammengebaut wurde,
lieferte sie auRerdem eine hohere Energiedichte von 14.7 mWh cm und tbertraf damit den
Stand der Technik bei Superkondensatoren mit hoher volumetrischer Energiedichte.

Zur Glucose-Elektrooxidation wurden Ni(OH)2@Ni-NTNW und NiCo-LDH@Ni-NTNW als
bindemittelfreie Elektroden untersucht, die ein hierarchisches Paradigma zur Uberwindung der
inhé&renten Einschrénkungen von LDH-Materialien bieten. Rasterelektronenmikroskopische
(REM) Aufnahmen, energiedispersive Rdntgenanalyse (EDX) und
Rdntgenbeugungsmessungen (XRD) bestatigten die Abscheidung von konformen NiCo-LDH-
Nanoschichten auf den inneren und duBeren Oberflachen des Ni-NTNW. Das mit NiCo-LDH
verstarkte Netzwerk zeigte im Vergleich zur Ni(OH)2-Modifikation eine hohere Aktivitét. Die
optimierte Katalysatorschicht wies eine ausgezeichnete Sensitivitat von 4.6 mA mM™* cm?,
eine niedrige Detektionsgrenze von 0.2 mM, einen breiten linearen Bereich von 0.03 bis 2.5
mM Glukose, sowie eine hohe Selektivitat und Stabilitat auf.

Zusammenfassend weist diese Doktorarbeit die besondere Signifikanz von maligeschneiderten
Elektrodenarchitekturen und Nanostrukturierungsstrategien zur Steigerung der Performance
von elektrochemischen Systemen nach. Die Forschungsergebnisse tragen zur Entwicklung
eines neuartigen Strukturdesign bei, das auf andere maRgeschneiderte Elektrokatalysatoren fiir
zahlreiche Anwendungen angewendet werden konnte.
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CHAPTER I

1. Introduction

1.1. Nanostructured catalyst electrodes for electrochemical
applications

With the emergence of the technological revolution and the increased demand for electronic
devices such as smartphones, electric vehicles, and other portable devices, the development of
electrochemical technology has become a long-term strategic target worldwide.™
Electrochemical technology has positioned itself at the forefront of basic research and applied
trends, not only because of its wide application in various industries but also due to its
environmentally friendly nature, as it mainly relies on electrons as "clean™ reagents to initiate
processes. Consequently, it has found extensive use in various areas including energy
storage,>®  catalysis,/! electrochemical sensing,®™ wastewater treatment,®?l and

environmental monitoring.[*%

For instance, the expansion of green and sustainable energy technologies represents a challenge
in the current century, considering the increasing consumer needs and emerging environmental
concerns.[** The urgent need for low-cost and efficient energy sources to replace fossil fuel in
various applications has compelled researchers to develop advanced electrochemical energy
conversion and storage devices such as fuel cells, batteries, and supercapacitors, that are
environmentally friendly. Another example is the construction of efficient electrodes with high
sensitivity, selectivity, and stability for electrochemical sensors and biosensors, which hold
significant societal impact, as they can address environmental challenges and aid in disease

diagnosis and management.*?!

As the performance of the electrochemical devices intimately relies on the electrode materials
and their structure, extensive research has focused on the development of advanced functional
materials and rationale design approaches to achieve higher efficiencies and meet the optimum

performance requirements of each application.

Traditional bulk electrode materials in the microscale, with their inherent performance
limitations, are insufficient to meet the growing demands for electrochemical devices or satisfy
consumer expectations. The expanding use of microelectronics for new applications requires
miniaturized energy sources with high efficiency. Generally, the electrode performance can be

enhanced by increasing the mass and area of the active material, however, sluggish reactions




and long paths for ion and electron transport in thick or bulk electrodes retards the
performance.!*® Therefore, the development and engineering of new advanced materials are
crucial to push the limits of electrode materials. The significant advances in nanotechnology
enable various approaches to engineer highly efficient catalyst materials. Unlike bulk materials,
which suffer from limitations such as small active surface area, low electronic conductivity,
limited control of morphology, and long diffusion paths for electrons and ions, nanostructured
materials provide alternative solutions that overcome these challenges.'! Nanostructured
electrode materials possess remarkable physical properties, including large surface areas that
maximize the number of exposed active sites and promote fast electron transport, thereby
enhancing the electrochemical process.

Ideally, the rational design of the electrode should adopt a thin and light fashion that
accommodates as much active material as possible. Additionally, the electrode architecture
should be constructed to provide the largest interface area and improve ion diffusion and
electron transportation. Therefore, a support material with a large surface area and porous
structure is a prerequisite for developing efficient electrodes for electrochemical applications
and addressing the challenges that limit the performance of conventional electrodes.

1.2. Self-supported nanowire and nanotube networks as 3D porous
substrates

1.2.1.  Advantages of the self-supported electrodes

Despite significant advancements achieved with conventional electrode designs in various
fields, their performance remains limited due to their bulky nature and electrode morphology.
Traditional powdery electrodes comprise conductive materials and binders beside the active
material, resulting in a film with microscale dimensions. This structure, with its disordered
distribution of active material and applied binder materials, hampers mass and charge transfer
rates, leading to incomplete electrochemical processes. Additionally, the inclusion of additives
like binders and conductive materials obstructs the exposure of active sites and increases the

weight of the electrode, resulting in a dense structure and potential cracks.[*%!

Nanostructured electrodes, with their distinct morphological and geometric advantages, have
emerged as promising alternatives to bulk materials in electrochemical applications. These
electrodes are typically grown over a substrate of nanoarrays and nanonetworks, which not only

support the structure but also act as current collectors. Self-supported arrays and networks




possess intrinsic characteristics that ensure enhanced performance compared to classical bulky

electrodes. The main advantages can be summarized as follows:

(1) Uniform distribution of the active material: Nanoarrays and nanonetworks offer a
more uniform distribution of the active material compared to powder-based
electrodes, enabling better mass transfer and improved catalytic efficiency.

(i) Large surface area: The large surface area of nanoarrays and networks serves as a
platform for high loadings of active material, providing a multitude of active
sites.[16]

(iii) ~ Porous structure: The porous structure of arrays and networks allows self-supported
electrodes to operate effectively in various applications, including high current-
density electrolysis.['"]

Self-supported nanoarrays and networks can be classified according to their dimensionality into
1D structures (such as nanowires and nanotubes), 2D structures (such as nanosheets and
nanoplates), and 3D structures (such as networks and nanopores) as illustrated in Figure 1.1.
Besides the large surface area and enriched active sites, 1D nanoarrays and networks facilitate
excellent charge transfer through their axial tracks. The interspaces between the wires or the
tubes enable easy diffusion of electrolytes and release of gas bubbles.[*81° 2D arrays and
networks provide the additional advantage of exposing different crystal faces. 3D architectures
allow the fabrication of heterostructures, exposing more edge sites for adsorption. Furthermore,
the electron distribution can be controlled by incorporating different components into the
heterostructure, which is crucial for applications like water splitting.?® The 3D heterostructure,
such as the core-shell structure, provides enhanced protection for active sites, improving the
stability of the catalyst. The morphology of the substrate influences the mechanical and
dynamic properties of the electrode, as well as the modulation of mass and charge transfer, as

shown in Figure 1.2.[2

In contrast to physical adhesion, the in-situ growth of the active material on the substrate results
in an interface with lower resistance. This method enhances the mechanical strength of the
electrode by providing direct contact, unlike physical adhesion in bulky powder electrodes,
which can prevent the loss or detachment of active material during bending. Therefore, it is
crucial for the electrode architecture used in electrochemical applications to have high
mechanical stability to retain its structure, even under the high current density generated by gas
bubble formation. Finding a suitable strategy for growing nanoactive materials over a suitable

substrate is essential to improve the durability of catalyst electrodes. It's worth noting that the




presence of air bubbles on the electrode surface can hinder the interaction between the active
species in the solution and the catalytic sites on the electrode. The microstructure of the catalyst
electrode plays a vital role in controlling wettability, and increasing the hydrophilicity of the
electrode can promote the desorption and release of gas bubbles, ultimately enhancing catalytic

performance in terms of kinetics and thermodynamics.[*°!

o O
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Figure 1.1. Schematic of different nanostructured materials based on their dimensions.
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Figure 1.2. Schematic of differences between the traditional electrode architectures with
powder loading and the self-supported electrode architectures with catalysts grown over the
substrate.

The selection of a suitable substrate is a key factor in optimizing the structure and controlling
the performance of self-supported nanoarrays. The substrate serves as a bifunctional element in
the catalyst architecture, providing structural support and acting as a current collector. Various
categories of materials have been used as substrates, including carbonaceous substrates such as
graphene and Carbon Cloth (CC), as well as metal substrates like foams and meshes.[??]
Carbonaceous materials offer structural strength and stability, making them widely employed
in energy storage applications. Graphene, in particular, is an ideal substrate for flexible power
sources due to its excellent electrochemical activity, conductivity, and mechanical flexibility.[2*]
CC, on the other hand, is a conventional substrate with a large area and high strength, making

it suitable for diverse applications.?*!

For metal-based supports, the electrochemical activity of the substrate must be considered as it
can contribute to the electrocatalytic processes. Ni foam, for example, is commonly used as a
substrate in oxygen evolution reaction (OER) processes, leading to the formation of NiOOH, a
favorable catalytic species for OER. Additionally, the coupling interface between the
supporting substrate, especially metal substrates, and the array/network structure can decrease

Gibbs energy, enhancing electrocatalytic activity.[?>! Careful selection of the substrate material




and its morphology offers versatility in catalyst applications, considering factors such as

mechanical properties, corrosion resistance, and other factors.

Efforts to improve the performance of support materials are combined with strategies aimed at
eliminating the support layer in electrode architectures. These approaches involve precise

structuring at the nano- and micro-scale to overcome current limitations and drawbacks.[26:%"]

Metallic 1D nanostructures, including nanowires and nanotubes, have garnered significant
interest due to their unique properties.?82°1 They exhibit resistance against common
degradation mechanisms, ensuring long-term catalyst durability. These structures offer
extended electrical conduction pathways attributed to their anisotropy and are less prone to
agglomeration and detachment due to their coherent structure and corrosion resistance. As a
result, they surpass nanoparticle-decorated substrates, nanopowders, and metal blacks in terms

of both surface and normalized mass activities.[%

Utilizing metal nanotube and nanowire networks as core building blocks enables the fabrication
of interconnected superstructures, offering opportunities for further tuning and
functionalization with various active materials. This designed nanoarchitecture combines the
benefits of individual nanostructures with the advantages of an ordered superstructure. For
instance, Ni et al. achieved a macroscale 2D interconnected nanowire network with enhanced
electrical conductivity of the individual nanowires.®) Fabricating 3D networks of
interconnected nanotubes and nanowires presents a promising strategy for constructing
monolithic electrocatalysts with a large surface area, high porosity, and mechanical

strength.[30:3233

To sum up, the rationale for designing an efficient self-supported nanowire or nanotube network
electrode should consider the following principles: (i) A well-structured architecture with a
large surface area is essential for high current density applications like electrocatalysis. (ii) The
nanowire or nanotube network should possess high electrical conductivity to minimize
overpotential caused by charge transfer resistance. (iii) The nanonetwork should exhibit
sufficient mechanical strength to withstand solution flow conditions. (iv) Suitable approaches
must be established to grow a network architecture with abundant active sites exposed to the

active species in the solution and strongly bonded to the substrate.

1.2.2. Ni-based self-supported nanonetworks

Transition metal-based structures have gained significant attention in various applications due

to their natural abundance, low cost, feasible preparation approaches, variety of compositions,




and high redox activity. Numerous studies have explored the utilization of different transition
metals in the construction of nanowire and nanotube networks, particularly for energy storage
applications.’*%! Zhao et al. provided a comprehensive summary of the progress in designing
self-supported nanoelectrodes for supercapacitors, emphasizing the impact of nanoscale merits
on performance.® Liu et al. conducted an extensive overview of the compositions, properties,
and advantages of transition metal-based self-supported structures, including Ni, Co, Mn, Mo,
Cu, and V.?2l Among these transition metals, nickel has received significant attention as a
material for self-supported electrodes due to its abundance. It has a big family of compounds,
including oxides (e.g. NiO and NiCo204), hydroxides (e.g. Ni(OH)z), sulfides (e.g. NiSx), LDH
(e.g. NiCo-LDH and NiFe-LDH), phosphides (e.g. NiPx), and other related compounds.

1.2.3.  Synthetic techniques of self-supported nanonetworks

Self-supported nanonetworks offer a solution to the complex synthetic approaches involved in
constructing traditional electrode composites on flat substrates. Transition metal-based
substrates, which provide large exposed interfaces and stable spatial structures, have emerged
as attractive alternatives. Various techniques have been employed to develop transition-metal-
based substrates, including electrodeposition, hydro/solvothermal methods, chemical vapor

deposition, and template-directed synthesis.

1- Electrodeposition is a promising method for developing self-supported nanonetworks,
offering advantages such as feasible mass production, high deposition rates, and
compatibility with different substrate shapes.[*”! Additionally, electrodeposition enables
the tuning of different chemical compounds by optimizing the deposition parameters.

2- Hydro/solvothermal techniques are commonly used for preparing self-supported
transition metal-based nanoarrays and networks through "one-pot" reactions at high
temperatures. A conductive substrate is employed to promote the uniform growth of
nanoarrays via heterogeneous nucleation. The substrate also prevents rapid nucleation
and crystal growth, which could lead to particle aggregation. Hydro/solvothermal
techniques have been successfully employed to fabricate various networks based on
transition-metal oxides, hydroxides, and sulfides.[*®!

3- Chemical vapor deposition (CVD) has been utilized to create self-supported
nanostructures on different substrates. This technique involves the use of a template and
a gas transformation process, allowing for the production of diverse heterostructures by
controlling phase transformation.?2 However, large-scale production is limited due to

the specialized equipment required for this method.




4- Template-assisted synthesis is another effective strategy for constructing
nanonetworks composed of 1D nanowires, nanotubes, or nanorods with adjustable
lengths, diameters, and interspaces. This approach typically involves the use of Si
arrays, hard templates, anodic aluminum oxide (AAO), or ZnO. The process usually
includes depositing materials onto the substrates and subsequently removing or
dissolving the template. However, recent reports have utilized self-sacrificing templates
of metal oxides and hydroxides, which can transform in-situ into the desired
nanonetwork while preserving the original structure. Numerous self-supported metal-
based nanonetworks have been successfully synthesized using this template-assisted
approach.[2°4%

While significant progress has been made in the synthetic techniques of self-supported
nanonetworks, further research is required to transform these laboratory-scale methods into
large-scale production and industrial applications at low cost using a variety of materials. The
main challenge lies in fabricating nanonetworks while controlling phase purity, morphology,
and chemical composition.’?? Improved understanding of the chemistry during the synthetic
processes can aid in controlling the products and their performance. Furthermore, a better

comprehension of mass and heat transfer mechanisms can facilitate mass production.!

1.3. Template-assisted synthesis of 1D nanowire and nanotube
networks

Various approaches have been employed to assemble individual 1D nanostructures into 3D
superstructures, but template-assisted synthesis offers distinct advantages over other
techniques. It enables the deposition of metals in pre-connected networks, allowing for better
control over the network by tuning the pore architecture. This method also facilitates the direct
deposition of highly isotropic metals into complex patterns. A template with a predetermined
shape is required to obtain a 3D interconnected metal network, which can be a network of pores
to be filled or a network of fibers to be overcoated during the deposition process. Template-
assisted synthesis eliminates the need for intermediate steps such as purification and
aggregation, as metal networks can be directly deposited. However, the synthesis and
subsequent removal of the template add extra steps to the fabrication process. Commonly used
porous templates for the deposition of parallel arrays of 1D nanowires and nanotubes include
nanoporous AAO and ion-track etched polymer membranes, which can be adapted to produce

interconnected 3D nanowire and nanotube networks.[30:41:42]




Track-etched membranes are typically obtained through the selective etching of the created
tracks in the polymer membranes that have been exposed to swift heavy ions. Unlike self-
growing nanoporous AAO foils, ion-track etching allows for better control over pore density
and orientation In this process, each pore is precisely generated by the trajectory of a single ion.
By employing successive irradiation and etching, templates with hierarchical porosity can be
created. Moreover, precise control over the diameter and shape of the resulting pores can be
achieved by optimizing the etching conditions, enabling better control over the membrane's

structure.

During the template preparation process, polymer membranes are bombarded with swift heavy
ions, inducing irreversible and localized damage in the template. These ions traverse the
template, creating latent tracks (halos) along their trajectories with diameter of few nanometers,
as depicted in Figure 1.3a.[%1 Track formation in polymers is a complex process that involves
primary processes as well as secondary processes, including chemical reactions and the
generation of radicals, which occur during the irradiation process. These secondary processes
influence the chemical characteristics of the damage along the tracks and the susceptibility of
latent tracks to chemical etching. Latent tracks exhibit higher susceptibility to chemical etching
compared to the rest of the polymer template. Subsequently, the damaged zone within the latent
tracks can be selectively removed using a suitable chemical etchant, transforming them into
nanopores (Figure 1.3b). The choice of the chemical etchant depends on the properties of the
polymer membrane. The ion-track etched membranes are then subjected to either
electrodeposition or electroless plating to deposit metal inside the channels, resulting in the

formation of nanowires or nanotubes, respectively.
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Figure 1.3. Scheme of irradiation process of polymer templates with swift heavy ions to
generate nanopores in the template. (b) Schematic of track and bulk etching rate (Arand Ag).

The use of track-etched membranes enables independent manipulation of various factors
including pore length, diameter, shape, density, and orientation.®! Templates with a single pore

or templates with a large number of pores up to 10° cm have been realized using this technique.




Small pore sizes as low as 10 nm have been achieved and can be scaled up to multiple microns.
The pore length can be extended up to 100 pum, depending on the kinetic energy of the incident
ions. Moreover, the production of 3D networks with specific crosslinking extent and
intersection angles can be controlled by adjusting the orientation of the incident ion beam in
multiple steps. This process has been successfully employed with various polymers, such as
polycarbonate, terephthalate, polyethylene, and polyimide, providing a range of templates that

can withstand different thermal and chemical conditions during the deposition process. 4

Polymer templates are typically irradiated from one direction, perpendicular to the template
surface, resulting in a 1D parallel array of nanostructures upon metal deposition, similar to the
approach used with AAO templates as shown in Figure 1.4. The as-prepared 1D nanoarray may
be disordered or bundled as shown in (Figure 1.4 u and u). On the other hand, multi-directional
irradiation with heavy ions leads to intersected pores, yielding a 3D nanowire or nanotube
interconnected network through electrodeposition or electroless plating, respectively. Figure

1.5 illustrates the fabrication of a 3D interconnected architecture using this method.

(D (IT) (IID)
Disordered Bundled nanoarray 3D nanoarray 3D nanoporous
nanonetwork anodic alumina

Figure 1.4. Schematic illustration of different catalyst architectures based on 1D materials.

Despite the remarkable advantages and the high degree of control over the structure of ion-track
etched membranes, it comes with some limitations. Customized ion-track templates require ion
irradiation, which can only be achieved at specialized facilities such as linear heavy ion
accelerators, cyclotrons, and nuclear reactors.*! However, commercially available ion-track
etched membranes can be used to synthesize nanonetworks as they possess structural merits,
such as the random orientation of intersecting pores, resulting in a 3D interconnected
nanonetwork.[“¢471 Moreover, these commercially available templates come in various variants
with different densities and thicknesses. Optimized etching allows for further control over pore
diameter, which can be increased to enhance the probability of pore intersection and the

mechanical stability of the resulting nanonetworks. This enables the creation of fully self-
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supported networks. During the etching process, the etchant penetrates the polymer at specific
sites along the track-etched channels, forming wider pores.
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Figure 1.5. Scheme of the synthetic approach for fabricating 3D nanonetwork architectures.

1.3.1.  Ninanowire networks (Ni-NWN)

To create 1D nanowire networks, electrodeposition is used to completely fill the interconnected
pores of the track-etched membrane with the desired metal, in this case, Ni. An electrically
conductive layer is applied as a contact on one side of the template. The electrodeposited Ni
starts to fill the pores of the template from the bottom side over the contact layer, creating a 3D
nanowire network. Various nanowire networks have been successfully fabricated using single
metals like Ni, Co, Pd, and Pt, as well as metal combinations like Ni-Co and Co-Fe.1*8"1 |t is
crucial to strike a balance between the mass activity and mechanical stability of the 3D
interconnected network. The diameter of the nanowires should be reduced to increase the mass
activity, particularly in catalysis and energy storage applications. However, reducing the
nanowire diameter may compromise the mechanical stability of the network, as very thin
nanowires can collapse even if they were intersected. Rauber et al. studied the synthesis of Pt
nanowire networks, exploring parameters such as diameter, orientation, shape, and three-
dimensional complexity of the nanowires, and their effect on stability and performance.® The
interconnectivity between the nanowires reinforces the rigidity of the network. To obtain a free-
standing network after electrodeposition, the template matrix needs to be dissolved. This can
be achieved by swelling the template in an organic solvent and evaporating the solvent. During
the removal of the polymer matrix, it is important to apply minimal force to preserve the delicate
integrity of the nanonetworks. Plasma etching can be used as an alternative to dissolving the
polymer matrix with organic solvents, which helps avoid capillary effects during supercritical
drying.*8531 As such, the 3D porous template provides a feasible and efficient route to optimize
different properties in the resulting nanonetworks. There is a trade-off between achieving a

large surface area, which can be realized through a high-density nanowire network, and
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outstanding mechanical strength, which can be achieved through a network with larger

microwires intersecting within the network, as shown in Figure 1.6.

Figure 1.6. SEM image of a 3D electrodeposited nanowire network.

1.3.1.1. Synthesis route of Ni-NWN

In this study, a simple and feasible approach has been employed to obtain a free-standing
network of Ni nanowires using a template-assisted electrodeposition technique as illustrated in
Figure 1.7. Firstly, an appropriate polymer template is exposed to ion-beam irradiation to induce
track formation inside the pores. The desired form of nanopores, in terms of number and
intersections, can be controlled by adjusting the beam fluency and angle of the incident
irradiation beam. The resulting template is then subjected to an etching process to remove the
damaged zones, forming nanopores. To form the metal nanowire networks and deposit Ni inside
the pores, a thin metallic layer is essential as a conductive layer that provides support to the
network. Sputtering is employed to grow a uniform layer of Ni on one side of the template. The
thickness of the sputtered layer can be controlled by adjusting the sputtering current and time.
Once the surface layer is grown, the template is mounted on an electrochemical cell as the
working electrode, with the sputtered side exposed to an electrolyte containing the Ni metal
solution, as shown in Figure 1.8. A constant potential is applied to reinforce the support layer
and increase its thickness. To ensure a consistent thickness of the supporting Ni layer, the
accumulated charge is maintained at a fixed value. Subsequently, the unsputtered side of the
template is subjected to the same electrolyte, and electrodeposition is carried out under the same
conditions until the nanopores are completely filled with the Ni metal. For the electrodeposition

of Ni in the nanopores, another self-developed cell design has been employed to facilitate the
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process with horizontally aligned samples (Figure 1.9). To get rid of excess deposition on the
surface, the unreinforced Ni layer undergoes meticulous polishing using aqua regia. Ultimately,
the polymer matrix is dissolved by immersing it in an organic solvent such as dichloromethane,

followed by cleaning with deionized water.

Ni sputtering

Electrodeposition of
supporting layer

Nanowire formation
through
electrodeposition

Template removal

R’ R R R

Figure 1.7. Illustration of the synthetic approach to obtain free-standing Ni-NWN by means of
electrodposition. Sputtering is employed to deposit a conductive layer on one side of the
template (Step 1), which is further reinforced by a thicker supporting layer by electrodeposition
(Step 2). The template is then exposed to electrodeposition to grow Ni from the sputtering layer
along the template pores till the full filing of the pores, forming the nanowire network (Step 3).
Finally, the polymer matrix is dissolved (Step 4) to obtain the Ni-NWN.
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Figure 1.8. Electrochemical cell (3-electrode setup) employed for electrodeposition with a
vertically aligned sample.
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Figure 1.9. Modified electrochemical cell (3-electrode setup) employed for electrodeposition
with a horizontally aligned sample.

The electrodeposition process within the nanopores involves three distinct stages, as illustrated
in Figure 1.10.054 Firstly, a higher current arises due to cell polarization. In the second stage, a
steady current is achieved, indicating progressive filling of the pores. The initiation of the third
stage can be distinguished by a notable turning point, which marks the complete filling of the
pores and signals the optimal time to terminate the deposition process. Any additional
deposition beyond this point leads to overdeposition, creating a thin film over the surface that
obstructs access to the underlying nanonetwork. Hence, the subsequent increase in current is

attributed to the expanded deposition over the surface. In the end, a free-standing network is
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obtained, ready for further functionalization, and different active materials can be grown over

the network.

Current

v

Time

Figure 1.10. Deposition current as a function of deposition time during preparation of
nanowires. Phase (i) represents the polarization step, Phase (u) represents the deposition
inside the pores, Phase (uul) represents the current increase after the complete filling of pores
and deposition of caps on the surface, and Phase (1V) represents the saturation state upon
closure of the electrode surface.

1.3.2.  Ni nanotube networks (Ni-NTNW)

On the other hand, a metal nanotube network can be fabricated through electroless plating. The
growth mechanism of electroless plating allows for conformal deposition of metal inside the
pores of the polymer template. Electroless plating is an autocatalytic process that involves
decorating the pore walls with nanoparticles, which act as seeds to initiate the deposition
process. These metal nanoparticles then grow until a uniform and coherent layer of metal is
formed, resulting in the formation of nanotubes. The seeding nanoparticles can be immobilized
on the template surface through various mechanisms, such as the interaction between the
reducing agent and the metal ions at the interface between the template and plating solution or
through a sensitization-activation process. The thickness of the nanotube walls depends on
the deposition time until the pores are completely filled with the metal, resulting in the
formation of a nanowire network. Pre-oxidation procedures play a crucial role in increasing the
polarity of the templates and enhancing deposition efficiency.®! Additionally, the nanoparticle
seeds can contribute to the catalytic activity of the catalyst, as they remain integrated into the
outer surface of the nanotube. This can be exploited to fabricate bimetallic core-shell nanotubes,
combining the high catalytic activity of noble metals with the abundant metal serving as the
core supporting layer. For example, Pd seeding of ion track-etched templates combined with
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Ni electrodeposition has been used to obtain Pd-dotted Ni nanowire networks as electrocatalysts

for methanol oxidation.!

A wide variety of 3D nanotube networks have been synthesized based on different transition
metals, including Pt, Pd, Ag, Ni, Cu, Ir, and Ag, using electroless plating with etched
templates.F57581 By adjusting the pore diameters and controlling the degree of pore filling,
both nanotube and nanowire networks can be achieved, as shown in Figure 1.11. Moreover,
further control over the seeding density during the activation step, combined with terminating
the electroless plating at earlier stages, provides the ability to obtain nanotube networks with
porous walls.’®1 Optimization of the plating bath and plating conditions can lead to the
formation of polycrystalline and intrinsically porous films. Furthermore, the formed nanotubes
can be restructured to change their composition through galvanic exchange. However,
achieving uniform deposition through galvanic exchange, especially in the case of network
structures with limited porosity and interspaces, such as caps on some nanowire arrays, can be
challenging.[ Colloidal nanostructure transformation can be a helpful approach to address
these limitations, as it allows for precise synthetic control. For example, Wu et al. demonstrated
the deposition of a second metal on the surface of an Ag nanocrystal, forming bimetallic
nanocrystals, by introducing a parallel reduction reaction that competes with galvanic
replacement and suppresses it.21 The intersections between the pores achieved through
multiple irradiations with different angles provide mechanical stability to the network, allowing
it to retain its architecture without collapsing after dissolving the polymer template, even in the
case of templates with low pore densities but high porosity of over 90%. The accessibility of
interior active sites is a crucial parameter in determining the activity of the electrocatalyst. The
catalyst exposure can be enhanced by decreasing the wall thickness of the nanotubes and
increasing the porosity of the template. However, this can potentially compromise the
mechanical stability of the network, so careful optimization is necessary to strike a balance.
Tuning the porosity of the nanotube network on multiple levels is another important parameter
that affects mass transport rates, as it can provide nanoscale confinement through pores in the
walls of the nanotubes or inside the nanotubes themselves. These pores in the nanotube walls
can improve the performance and activity of electrocatalysts, as they act as nanoreactors that

locally concentrate the involved intermediates.[%?

One striking advantage of the 3D nanotube network is its tri-continuous structure, which
consists of two separate porous systems linked together and separated by the walls of the tubes.

The main system represents the interspaces between the nanotubes, while the other system
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represents the pores inside the nanotubes. This provides a nano/micro channel paradigm with

adjustable permeation between the two systems based on the porosity of the metallic walls.
Such an architecture can be utilized to develop miniaturized flow reactors, taking advantage of

the high catalytic activity of the nanotubes and the hollow structure.*%
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Figure 1.11. Different categories of nanostructures deposited inside the pores of ion-track
etched membranes.

1.3.2.1. Synthesis route of Ni-NTNW

In order to fabricate Ni-NTNW, a new approach has been adopted that replicates the nanowire
network from the parent ion track-etched membranes. The stability of the network relies on a
sufficient density of pore intersections, which can be achieved by overlapping tilted pores and
increasing the pore size and density.[®3 Electroless plating is used to obtain nanotubes instead
of nanowires. Since polymer substrates lack intrinsic catalytic activity, metal seeds are required
for the electroless plating process. The proposed seeding procedure involves two steps:
sensitization and activation. The membrane is immersed successively in Sn*? and Pd*?
solutions, leading to the formation of a conformal layer of Pd nanoparticles on the inner walls
of the pores, as described by Eq. 1.1 and 1.2: [646%]
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The reduction of Pd?* from the solution medium arises from the variation in electrochemical
reduction potentials between Sn and Pd. Residual Sn may remain on the template surface after
the activation process. The density of the seeding nanoparticles can be controlled by adjusting
the number of sensitization cycles.®®! The deposited Pd nanoparticles act as catalysts,
facilitating the oxidation of the reducing agent in the plating bath and providing electrons for
the reduction of Ni?* from its complex to form deposited Ni nanoparticles. Autocatalytic growth
of Ni then occurs, with the Ni nanoparticles initially coating the inner walls of the pores,
creating islands that eventually merge to generate uniform and continuous nanotubes on the
internal surface of the pores, as well as a surface layer on the bottom and top surfaces of the
substrate (Figure 1.12, step 1).6788 According to previous studies, The seeding Pd
nanoparticles have a small size and do not contribute significantly to the catalytic activity of
the Ni nanotubes as they are embedded in the Ni film and covered by the deposited Ni

nanoparticles. 6568l

Previous research studied the attachment of independent films of nanotube networks to glassy
carbon electrodes via carbon paste.24¢l However, this approach suffered from some limitations
such as the low robustness where the nanotube network could be detached from the surface or
completely collapse and the limited conductive connection between the nanotube network and
glassy carbon. Moreover, mineral oil can leak from the carbon paste and penetrate the porous
network, and the underlying nanotube network could be partially blocked by the metallic

surface layer.

To address these challenges, we developed a new approach that allows for the direct integration
of the Ni nanotube network into the electrode while retaining its free-standing structure and
original orientation. The surface layer on one side of the template, formed during electroless
plating, is reinforced by growing additional Ni through electrodeposition (Figure 1.12, step 2).
This Ni-reinforced layer is then soldered to a Cu wire, creating a stand-alone electrode that is
easy to handle and connect to the potentiostat. The metal surface layer on the other side is etched
(Figure 1.12, step 3), and the polymer matrix is removed using an organic solvent, enabling
access to the entire network (Figure 1.12, step 4). Successful etching of the Ni layer over the

surface is pivotal to ensure the diffusion of the electrolyte used in subsequent steps to further
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decorate the nanotube networks with different active materials and achieve uniform coverage

of the Ni network via pulsed electrodeposition.

Sensitization &
activation

Electroless plating

Electrodeposition of
supporting layer

Etching of surface
layer

Template removal

"R R R R R

Figure 1.12. Schematic illustration presenting the fabrication of self-supported Ni-NTNW by
means of electroless plating. After sensitization and activation of the template (step 1),
electroless plating is conducted (step 2) to deposit Ni inside the pores and over the template
surface. Electrodeposition is employed to deposit a thicker supporting layer of Ni on one side
of the template (step 3). Subsequently, the other side of the template is exposed to chemical
etching to remove the Ni surface layer (step 4). Finally, the polymer template is dissolved to
obtain the free-standing Ni-NTNW (step 5).
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1.4. Layered double hydroxides ((LDHs) as active materials
1.41. Introduction

As a class of layered materials, LDHSs have gained significant attention in the fields of materials
science, chemistry, and engineering due to their unique structural, chemical, and physical
characteristics, as well as their potential applications in various fields, including drug delivery,
wastewater treatment, catalysis, energy applications, adsorption, and electrochemical
sensing.[5°7% | DHs belong to the group of anionic clays, comprising positively charged brucite-
like layers separated by a variety of interlayer anions to balance the charge, resulting in an

overall neutral structure.l’1

Brucite-like [M, ?*M,?* (OH), J** layer
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Figure 1.13. Schematic of the general structural composition of LDHs. Reprinted from Ref. [%]
Copyright (2021), with permission from Elsevier.

The LDH host layers mainly consist of metal hydroxide sheets in the form of M(OH)e octahedra
with edge-sharing. These sheets are stacked in a layered structure with negatively charged
interlayer anions as guest layers, forming a 3D structure reinforced by the electrostatic attraction
between the cations in the host layers and the anions in the guest layer. The general chemical
formula of LDH is typically represented as [M1**M3*(OH)2]** [A™]un.mH20, where M?* and
M?3* correspond to the divalent and trivalent metal ions, respectively. A™ represents the anion
in the guest layer, such as COz%", NO*, and CI*, and X stands for the molar ratio of M 3*/(M?*
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+M?3*) as shown in Figure 1.13."? Different metal ions have been employed to synthesize LDH
including Ca?*, Mg?*, Ni?*, Co?*, Mn?*, Fe?*, and Zn %" as divalent cations, and Co%*, AI**, Fe®*,
Cr¥*, Mn®*, Ga®*, and In®" as trivalent cations. Using metals with similar ion radii improves the
stability of the LDH layers. Electrostatic attraction and hydrogen bonding between the host and
guest layers play an important role in holding the layers together and maintaining a stable and
highly-ordered structure. Additionally, the number, oxidation state, and volume of anions
define the interlayer spacing. The ability of interlayer anion exchange is a main characteristic
of LDHs, allowing them to exchange interlayer anions with many other organic or inorganic
anions, leading to diversity in the chemical and physical properties of the material and enabling
the synthesis of a wide range of LDH materials that fit the requirements of each application.

LDHs possess many unique properties, such as a high rate of ion exchange, outstanding thermal
stability, enhanced mechanical properties, large surface area, high ion exchange capacity, and
tunable porosity.’ These properties make LDHs desirable materials for a wide range of
applications and on different scales. LDHs have been widely investigated as catalyst materials
in electrochemical applications including sensing, catalysis, and energy storage
applications.”>"81 As electrocatalysts, LDHs have provided enhanced electrochemical activity
and stability, which is reflected in long-term cyclability and outstanding performance in
different systems. However, LDHSs suffer from some limitations that restrict their performance
in electrochemical applications. The major limitation of LDHSs is their poor electrical
conductivity, as they are either insulators or semiconductors, which limits electron transfer rates
during electrochemical reactions, resulting in lower efficiency in certain applications, such as
OER and supercapacitors.’” In addition, the interlayer spaces in LDHs are affected by their
environment and the structure becomes unstable under certain conditions, leading to
degradation or loss of catalytic activity which reduces the stability in certain applications.
Furthermore, the complex synthetic process of LDH via the self-assembly of metal and
hydroxide ions in aqueous solutions could result in a variety of possible structures and
compositions. Moreover, the different conditions employed during the synthesis process,
including temperature, pH, and the ratio of precursors, can greatly influence the resulting
composition and structure, making it difficult to control the structure and composition of LDHs
precisely. Consequently, these limitations make it challenging to tailor the properties of LDHs
for specific electrochemical applications precisely. For instance, the activity and selectivity of
an LDH-based electrode could be strongly affected by its conductivity, composition, and

structure. Moreover, changes in LDH composition and structure can lead to inconsistencies in
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performance, making it difficult to fabricate reproducible and reliable LDH-based
electrochemical devices.

1.4.2.  Enhancing the performance of LDH

To address the challenges mentioned above and enhance the performance of LDH-based
electrocatalysts, various strategies have been proposed, including nano-structuring,
hybridization, intercalating, and modulation of the electronic structure,[8781]

Nano-structuring involves tailoring LDH architectures at the nanoscale to create structures with
increased surface area. This allows for improved mass and charge transfer, as well as better
accessibility to the active sites within the LDH layers, ultimately leading to enhanced activity.
Another strategy is hybridization, where LDHs are combined with other active materials or
catalysts to form composite structures that fulfill the requirements of each application. For
instance, various studies have reported the growth of LDH over metal substrates to enhance
their conductivity and secure efficient electron paths to the current collectors.®281 This
synergistic integration can result in enhanced electrochemical properties and improved
performance compared to using individual components alone. Intercalation is another strategy
to overcome the limitations through the insertion of ions guest species between the LDHs
layers, which can modify the interlayer spacing and influence the overall electrocatalytic
behavior. By carefully selecting the intercalating species, it is possible to enhance the catalytic
activity and stability of LDH-based electrocatalysts. Furthermore, modulation of the electronic
structure of LDHSs has been investigated as an efficient strategy to enhance their electrocatalytic
performance. This can be achieved through surface functionalization, doping, or controlling the
oxidation states of the metal ions in the LDH structure. These modifications optimize the
electronic properties of LDHs, leading to improved performance in different aspects including
catalytic activity and selectivity. Overall, these strategies offer promising avenues for
addressing the challenges associated with LDH-based electrocatalysts and advancing their

performance for various applications in catalysis, energy conversion, and storage.
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1.5. Functionalization of 3D nanowire and nanotube networks

151. Advantages of 3D heterogeneous nanostructured electrode materials

Nanomaterials are extensively utilized in electrochemical applications, particularly in catalysis
and energy storage, owing to their advantageous properties, including large surface area, short
pathways for electron and ion transport, and the ability to exhibit high activity in certain
electrochemical reactions that bulk materials cannot achieve, as discussed in detail in Section
1.1. While the synthetic approach to the active nanomaterial is crucial for optimal electrode
performance, it is equally important to optimize the design of the electrode itself. In traditional
electrode structures, a composite of nanoparticles of the electroactive material, polymer

binders, and conductive additives is applied onto the substrate, such as metal foils.

A novel and intensively researched category of electrode architectures, known as 3D self-
supported nanostructured electrodes, has emerged to grow the active material over a conductive
substrate, such as nanowire or nanotube networks. These structures are characterized by their
nano-architectured, non-dense layers consisting of one or more phases grown over nanowire or
nanotube networks. For electrochemical applications, these 3D nanostructured nanowires or
nanotube networks offer numerous inherent merits over conventional electrode designs, which

can be summarized as follows:

1- Large Surface Area: The absence of dense packing results in a large exposed surface
area, which plays a pivotal role in electrochemical applications. For instance, in
supercapacitors, charges are stored at the electrode surface, and a greater surface area is
essential for increasing the capacity and energy density, providing more space for
charge storage. Similarly, in Li-ion batteries, the uptake of lithium from the electrolyte
is a reversible process, and expanding the surface area enhances the accessibility for
lithium ions, thereby improving the electrochemical kinetics.4

2- Variety of Nanostructures: Various nanostructures of different shapes, such as
nanotubes, nanowires, and vertically aligned platelets, can be obtained based on the
preparation method and conditions applied during synthesis. While previous reports
have described 3D self-supported nanostructures of various electrode materials, such as
metal alloys, phosphides, conducting polymers, and carbon-based materials, the fast-
growing field of energy storage and catalysis has primarily focused on self-supported
metal oxide and hydroxide nanostructures due to their high functionality.[57]

3- Good adherence to substrates: the direct growth of nanostructured active material onto

a conductive substrate not only eliminates the need for conductive materials or binders
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but also provides better and uniform distribution over the conductive substrate and
avoids the aggregation of active material or forming bulky units in contrast to classical
electrodes, especially for large-scale energy storage devices, which involves mixing the
powder active materials with conductive additives such as carbon additives and polymer
binders before coating onto a metal substrate to optimize performance.

Tunability of Volume Inside the Nanonetwork: Incomplete packing of the electrode
surface is critical to secure enough interior spaces that can accommodate significant
volume expansion, especially for oxides that undergo expansion during lithium insertion
and form lithium-metal alloys. This allows the electrode material to expand into the
unoccupied spaces within nanowires or inside nanotubes. Additionally, it is essential to
relieve the aggregation of the active material and volume increase, thereby preventing
electrode pulverization and collapse of the nanonetwork. However, optimizing porosity
is crucial, as extreme porosity can impact performance in terms of volumetric energy
density, for example.

Enhanced Electron and lon Conductivity: Nanowire and nanotube networks provide
direct pathways for electrons through the 1D growth of these networks. Such networks
possess intrinsic conductivity without using binders, which not only reduces grain
boundaries but also decreases interface resistance, allowing electrons to move easily
along the networks. This improved electron transfer efficiency within the electrode
leads to enhanced performance. Moreover, the direct contact between the nanotubes and
nanowires and the substrate or current collector ensures fast and easy electron
transportation to the outer circuit, which is crucial in applications with high
charge/discharge currents like batteries.*®] Moreover, nanowire and nanotube networks
provide free spaces where other ions from the reaction medium can be incorporated as
dopants via adsorption on the surface, resulting in surface states, or incorporation into
the bulk material, creating additional ionic defects.®%21 The presence of a significant
amount of ions can improve the ionic and electronic conductivity within the
networks.

Engineering 2D-on-1D core-shell structure via electrodeposition

Electrodeposition offers a feasible and straightforward technique for depositing various metals

and metal composites onto different substrates and structures using electrodes and an electrolyte

solution.®**1 This method is particularly suitable for fabricating 3D nanostructured

architectures using template-assisted processes, as it can be achieved for most materials using

aqueous solutions at room temperature. The utilization of electrodeposited nanostructured
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materials in energy storage and conversion has been extensively investigated due to their
favorable characteristics.[®®!

Numerous LDH materials have been successfully prepared in different morphologies using
electrodeposition by modifying the substrate and deposition parameters.[78l In this study, to
grow the hydroxide nanosheets (Ni(OH)2, NiCo-LDH, and NiFe-LDH) over the nanotube and
nanowire networks, nitrate salts of the desired metals were employed as the electrolyte solution
in the electrodeposition process. During electrodeposition, the metal hydroxides grow through
the reduction of NO3®' ions, leading to the generation of OH" ions. Subsequently, the metal ions
(Ni?*, Co?*, Fe?*) in the electrolyte react with these hydroxide ions, resulting in the formation
of Ni/Co hydroxide films. The reduction of NO®" ions and the generation of OH" ions occur.!®
These hydroxide ions then react with Ni%* or Co?" ions present in the electrolyte, leading to the
precipitation of hydroxide layers over the nanotube or nanowire networks. Various
electrodeposition times and potentials were tested to control the extent of deposition and
determine the optimal preparation conditions, as will be further discussed in the results section.
Initially, a continuous potential was applied for the electrodeposition of the hydroxide layer.
However, this method did not yield satisfactory deposits. The inadequate deposition could be
attributed to the formation of gas bubbles, which impede the efficient penetration of reacting
ions into the inner regions of the network. Additionally, reagent depletion occurred within the
interior layers of the network. To overcome these challenges, a pulsed deposition approach was
employed by reversing the potential for short time intervals.
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1.6. Oxygen evolution reaction (OER)
1.6.1. Introduction

Electrochemical water splitting is a highly promising method for producing green energy,
where hydrogen generated through this process serves as a renewable and clean source of
fuel.’% Hydrogen is an eco-friendly energy carrier that finds application in various fields, such
as transportation, refrigeration, and lighting.[*® Figure 1.14. illustrates a typical water
electrolysis system along with different applications. The water splitting process involves two
main reactions: (i) OER and (ii) hydrogen evolution reaction (HER). Of these, OER is the
critical reaction and acts as a bottleneck for the entire process, facing significant challenges that
limit its widespread adoption. The sluggish kinetics of OER due to the four-electron-transfer
process and the higher operating potentials required to achieve high current densities restrict
the overall efficiency of water splitting processes.1%1% Therefore, the development of
efficient OER electrocatalysts is essential to enhance water splitting efficiency and enable large-

scale hydrogen production.
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Figure 1.14. A proposed sustainable energy system that utilizes an integrated water electrolysis
setup to produce renewable hydrogen fuel. Reprinted from Ref. [ Copyright (2019), with
permission from RSC.
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1.6.2. Determining the e ciency of OER electrocatalysts

The water splitting process can occur in alkaline, neutral, and acidic environments. OER takes
place at the anode, while HER occurs at the cathode. The half-reactions for OER and HER

differ depending on the reaction medium, as shown below:
In alkaline medium:

1. OER: TV0 © 0 ¢0 O T 0 T @ (Eqg. 1.3)
2. HER: TOO0 1Q ©c¢0 7100 0 myow (Eq. 1.4)

In acidic medium:

1. OER: O 0 ©0 T0O 10 0 pico @ (Eq. 1.5)
2. HER: TO 1Q ©(¢0 0 1mw (Eg. 1.6)

Equations (1.3) and (1.5) demonstrate that the production of molecular oxygen during OER
proceeds through a thermodynamical process that demands four electrons, with a redox
potential of 1.23 V and a standard Gibbs free energy (pG°) of +237.2 kJ mol™.[2%! However,
an additional energy called overpotential (d) is required to overcome the sluggish electron-
transfer kinetics for efficient water oxidation.

To evaluate the activity of an electrocatalyst towards OER, two main parameters are commonly
used: Tafel slope and overpotential. Overpotential can be determined from linear sweep
voltammetry (LSV) curves by recording the potential required to achieve a specific current
density, usually 10 mA cm (dio) or 100 mA cm (di00). On the other hand, the Tafel slope
gives an indication of the reaction Kinetics, representing the rate at which the overpotential
changes with increasing current density. As the Tafel slope (b) decreases, the reaction kinetics

become faster, according to the following equation.
- ol — (Eq. 1.7)

where, d represents the overpotential, and j and jo are the current density and exchange current

density, respectively.

As depicted in the above equations, OER takes place at the anode and involves a four-electron
process, resulting in the production of O2. This reaction is facilitated by the adsorption of H,O
and OH" on a surface-active metal center denoted as M. Proposed mechanisms for OER share

similar intermediates, including MOH and MO.[*%! However, the main divergence lies in the
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reaction pathway leading to oxygen formation. Notably, two distinct approaches have been

identified to generate Oz from the MO intermediate, as depicted in Figure 1.15. The first
approach, represented by the green arrow in Figure 1.15, involves the direct interaction of 2M-
O to produce gaseous O>. The second approach entails the formation of the MOOH
intermediate, which decomposes to yield O> (black path in Figure 1.15). Despite this disparity,
it is widely agreed upon that the electrocatalysis of OER is a heterogeneous reaction, wherein
the (M-O) bonding within the MOH, MO, and MOOH intermediates plays a critical role in

determining the overall electrocatalytic performance.
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Figure 1.15. OER mechanism in both alkaline (blue line) and acidic (red line) media. The
formation of the intermediates is indicated by the black line, while an alternative route
involving the direct reaction of two M-O intermediates is shown by the green line.

1.6.3.  Self-supported LDH-decorated nanonetworks for OER

Currently, noble metal-based electrocatalysts such as RuO: and 1rO are widely used for OER
due to their high activity. However, their high cost, limited availability, and low stability hinder
their large-scale application for hydrogen production.[%71%1 These catalysts are susceptible to
oxidation and dissolution at high anodic potentials during OER, further affecting their stability.
To overcome these challenges, researchers have been exploring alternative, low-cost, and
noble-metal-free electrocatalysts with enhanced performance and stability. Several materials
have been investigated such as mixed metal oxides, non-noble metal-based hydroxides, sulfides

phosphides, nitrides, borides, perovskites, and LDHs.[100:110]
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Among them, mixed metal hydroxides and their derivatives have gained significant attention
as they offer potential synergistic effects, abundance, and high catalytic activity. Particularly,

LDHs have shown attractive merits for OER, especially NiCo and NiFe-based ones.[**1:112]

Traditionally, electrocatalysts were freestanding particles that could aggregate during electrode
assembly, reducing the number of exposed active sites. In contrast, in-situ growth of LDH over
1D nanowires and nanotubes with geometrically ordered structures offers a more stable
architecture with numerous exposed active sites on the surface. Nickel has demonstrated
remarkable capability for water oxidation in an alkaline environment through its hydroxide
species.'*3 A recent study has reported the growth of NiFe oxyhydroxide on a NiFe alloy
substrate using a magnetic field, forming a hierarchical thin structure that enhances mass
transfer. This electrocatalyst exhibited remarkable OER performance (achieving 1000 mA cm’
2 at 258 mV).'l To further boost the catalytic activity towards OER, developing a
heterogeneous structure of 3D architecture provides an efycient strategy to be adopted. Up to
now, various elements and materials have been grown or deposited over 1D or 2D nanoarrays,
producing a heterostructure array.!*®! These 3D structures grown over the substrates enhance
targeted electrocatalytic reactions by promoting ion and charge transfer. Furthermore, the
hydrophilicity of the substrates plays a vital role in desorbing gas bubbles evolved during the
reaction and retains sustainable mechanical pressure, further improving the electrocatalytic
activity. Nevertheless, a comprehensive understanding of the specific mechanisms by which
substrates contribute to catalytic activity is still limited, highlighting the need for further

research in this area.

In order to improve the OER efficiency of Ni(OH),, researchers have employed
microstructuring and doping methods involving the incorporation of transition metals such as
cobalt and/or iron, which show high activity towards OER. A study by Kim et al. demonstrated
the efficacy of employing a NiFe-coated 3D-ordered nickel electrocatalyst, resulting in
remarkable OER capability and long-lasting durability over 300 h.[**4l The 3D Ni substrate was
prepared using a template-assisted technique followed by electrodeposition. This particular
design enhances mechanical stability by efficiently eliminating gas bubbles evolving during
electrolysis due to their smaller sizes. Moreover, in contrast to the traditional Ni foam, the
incorporation of NiFe onto the 3D Ni substrate demonstrated a notable increase in double-layer
capacitance (Cai), reaching a value of 260 €F cm™. This improvement can be attributed to the

larger surface area provided by the 3D structure.
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1.7. Electrochemical glucose sensing

1.7.1.  Principles of electrochemical glucose sensing

A sensor is a device that detects and converts changes in the system into measurable signals,
unveiling the composition of specific substances in an unknown world through chemical,
physical, or biological changes. Typically, a sensor consists of three main components: a
detector, a transducer, and a signal processor (Figure 1.16). Among different sensor types,
electrochemical sensors record changes in substances as electrical signals, offering advantages
such as high sensitivity, selectivity, the use of smaller analytical instruments, real-time
monitoring capabilities for target analytes, and rapid response times. Consequently,
electrochemical sensing finds wide applications in environmental detection, biomedical

applications, and the food industry. 1151171
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Figure 1.16. Schematic illustration of the principle of the electrochemical sensor.

In practical sensing systems, the standard three-electrode setup is commonly employed, with
the working electrode typically made of metal or metal oxide. To enhance the electrode's
selectivity for the measured analyte, advanced functional nanomaterials are often used to
modify the electrode structure, meeting the requirements of reaction detection. Once the target
substance is successfully recognized on the electrode surface, various electrochemical
techniques, such as CV and chronoamperometry, can be employed to acquire electrochemical

signals, providing valuable information about the target analyte's concentration.

As a widely distributed monosaccharide and the main energy source for cells, glucose holds
significant importance in various fields, especially clinical diagnosis.[*'®1 Disorders associated
with the regulation of blood glucose levels are significant indicators in chronic metabolic
diseases, particularly diabetes. Elevated blood glucose levels are closely associated with several

renal, nervous, and cardiac diseases.!***1 Accordingly, the development of advanced biosensors
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for precise and real-time monitoring of blood glucose levels holds immense importance.
Traditional enzymatic glucose sensors operate through the interaction between glucose and
oxygen, catalyzed by glucose oxidase (GOXx), resulting in the production of H>O, and
gluconolactone.*?° The pioneering work by Williams et al. in 1970 introduced a leading GOXx-
based biosensor for determining glucose levels.[*?!! Since that time, extensive research has been
conducted on enzymatic glucose sensing, incorporating different nanomaterials that achieve

high selectivity, sensitivity, low detection limits, and excellent reproducibility.[*22123

Combining electrochemical methods with glucose sensing offers new avenues for determining
glucose concentration. Glucose sensors are typically classified into enzymatic and
nonenzymatic glucose sensors. Enzymatic sensors, the most extensively studied type, have
undergone three generations of development (Figure 1.17). Glucose oxidoreductase enzymes,
specifically GOx and glucose dehydrogenases (GDHSs), have been widely employed as the
foundation for numerous glucose biosensors.*?4 The first-generation sensors utilized oxygen
as the electron acceptor, determining glucose concentration based on oxygen consumption and
hydrogen peroxide release.[*?] Nevertheless, these sensors had several limitations, including
interference with other biomolecules and the sensitivity to oxygen partial pressure, reducing the
enzyme's activity. The second-generation enzyme sensors overcame some of these limitations
by utilizing a chemically modified layer as the electron acceptor, extending the linear range and
lifespan of the sensor. The third-generation enzyme sensors enabled direct electron transfer
between the electrode and the enzyme. To enhance the performance of enzymatic glucose
sensors, functional nanomaterials, including noble metals (platinum and gold), have been

introduced.18]

While enzymatic glucose sensors offer high selectivity and sensitivity, they also have
drawbacks related to enzyme characteristics, such as requiring low temperatures for storage and
having poor stability under prolonged operation.[*261271 Additionally, the fixation of enzymes
is a complex process that is difficult to control and may be affected by pH, humidity, and
temperature variations. Consequently, the realization of enzyme-free glucose sensors (Figure
1.17) with high stability, sensitivity, and feasible preparation methods has gained increasing
attention.[*221281 Nonenzymatic sensors offer advantages over enzymatic glucose sensors, as
their preparation processes are much easier, and they are less influenced by the surrounding

environment, with longer storage periods.
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Figure 1.17. Schematics of the evolution of various generations of enzymatic electrochemical
glucose sensors and nonenzymatic glucose sensors that utilize nanomaterials.

1.7.2.  Self-supported LDH-decorated nanonetworks for nonenzymatic glucose
sensing

Driven by the substantial advancements in nanotechnology over the past decade, a wide range
of nanostructures, including metals, metal oxides, and their combinations with carbon
nanomaterials, have found extensive use in nonenzymatic sensing applications.[!?1%l The
synthesis strategies employed for multifunctional nanomaterials have expanded the scope of
nanotechnology and opened up numerous possibilities for electrochemical sensors. Based on
current research, three main approaches are utilized for the material synthesis of enzyme-free
glucose sensors. Firstly, nanotechnology is employed to synthesize small-sized, porous metal
materials with different morphologies, including nanotubes, nanowires, nanoflowers,
nanosheets, and nanoclusters. Secondly, combinations of different materials, such as metals,
oxides, hydroxides, carbon materials, organic compounds, and metal-organic frameworks, are
utilized. Lastly, modifications are made to the surface of the electrode to enhance roughness
and introduce additional electrochemically active sites. It has been reported that the faradaic
currents during nonenzymatic glucose oxidation are increased upon using nanomaterials with a
large surface area and increased roughness factors.[*3 In this regard, LDHs have emerged as a
promising class of active nanomaterials due to their ability to provide high roughness and an
enlarged surface area.[*®? Specifically, Ni-based LDHs have shown great potential as they are
enriched with Ni®* centers, which can act as oxidizing agents. For instance, Lu et al. synthesized
ultrathin NiFe-LDH nanosheets on Ni foam using a hydrothermal method to be used as
electrodes for glucose sensing.[*3 This electrode demonstrated remarkable sensitivity (3680.2
A mMcm2), along with a low detection limit (0.59 uM) and high selectivity. The remarkable

electrochemical activity of this system can be attributed to its high rate of charge transfer and
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the presence of numerous active sites. Another study reported the fabrication of a flexible
bifunctional electrode for glucose oxidation by growing a nanosheet array of CoFe-LDH on a
Ni wire.[*34 This innovative method employed Ni wire as a micro-substrate, enabling efficient
detection of glucose through both colorimetric and electrochemical approaches. The Ni/CoFe-
LDH-NSA biosensor demonstrated exceptional performance and long-term stability. Shen et
al. successfully prepared a nonenzymatic glucose sensor based on Cu foam coated with NiCo-
LDH nanoflake arrays-supported Au nanoparticles.’*31 The electrode was synthesized via
galvanic exchange and electrodeposition, providing a linear detection range between 0.5 and
3000 uM. Furthermore, it delivered outstanding sensitivity of 23100 uA mM™ cm and high
stability. The enhanced activity of the electrode towards glucose oxidation could be attributed
to the synergy between the three-dimensional Cu foam with its high conductivity and the LDH

nanoflakes with their high catalytic activity.
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1.8. Supercapacitors

1.8.1.  Supercapacitors as a sustainable energy storage technology

The need for renewable energy sources has become increasingly evident due to the limited
availability of fossil fuels and growing environmental concerns about their negative impact.[2¢!
Transitioning from fossil fuels to renewable sources offers the potential for energy savings and
decentralized energy production. However, the intermittent nature of renewable energy sources,
such as sunlight and wind, requires efficient energy storage solutions to ensure a continuous
and reliable energy supply. To address these challenges and achieve a stable energy supply, the
development of electrochemical energy storage (EES) technologies and advanced electrode
materials is of paramount importance. Among the various energy storage technologies available
(mechanical, electrical, chemical, electrochemical, and thermal energy storage), our focus lies
on capacitors, supercapacitors, and batteries. These represent distinct classes of energy storage
devices, each with its own unique capabilities and applications.[*3"! It is important to emphasize
that these systems are complementary rather than competitive, providing the opportunity to
effectively meet future energy demands by integrating them, particularly supercapacitors and

batteries. 13

Notable progress has been made in the past decade in the development of batteries with high
energy densities and supercapacitors with high power densities. However, neither of these
technologies alone can fully meet the commercial demands in different applications. As a result,
hybrid energy storage systems have been explored to maximize the benefits and move along
the Ragone plot's diagonal (Figure 1.18). These hybrid systems combine the high-power
characteristics of supercapacitors with the high energy content of rechargeable batteries. By
integrating these technologies, it becomes possible to design energy storage systems with both
high power and high energy densities, bridging the limitations of individual technologies

(batteries and supercapacitors).

In the case of supercapacitors, charge storage occurs through two mechanisms. The first
mechanism is the electrical or electrochemical double-layer capacitance (EDLC), where charge
separation takes place at the electrode-electrolyte interface. The second mechanism is
pseudocapacitance, involving charge transfer through redox reactions.'* These two
mechanisms collectively contribute to the overall charge storage capability of a supercapacitor.
On the other hand, batteries operate differently, as they do not directly store electrical energy.
Instead, they store energy in the form of chemical energy within the active material of the

electrodes, held by chemical bonds. This chemical energy is then converted into electrical
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current through redox reactions. In a battery, specific compounds in the anode and cathode,
along with the electrolyte, facilitate energy storage.

Power Density (W/kg)

Batteries Fuel
cells

10° T '
0.01 0.1 1 10 100 1000
Energy Density (Wh/kg)

Figure 1.18. Ragone plot of the specific energy and power densities of energy storage devices.
Reprinted from Ref. [1*°1 Copyright (2017), with permission from Wiley.

In addition to extensive research on supercapacitors and batteries, there is growing interest in
hybrid energy storage devices known as supercapatteries. These systems combine a battery-
type material with a supercapacitor-type electrode material. By utilizing two electrodes with
different charge storage behaviors - one exhibiting capacitive behavior (supercapacitor) and the
other Faradaic behavior (battery) - supercapatteries provide high power density from the
supercapacitor electrode and higher energy density from the battery electrode.[*411421 This
combination offers opportunities to develop energy storage systems with outstanding

performance, falling between the capabilities of a traditional battery and a supercapacitor.

In energy storage devices, charges can be stored either on the surface of the material (double
layer) or within its bulk (Faradaic behavior). For EDLC, an ideal material should have a large
active surface area to facilitate charge accumulation at the electrode-electrolyte interface
without involving any electrochemical reactions within the bulk material (Faradaic capacitance)
(Figure 1.19a). Rechargeable batteries, on the other hand, store charge through reversible
Faradaic reactions in the bulk of the electrode (Figure 1.19b). The design of battery materials
should allow for easy diffusion of reacting species within the material. In the case of
pseudocapacitors, Faradaic redox reactions occur on or near the electrode surface without
significant ion diffusion through the electrode bulk (Figure 1.19c). Finally, hybrid energy

storage systems exhibit behavior that is intermediate between Faradaic reactions and EDLC,
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combining the characteristics of both batteries and supercapacitors (Figure 1.19d). Realizing
energy storage devices that meet these specific needs and provide optimum performance will
require groundbreaking advancements, including the utilization of innovative electrode

materials with specifically designed nanostructures.
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Figure 1.19. Schematic presents different electrochemical energy storage systems, including
(a) an EDLC, (b) a battery, (c) a pseudocapacitor, and (d) a hybrid system combining EDLC
and intercalative storage mechanisms. Reprinted from Ref. 431 Copyright (2019), with
permission from RSC.

1.8.2.  Self-supported LDH-decorated nanonetworks as battery-type electrodes
for supercapacitor

Tailoring nanostructured electrode materials can offer significant advantages compared to their
bulk counterparts in achieving high performance in energy storage applications. Heterogeneous
nanostructured electrodes, composed of multiple nanocomponents tailored to meet specific
requirements such as conductivity, high energy density, and mechanical strength, have been
successfully synthesized.[®+1441 These heterogeneous architectures demonstrate synergy,
harnessing the maximum potential of their individual components and delivering enhanced
performance in terms of rate capabilities, energy, and power densities.!**+145 Several criteria

are used to evaluate the successful utilization of these materials in energy storage:

0] Suitable synthetic approaches or assembly methods.

(i) Proper selection of material combinations.
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(il))  Morphology optimization of the heterogeneous architectures, such as nanowires,
nanotubes, nanosheets, or core-shell nanoparticles.

Transition metal-based electrodes have garnered significant attention as promising candidates
for energy storage due to their composition tunability, easy preparation procedures, cost-
effectiveness, and high redox activity, enabling high specific capacity. Self-supported transition
metal-based nanoarrays and networks, particularly nickel hydroxide (Ni(OH).), have been
extensively researched for supercapacitor applications.[?%34146] Wan et al. summarized the
advances in developing self-supported transition metal hydroxides (TMHs) nanosheets for
energy storage applications, discussing various synthetic techniques and the composition
variation."? Another review systematically studied the advantages of self-supported transition
metal-based materials, encompassing Ni, Co, Mn, Mo, Cu, and V, along with their diverse
electrochemical properties and compositions, followed by an exploration of challenges and

outlooks to guide their further development.[?]

Ni(OH). exhibits a high theoretical specific capacitance of 2358 F g* and well-defined faradaic
redox reactions.t#71 However, its low electrical conductivity (10 to 10°® Scm™) limits its
capacitance, especially at high current densities, which hampers its practical applications.48]
To tackle this limitation, self-supported Ni(OH)2-based composites have been developed by
incorporating materials with high conductivity such as carbon nanotubes and graphene. This
composite structure secures efficient electron transfer pathways between Ni(OH), and the
substrate. For instance, Min et al. reported a hydrothermal approach to prepare a reduced
graphene oxide (rGO) layer sandwiched between two layers of Ni(OH)2 on a substrate of Ni
foam substrate using a hydrothermal approach. This enhanced composite achieved an

outstanding specific capacitance of 3328.7 F gt at 1.5 A g*. [248]

Additionally, Ni-based LDHSs, such as NiFe-LDH and NiCo-LDH, have gained attention as
battery-type electrodes for supercapacitors.}4°1% | DHs offer several advantages, including
high Faradaic redox activities, the ability to finely tune their chemical compositions, and a
uniform distribution of metal ions within the layers. Bimetallic LDHs based on Ni, such as
NiFe-LDH and NiCo-LDH, exhibit natural abundance, distinct oxidation states, outstanding
cycling durability, environmental friendliness, and promising cycling stability.*51"53 One-step
synthesis methods have been employed to fabricate self-supported electrodes of Ni-Co LDH on
Ni foam that delivers a specific capacitance of 2682 F g at 3 A g which is subsequently
coupled with rGO in a hybrid supercapacitor.[*>* This assembly achieved an energy density of
188 Wh kg at 1499 W kg while retaining 82% of its capacitance after 5000 cycles. Self-
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supported architectures comprising LDHs and other phases of Ni have been established to
further enhance performance. Liang et al. fabricated a NiCo-LDH@NiOOH electrode with a
high capacitance of 2622 F g* at a current density of 1 A g*, along with good retention of
88.5% over10000 cycles.[*%]
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CHAPTER 11

2. Nanowire networks-based electrocatalysts

Following a detailed introduction on the topic, theoretical background, and a wider literature
survey, this chapter focuses on the results related to the engineering of self-supported Ni
nanowire networks decorated with various LDH composites for the OER. The chapter
highlights the synthetic approach, physical characterizations, and activity evaluation of these
electrocatalysts, providing valuable insights on the active species and the synergistic effects
between the nanowire substrates and the incorporated LDH nanosheets and between the

different metals in the LDH composites.
This chapter presents the results published in the following peer-reviewed article:

[1] K.M. Amin, K-H Lin, M. Duerrschnabel, L. Molina-Luna, W. Ensinger, Engineering
Active Sites Enriched 2D-on-1D NiFe and NiCo LDH-decorated Ni Nanowire
Networks for Oxygen Evolution Reaction, ACS Sus. Chem. Eng, 11 (2023) 154107
15422.

The objective of this work was to demonstrate the potential of the nanowire networks as
substrates for enhancing the electrocatalytic activity of the LDH materials. It aimed to estimate
the effect of growing LDH with different metal compositions on the electrode performance.
These findings contribute to the progress of design approaches and open up possibilities for the

creation of electrochemical devices that are both highly efficient and compact in size.
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Abstract

Green energy technologies, including water splitting and fuel cells, are being extensively
pursued to meet the increased demand for renewable energy and tackle the pollution issues
related to fossil fuel consumption. The performance of these technologies primarily relies on
noble-metal oxide electrocatalysts, which are typically supported by macroscopic and weighty
materials. Therefore, it is urgently needed, although it is still challenging to engineer highly
efficient and naturally abundant electrocatalysts in micro- and nanostructures. Herein, we
applied a facile strategy to fabricate highly efficient electrocatalysts based on different layered
double hydroxides (LDHs), namely NiCo and NiFe, grown over a free-standing 1D Ni nanowire
network (Ni-NWN) for oxygen evolution reaction (OER). Benefiting from the synergy of
coupling the 2D LDH nanosheets with its high catalytic activity and the Ni-NWN with its
interconnected highly conductive structure and high porosity, the as-prepared NiFe LDH/Ni-
NWN exhibited excellent OER performance with a low overpotential of only 222 mV to deliver
10 mA cm"™. Furthermore, it revealed favorable kinetics in terms of a 42 mV dec™ Tafel slope
and a low charge transfer resistance. The 3D architecture with its finanosheet on nanowireo
structure improves the mechanical stability, besides retaining efficient electron paths through
the Ni-NWN and high ionic diffusion rates through the porous network, which in turn promotes
the generation of active phases during OER and provides outstanding durability over 50 h.
Furthermore, the architectures' proposed strategy and flexible engineering are highly promising

and could be adopted to fabricate other electrocatalysts for widespread applications.

Keywords: Track-etched membranes; Layered double hydroxides; Nanowire arrays;

Hierarchical structures; Electrodeposition; Self-supported electrodes; OER
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2.1.1. Introduction

The relentless pursuit of sustainable energy solutions, aimed at meeting the growing energy
demand while mitigating the environmental concerns arising from the utilization of fossil fuel,
is a high-priority international target and comes on top of the current research topics. 156760
Different approaches have been implemented to maximize the market share of renewable
energy systems, including energy conversion and storage systems e.g. fuel cells, water splitting,
and metal-air batteries.['61"16%1 As a sustainable and green energy resource, hydrogen represents
the major player that can change the future of the energy market.*841 Water splitting is seen as
the most promising and scalable strategy for the production of green hydrogen. This process
mainly involves two reactions: (i) hydrogen evolution, which occurs at the cathode, and (ii)
oxygen evolution, which occurs at the anode. Nevertheless, the OER is commonly regarded as
the bottleneck within the water splitting mechanism. This is because the OER encompasses
several proton-coupled electron transfer steps that are inherently slow kinetically, subsequently
impacting the overall efficiency of the water splitting process.[6%1%1 Even the commonly used
noble metal-based electrocatalysts (RuO2 and 1rO.) necessitate a high overpotential to
overcome the energy barrier essential for the OER.[671 Also, the limited availability and high
production costs associated with noble metals impose constraints on the widespread
implementation of such catalysts on a large scale. Hence, extensive research is currently being
focused on designing abundant and cost-effective transition metal-based electrocatalysts as
alternatives with high activity toward OER.[16416]

Transition metal-based electrocatalysts represent promising competitors that can replace noble
metal-based ones, including oxides, hydroxides, sulfides, nitrides, and phosphides.[t®817]
Among these materials, LDHs have emerged as a highly promising class capable of meeting
the majority of the criteria for effective electrocatalysts in alkaline media due to their
distinguished 2D structure with interlayer spaces, large active surface areas, and tunable
compositions.t”81771 NiFe LDH is regarded as highly efficient as an electrocatalyst in alkaline
media due to its ability to facilitate the OER process with a low overpotential.[*"8"8! Several
studies have been conducted to further enhance the NiFe-LDH activity toward the OER.
However, developing an ideal electrocatalyst for OER is not yet accomplished. Most LDHs
have low conductivity as they are insulators or semiconductors, which severely affects the OER
activity. Additionally, they tend to agglomerate.[*8!]

Various approaches have been proposed to address these challenges and boost the performance
of LDH-based electrocatalysts, such as hybridization, modulating the electronic structure,
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intercalating, and nanostructuring.l’881.1821 The engineering of electrocatalysts with nanoscale
architectures is gaining increasing attention.[®38 This approach aims to maximize catalyst
efficiency by increasing the surface area and enhancing the mass and charge transfer.
Consequently, it provides better accessibility to active sites, leading to improved performance.
One-dimensional (1D) nanowire networks such as Ni-NWN can o er a platform with highly
conductive pathways for electron transfer, working as a backbone that carries the active
material. The overall 3D architecture, which consists of a 2D-on-1D core-shell structure,
merges the advantages of 1D Ni-NWN with its porous structure, namely the high conductivity
and the mechanical stability, with those of the 2D LDH nanosheets which act as a shell layer
with high redox catalytic activity and great surface area. Additionally, the direct contact
between the LDH layer and interconnected Ni nanowires plays a crucial role in accelerating
charge transfer. This can be attributed to the robust connection between the LDH layer and Ni-
NWN, where each Ni nanowire acts as an individual current collector. The proposed
hierarchical structure provides multiple advantages over the common bulk composites due to

the synergy between the individual components in such a multilevel hierarchy.

Numerous studies have reported the utilization of NiCo and NiFe LDH-based electrocatalysts
for OER, employing different shapes, such as nanosheets, nanotubes, and nanowires, which
establish direct contact with the current collector.[*881 However, the geometry and
dimensions of such electrodes are mainly correlated to the dimensions of the parent substrate,
which carries the active material and works as a supporting electrode such as foams, felts, and
cloths. Most of these substrates have dimensions in the microscale, which limit the active
surface area of the electrode and restrict their use in certain applications that require an electrode
of smaller thickness or lower mass. Meanwhile, nanowire networks provide an extra striking
feature, namely the nanoscale dimensions and the straight orientation, which can dramatically
boost the performance of the electrocatalyst besides the common characteristics shared with the
other common substrates, including the porous intersected structure. Accordingly, it is essential
to establish a rational synthetic approach to create a cost-effective electrocatalyst that meets the
criteria for achieving a high OER performance. Designing a nanoscale architecture overgrown
by various electrocatalytic active materials of varying dimensionality can effectively address
many functionality issues, including better exposure of the active sites, higher conductivity, and

faster diffusion rates of ions through these nanoreactors.1821901

Inspired by these considerations, herein, we highlighted a new fabrication strategy of self-
supported 3D hierarchical NiCo LDH/Ni-NWN and NiFe LDH/Ni-NWN electrocatalysts with
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a core-shell structure via facile in situ electrodeposition of LDH nanosheets over Ni-NWN. The
free-standing Ni network was obtained through a template-assisted strategy to deposit Ni inside
the pores of commercial track etched membranes, forming a self-supported network that acts
as a substrate and current collector without needing a binder or conductive material. As such,
LDH nanosheets serve as the active material; this coating delivers high electrocatalytic activity
through its abundant active sites and excellent stability, while the 3D NWN provides
mechanical strength, large surface areas, and high electron conductivity. Furthermore, the 3D
self-supported electrodes offer a higher diffusion rate of ions through their tortuous structure.
The introduced approach employs scalable and simple techniques that can be customized to
prepare a variety of architectures with different compositions and ratios of active materials.
Three electrodes (Ni-NWN, NiCo LDH/Ni-NWN, and NiFe LDH/Ni-NWN) have been
examined as electrocatalysts for OER. NiFe LDH/Ni-NWN required a very low overpotential
of 222 mV to attain 10 mA cm™, all while retaining outstanding stability over a 50 h duration.
Moreover, it possessed a lower charge transfer resistance (Rct) and smaller Tafel slope
compared to Ni-NWN and NiCo LDH/Ni-NWN, delivering a better overall electrocatalytic
performance. This performance even outperforms most recently reported transition metal-
based electrocatalysts. Considering its impressive OER performance, stability, and the
abundant availability of LDH metals, as well as the feasible and scalable synthetic approach, it
is anticipated that the NiFe LDH/Ni-NWN electrocatalyst presented here holds significant

potential to replace noble-metal-based catalysts in real-world applications for OER.

2.1.2.  Experimental Section
2121, Materials

Polycarbonate template membranes had the following specifications: a thickness of 25 um, a
pore diameter of 400 nm, and a pore density of 1.5 x 108 cm? (ipPORE from it4ip). The
following chemicals were utilized as received: boric acid (HsBOs, 99.5%, Sigma), nickel
chloride (NiClz, 98%, Aldrich), nickel nitrate hexahydrate (Ni(NO3).-6H20, GR, Merck),
dichloromethane (CH2Clz, puriss. p.a.,, Sigma-Aldrich), iron sulfate heptahydrate
(FeSO47H20, 0 99%, Sigma-Aldrich), cobalt nitrate hexahydrate (Co(NOs)2-6H20, 99+%,
Acros Organics), and KOH (Sigma-Aldrich). Deionized water was employed in all procedures.
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21.2.2. Synthesis of Ni-NWN

To prepare the free-standing Ni-NWN electrodes, a template-assisted electrodeposition method
was employed. Briefly, ion track-etched membranes were first sputtered with a thin Ni layer
under a current of 100 mA for 180 s to provide conductivity to the template. The sputtered
template was then subjected to electrodeposition within a three-electrode setup to reinforce the
electrode and retain mechanical stability. The electrodeposition process took place in an
electrolyte solution containing 0.5 M NiCl; and 0.5 M H3BOz. A constant potential of -0.9 V
vs. Ag|AgCl was applied during this process, with the thickness of the Ni supporting layer being
regulated by maintaining an accumulated charge of 100 C. In order to obtain the free-standing
Ni-NWN, the same electrodeposition parameters and the same electrolyte were employed to
deposit Ni until the pores of the template were filled. The upper side of the template was then
carefully polished with aqua regia to eliminate any extra deposition over the template surface.
Finally, the template was immersed in dichloromethane to dissolve the polymer matrix and then

cleaned with deionized water.

2.1.2.3. Synthesis of Core/Shell-like NiCo and NiFe LDH-Decorated Ni-NWN

NiCo and NiFe LDH nanosheets were directly grown over Ni-NWN via pulsed potential
electrodeposition. For NiCo LDH, an electrolyte containing a 1:1 molar mixture of 0.05 M
Ni(NO3z)2:6H20 and 0.05 M Co(NOz)2:6H20 was used. The pulsed electrodeposition process
involved applying -1 V vs. Ag|AgCl with intermittent pulses of 1 V vs. Ag|AgCl for 0.5 s every
3 s. This process was carried out for a duration of 90 s. Subsequently, the samples underwent
thorough washing with H2O and were dried. Similarly, for NiFe LDH, an electrolyte containing
0.15 M Ni(NO3)2:6H20 and 0.15 M FeSO47HO was employed, and the pulsed

electrodeposition was conducted using the same parameters.

21.2.4. Surface and Structural Characterization

Scanning electron microscopy (SEM) measurements were conducted by using a Philips XL30
FEG instrument (Netherlands), operating at acceleration voltages ranging from 10 to 30 kV. X-
ray diffraction (XRD) analysis was achieved with a D8 Advance diffractometer (AXS Bruker,
Germany) supplied with a Cu anode and utilized Bragg-Brentano geometry along with an SOL
X Detector. Additionally, a Seifert XRD 3003 PTS-3 instrument was used with monochromated
Cu Ky radiation. The recorded spectra spanned the range of 2d= 8-90°, with a step size of 0.02°
for the complete spectrum and 0.03° for the highlighted areas of interest, employing a slower

scan speed. The full spectra were recorded with a scan speed of 2d = 250 s'*, while the areas of
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interest highlighted in the XRD figure were scanned with a slower scan rate of 2d = 1666 s'*.
Transmission electron microscopy (TEM) images and selected area electron diffraction
(SAED) patterns were accumulated with a Thermofisher Talos F200X equipped with a Ceta
CCD camera, a SuperX energy-dispersive X-ray (EDX) detection system, and a Gatan
Enfinium electron energy-loss spectroscope. The microscope operated at an acceleration
voltage of 200 kV. Data analysis for TEM was conducted using Thermofisher Velox, Digital
MicrographEE, and SingleCrystall*®!] softwares. To analyze the composition and elemental
oxidation states of the three electrodes, X-ray photoelectron spectroscopy (XPS) was employed,
utilizing a SPECS PHOIBOS 150 (Germany). A monochromatized Al Ky line with an excitation
energy of 1486.7 eV was employed as the X-ray source. CasaXPS (version 2.3.25) was
employed to fit the acquired spectra and subtract the background using the Shirley method.[*%?

For consistency, the spectra were calibrated by setting the C 1s peak at 284.5 eV.

2.1.2.5. Electrochemical Experiments.

The electrodeposition experiments were conducted in a three-electrode setup using a Keithley
2602 System SourceMeter unit (USA). Sputtered polymer templates served as the working
electrodes (WE), while Ag|AgCI functioned as the reference electrode (RE), and a Pt spiral
electrode acted as the counter electrode (CE). The deposition of NiCo and NiFe LDH
nanosheets was achieved using the previously prepared Ni-NWN as the WE, following the same
conditions. Electrochemical measurements were carried out in a custom-designed three-
electrode setup utilizing a Gamry Reference 600 potentiostat (USA). The reference electrode
employed was Hg|HgO filled with 1 M KOH, the counter electrode was a Pt spiral wire, and
the working electrode was a round, free-standing sample with a diameter of 13 mm of the three
electrocatalysts (Ni-NWN, NiCo LDH/Ni-NWN, and NiFe LDH/Ni-NWN). All of the
experiments were conducted in a1 M KOH solution as an electrolyte. Potentials were converted

to a reversible hydrogen electrode (RHE) scale using the formula:
0 0 j WL IR0 oY %N8 cip

Before the electrocatalytic performance was assessed, the electrocatalysts were activated by
running cyclic voltammetry under a scan rate of 50 mV st until reaching a steady state of each
electrocatalyst. The activity towards OER was investigated by linear sweep voltammetry (LSV)
at a scan rate of 1 mV s?, and Tafel slopes were calculated from LSV. Overpotential was

calculated using the following equation:

-6 0 zpico 9%N§ i
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Electrochemical impedance spectroscopy (EIS) was conducted over a frequency range
spanning from 0.01 Hz to 100 kHz, using an amplitude of 10 mV (NiFe LDH@Ni-NTNW was
represented within the frequency range of 0.5 Hz to 100 kHz for improved fitting). Durability
was assessed through chronopotentiometry (CP) performed at a current density of 10 mA cm
for 50 h.

2.1.3. Results and Discussions
2.1.3.1. Characterization of the Hierarchical Architectures.

In contrast to the traditional methods for synthesizing electrocatalysts, the innovative approach
employed in creating hierarchical NiCo LDH/Ni-NWN and NiFe LDH/Ni-NWN architectures
(Figure 2.1) represents a feasible and scalable pathway for establishing a flexible model of self-
supported electrodes. This model can be adopted to functionalize NWN-based platforms with
various active materials, suitable for diverse catalytic applications. The synthesis process began
with the electrodeposition of Ni-NWN within the pores of the polymer template on the back
sputtered Ni layer. Subsequently, the NiFe LDH and NiCo LDH nanosheets were grown over
the core Ni-NWN via controlled pulsed electrodeposition, forming the hierarchical core-shell
architectures. Hierarchical architectures, in contrast to bulk materials, exhibit remarkable
synergistic effects arising from the combined properties of their individual components within
a multilevel structure. It is crucial to emphasize that our 3D porous structure provides a
significantly larger interior surface area when compared to conventional substrates like Ni
foams or fibers. This synthetic approach offers an integrated and robust design of the catalyst
electrode, capitalizing on the extensive surface area and excellent catalytic activity of the 2D
LDH nanosheets, as well as the high electrical conductivity, mechanical strength, and efficient
electron transfer pathways of the 1D Ni-NWN. The interplay between these components in our
hierarchical architecture not only facilitates enhanced activity but also enables easy handling of
the electrode without the need for supporting electrodes or binders, retaining the mechanical

stability of the stand-alone network without any damage.
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Figure 2.1. Schematic illustration of the fabrication process of the self-supported NiCo
LDH/Ni-NWN and NiFe LDH/Ni-NWN architectures.

Surface and structural analyses of the electrodes confirmed the successful optimization of the
deposition parameters. SEM micrographs of Ni-NWN (Figure 2.2a-c) depicted the conformal
deposition of Ni inside the entire pores of the parent templates, creating coherent and uniform
Ni nanowires with a diameter of approximately 400 nm, closely mirroring the original nanopore
diameter. After the polymer template was dissolved, the as-prepared nanowire network
preserved a self-supported architecture growing over the electrodeposited Ni supporting layer,
which works as a current collector for this electrode, as represented in Figure S2.1. As for this
paradigm, the Ni-NWN acts as a 3D conductive core, which is efficiently connected to a thin
layer of Ni that retains the network integer and provides a conductive pathway to the
potentiostats. The top view of Ni-NWN (Figure 2.2b) depicts the intersections between the
wires, which retain the structure intact and prevent the stacking of the wires. The lateral view
of prepared Ni-NWN (Figure 2.2c) reveals the free-standing architectures, which appear free
from any polymer residuals while maintaining an intact structure. The resulting 3D
interconnected nanowire network serves as a perfect conductive scaffold for the subsequent
growth of the NiCo and NiFe LDH nanosheets. These LDH nanosheets were erectly deposited
onto the Ni-NWN, creating a well-defined hierarchical finanosheet on nanowireo architecture.
In the case of the NiCo LDH/Ni-NWN architecture, as illustrated in Figure 2.2d-f, the NiCo
LDH nanosheets forming the outer layer on the Ni-NWN backbone exhibit a distinct wrinkled
structure, which sets them apart. The side view of the network (Figure 2.2f) provides
confirmation that the entire length of the nanowires is uniformly coated with a consistent layer
of NiCo LDH nanosheets. Similarly, the SEM micrographs of the NiFe LDH/Ni-NWN
electrode (Figure 2.2g-i) depict the Ni-NWN skeleton decorated with a layer of NiFe LDH
nanosheets. As displayed in Figure 2.2i, the interconnected network appears to be entirely

covered with LDH while retaining the porous construction of the network. This ensures that the
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micro pathways remain free without clogging arising from overdeposition. This approach is
optimal for obtaining a significant amount of active material (NiCo or NiFe LDH), thereby
enhancing the catalytic activity of the electrodes while allowing for the unimpeded diffusion of

the electrolyte through the catalysts.

Figure 2.2. Top-view and side-view SEM of (a-c) Ni-NWN, (d-f) NiCo LDH/Ni-NWN, and (g-
i) NiFe LDH/Ni-NWN.

The hierarchical design of the catalysts was further investigated by using TEM accompanied
by SAED on cross-sections of the prepared composites. TEM images of the Ni-NWN catalyst
(Figure 2.3a) showed circular-shaped Ni wires with uniform morphology and a diameter of
approximately 400 nm along the entire wire length. The SAED pattern displayed diffraction
rings (Figure 2.3b, c), indicating the polycrystalline nature of the Ni-NWN with characteristic
ring patterns corresponding to the (111), (200), (220), (400), and (420) crystal planes. To
validate the synthetically projected core-shell structure of the coated nanowires, TEM analysis
was performed on NiCo LDH/Ni-NWN (Figure 2.3d) and NiFe LDH/Ni-NWN (Figure 2.3g).
Both catalysts exhibited a uniform coating layer composed of plentiful flaky nanosheets
surrounding the Ni-NWN skeleton which appeared darker compared to the surrounding NiCo
LDH and NiFe LDH nanosheets as depicted in Figure 2.3d, g, respectively. Further, local SAED

measurements were conducted at different spots representing the Ni core and the shell layer of
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NiCo LDH and NiFe LDH nanosheets as marked by the dashed circles in Figures 2.3d and g.
SAED analysis of NiCo LDH/Ni-NWN and NiFe LDH/Ni-NWN revealed the same
characteristic rings of polycrystalline Ni at the centers of the wires (Figure 2.3 e,h), dominated
by the Ni core. In contrast, the SAED obtained from the shell layer, where the NiCo LDH and
NiFe LDH nanosheets have been deposited (Figure 2.3 f,i, respectively), revealed the
characteristic continuous rings of the amorphous LDH structure with ring patterns of (0003),
(0006), (1102), (1105), and (11010) planes. EDX mapping images of Ni-NWN (Figure S2.2)
confirmed that Ni was the major element present in the wires. Elemental mapping was further
conducted on NiCo LDH/Ni-NWN (Figure S2.3) and NiFe LDH/Ni-NWN (Figure 2.3j) to
elucidate the spatial distribution of elements throughout the heterostructure of the catalysts. As
shown in Figure 2.3j, the EDX mapping images demonstrated a concentrated distribution of Ni
in the core, whereas elemental Fe and O were uniformly dispersed within the NiFe LDH shells,
aligning with the intended heterostructure design. Such a hierarchical inanosheet on nanowireo
architecture, benefiting from the added LDH layer, not only provides an abundance of redox-
active sites due to its expanded surface area but also promotes efficient electrolyte diffusion,
through its open porous structure. As a result, these architectures exhibit an enhanced

electrocatalytic performance.

XRD analysis of as-synthesized Ni-NWN, NiCo LDH/Ni-NWN, and NiFe LDH/Ni-NWN was
conducted to provide more structural information about the crystalline structure. The XRD
pattern of Ni-NWN (Figure 2.4 a) revealed the major diffraction peaks at 44.6°, 51.8°, and
76.4°, which match well to the (111), (200), and (220) planes, respectively, of metallic Ni
(JCPDS No. 04710850).[8%] Besides the characteristic peaks of the Ni nanowires, the XRD
patterns of NiCo LDH/Ni-NWN and NiFe LDH/Ni-NWN exhibited several discernible
diffractions with low intensities, which become more apparent at slower scan speeds
(highlighted regions in Figure 2.4 a) at 2d values of 10.5°, 22.6°, 34.4°, and 60.7°. These
reflexes could be attributed to the (003), (006), (012), and (110) planes of the hydrotalcite-like
LDH phase (JCPDS 33710429 and JCPDS 40-0215), which agrees with the crystallographic data
acquired from SAED measurements.[841931%1 The Jow intensity of these peaks may be related
to the existence of the NiCo and NiFe LDH sheets in a nanoscale ultrathin structure with poor

crystallinity, such weak peaks were buried by the stronger characteristic peaks of Ni-NWN.[1%]

50



10 1/nm 10 1/nm

(h) NiFe(OH), (1)

10 1/nm

2000 nm

2000 nm 2000 nm

Figure 2.3. TEM images of (a) Ni-NWN, (d) NiCo LDH/Ni-NWN, and (g) NiFe LDH/Ni-NWN.
SAED of (b, ¢) Ni-NWN, (e, f) NiCo LDH/Ni-NWN, and (h, i) NiFe LDH/Ni-NWN conducted at
different spots highlighted with circles in the TEM micrographs (a), (d), and (g), respectively.
(1) EDX mapping images of the NiFe LDH/Ni-NWN catalyst.
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The chemical and structural compositions and elemental valence states of the prepared catalysts
were further investigated using XPS. As shown in Figure 2.4b, the survey spectrum of NiCo
LDH/Ni-NWN revealed the existence of Ni, Co, and O, and that of NiFe LDH/Ni-NWN
confirmed the existence of Ni, Fe, and O, while no Co or Fe signals were present in the spectrum
of Ni-NWN, which agree with the EDX results (Figures 2.3 j, S2.2, and S2.3). The Ni 2p spectra
of NiCo LDH/Ni-NWN and NiFe LDH/Ni-NWN (Figure 2.4c) revealed two peaks around
855.6 eV (Ni 2ps) and 873.4 eV (Ni 2p12) along with two shakeup satellite peaks (861.6 and
879.7 eV) which are indicative of the Ni(OH). phase as reported in the previous studies. [#31%]
At the same time, Ni-NWN showed extra peaks at 851.8 and 869.1 eV, which are characteristic
of Ni°% emanating from the underlying nanowire network. These two peaks disappear upon the
deposition of the surface LDH layer over the core metal, as observed in the case of NiCo
LDH/Ni-NWN and NiFe LDH/Ni-NWN. Furthermore, in comparison to Ni-NWN, the Ni 2pz..
and Ni 2p12 peaks in NiCo LDH/Ni-NWN and NiFe LDH/Ni-NWN are shifted to higher
binding energy by approximately 0.4 eV. This shift is attributed to the electron transfer from
the Ni d band to the Co d and Fe d bands, indicating a strong interaction between Co and Fe
ions with Ni ions in NiCo LDH/Ni-NWN and NiFe LDH/Ni-NWN, respectively.'*! In the
high-resolution Co 2p region, two binding peaks at approximately 781 and 796.4 eV, along
with satellite peaks, as illustrated in Figure 2.4d, are indicative of the characteristic behavior of
Co(OH)2*1 The Fe 2p spectrum, as shown in Figure 2.4e, exhibits two distinct peaks at
approximately 711.4 and 725.1 eV, corresponding to Fe 2ps» and Fe 2p1.2, respectively. This
suggests the presence of Fe species in a +3 oxidation state within NiFe-LDH/Ni-NWN.[% The
O 1s spectrum of the three composites (Figure 2.4f) reveals two main peaks assigned to M-O
(Ni-O, Co-0O, and Fe-O) species at 528.7-529.3 eV and M-OH species at 531.4 eV.[1%1 The
findings from the XPS measurement confirm the existence of Ni, Co, and Fe in multiple
oxidation states within the NiCo and NiFe LDH nanosheets. These solid-state redox couples
including Ni?*/Ni**, Fe*'/Fe3*, and Co?*/Co%, are known to contribute significantly to
electrochemical activity, particularly because Ni®*, Fe3*, and Co®* represent catalytically active
sites toward OER. Moreover, the Ni° peak disappeared in the case of NiCo LDH/Ni-NWN and
NiFe LDH/Ni-NWN due to the coverage of the core Ni network.
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Figure 2.4. (a) XRD patterns (highlighted insets show the characteristic peaks of LDH under
slow scan rate), and (b) XPS survey scan of Ni-NWN, NiCo LDH/Ni-NWN, and NiFe LDH/Ni-
NWN. High-resolution XPS spectra of (c) Ni 2p region of the three catalysts, (d) Co 2p region
of NiCo LDH/Ni-NWN, and (e) Fe 2p region of NiFe LDH/Ni-NWN and (f) O 1s XPS spectra
of the three electrodes.

2.1.3.2. Oxygen Evolution Reaction Performance.

To assess the OER activity, the performance of hierarchical architectures was evaluated by
using a typical three-electrode system in a 1 M KOH electrolyte. The performance of the
architectures was evaluated based on three key parameters: (1) overpotential, (2) Tafel slope,
and (3) long-term stability. Figure 2.5a depicts the polarization curves of the three catalysts at
a scan rate of 1 mV s%. Upon analysis, it is evident that the peak potential for Ni?* oxidation
into Ni®* shifts from 1.33 V vs. RHE for Ni-NWN to 1.22 V vs. RHE for NiCo LDH/Ni-NWN.
This shift indicates that the presence of Co facilitates the Ni?*** transition at lower potentials.
This phenomenon can be attributed to a charge transfer process from Co to the neighboring Ni
atoms within the lattice. The charge transfer is influenced by Ni's higher electronegativity,
leading to a greater charge density in Ni compared to Co.l*%1 Additionally, another peak,
corresponding to the oxidation of Co®" ions into Co*" ions, is observed at 1.34 V vs. RHE.
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Conversely, this potential increases in the case of NiFe LDH/Ni-NWN and the transition occurs
at 1.38 V vs. RHE, which nearly overlaps with the onset of the OER, indicating that the presence
of Fe stabilizes the Ni?* oxidation state. The inclusion of Fe contributes to the creation of more
disorders within the local structure, a characteristic associated with U-Ni(OH),.[292%1 These
observations match with the previous literature, which confirms that the introduction of Fe into
Ni films leads to a reduction in the average oxidation state of Ni, as opposed to pure Ni oxides.
This corroborates that the presence of Fe induces an anodic shift in the Ni®*** redox pair.[?°!
This shift can be attributed to the relatively greater ionic character of Fe O bonds in comparison
to Ni O. As Fe ions become incorporated into their lattice, Ni O acquires increased covalent
character. This augmented covalent nature in Ni O demands additional potential for their
electrochemical oxidation.?°? The LSV showed a lower onset potential of 1.41 V vs. RHE for
NiFe LDH/Ni-NWN, which is far below 1.49 V vs. RHE of NiCo LDH@ Ni-NWN, and 1.58
V vs. RHE of Ni-NWN. The negative shift of the onset potential for the LDH-decorated
networks reflects faster OER kinetics. The remarkable catalytic activity of the NiFe LDH/Ni-
NWN electrocatalyst is evident from the significantly lower overpotential required to achieve
a current density of 10 mA cm (dio), as marked by the dotted horizontal line in Figure 2.5a.
The NiFe LDH/Ni-NWN exhibits an dio of only 222 mV, surpassing the performance of both
NiCo LDH/Ni-NWN (316 mV) and Ni-NWN (424 mV). Moreover, even at a higher current
density of 100 mA cm?, the NiFe LDH/Ni-NWN retained low di00 of only 487 mV, which is
approximately two-thirds that of the NiCo LDH/Ni-NWN (601 mV) as demonstrated in Figure
S2.4. In the quest for the OER kinetics, Tafel plots were constructed based on the polarization
curves of the three electrocatalysts as represented in Figure 2.5b. The NiFe LDH/Ni-NWN
exhibited a notably smaller Tafel slope of 42 mV dec™ compared to 92 mV dec? for NiCo
LDH/Ni-NWN, and 140 mV dec® for Ni-NWN. These results solidify that the NiFe LDH/Ni-
NWN not only offers the lowest overpotential required to initiate the OER but also provides the
most favorable OER kinetics among the three electrocatalysts (Figure 2.5c). Furthermore, to
evaluate the electrochemically active surface area (ESCA) of the electrocatalysts, we calculated
the double-layer capacitance (Cai) based on the cyclic voltammetry curves obtained in the non-
Faradaic region (Figure S2.5). Figure S2.6 shows a linearity between the capacitive current and
the scan rate. Ni-NWN revealed a higher Cq value (3.37 mF cm). Interestingly, despite the
highest OER activity observed for NiFe LDH/Ni-NWN, it displayed a lower ECSA compared
to that of bare Ni-NWN, ruling out that ECSA is not the main parameter that drives the activity.
However, determining ECSA for LDH based on Cg is challenging due to the potential-

dependent conductivity of LDHs, which requires good electronic conductivity to obtain reliable
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Cai data.l?® In addition, the possible pseudocapacitive nature of the NiFe materials could lead
to misleading results when using the Cai method to estimate the real active surface area.
Moreover, using a standard value of specific capacitance for different electrocatalysts can
introduce significant errors when estimating ECSA.?%1 Hence, the superior catalytic activity
of NiFe LDH/Ni-NWN is not solely attributed to a higher number of active sites, as both NiCo-
and NiFe-LDH nanosheets have a comparable surface area, but rather to the presence of more

potent intrinsic catalytic centers with higher reaction efficiency.

120 T T T T T T T T b 0-45 T T T T T T T T T T
a Ni-NWN ( ) Ni-NWN
100 | NiCo LDH/Ni-NWN | 040 - ° NiCo LDH/Ni-NWN i
& ——— NiFe LDH/Ni-NWN + NiFe LDH/Ni-NWN
E
:: 80 gu.as _
E T
2 60 t . 4
£ g030 ceent
5 2
T4 3 0.25 Y 4
£ 2"
g (o]
3% 0.20 [T 4
proveT L " mV dec
O 0.15 L 1 1 1 1 1 1 1 1 1 1 1
1.0 1.2 14 1.6 1.8 01 02 03 04 05 06 07 08 09 10
Potential (V vs. RHE) log |J (mA cm?)]
(c) 450 (d) -10 T T T T T T T T
Tafel slope
L Overpotential | 400 8 i
Ni-NWN

NiCo LDH/Ni-NWN |
+  NiFe LDH/Ni-NWN

-4 -

-2 ‘./ . -
250 F Rs CPE
0k lﬁ Rct i
200 I 1 1 L
v\“""‘wﬂ

Z" (ohm)

1 1 1 1
._“\N“
0 B\—o\,“\{\ 2 4 6 8 10 12 14 16 18

e
WO WE Z' (ohm)

Figure 2.5. (a) Polarization curves of Ni-NWN, NiCo LDH/Ni-NWN, and NiFe LDH/Ni-
NWN at a scan rate of 1 mV s in 1 M KOH. (b) The corresponding Tafel plots. (c) Performance
comparison of Tafel slope and overpotential at 10 mA cm for different electrocatalysts. (d)
Nyquist plots of the electrodes at a potential of 1.5 V vs. RHE; inset: the corresponding

equivalent circuit.

The purposeful multilevel design of the 3D architectures offers several notable advantages.
When compared to larger-scale sponge-type catalyst electrodes, our fine structuring

demonstrates an excellent degree of miniaturization achieved with our fine structuring,
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requiring only a comparably thin layer of decorated nanonetwork to achieve outstanding
catalytic activity. NWNs, owing to their porous and interconnected structure, provide
continuous and effective routes for both mass and charge transfer, thereby enhancing the
electrode performance by facilitating reaction kinetics.®* The integrated Ni-NWN functions
as a metallic 1D current collector, establishing efficient electric conduction pathways from the
rear electrode surface to the hierarchically branched catalyst-solution interface. As the NWN
framework simultaneously serves as the working electrode and active material, the
reinforcement of the underlying Ni surface area becomes pivotal. Notably, the structural
elements of classical Ni foams, such as the diameter of Ni struts, typically fall within the range
of a few hundred micrometers. In contrast, our system exhibits features that are approximately
2 orders of magnitude smaller. This outstanding catalytic activity of NiFe LDH@Ni-NWN
could be attributed to the presence of more potent catalytic sites with higher reaction efficiency,
and the lower Tafel slope also implies that the rapid OER Kkinetics originate from the inclusion
of Fe with its high intrinsic catalytic potency.[2%52%I |n detail, the significantly enhanced activity
introduced upon the inclusion of Fe in the NiFe LDH/Ni-NWN electrocatalyst could be
attributed to the following reasons: (i) The inclusion of Fe enhances the electrical conductivity
of the Ni matrix. However, this outstanding OER performance can not only be assigned to this
effect which highlights the previous findings that Fe represents the active site in the
structure.!®d (ii) Although FeOOH alone does not possess enough conductivity to act as a
catalyst at low overpotentials, the inclusion of Fe sites in the conductive Ni matrix demonstrates
perfect energy of binding with -OH and -OOH intermediates.[?°’l Hence, the additional
improvement in OER activity in the NiFe LDH/Ni-NWN electrocatalyst could be attributed to
the activation of Ni®* in the NiOOH phase at lower overpotentials due to the charge transfer
from Fe. This phase is more conductive compared with the nonconductive Ni(OH)2 phase. (iii)
The presence of Fe** ions facilitates the diffusion of hydroxyl ions into the network.?%1 The
incorporation of Fe ions plays a pivotal role in expediting the O-O coupling process on the
surface of Ni, which subsequently enhances the multielectron transfer mechanism of Ni. This
transformation process is intricately linked to the presence of Fe on the material's surface. The
reduction in overpotential can be attributed to a sequence of oxidation steps and successive
deprotonation of H,O molecules bound to Fe** ions within the NiFe oxyhydroxide. Intriguingly,
when only Fe ions are present, a notably subdued OER activity is observed, primarily due to
the insulating nature of FeOOH.[?%! These findings agree with the density functional theory
(DFT) data that were used to determine the structural motif and identify the active metal sites

for each reaction step through the calculation of the Gibbs free energy (pG). For instance, Guo
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et. al. reported (G values of the metal sites in NiFe-LDH, which revealed that Fe has a lower
®G value, confirming its role as the active site.?2! The results further confirmed that the
inclusion of Fe into the NiOOH lattice not only affects the electronic structure but also
substantially alters the chemical bonding of the metal ions and intermediates involved in the
OER.

To gain deeper insights into the remarkable OER performance of NiFe LDH/Ni-NWN, EIS
measurements of the three electrodes were conducted at 1.5 V vs. RHE. The Nyquist plots of
the comparative samples were then fitted using the corresponding equivalent circuit, as
illustrated in the inset of Figure 2.5d. R, Ret, and CPE refer to the solution resistance, charge
transfer resistance, and capacitance, respectively; the fitting values of the components are
reported in Table S2.1. It can be clearly observed that the semicircle of the Nyquist plot, which
represents the Rct is much smaller in the case of NiFe LDH/Ni-NWN. The calculated Rt of
NiFe LDH/Ni-NWN (0.8 q) is smaller than that of NiCo LDH/Ni-NWN (7.2 ) and Ni-NWN
(19.4 q) as reported in Table S2.1. The small Rt confirms the fastest charge transfer at the
interface and the easiest catalytic kinetics of NiFe LDH/Ni-NWN toward the OER among the
other samples.[11"2131 EIS measurements were conducted for the three electrocatalysts at
different potentials of 1.5, 1.51, and 1.52 V vs. RHE (Figures S2.7-9), and the corresponding
fitting parameters of the equivalent circuits are summarized in Table S2.2. As shown in Figure
S2.9, the R¢t of the NiFe LDH/Ni-NWN decreases as the potential increases, indicating faster
kinetics at higher potentials. Similar observations were acquired for Ni-NWN and NiCo
LDH/Ni-NWN (Figures S2.7 and S2.8, respectively).
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Figure 2.6. (a) Chronopotentiometry of Ni-NWN, NiCo LDH/Ni-NWN, and NiFe LDH/Ni-NWN
at a current density of 10 mA cm for 50 h in 1 M KOH. LSV of (b) Ni-NWN, (c) NiCo LDH/Ni-
NWN, and (d) NiFe LDH/Ni-NWN before and after the experiments.

Long-term stability is another critical aspect of the evaluation of electrocatalysts. The
robustness of the hierarchical architectures is further proven through long-term
chronopotentiometry measurement at 10 mA cm for a period of 50 h. Additionally, the LSV
curves of three catalysts were compared before and after the experiments. Remarkably, both
NiFe LDH/Ni-NWN and NiCo LDH/Ni-NWN showed outstanding stability of potential over
50 h during the potentiometry while Ni-NWN revealed slight fluctuations over time, as shown
in Figure 2.6a. The NiFe LDH/Ni-NWN achieved a potential of 1.45 V vs. RHE while
delivering a current density of 10 mA cm, retaining stability for 50 h. The LSV of the three
electrocatalysts exhibited consistent behavior before and after the experiments, with a slight
current attenuation observed at high potential (Figure 2.6b-d). Lastly, SEM and EDX
measurements were conducted to investigate the morphological and structural changes of the
Ni-NWN, NiCo LDH/Ni-NWN, and NiFe LDH/Ni-NWN elctrocatalysts after conducting the
OER. As depicted in Figure S2.10, Ni-NWN retained the 3D wirelike network structure with
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some roughness on the surface of the wires. The accompanying EDX measurement (Figure
S2.10c) confirmed the existence of only Ni in the sample. SEM images of NiCo LDH/Ni-NWN
(Figure S2.11) and NiFe LDH/Ni-NWN (Figure S2.12) show no noticeable differences
compared to the as-prepared architectures prior to the OER performance tests. This indicates
that the Ni backbone and the LDH layer maintain their integrity, while the porous structure is
retained even after rigorous testing, thus confirming the mechanical stability of the catalysts.
The improved mechanical strength of the electrocatalysts can be attributed to their purposeful
design, which incorporates a supporting layer that provides structural support to the entire
network, along with sufficient interconnections between the nanowires, preventing network
collapse. The EDX spectra of NiCo LDH/Ni-NWN and NiFe LDH/Ni-NWN (Figures S2.11c
and S2.12c, respectively) indicate no changes in the initial composition of the electrocatalysts,
which further proves the high catalytic durability toward the OER. Furthermore, after the long-
term chronopotentiometry and LSV testing, XRD patterns revealed that the three
electrocatalysts retained their crystal structures with no obvious new phases, as shown in Figure
S2.13.

Generally, the OER mechanism involves three main steps: (i) water adsorption onto the surface
of the electrocatalysts, (ii) water splitting into molecular oxygen, and (iii) oxygen evolution.
The remarkable catalytic performance of the LDH-decorated NWN could be illustrated in light
of the previously discussed results and observations. First, the NiCo and NiFe LDH nanosheets,
with their distinguished layered structure, offer large intersheet spaces, which in turn facilitate
the diffusion of water molecules and hydroxide ions between the layers, ensuring ultimate
contact between the electroactive species involved in the OER and the active sites of the
electrocatalyst. Consequently, the electrocatalysis process has larger accessible spaces not
limited to the active electrode surface, which is crucial for the third step in the OER mechanism
as it promotes the O evolution from the electrocatalyst.’**! Figure S2.14 shows the O
evolution from the working electrode at the bottom of the cell upon increasing the potential.
Second, the distinctive porous architecture of the Ni-NWN with its tortuous structure and
interconnected nanoskeleton plays a critical role in increasing active surface area. Additionally,
each nanowire acts as a nanocurrent collector which has direct contact with the coating LDH
sheets, forming an open 3D efficiently conductive network. Such a well-designed architecture
can not only preserve the catalyst's mechanical and structural stability and prevent the
nanowiresd collapse but also promote the charge transfer efficiency through the enhanced
electrical conductivity of the metallic Ni backbone.[®2184 Noteworthy, our hierarchical

paradigm of the electrocatalyst represents an efficient alternative for the commonly used
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assisting electrodes such as nickel foam and carbon felt without any need for conductive
additives or polymer binders to mount active material on the electrode, which in turn reduces
the dead volume of the electrode.[*®!! Third, the high valence states of Ni, Co, and Fe are the
most critical to facilitate the OER, which agrees with the predictions from the Pourbaix diagram
of these elements.?5"217] |n alkaline media, the metal hydroxides undergo oxidation,
transforming into a catalytically active oxyhydroxide form. In the case of Co and Fe, this further
evolves into the oxide form, which represents the favorable metal species for electrocatalytic
OER.[2182%% The transformation of the Ni(OH)2/NiOOH redox couple could be approved
through the visible color changes. Correspondingly, the green NiCo LDH/Ni-NWN turned into
a darker color upon oxidation during the OER process (Figure S2.15), agreeing with the
observation in previous studies.!?? A plausible mechanism, as proposed by Friebel et al., sheds
light on the improved OER activity associated with the incorporation of Fe, even though Fe is
known to be an insulator in FeOOH.?2!I According to this mechanism, the presence of Fe ions
within the lattices leads to a significantly contracted Fe O bond length. As a result, conductivity
is imparted to Fe** sites within the NiOOH lattice not by direct inclusion but by leveraging the
existing conductivity of the NiOOH lattice. This suggests that the modification in effective
conductivity (which varies with potential) due to Fe incorporation could contribute to the
enhancement of the OER activities in Ni-based electrocatalysts, although it is not the sole
contributing factor. These outstanding characteristics of the LDH-based architectures play a
crucial role in enhancing the OER. Moreover, water oxidation in an alkaline medium includes
a proton-coupled electron transfer. Besides the rapid diffusion of the interlayer ions in the NiCo
and NiFe LDH, the redox activity of Ni, Co, and Fe enables more charges to mediate the H*
transfer in coordination with the electron transfer reactions.’?l The previously discussed
advantages of the free-standing hierarchical design of the electrocatalysts highlight their
outstanding catalytic activity toward OER.

The enhanced activity of NiFe LDH/Ni-NWN toward OER in terms of overpotential and Tafel
slope allowed it to perform outstandingly compared with the recently reported non-noble metal-
based counterparts such as NiFe-LDH/300MoCN (323 mV, 132.9 mV dec?),???1 NiFe-LDH
(195 mV, 95 mV dec?),??% Co-Fe LDH (1:0.35) (350 mV, 49 mV dec™?),[??l NiFe/NF (191
mV, 44.1 mV dec?),?®! NiFeys nanospheres (287 mV, 52.9 mV dec™),??®! and others as
presented in Figure 2.7 and reported in detail in Table S2.3. As such, besides its enhanced OER
activity and outstanding mechanical and electrochemical stability, NiFe LDH/Ni-NWN was

synthesized via a facile and scalable approach, which is the primary prerequisite for
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industrialization.
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Figure 2.7. Comparison of the OER performance in terms of Tafel slopes and
overpotentials@10 mA cm of NiFe LDH/Ni-NWN and the recently reported non-noble metal-
based electrocatalysts (refs [19.83.23012332221229])

Conclusions

In summary, a novel hierarchical core-shell architecture, NiFe LDH/Ni-NWN, has been
developed for the OER in alkaline media. This electrocatalyst exhibited outstanding
electrocatalytic activity and long-term durability toward the OER. The remarkable performance
of the electrode primarily originates from the prolific engineering of the catalyst and the solid
synergistic effect between the NiFe LDH sheets and the 3D interconnected Ni-NWN core.
Specifically, the NiFe LDH/Ni-NWN structure facilitates not only a fast charge transfer through
the metallic Ni nanowires but also a high mass transportation rate through the 3D porous
network, characterized by tortuous pathways, which enhance the accessibility to the active sites.
An overpotential of 222 mV was required to force a current density of 10 mA cm for the OER
using the NiFe LDH/Ni-NWN electrode. The NiFe LDH/Ni-NWN exhibited a small Tafel slope
of 42 mV dec compared to 92 and 140 mV dec for NiCo LDH/Ni-NWN and Ni-NWN,
respectively, surpassing many recently reported metal-based electrocatalysts for the OER.
Furthermore, the assembled electrocatalyst proved outstanding long-term durability over 50 h,
ensuring its applicability on an industrial scale. Given its simple and feasible synthetic strategy
using naturally abundant and low-cost materials, coupled with the high electrocatalytic activity
and long-term stability, the as-prepared NiFe LDH/Ni-NWN electrocatalyst holds tremendous
promise and grand feasibility for practical OER in various industrial applications.
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Supporting Information

SEM images, EDX spectra and mappings, CV plots at different scan rates, Polarization curves
and EIS plots of the relevant samples, Optical images of the electrodes, Photographs showing
the cell and the oxygen evolution, Fitting parameters of EIS data (Table S2.1 and S2.2),
comparison of OER performance with reported literature (Table S2.3) (PDF).
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2.1.4.  Supporting Information

Figure S2.1. Lateral view SEM of the free-standing Ni-NTNW with the sputtered Ni reinforcing
back layer.

2 um

Figure S2.3. EDX mapping images of NiCo LDH/Ni-NWN catalyst.
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Figure S2.4. Polarization curves of NiCo LDH/Ni-NWN, and NiFe LDH/Ni-NWN at a scan
rate of 1 mV s in 1 M KOH (dotted line represents dioo).
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Figure S2.5. CV curves of (a) Ni-NWN, (b) NiCo LDH/Ni-NWN, and (c) NiFe LDH/Ni-NWN
at different scan rates between 20-100 mV s
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Figure S2.7. Nyquist plots of the Ni-NWN measured at different potentials in 1 M KOH.
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Figure S2.8. Nyquist plots of the NiCo LDH/Ni-NWN measured at different potentials in 1 M
KOH.

-0.35 F T T T T T -
-0.30 1
-0.25 b
~-0.20 I b
S L
ey
L2.015 s
N
-0.10 | ® .
L . ]
-0.05 [ ¢ @15V vs.RHE -
b ® @1.51Vvs.RHE 1
0.00 A @152V vs.RHE A
] . ) . Fljttlng
3.0 35 4.0

Z' (ohm)

Figure S2.9. Nyquist plots of the NiFe LDH/Ni-NWN measured at different potentials in 1 M
KOH.
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Figure S2.12. SEM and EDX of NiFe LDH/Ni-NWN after conducting the OER tests.
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Figure S2.13. XRD patterns of the three electrocatalysts after conducting the OER tests.

Figure S2.14. Photographs of NiFe LDH/Ni-NWN electrode during OER measurement; the
bubbles confirm the O evolution from the working electrode at the bottom of the cell upon

increasing the potential from (a) to (d).
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Figure S2.15. Optical images of NiCo LDH/Ni-NWN electrode, illustrating the
electrochromism of the material at different redox states. (a) The electrode before running LSV;

the light green color corresponds to Ni(OH)2. (b) The electrode after running LSV; the dark
color corresponds to NiOOH.

69



Table S2.1. Fitting parameters of the equivalent circuits of the three catalysts at a potential of
1.5V vs. RHE in 1 M KOH.

Catalyst Rs Rt CPE n
(@ (@ (a's")
NENYN 2.291 19.44 0.39876 0.94309

NiCo LDH/Ni-NWN Rwa¥] 7.268 0.45178 0.93536
NiFe LDH/Ni-NWN i) 0.795 0.49509 0.85693

Table S2.2. Fitting parameters of the equivalent circuits of the three catalysts at different
potentials in 1 M KOH.

Potential Rs Ret CPE
(V vs. RHE)

Ni-NWN

15 2.291 19.44 0.39876 0.94309
151 2.307 10.96 0.36173 0.94606
1.52 2.285 6.876 0.33691 0.93959

NiCo LDH/Ni-NWN
1.5 2.613 7.268 0.45178 0.93536
151 2.698 5.786 0.43528 0.94907
1.52 2.761 4.329 0.41777 0.94805
NiFe LDH/Ni-NWN
15 3.12 0.795 0.49509 0.85693
151 3.146 0.7205 0.45946 0.91942
1.52 3.137 0.67289 0.48332 0.85104
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Table S2.3. Comparison of the OER performance of NiFe LDH/Ni-NWN and the recently
reported non-noble metal-based electrocatalysts.

Catalyst Electrolyte | d at 10 mA cm? | Tafel slope Ref.
mV mV dec-1

1 M KOH 221 42 This work
NiFe-LDH/300MoCN 1MKOH+0.5 323 132.9 [222]
1 M KOH 195* 95 5]
1 M KOH 350 49 [224]
1 M KOH 320 57 [
1 M KOH 260 55.6 e
1 M KOH 310 41.2 =35
1 M KOH 191 44.1 [225]
Ni-Fe LDH hollow 1 M KOH 280 49.4 [227]
1 M KOH 267 51.5 e
1 M KOH 287 52.7 [226]
1 M KOH 240 57.6 [230]
NiFe LDH @NiCoP/NF 1 M KOH 220 48.6 (79l
NiFe LDH/NF 240 71.9
1 M KOH 280 68 (53]
1 M KOH 320 62 2]
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CHAPTER 111

3. Nanotube networks-based electrodes

This chapter presents the main findings related to the design and synthesis of self-supported
nanotube network electrode architectures for nonenzymatic glucose sensing and supercapacitor
applications. The chapter delves into the detailed synthesis strategy, methodologies, surface and
structural characterization techniques, and electrochemical performance evaluation of these
integrated electrode architectures, providing valuable insights for researchers in the field of

electrochemical science and engineering.
This chapter includes the results reported in the following two peer reviewed publications:

[1] K.M. Amin, F. Muench, U. Kunz, W. Ensinger, 3D NiCo-Layered double Hydroxide@Ni
nanotube networks as integrated free-standing electrodes for nonenzymatic glucose sensing,
J. Colloid Interface Sci. 591 (2021) 38471395.

[2] K.M. Amin, K. Krois, F. Muench, B.J.M. Etzold, W. Ensinger, Hierarchical pipe cactus-
like Ni/NiCo-LDH core-shell nanotube networks as a self-supported battery-type electrode

for supercapacitors with high volumetric energy density, J. Mater. Chem. A. 10 (2022)

12473712488.
The objective of this work was two-fold. Firstly, it aimed to demonstrate the potential of
integrated self-supported electrode architectures based on nanotube networks for enhancing the
electrochemical performance of the electrode architectures. Specifically, the focus was on their
applicability as substrates for carrying various LDH nanosheets. Secondly, it aimed to evaluate
their performance in different electrochemical applications that require distinct characteristics,
namely nonenzymatic glucose sensing and supercapacitors. By combining hierarchical
nanostructures with high-performance electroactive materials, significant improvements were
achieved in in terms of improved sensitivity, selectivity, and stability as glucose sensors and
high volumetric energy density as electrodes for supercapacitors. These findings contribute to
the advancement of electrode design paradigms and pave the way for the development of highly

efficient and miniaturized electrochemical devices.
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Abstract

Nickel cobalt layered double hydroxide (NiCo-LDH)-based materials have recently emerged
as catalysts for important electrochemical applications. However, they frequently suffer from
low electrical conductivity and agglomeration, which in turn impairs their performance. Herein,
we present a catalyst design based on integrated, self-supported nickel nanotube networks (Ni-
NTNWs) loaded with NiCo-LDH nanosheets, which represents a binder-free, hierarchically
nanostructured electrode architecture combining continuous conduction paths and openly
accessible macropores of low tortuosity with an ultrahigh density of active sites. Similar to
macroscale metallic foams, the NTNWs serve as three-dimensionally interconnected, robust
frameworks for the deposition of active material, but are structured in the submicron range. Our
synthesis is solely based on scalable approaches, namely templating with commercial track-
etched membranes, electroless plating, and electrodeposition. Morphological and
compositional characterization proved the successful decoration of the inner and outer nanotube
surfaces with a conformal NiCo-LDH layer. Ni-NTNW electrodes and hydroxide-decorated
variants showed excellent performance in glucose sensing. The highest activity was achieved
for the catalyst augmented with NiCo-LDH nanosheets, which surpassed the modification with
pure Ni(OH).. Despite its low thickness of 20 um, the optimized catalyst layer provided an
outstanding sensitivity of 4.6 mA mM™ cm™, a low detection limit of 0.2 pM, a fast response
time of 5.3 s, high selectivity and stability, and two linear ranges covering four orders of
magnitude, up to 2.5 mM analyte. As such, derivatized interconnected metal nano-networks
represent a promising design paradigm for highly miniaturized yet effective catalyst electrodes

and electrochemical sensors.

Keywords: self-supported electrodes, electroless plating, electrodeposition, Ni nanotubes,
layered double hydroxides, glucose sensors
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3.1.1. Introduction

The performance of catalyst electrodes strongly depends on the electrode architecture, which
determines vital parameters such as the surface area, porosity, density of active sites, electron
conduction paths, mass transfer, and mechanical robustness. Foams, felts, meshes and 3D-
printed substrates are frequently utilized as efficient macroscale electrode frameworks 234231,
Similar architectures combining advantages such as stability, high porosity and the presence of
a fully interconnected network for 3D charge transport are available at the micro- and nanoscale
levels 23572371 While electrodes such as nano-networks [3046:23812401 somewhat resemble the
open-porous, free-standing spatial arrangement of their macroscale counterparts, they are much
more finely structured, allowing for the realization of higher specific surface areas, which
represents a pivotal property in electrochemical applications 231, Further optimization can be
achieved by simultaneously tailoring the architecture on multiple length scales 2352411 for
instance by decorating the support backbone with nanostructured active materials for catalysis,
energy storage or photochemistry 62422431 Hjerarchical structuring can be very impactful at
the macro-nano as well as within the submicron range, since different aspects of the
functionality can be addressed, such as diffusion proceeding at much larger scale compared to
chemical conversions in carefully constructed, local nanoreactor environments [190:242.2441

The need for efficient glucose sensing, which is important in fields such as clinical diagnosis
2451 piotechnology industries (¢!, and food processing 241, sparked efforts in the development
of a new generation of sensors that combine high performance, ease of synthesis, and low cost.
Since glucose molecules are redox-active, their selective conversion by electrocatalysts can be
used to detect them [*324] Glucose sensors are mainly classified into enzymatic and
nonenzymatic 2*9. Enzymatic glucose sensors have different drawbacks which limit its
application on large scale such as the high cost of enzyme manufacturing, and the poor long-
term stability. In addition, the difficulty of enzyme immobilization limits its reproducibility.
On the other hand, nonenzymatic glucose sensors serve as excellent alternatives due to their
superior performance in terms of high sensitivity, fast response and ecofriendly nature 2492501,
Last years witnessed a surge in applying nanomaterials for developing glucose sensing
platforms. Using of such materials offer an effective approach for manufacturing enhanced
glucose sensing as it enables exploitation of large surface area, high electrocatalytic activity,
and effective electron transfer. Different nanomaterials based on metals and metal oxides,
chalcogenides and carbides have been employed in diverse morphologies as active materials
for designing efficient electrochemical glucose sensors [243:24825112531 - Among them, transition-

metal-based nanostructures are considered as one of the most promising alternatives for
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nonenzymatic glucose sensing applications due to their abundance, high electroactivity, ease of
synthesis and cost efficiency 2472571 As such, glucose oxidation represents a well-established
model reaction for nanostructured, nickel-based electrocatalysts, allowing us to investigate
structure / composition-property relationships and to demonstrate the favourable characteristics
of our electrode design.

Layered double hydroxides (LDHs) are a class of two-dimensional (2D) redox-active structures
with a high electrocatalytic activity which allows them to be candidate catalysts for
nonenzymatic glucose sensing [2°02%€l |n addition, LDHs comprise the advantages of
environmental friendliness and low cost 28], Among LDHs, NiCo-LDH attracts great attention.
It has an inverse spinel crystal structure, where Ni%* is distributed at the octahedral sites and
Co® on both tetrahedral and octahedral sites 251, This composition offers higher conductivity
than that of Ni-and Co-LDH, which in turn enhances the electron transfer and improves glucose
detection. Moreover, incorporation of Co in LDHs sheets provides more active sites and further
enhances ion transport 2581, However, NiCo-LDHs suffer from fast agglomeration besides a
still quite limited conductivity which disturbs the electrochemical stability of the electrode and
makes them still inappropriate for the detection of glucose traces 82,

In order to overcome the limitations of NiCo-LDHs, different solutions have been investigated,
including delamination, the formation of composites, and morphology optimization [260:2611,
Among these technigues, the inclusion of conducting material as a support layer and forming a
composite electrode is considered as an effective method to enhance the conductivity and
improve the electrochemical activity of NiCo-LDHs toward glucose sensing. Self-supported
networks composed of interconnected, one-dimensional (1D) nickel nanotubes (Ni-NTNWs)
can offer a suitable conductive supporting layer for NiCo-LDHs to fabricate efficient sensors
due to their initial electrochemical activity in an alkaline medium. In addition, Ni is one of the
most naturally abundant elements and has low cost %621, Being highly porous and efficiently
percolated, metal NTNWs offer continuous and efficient pathways for both electron and mass
transport, which in turn can improve the electrode performance by facilitating the kinetics of
the redox reaction [%. Furthermore, properly structured NTNWSs possess a robust,
interconnected architecture and thus can act as self-supported electrocatalyst layers, without the
need for additives such as binders or conductive fillers [,

In the present study, we present a new generation of stand-alone electrodes based on Ni-
NTNWSs, whose activity and selectivity are investigated in the nonenzymatic electrochemical
detection of glucose. Electroless plating (EP) has been used as a facile route for synthesizing
Ni-NTNWs, onto which nanostructured Ni(OH). and NiCo-LDH coatings were
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electrodeposited as redox mediators to further enhance their glucose sensing performance. Due
to its scalability and low cost, EP represents a convenient and effective method for producing
nanotube- or nanowire-based electrocatalysts [“62%%1. Aside hierarchical functionalization,
additional improvements over our previous metal NTNW-based sensors [¥246] include
integration into a stand-alone electrode and enhanced network accessibility, demonstrating the
considerable performance potential of catalyst and sensor electrodes with rationally designed

multilevel architecture and composition.

3.1.2. Experimental section
3.1.2.1. Chemicals

borane dimethylamine complex (DMAB) (Sigma-Aldrich, 97%), dichloromethane (Sigma-
Aldrich, puriss. p.a.), fructose (Merck, puriss.), D-(+)-glucose (Sigma- Aldrich, ACS reagent),
KCI (Sigma, 099.0 %), NaOH solution 32% (Sigma-Aldrich, purum), NiSO4-7H20 (Sigma-
Aldrich, purum p.a. cryst.), boric acid (Sigma), Ni(NOz3)2-6H20 (Merck), Co(NOz)2:6H20
(Acros Organics), PdCl, (Alfa Aesar, 99.9% metal basis), Trifluoroacetic acid (Carl Roth, 099.9
%), methanol (AppliChem Panreac, 99.5 %), trisodium citrate dihydrate (Sigma-Aldrich,
puriss. p.a.), ascorbic acid (Merck, 99.7%) L-glutamine (Sigma, 99.5%), NaCl (Merck,
suprapur) and uric acid (Sigma, 99%). All the previous chemicals were used directly as received
without further purification. Deionized water (Milli Q, > 18 Mq cm) was used in all procedures.
3.1.2.2. Synthesis of Ni-NTNW

Ni-NTNWs were prepared via template seeding followed by EP of Ni over ion track-etched
polycarbonate membranes (Whatman, nominal thickness 20 em) with a pore density of 1.5 T
108 cm™ and a nominal pore size of 200 nm according to a previously reported procedure 161,
Briefly, the as-obtained templates were sensitized and activated by coating with Pd nanoparticle
seeds. Firstly, the membranes were immersed in a solution of the Sn*? sensitization path which
consists of 42 mM SnClz and 71.4 mM Trifluoroacetic acid in ethanol for 30 min, washed, and
transferred to the activation solution containing the Pd nanoparticles (1 mM PdCl, and 33 mm
KCI) for 4 min. The templates were washed with ethanol. This process was repeated three times
to increase the seeding nanoparticle density. The final template was turned into a brown color
resulting from Pd NPs covering the templateds surface and the pores. EP of Ni was performed
by immersing the activated templates in the EP bath for around 40 min. EP path consists of two
components mixed together in 1:1 volume ratio: (1) the oxidation component containing 100
mM NiSO4.7H,0 (metal source) and 100 mM trisodium citrate dihydrate (ligand), (2) the
reduction component containing 100 mM DMAB (reducing agent). Nickel-boron plating was
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chosen since it yields smooth, coherent and strong deposits, which facilitates the realization of
free-standing, robust nano-network architectures 241, With ongoing plating and growing of Ni
film, a shiny film will appear on the surface of the template. After the end of plating, the

templates were thoroughly washed with water.

3.1.2.3. Electrodeposition of the nickel supporting layer and exposure of the
NTNWs

One side of the Ni-NTNW was contacted by pressing the metallized membrane onto a Cu ring,
immersed in Ni electrolyte (0.5 M NiSO47H20 and 0.5 M H3BO3z in water), and a constant
potential of -1 V. was applied, resulting in the reinforcement of the electrolessly plated Ni
surface layer on top of the opposing template side. The amount of charge consumed during
electrodeposition was fixed to 100 C to keep the thickness of the supporting layer constant in
all samples. To obtain the final stand-alone electrodes for the electrochemical experiments, Cu
wires were soldered to the Ni supporting layer, and the back side and the edge of the electrode
were coated with insulating lacquer to prevent areas other than the NTNW to contribute to the
electrochemical response. Afterwards, the non-reinforced, very thin Ni surface layer on the
other side stemming from EP was removed via careful chemical polishing with nitric acid (65%
diluted with water in a 1:2 ratio). Finally, the polymer matrix was removed by thorough washing
the sample, with dichloromethane, resulting in full exposure of the NTNW.

3.1.24. NTNW derivatization and integration

Hierarchical electrodes were fabricated by electrodepositing Ni(OH). and NiCo-LDH
nanosheet coatings onto the Ni-NTNW parent structure, using aqueous electrolytes containing
an overall metal ion concentration of 0.05 M (pure Ni(NOgz)2:-6H20 for the Ni(OH)2@Ni-
NTNW, and a 1:1 molar mixture of Ni(NO3)2-6H20 and Co(NOs3)2-6H.O for the NiCo-
LDH@NI-NTNW). Electrodeposition was performed under pulsed conditions (-1 V vs.
AglAgCI separated by repeated pulses of +1 V vs. AglAgCI for 0.5 s every 3 s), and the extent
of deposition was controlled by changing the deposition time. After the hydroxide deposition,
the samples were thoroughly washed with water and dried in air.

3.1.2.5. Physical characterization

X-ray diffraction (XRD) measurements were performed using Seifert PTS 3003 (Germany)
diffractometer using a Cu anode. on the primary side, an X-ray mirror installed, and a long
Soller-slit and graphite monochromator built-in on the secondary side to separate the Cu KU-
line (40 kV/40 mA). The crystallite size, D, was estimated using the Scherrer equation for Ni-
NTNW crystals (26
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where D is the crystallite size, K is the shape factor, & is the X-ray wavelength, FWHM is the
full width at the half maximum of the peak, and d is the Bragg angle. Scanning electron
microscopy (SEM) was conducted using a Philips XL30 FEG (Netherlands) with acceleration
voltages of 10130 kV. Transmission electron microscopy (TEM) experiments were performed
with a FEI CM20 (Netherlands) (200 kV acceleration voltage, LaBe cathode) accompanied with
energy dispersive X-ray analysis (EDX) unit.

3.1.2.6. Electrochemistry

The electrodeposition experiments were performed in a three-electrode setup (counter
electrode: Pt spiral; reference electrode: Ag|AgCl; working electrode: circular, electrolessly
nickelated membrane pieces of 12 mm diameter) using a Keithley 2602 System SourceMeter
unit (USA). The electrochemical characterization and the glucose sensing were performed in a
three-electrode setup (counter electrode: Pt spiral; reference electrode: Hg|HgO filled with 1 M
NaOH, resulting in a potential of 140 mV versus the standard hydrogen electrode; working
electrode: circular self-supported NTNW electrodes (11 mm diameter after insulation)
connected to Cu wire) using a Gamry Reference 600 potentiostat. In all experiments, the
temperature was adjusted to 25 °C with a thermostat. Before the electrochemical measurements,
the as-prepared NTNW electrodes were cycled between -200 mV and 800 mV using a scan rate
of 50 mV st until a stable response was obtained (50 cycles). Amperometric glucose sensing
was conducted at a potential of 0.6 V, which was maintained before the experiment until a
steady-state current was achieved, starting with 50 mL of stirred 0.1 M NaOH as base
electrolyte. To this base electrolyte, 50 pL aliquots of glucose stock solutions of four different
concentrations (3, 10, 100, and 500 mM glucose, dissolved in 0.1 M NaOH) were successively
injected resulting in the change of concentration for glucose by ~3, 10, 100, and 500 uM,
respectively. For the selectivity measurements, 50 pL glucose aliquots were alternated with 50
pL aliquots of interference solutions. All injections were pointed away from the working

electrode in order to avoid concentration surges and corresponding current spikes.

3.1.3. Results and Discussion
3.1.3.1. Fabrication of the stand-alone NTNW electrodes

The formation of robust nano-networks through the replication of ion track-etched
polycarbonate templates requires a sufficient density of pore intersections, which can be
achieved via the overlapping of inclined pores and increases with increased pore density and

size, and with widened pore orientation distribution 631,
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In order to initiate EP on substrates that do not have an intrinsic catalytic activity such as the
polycarbonate templates used in our case, metal seeds are required. Our seeding process
involves the successive immersion of the template membranes in Sn*? and Pd*? salt solutions,
resulting in the formation of a conformal Pd nanoparticle coating according to Eg. 3.2 and 3.3
[64,65,68]-

3T o317 %N8 atQ

3T 0A ©31 OA %N8 oto
The second reaction is derived by the difference in the electrochemical reduction potentials
between the two elements. According to previous studies, Sn residues remain on the substrate
surface after activation, and the surface density of seeds can be optimized by varying the
number of seeding cycles %8, The Pd nanoparticle seeds act as catalysts, oxidizing the chemical
reducing agent DMAB in the electroless plating bath, and in turn providing electrons for
reducing the Ni?* citrate complex present in the same solution. This process includes different
side reactions such as hydrolysis of DMAB and hydrogen evolution in parallel with nickel
reduction resulting in the formation of different DMAB derivatives depending on the degree of
oxidation. The overall reduction of Ni** using DMAB can be represented by Eq. 3.4 [2561:
0.t #(Go -C'C o(/ 90t #( (. 7 u( %N ot T
The resulting Ni deposit is active in this reaction as well and thus continues to grow
autocatalytically 71 initially forming island-like nanoparticle coatings (%681, which later merge
to create continuous Ni nanotube walls in the interior and Ni surface films on the top and bottom
of the exterior surfaces of the template membrane (Figure 3.1, step 1). The Pd seeds typically
are small (< 5 nm diameter) and only cover a small fraction of the initial substrate surface
[646568]: moreover, they get embedded in the Ni and hydroxide deposits, cannot be detected by
XRD, as shown below. As such, they do not significantly contribute to the catalytic activity of
our NTNWs.
Previously, we fabricated working electrodes for electrochemical sensors by simply attaching
free-standing NTNW films to glassy carbon electrodes with carbon paste [*2461, Disadvantages
of this approach include the limited robustness and conductivity of the catalyst-electrode
connection, wicking up of mineral oil from the carbon paste into the porous NTNW, and the
partial blocking of the underlying NTNW by the metal surface layer.
To overcome these problems, we directly integrated the Ni-NTNW into the electrode by first
reinforcing one of the Ni surface layers by Ni electrodeposition (Figure 3.1, step 2), followed
by soldering the Ni support layer to a Cu wire, resulting in a stable stand-alone electrode which

greatly facilitates handling. Afterwards, the metal surface layer was removed by chemical
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etching with nitric acid from the other side of the template (Figure 3.1, step 3), and the polymer
matrix was dissolved with dichloromethane, resulting in the full exposure of the Ni-NTNW
(Figure 3.1, step 4). Etching off the Ni surface layer improves the diffusion of reagents into the
catalyst network and is vital for achieving homogeneous coverage of the Ni nanotubes through
the consecutive hydroxide nanosheet decoration, which is accomplished by pulsed
electrodeposition (Figure 3.1, step 5). Two different electrolyte compositions were employed,
resulting in the formation of either Ni(OH). or NiCo-LDH. During the growth of the hydroxide
layer via ED, NO®' ions are reduced and generation of OH™ ions occurs; subsequently, these
hydroxide ions react with Ni%* or Co?* present in the electrolyte, forming hydroxide layers by
precipitation %, Trials with different electrodeposition times were employed to control the

extent of deposition and to determine the optimum conditions for preparation, as discussed

below.
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Figure 3.1. Schematic representation of the NTNW electrode fabrication.

3.1.3.2. Structural characterization

The electrolessly plated NTNW formed free-standing films, whose robustness was further
increased by the reinforcement of the Ni back layer, as was confirmed by SEM analysis, proving
the Ni deposit to be dense, homogeneous and ~ 10 um thick (Figure 3.2a). As seen, the NTNW
is sandwiched between the electrodeposited back layer and the electrolessly-formed surface
layer on the top side. Top view images revealed the closure of the NTNW by the electroless Ni
layer, despite the nanotube openings and their interior surfaces still being accessible from the

outside (Figure 3.2b). After etching off the electrolessly plated Ni surface layer and dissolving
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the polymer, the NTNW is completely exposed and appears free of polymer residues, but still
remains free-standing due to the anchoring to the Ni back layer and the nanotube
interconnection (Figure 3.2c). At this stage, the NTNW is suitable for electrochemical

derivatization.

Figure 3.2. SEM images illustrating different steps of the integrated electrode fabrication, and
the dependence of the LDH deposit thickness on the electrodeposition time. a) Side view of the
Ni-NTNW with the electrochemically reinforced Ni back layer b) Top view of the NTNW before
surface etching. ¢) Top view of the NTNW after removal of the surface layer by etching. SEM
top view images of NiCo-LDH@Ni-NTNWs after (d, g) 60 s, (e, h) 120 s and (f, i) 300 s of
hydroxide electrodeposition.

Direct current electrodeposition was firstly applied to deposit the decorating hydroxide layer,
but it did not yield satisfying deposits as shown in the SEM micrographs (Figure S3.1), which
may be attributed to the formation of gas bubbles that hinder the easy access of ions to the inner
parts of the network, and reagent depletion within the deeper catalyst layers. By using a
discontinuous deposition, these issues could be resolved. Figure 3.2d-i depicts the
morphologies of NiCo-LDH-decorated Ni-NTNWs created using different electrodeposition
times. After 60 s (Figure 3.2d, g), the micrographs show an ultrathin layer of NiCo-LDH
nanosheets grown over the 3D Ni-NTNWs that is clearly recognizable at higher magnification
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(Figure 3.2g), indicating a very low hydroxide loading on the smooth Ni nanotube surface. By
increasing the deposition time to 120 s, a thicker LDH nanosheet layer is formed, which appears
homogenous and covers the tubes from top to bottom (Figure 3.2e, h). While the LDH deposit
somewhat obscures the outer surface of the Ni nanotubes, the interconnected macropore
network between the crossing nanotubes still is intact. Further increasing the deposition time to
300 s results in the formation of a thick, cracking deposit layer which covers the majority of the
outer Ni-NTNW surface (Figure 3.2f). The corresponding high magnification SEM top view
micrograph of the cracked hydroxide layer (Figure 3.2i) shows that the wrinkly, ultrathin
nanosheet structure still resembles morphology of the deposit on the Ni nanotubes (Figure
3.2h). This bulk layer considerably reduces the accessibility of the inner network surface area
to the electrolyte, which in turn is detrimental to the catalytic activity of the electrode.
Consequently, the deposition time was fixed to 120 s as an optimum condition for the synthesis
of the hydroxide-derivatized NTNW electrodes, which represents a good compromise between
depositing sufficient amounts of active material while simultaneously avoiding clogging of the
porous catalyst layer.

The phase composition of the Ni-NTNW and the corresponding Ni(OH)2@Ni-NTNW and
NiCo-LDH@Ni-NTNW electrodes were investigated with XRD (Figure 3.3). The XRD pattern
of the Ni-NTNW reveals sharp reflexes located at 44.4¢, 51.8¢ and 76.3¢ which correspond to
the (111), (200) and (220) crystalline planes of face-centered cubic Ni (JCPDS No. 04-0850)
2671 Their strong intensity reveals that the Ni-NTNWSs have a crystalline nature 2671, The
average crystallite size, D, of Ni has been calculated using the Scherrer equation (Eq. 3.1)
considering a shape factor of K = 0.94, amounts to 19+3 nm. The original Pd seeds cannot be
detected here because of their small amount compared to the amount of material in the nanotube
walls. Beside the three characteristic Ni reflexes, the XRD pattern of the Ni(OH).@Ni-NTNW
shows three broad reflexes of low intensity at 10.7e, 21e and 33.9¢, which are attributed to U-
Ni(OH). 2581 while the NiCo-LDH@Ni-NTNW shows reflexes at 11.3¢, 19.3¢, 33.3¢ and 38.1¢,
which are assigned to the U-phase of Ni-Co hydroxides 125270 The weak intensity of the
hydrotalcite-like Ni(OH). and NiCo-LDH characteristic peaks likely results from the ultrathin
thickness and poor crystallinity of the nanosheets, which is in consistence with the literature
[271.272] ' The absence of the thermodynamically preferred b-phase as well as the disturbed
crystallinity of the deposits renders the added active material promising for the oxidation of
small organic molecules, which scales with the ease of Ni(ll) oxidation as the underlying

mechanistic foundation for creating active sites 2732741,
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Figure 3.3. XRD patterns of the three NTNW catalysts investigated in this study.

Before the electrochemical experiments, the Ni-NTNW, Ni(OH).@Ni-NTNW, and NiCo-
LDH@NIi-NTNW catalysts were characterized with SEM (Figure 3.4). Due to the exceptional
conformality of the EP reaction, Ni was deposited within the whole template, forming
homogenous, smooth and intact tubes of ~20 em length and of ~ 200 nm diameter, which
corresponds to the thickness and the pore diameter of the parent template, respectively (Figure
3.4a-c). The higher magnification SEM (Figure S3.2) shows that the deposited particles merged
into a dense, nanocrystalline film. The electrodeposited Ni(OH). coating (Figure 3.4d-f) very
much resembles the NiCo-LDH nanosheets both in morphology (small, wrinkled flakes
forming a 3D, porous coating) and amount of material (Figure 3.4g-i), confirming the ability of
the electrodeposition protocol to produce catalysts of close to identical structure, but differing
composition. Close views of the nanotube openings show that hydroxide nanosheets are
deposited both on the outer and the inner surfaces of the Ni nanotubes (Figure 3.4e, h) and thus
fully utilize their surface area, which is increased over nanowires of the same diameter due to
their hollow structure.

Figure 3.4j-1 shows photographs of the final stand-alone catalyst electrodes after soldering Cu
wire to the reinforced Ni supporting layer, which can be directly immersed in the electrolyte
and connected to the potentiostat without using any kind of assisting electrodes (e.g., glassy
carbon), which are commonly employed for carrying the active materials. The interconnection
between the Ni nanotubes prevents bundling and detachment from the back electrode, which is
commonly observed for parallel arrays of 1D nanostructures, and results in a loss of active
surface 27°1, These self-supported electrodes are binder-free, and the active material is directly
grown on the Ni nanotubes, facilitating electrical contact and the mechanical connection. While

the nanosheets offer large surface area, consequently, facilitate the contact between the
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electrolyte and electrode and allow for a fast ion transfer, the embedded Ni nanotubes act as
metallic, one-dimensional current collectors which ensure short and efficient electronic
conduction paths from the back electrode to the hierarchically branched catalyst-solution
interface. Similar effects have been observed in NiIO@Ni nanowire networks, where the

presence of metallic cores in the crossing 1D building blocks improved reversibility, charge

collection and ion diffusion 39,

Figure 3.4. SEM images of (a-c) Ni-NTNW, (d-f) Ni(OH).@Ni-NTNW, and (g-i) NiCo-
LDH@NIi-NTNW electrodes, accompanied by photographs of the three as-prepared stand-
alone electrodes (j), higher magnification of a single NiCo-LDH@Ni-NTNW electrode (k), and
Ni back supporting layer before soldering (I).

The hierarchical structure of the NiCo-LDH@Ni-NTNW was further investigated with TEM,
accompanied by EDX. Figure 3.5 shows the bright-field TEM image of a single nanotube
opening, in which the nanotube support can be easily recognized by its dark contrast, which is
more pronounced at the nanotube edges where the tube walls are oriented roughly parallel to
the beam. The grainy texture of the nanotube, which is caused by its formation from merging
nanoparticle deposits, is evident as well as the flaky deposit on its surface. As anticipated from
the hierarchical architecture (a pure Ni nanotube core overgrown by a mixed NiCo-LDH shell),
EDX spectra recorded at the nanotube center, which cover the Ni walls, show a much higher

Ni-to-Co ratio as compared to the nanotube vicinity, which is dominated by the nanosheets.
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