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Kurzzusammenfassung 

 
Häufig verwendete Implantatmaterialien sind Metalle, Metalllegierungen und in jüngerer Zeit 

auch Keramiken. Moderne medizinische Ansätze zielen auf die Entwicklung maßgeschneiderter 

Materialien ab, die hohe mechanische und physiko-chemische Funktionalitäten aufweisen, um 

das Gesundheitsverhalten zu verbessern und den allgemeinen Patientenkomfort zu erhöhen. 

Funktionalitäten können durch physikalische, chemische und/oder strukturelle Veränderungen 

hinzugefügt werden. Eine dieser Strategien ist der Einsatz von Nanotechnologie. Oberflächen im 

Submikronbereich profitieren in erster Linie von der Maximierung des Verhältnisses von 

Oberfläche zu Volumen. Dies kann durch Top-down- und Bottom-up-Herstellungsstrategien 

erreicht werden. Ein kombinierter Effekt dieser Synthesewege, wie bei der elektrochemischen 

Anodisierung, kann herkömmliche Massenmaterialien wie Metallmonolithen anschließend in 

Nanostrukturen umwandeln. Dies wird beobachtet, da der Anodisierungsprozess eine 

gleichzeitige bottom-up (Oxidwachstum) und top-down (Nanostrukturbildung) ermöglicht. Diese 

Dissertation beschäftigt sich mit dem Design solcher homogenen nanostrukturierten Metalloxide 

(MOs) durch elektrochemische Anodisierung. 

 
MOs fallen in die Kategorie der Keramik. Sie werden in zunehmendem Maße als Biomaterialien 

verwendet, werden häufig für zahnmedizinische/orthopädische Anwendungen und lassen sich 

durch elektrochemische Anodisierung leicht in nanostrukturierte elektrochemische 

Anodisierung. Es ist eine vielseitige und kosteneffiziente Herstellungstechnik mit hoher 

Übertragbarkeit und die Möglichkeit der Vergrößerung. In dieser Arbeit entwickeln und 

optimieren wir und optimieren die Herstellung von Metalloxid Metalloxid-Nanoröhrchen auf 

Zirkonium (Zr)-Metall durch elektrochemische Synthese und beleuchten die Rolle der 

Morphologie der Zirkoniumoxid (ZrO2)-Nanoröhren (ZrNT) für die anschließende 

Oberflächenmodifikationen. Die Rolle der Oberflächenmorphologie und die verschiedenen 

strukturellen Veränderungen werden verglichen, um festzustellen um den Einfluss auf das 

Ausmaß der erreichbaren Oberflächenfunktionalität zu bestimmen. Hierin, wird die 

Funktionalität  durch  die  Variabilität  der  hydrophoben  Wirkung  und  der  Stabilität  der 



Beschichtungen, die sich aus der Molekülmodifikation der nanotubulären Strukturen über die 

Bildung von selbstorganisierenden Monoschichten (SAM). Diese Arbeit bietet auch Einblicke in 

die Rolle des SAM-unterstützten hydrophoben Effekts als als Ergebnis der Anwendungstechnik, 

d. h. der Immersion in Bulk-Lösung, auch bekannt als Bulk Immersion (BI), und Mikro- 

Kontaktdruck {µCP}, vor allem unter Verwendung von Modifikationen von Phosphonsaure- 

Kohlenhydrat Molekülen. Diese modifizierten ZrNTs wurden entlang ihrer Rohrlänge im 

Tiefenprofilmodus mit Flugzeit-Sekundärionen-Massenspektrometrie (ToF-SIMS) weiter 

untersucht. Mit dem Tiefenprofilmodus war die ToF-SIMS-Analyse ein erfolgreiches Werkzeug, 

mit dem das Vorhandensein der gewünschten Moleküle in verschiedenen Tiefen innerhalb der 

Nanoröhren festgestellt werden konnte. Diese ZrNTs wurden umfassend charakterisiert: 

Rasterelektronenmikroskopie (SEM) für morphologische Einblicke in die Geometrien der 

Nanoröhren, Röntgenbeugung (XRD) für die Auswirkungen der Wärmebehandlung auf die 

Oxidkristallinität, Röntgen-Photoelektronenspektroskopie (XPS) für die Oberflächenchemie der 

chemisch modifizierten Oxid-Nanomaterialien Diese modifizierten ZrNTs wurden auch 

verschiedenen Anwendungen unterzogen, von Arzneimittelreservoiren bis hin zu 

superhydrophoben optischen Beschichtungen. Als arzneimittelfreisetzende Oberflächen, 

Ultraviolett-sichtbare Photospektrometer (UV-Vis Spektrometer) zur zeitabhängigen 

Überwachung der Wirkstofffreisetzung und zur schnellen und die schnelle Bestätigung des 

superhydrophoben Ausmaßes der SAM-modifizierten Oberflächen wurde Wasser- 

Kontaktwinkel-Messungen {WCA} untersucht. 

 
Die Ergebnisse liefern einen Konzeptnachweis für die Entwicklung von mehrtiefen und 

multifunktionalen Modifikationen in Nanoröhren. Dabei wurden die Wände der Nanoröhren 

durch einfache nasschemische und weichlithografische Techniken ohne Reinraumfertigung in 

verschiedenen Tiefen effektiv funktionalisiert. Darüber hinaus bieten diese Nanoröhrchen- 

Reservoirs, wenn sie für die volumetrische Speicherung durch simuliertes 

Farbstofffreisetzungsverhalten bewertet werden, Einblicke in die Entwicklung potenzieller 

medikamentenfreisetzender Oberflächen für Anwendungen mit kontrollierter Freisetzung. Die 

Nanostrukturarchitektur dient nicht nur als Speicher, sondern fördert auch die Texturierung der 



Oberfläche im Mikronanometerbereich, was Berichten zufolge die Biointegration aufgrund der 

strukturellen Nachahmung der extrazellularen Matrix {ECM} und der Oberflachenfunktionalitat 

als Ergebnis einer besseren Haftung und erhöhten Reaktivität verbessert. Daher wäre es höchst 

interessant, Biomaterialoberflächen mit einer solchen Nanoarchitektur zu modifizieren, um 

vorteilhafte Reaktionen hervorzurufen. In Anbetracht dieser Tatsache und der daraus 

resultierenden Robustheit der ZrNT-Schichten wurde im Rahmen dieser Dissertation auch eine 

einfache Strategie zur nahtlosen Übertragung solcher ZrNTs auf keramische Werkstoffe 

erforscht. Diese ZrNT-Beschichtungen haften mit einem hohen Reibungskoeffizienten {CoF} an 

einem kontaktierenden Substrat, was ein Abrutschen verhindert und die Verankerung fördert. 

 
Letztendlich, können die einzelnen Forschungsaspekte dieser Arbeit Strategien vorschlagen für 

Strategien fUr das Design von Hybridmaterialien, die Chemie und Struktur der Materialien 

Rückblick und weitere Modifikation. Die in dieser Arbeit beschriebenen Protokolle, bauen auf 

etablierten Herstellungsprinzipien auf und haben eine hohe Übertragbarkeit für reale 

Anwendungen geeignet. Das Gesamtergebnis mehrerer der in dieser Arbeit erzielten Ergebnisse 

lässt sich leicht TRL (3-4) eingestuft werden, wie es im Konzeptnachweis dargestellt ist. In 

Bereichen wie superhydrophoben selbstreinigenden photovoltaischen Beschichtungen und 

nanostrukturierten Implantatoberflächen. Speziell für biomedizinische Implantate ist ein 

Potenzial für die getriggerte Freisetzung und statische Oberflächen, die Medikamente 

(Multimoleküle) freisetzen, von großer praktischer Implikationen. 



Abstract 

 
Commonly used implant materials are metals, metal alloys, and more recently ceramics. Modern 

medical approaches aim towards the development of tailor-made materials, capable of high 

mechanical and physio-chemical functionalities for enhanced health response and an 

improvement in overall patient comfort. Functionality may be added as a result of physical, 

chemical, and/or structural modifications. One such strategy involves using nanotechnology. 

Surfaces in the submicron range primarily benefit by maximizing the surface area to volume ratio. 

This can be achieved via top-down and bottom-up fabrication strategies. A combined effect of 

these synthesis routes, as with electrochemical anodization, can transform conventional bulk 

materials like metal monoliths, subsequently into nanostructures. This is observed, as the 

anodization process accommodates a simultaneous bottom-up (oxide growth) and top-down 

(nanostructure formation). This dissertation explores the design of such homogeneous 

nanostructured metal-oxides (MOs) via electrochemical anodization. 

 
MOs fall under the category of ceramics. They are increasingly used as biomaterials, are 

commonly used for dental/orthopaedic applications, and are readily transformed into 

nanostructured materials via electrochemical anodization. It is a versatile and cost-effective 

fabrication technique that has high transferability and scale-up possibilities. During this work, we 

develop and optimize the fabrication of metal-oxide nanotubes on zirconium (Zr) metal via 

electrochemical synthesis and shed light on the role of zirconia (ZrO2) nanotube (ZrNT) 

morphology for subsequent surface modifications. The role of surface morphology and different 

structural changes are compared to determine the influence on the extent of achievable surface 

functionality. Herein, functionality is determined by variability in the hydrophobic effect and 

stability of the coatings resulting from organic molecule modification of the nanotubular 

structures via the formation of self-assembled monolayers (SAM). This work also offers insights 

on the role of SAM facilitated hydrophobic-effect as a result of application technique, i.e., 

immersion in bulk solution, aka bulk immersion (BI), and micro-contact printing {µCP}, 

predominantly while using modifications of phosphonic acid carbohydrate molecules. These 



modified ZrNTs were further evaluated along their tube length in the depth-profiling mode using 

time-of-flight secondary ions mass spectrometry (ToF-SIMS). Using the depth profile mode, ToF- 

SIMS analysis was a successful tool, capable of ascertaining the presence of targeted molecules 

at various depths inside the nanotubes. These ZrNTs were extensively characterized using; 

Scanning Electron Microscopy (SEM) for morphological insights into nanotube geometries, X-ray 

diffraction (XRD) for the effects of heat treatment on oxide crystallinity, X-ray photoelectron 

Spectroscopy (XPS) for surface chemistry of chemically modified oxide nanomaterials. These 

modified ZrNTs, were also subjected to several applications ranging from drug-reservoirs to 

superhydrophobic optical coatings. As drug-eluting surfaces, an Ultraviolet-Visible 

Photospectrometer (UV-Vis Spectrometer) was used for time-dependent drug release 

monitoring and rapid confirmation of the superhydrophobic extent of SAM-modified surfaces 

was investigated via Water Contact Angle {WCA} measurements. 

 
The results provide a proof-of-concept to develop multi-depth and multi-functional modifications 

within nanotubes. Herein, the nanotube walls were effectively functionalized at different depths 

via facile wet-chemistry and soft-lithography techniques devoid of clean-room fabrication. 

Additionally, these nanotube reservoirs when evaluated for volumetric storage via simulated 

dye-release behaviour offer insights into developing potential drug-eluting surfaces for 

controlled-release applications. In addition to acting as repositories, nanostructure architecture 

promotes surface texturization in the micro-nanometer scale, which reportedly improves 

biointegration due to structurally mimicking the extracellular matrix {ECM} and surface 

functionality as a result of superior adhesion and enhanced reactivity. Therefore, it would be 

highly interesting to modify biomaterial surfaces with such nanoarchitecture to elicit 

advantageous responses. Bearing this in consideration and the resulting robustness of the ZrNT 

layers, a facile strategy to seamlessly transfer such ZrNTs on bulk ceramics has also been explored 

within the scope of this dissertation. These ZrNT coatings are reported to self-adhere to a 

contacting substrate with a high coefficient of friction {CoF}, that avoids slippage and promotes 

anchorage. 



Ultimately, the individual research aspects of this work can propose strategies for hybrid 

material design, bearing material chemistry and structure in hindsight, and further 

modifications. The protocols described in this thesis, build up on well-established 

manufacturing principles and have high translation ability for real-world applications. The 

overall outcome of several of the results in this work can easily be categorized in TRL (3-4), as is 

presented in the proof-of-concept. In areas such as superhydrophobic self-cleaning 

photovoltaic coatings and nanostructured implant surfaces. Especially for biomedical 

implants, a potential for triggered release and static drug (multi-molecule) eluting surfaces 

have strong practical implications. 
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1. STATE OF THE ART - ZrO2 nanostructures and their applications 

 
Nanoscience and nanotechnology have ubiquitously emerged in everyday terminology, due to 

technologies used in the design and development of novel materials and devices for a plethora of 

applications.1,2 Recently, the nanoscale facets have been employed in the field of electronics, not 

limited  to device  fabrication  alone.  Nanotechnology continues to  influence  extended 

aspects of material design.3 However, the ultimate goal in material science remains in 

customizing new  and advanced materials  via bottom-up or  top-down fabrication 

routes.4  Synthesis routes  influence  the  morphology,  structure,   and chemistry of 

the material in question, and consequently their area of application. The exponential 

boom of nanostructured materials is due  to the  array  of  advantages offered  as  a 

function  of  their  size effects.5,6 

Nanomaterials presently exist as 0D, 1D, and 2D materials, such as particles; quantum dots, tubular 

structures;  nanotubes/ nanorods, and  sheet-like  structures like graphene, to name a few. 

Some examples of metal oxide nanomaterials are depicted in Figure 1.7,8 

 

Figure 1: Schematic depiction of the various shape, geometries of the type of 

nanomaterials that can be synthesized from metal oxides 6 
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Of all these dimensions, 1D structures have garnered more interest due to their relative 

stability, adaptable preparation methods, and precision control during synthesis over aspects 

ranging from size, shape, porosity, etc.9 Some 1D nanostructures currently in commercial 

circulation are carbon nanotubes {CNTs}, and various metal-oxides {MOs} such as nanotubular 

TiO2, ZnO, Fe2O3, etc., and are used in a variety of fields such as electronics, 

lubricants, adhesives, photodetectors, medicine, sensors, to name a few.10 1D-MOs are 

especially versatile due to their favorable responses in the biomedical field due to overcoming 

limitations faced with nanoparticles, in terms of synthesis and even handling problems as 

a result of agglomeration and accumulation.11 These MOs are extensively being 

researched for application in drug delivery, bio-imaging, bio-sensing, interfacial response, 

etc.12,13 

Figure 2: The schematic depicts the various areas of application for nanomaterials 14 

 
Such MO nanomaterials are commonly created either by additive strategies or by 

reductive methodologies when using either or all approaches exploiting chemical/physical/ 

biological interaction for nanomaterial assembly. Conventionally, top-down approaches involve 

the use of lithographic techniques, milling, grinding, laser ablation, sputtering, etc.3,15,16 
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Of all these techniques, bottom-up strategies offer more flexibility in the choice of materials and 

variability in experimental parameters due to the underlying growth mechanisms being governed 

by fundamental principles of chemical synthesis. From the year 1995, the electrochemical 

synthesis of metal-oxide nanostructures was introduced. The earliest studies resulted in the 

fabrication of a highly ordered metal nanohole array made of anodic porous alumina, aimed at 

replicating the honeycomb structure.17 This development piqued the interest of researchers to 

explore other metals that could be passivated under anodic conditions, resulting in the expansion 

of electrochemical anodization to the entire class of valve metals.18 Valve metals are group IV 

elements in the periodic table, that are capable of forming self-protective oxide layers. The 

process of forming uniform  oxides under anodic conditions is called anodization.19 Some 

materials that are in commercial circulation and have  successfully been anodized into 

metal-oxide nanostructures are aluminum and titanium. These  metals,  coincidentally 

are also extensively used in the fields of biomedical research, predominantly for bulk-implant 

development and alternatively as modified surfaces on bulk materials.20,21 

 
In order  to minimize  negative host-biomaterial interactions,  biomaterials  are  tailored 

with enhanced physical, mechanical, and chemical surface characteristics.22,23,24 In    load- 

bearing implants and abutments,  metals like titanium take preference due to their 

excellent  mechanical  properties  and  the  relative  ease of  manufacturing.  Primarily,  the 

bulk of the implant material largely contributes towards the scaffolding needed for subsequent 

soft/hard tissue growth. In contrast, the surface interacts with all aspects of tissue response. For 

this purpose, metal-based biomaterials are facilitated with surface modifications such as bio- 

mimetic coatings, roughness scaling via micro- and nano structuring, and wettability modifications, 

in addition to acting as   therapeutic carriers, such that elution occurs from these modified 

surfaces.25 A schematic representation of the potential applications is represented as an example 

using titania nanotubes in Figure 3.26 
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Figure 3: Electrochemically anodized titania nanotubes in biomedical applications 26 

 

Recently, titania nanotubes were developed via anodization over conventional titania-implant 

surfaces to enhance the functionality of Ti-based implants.1,2,3,27 However, there remain 

several challenges that limit the use of such novel modifications for immediate clinical 

applications. Some of the most basic concerns lie toward the mechanical integrity of the 

nanotubular surfaces, especially when employed as dental abutments or hip implants. In addition 

to this, it has been reported that TiO2 surfaces do not readily facilitate protein adsorption and 

consequently have lowered cellular attachment and decreased integration.6  Further, 

the toxicological effects of noble metal ion release in the presence of titania and titania particles 

have also raised some concerns.13 Many studies were also conducted on Ti-alloy-based implants of 

which one, in particular, suggests that Ti-Zr alloy-based implants demonstrate enhanced positive 

tissue response when compared to pure Ti implants.20 This report is interesting because it 

suggests the possibility of using Zr metal for implants, besides ZrO2 {ceramic powders} had 

already been in use in the field of dentistry.21 Zirconia is a bio-inert, refractory grade metal- 

oxide that shares many of the characteristic properties  that make titania implants 

favorable.13,14 
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Zirconia surfaces have also been reported to demonstrate improved adhesion to molecules, 

surrounding tissue and decreased bacterial adhesion for certain adherent cell types, whilst 

offering attractive aesthetics.33,32 Interestingly, in the year 1969, Helmer et al. had already 

proposed ZrO2 as a new material for hip-head replacement instead of titanium or 

alumina prostheses, which was further advocated by Piconi et al.13,25 It is without doubt that 

zirconia usage has become mainstream, especially in dental and orthopedic applications, this ceramic 

is used after bulk compaction. Nascent zirconia undergoes two phase transformations, a} cubic to 

tetragonal {c -> t}, and b} tetragonal to monoclinic {t -> m}. Thermodynamically, it is impossible to 

retain either the, c- or the t-phase in ambient conditions, even with rapid quenching. Practical 

implications are an increased chance of cracking and bulk fracturing of large pieces, to combat 

the sudden and large volumetric change.28 This is also one of the reasons why large pieces of pure 

ZrO2 {via compaction} are susceptible to challenges in manufacturing, such as {size limits}, 

and process parameters {temperature control/ heat-flow, etc.} to name a few. 

 
Commercial zirconia implants that are bulk-compacted products that are often stabilized with oxides 

of yttrium, aluminum and cerium. These oxide inclusions, help retain the c-/t-phase metastabily at 

ambient temperature.29 While there are favourable effects of stabilizing oxides, each oxide type 

comes with limitations, ranging from process-ability, costs, aging {low/high-temperature dependant}, 

that need to be factored in during material selection. 

 
Widely used yttria stabilzed zirconia {YSZ} is a classic example of such a toughened system. It is 

however, important to note, that the stabilizing effect is strongly contraction dependent. Especially in 

YSZ, another effect that counteracts the stabilization, is observed when yttria is below 4 mole percent 

in concentration, further leading to a phenomenon termed low-temperature aging.29 

Typically, observed for temperatures ranging between 200-300 °C, and in the presence of water 

vapor, this material can undergo a catastrophic micro-cracking that may eventually lead to failure. 

The sudden transformation, is also accompanied by surface effects that eventually weaken the 

bulk, and can be aggravated  during are manufacturing process that also affect the stability of 

in-service implants, invariably leading to clinical consequences. 
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As a result of these interesting properties and characteristics surrounding bulk zirconia, the work in 

this manuscript is aimed towards creating 1D nanostructures in order to exploit the size and 

morphological effects of bulk zirconia by using anodization. This may positively overcome particle 

issues such as agglomeration, instability and ultimately favour the design og a structural material 

that is robust and stable. Zirconia nanotubes {ZrNT} may be synthesized via electrochemical 

anodization in an electrolytic bath consisting of either acidic/organic/aqueous solvent with the 

addition of anions and/or etching agents. The entire anodization process is highly tunable and one of 

the key influences on the morphology of the anodic oxide depends on the type of electrolyte and the 

anodizing voltage.30,31 The quality of the anodic film largely depends on the starting state of 

the underlying metal film, such that a pre-treatment of the surface becomes indispensable in orde 

to promote nanostructuring. The most common prepping involves the use of etchants on the metall 

ic surface. These etching steps often involve the use of highly toxic and abrasive products 

and procedures, e.g., during experiments involving hydrofluoric {HF} acid pre-treatments. Even after, 

such a pre-treatment, successful nanoporous arrays thus formed, continue to have traces of an initiat 

ion layer. Such a layer rests over the array and often limits a thorough access to the underlying op 

en channels by blocking some of the pore mouths due to partial coverage over the surface.31,32 

Thus, this standard practice even though effective is not ideal as previously reported and continues 

to raise several environmental as well as operational hazard-related challenges.33,34,35 

 
This particular area of concern provoked an interest in minimizing the fabrication steps involved 

during the ZrNT fabrication, and within this dissertation, propelled a focus on developing an 

electrolyte composition allowing for a single-step, one-pot synthesis to create robust ZrNT 

structures. Previously, organic electrolytes made of glycerol, ethylene glycol, and/or formamide in 

the presence of ammonium fluoride {NH4F} had opened a new perspective on the competing roles of 

fluoride {F and oxygen O ion} motility.36,37,38 A focus on the F/O ratio becomes critical in predicting 

the final structure as a result of competing processes of chemical etching and anodic oxidation. 

Another equally dominant anodization parameter to consider is the operational voltage. 
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The applied voltage is known as the potential window and has been reported to have a nearly linear 

influence on the nanotube diameter.39 At lower voltages, the rate of oxide dissolution is relatively 

slower due to less field-strength associated ohmic dissolution, while at higher voltages, increased ion 

migration results in a larger pore area being etched.40,41 Consequentially, a rule of thumb is to work 

with lower voltages for narrower tube diameters and higher voltages for wider diameters. 

Anodization duration has a pseudo-linear relationship, in the sense that after a linear growth in 

length concerning an increase in anodization duration, the tubes tend to break off after certain 

thresholding values.37,42,43 A combinations of protocols are explored in this work to achieve ZrNTs 

with robust aspect ratios and high durability. 

 
Nevertheless, the primary studies within this dissertation describe the surface morphology as a 

result of tuning anodization parameters such that a variation in the nanotubular 

geometry of ZrNTs is observed. The role of NT morphology is imperative in understanding the 

influence, nanostructuring has on subsequent surface interactions that depend on the surface 

area, surface energy, and surface tension.36,44,45,46 This interdependence of surface structure and 

surface chemistry defines the relationship towards surface modifications via functionalization. 

Functionalization refers to the process of using molecules with certain functional groups/ binding 

motifs to chemically modify the underlying substrate. 

 
Herein such surface modification is achievable by the formation of self-assembled monolayers {SAM}. 

SAMs are spontaneously adsorbing molecules that adhere to an underlying substrate by forming a 

film of monolayer thickness.47,48 A schematic representation of a few applications of such surface 

coatings in represented in the following Figure 4.49 
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Figure 4: The schematic depicts the various applications of superhydrophobic surfaces 49 

 

SAM modifications to surfaces, specifically metal-oxide surfaces, have previously been explored in; 

electronics, semiconductors, paints, and biomedicine, to name a few.50,51 SAMs are capable 

of eliciting a variety of functional responses. One of the more fascinating aspects lies in the tunability 

of surface wetting. Most metals in their intrinsic state consist of a film of native oxides which may 

be an inhomogeneous layer, nevertheless hydrophilic in nature.52,53 Alternatively, anodization forms 

compact oxides that are essentially a uniform oxide layer {as flat as the starting substrate}. However, 

this unmodified surface remains hydrophilic, i.e., experimentally measured water contact angle <90°. 

This phenomenon is largely attributed to the presence of surface hydroxyl groups.54 This 

wetting behavior is further altered upon physical modification of the oxide structures, such as in the 

case of nanotubes {NTs}. NTs reportedly show super-hydrophilic behavior towards 

water adsorption in ambient  conditions,  perhaps  due  to  the  resulting  capillary  action, 

often seen in metal-oxide NTs.55,56,57 

 
This trend is compelling evidence for the influence morphology has on the surface phenomenon, 

and its effect is even more relevant in the biomedical field when considering protein adsorption and 

subsequent cascade reactions.58,59,60 
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However, it is interesting to report that in the case of zirconia nanotubes, the resulting 

hydrophobicity, although similar, was remarkably not interdependent to the nanotube diameters as 

seen with titania nanotubes functionalized using phosphonic acid self-assembled 

monolayers.61 While the hydrophobic trend was similar to titania, an astonishing degree of 

superhydrophobicity was observed for zirconia nanotubes, even at smaller nanotube diameters, 

as reported within this dissertation.57 This behavior is explained based on zirconia's intrinsic 

material chemistry, i.e., the presence of active Lewis acid sites.61,62,63 When ZrO2 interacts with 

wetting solvents, an increase in the adsorption capacity is observed at the acid-base reaction sites 

which results in an increased generation of condensation products. A consequence of improved 

adsorption is an enhanced surface coverage, as is witnessed for the phosphonic acid SAM.47,64,65 

This phenomenon of strong SAM bonding and high coverage to ZrNT substrates is quite 

advantageous when considering applications that require additional chemical modification, 

especially bringing attention to the strategies used for such modifications. 

 
Conventionally, organic molecule modification is achieved via wet-chemistry techniques, involving 

the transfer of molecules via a solvent or upon direct deposition of the molecule/ molecular 

suspension via vacuum-assisted methodologies, soft-lithography, etc., to name a few.66,67,68 On the 

deposition of SAMs in this work, methods that enabled a successful transfer of organic molecules 

from solvents employed organic molecule solutions. These organic molecule solutions will 

hereafter be referred to as 'ink' in the manuscript. Inks made of organic molecules bearing 

different functional groups are used to deposit SAMs on zirconia anodic oxides, such as compact 

oxides and nanotubes. The deposition is performed either via simple immersion in bulk solution, 

aka bulk immersion {BI}, or by using an intermediate soft-stamp made of polydimethylsiloxane 

{PDMS} via micro-contact printing {µCP}.68,69 
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In wet chemistry, it is important to consider the effects of physical processes on the kinetic and 

thermodynamics of the resultant reactions.70,71,72 Self-assembly in capillaries is subjected to 

capillary forces, and consequentially, the rate of reaction is governed by the laws of diffusion.73,74 

Diffusion, driven by a concentration gradient, relies on concentration differences to relay the bulk 

of mass transfer within a system.75 This phenomenon is especially compulsive when considering 

using diffusion processes to govern a flux-dependent deposition strategy. For example, during the 

deposition of particles along a homogeneous pathway, as is seen in the case of nanotubular 

capillaries. A significant amount of the work done in this dissertation focuses on exploiting this 

diffusion-driven mechanism to facilitate depth-specific deposition of SAMs on and within 

nanotubes. Deposition of SAM molecules along tube walls was performed in multi-step processes 

to elucidate the possibility of depth-dependent modifications governed by the diffusion kinetics of 

the µCP method. Previous studies using spectrometric analysis have successfully validated the 

influence of diffusion kinetics inside pores.76,77 Herein, nanotubes modified via µCP were also 

characterized and analyzed using mass-spectrometry methods to estimate the molecular deposition 

at different depths of the tubes. SAM formation is a surface phenomenon, and the surface analysis 

gives information on both qualitative and quantitative aspects of such organic molecule surface 

modifications. 

However,  when  considering  nanotubular  materials,  a  two-fold  effect  is  observed. 

The deposition of SAMs on the surface extends to the tube openings {outside} and also the tube 

walls {inside}. The analysis of both types of surfaces was used to confirm that the extent of 

achievable surface modifications was independent of capillary length.57 This observation was 

relevant in distinguishing the role of the qualitative from the quantitative aspect of SAM 

modification in the context of ZrNT modification. It also establishes the foundations for 

the inference that ZrNTs show superior binding to a specific functional group, independent 

of {1} tube morphology, {2} tube length, and {3} functionalization strategy. 

 
These results highlight the intrinsic material properties and elucidate that the effect of 

subsequent structural modifications is not limited to the type of geometry. Zirconia-based 

biomaterials demonstrate similar and unsurpassed  functionality when modified with 

SAMs, compared to other metal-oxides. 
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There is ample evidence that boasts of the many facets of nanostructured surfaces in the field of 

biomaterials applications.78,79 A combination of physical and chemical surface modifications 

of biomaterials may be compelling to value-add to their overall performance. Materials that 

are modified with at least one component in the nanometer range are termed hybrid materials. 

Hybrid materials can have a composite assembly arbitrarily offering higher meso-macroscopic functi 

onality than parent component systems.80,81,82 

As discussed earlier in this section, such nanostructural modifications may be achieved during the 

conception and design stages or after material development as coatings. It is noteworthy to highlight 

the importance of augmenting surfaces with nanostructures in the post-processing stages as it offers 

the possibility of combining different materials. Conventionally, micro-nanoporous variations are 

imparted to surfaces via multi-step procedures, often involving vacuum-assisted methodologies. Such 

a process usually starts with examining base material compatibility, followed by deposition of the 

precursor layer that needs to be modified via micro-nanostructuring, as seen in processes such as 

atomic layer deposition {ALD}, fused deposition molding {FDM}, e-beam sputtering- lithography, 

etc.83,84,85,86 Advanced manufacturing strategies are viable options for surface nanostructuring. 

However, they are posed with challenges faced during composite fabrication. They are limited by 

issues related to interfacial adhesion, delamination, and overall stability, more so due to the 

development of macroscopic layers made of nanoscale structures. 

 
Even though it is relatively straightforward to fabricate such nanostructures on metallic biomaterials, 

it is important to note that the majority of the biomaterials currently in circulation for dental and 

orthopedic applications are made of ceramics. Thus, the previously proposed conventional routes or 

even advanced manufacturing strategies fall short of achieving the desired micro-nanoscale surface 

transformation on such bulk ceramics. 
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2. RESEARCH  INTRODUCTION 

Implant-based research continues to be an ever-expanding field, and as the complexity of an injury 

increases, the consequential material response demands are required to demonstrate enhanced 

functionality. In light of this, bio-materials are subjected to structural, chemical, and physical 

changes, mainly at the surface, since biomaterials primarily interact with the biological 

environment through their surface. The goal of this dissertation is to use conventional bulk 

materials, and adapt physical and chemical surface modifications to create functional 

nanostructured materials. The intended methods are in-situ setups; electrochemical 

anodization and  surface  modifications  using  a  self-assembled  monolayer  {SAM}. 

The   surface characterization  technique  Time-of-Flight  Secondary  Ions  Mass Spectrometry 

{ToF-SIMS} is used in tandem to evaluate the role of sequential modification  of the 

nanotube  walls.  The simultaneous  characterization  of  the  modified  nanostructures 

enabled the development of protocols to modify nanotubular surfaces by exploiting 

diffusion driven kinetic- deposition. In addition to this, there is an emphasis on the fabrication 

process of zirconia nanotubes {ZrNT}, focusing on the formulation of the type of electrolyte and 

synthesis in a single-step setup. 

 
A thorough investigation of the morphological influence on subsequent surface response with 

and without chemical modifications is evaluated via characterization methods such as Scanning 

Electron  Microscopy  {SEM},  X-ray  diffraction  {XRD},  X-Ray  Photoelectron  Spectroscopy 

{XPS} and Water Contact Angle {WCA} measurement. Furthermore, these nanotubular 

reservoirs are evaluated for their storage capacity when screened as potential drug/ 

dye-eluting surfaces during release experiments using a UV-Vis spectrometer, under 

regular  and  triggered  release  conditions  as  a  function  of  subsequent  SAM 

modifications.   In   this   work,   we   use   ToF-SIMS   depth   profiling   to   evaluate 

compositional  variation within  the modified  nanotubes.  The technique offers better 

spatial and depth resolutions, along with the molecular specificity and high mass resolution 

that is unique to mass spectrometry when compared to XPS. 



28 
 

 
 

 
2.1. RESEARCH OBJECTIVES 

A large aspect of this thesis depends on the efficient fabrication of nanostructured 

Zirconia, consequently evaluating the behavior of oxide structures under anodizing conditions. 

Anodization results in a physical structuring of the oxide layer via the electrochemical route, 

and is followed by analysis that is aimed at determining the influence this type of surface 

structuring has on surface energy, surface reactivity, and roughness concerning chemical 

modification  using  SAMs.  In addition to the improved surface response, nanotubular oxides 

offer an increased surface area and volumetric  capacity.  This  type  of  structural 

modification  can  act  as  a  reservoir  to  store beneficial  therapeutics  or  can  be 

selectively functionalized along the tube's length, potentially acting as multi-functional 

hierarchical structures capable of eliciting a specific response. Therefore, the ZrNT 

fabrication and functionalization are aimed toward its applications as coatings and as drug- 

eluting surfaces. 

 

 

 
The following objectives are addressed within the scope of this dissertation; 

 
✓ Establishing an anodization protocol to minimize operator risk and optimizing experimental 

parameters to develop robust nanotubular geometries. 

✓ Determine the role of nanotube morphology on the interaction behavior with organic 

molecules used for surface modifications. 

✓ Evaluate storage capabilities of the homogenous nanostructures. 

✓ Develop a strategy to facilitate and evaluate the multi-depth filling of nanotubes. 

✓ Deposition/transfer of free-standing ZrNT layers onto pre-formed bulk ceramics as coatings. 
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2.2. RESEARCH APPROACH 

This subsequent section, will delve into a range of effective strategies to bridge gaps in the current 

state of the art. A schematic representation is provided to further a clear and concise overview of 

the steps involved in the process, from conception to implementation. 

 
 
 

 

 
 
 
 

 
Figure 5: Schematic depiction of the experimental flow; (l) synthesis of anodic oxides (compact, nanotubes) 

by electrochemical anodization, (c) surface modification (chemical functionalization using organic monolayers), and 

(r) various applications of functional nanotubular metal oxides 
 
 
 
 

 

The following subsections will briefly elucidate the primary concepts and their exploitation for 

the proposed practical applications. 
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2.2.1. Electrochemical anodization for the fabrication of metal-oxide nanostructures 

 
Metal oxide {MO} nanostructures are formed as a result of undergoing self-organization of the 

oxide layer into defined porous structures under the influence of electrolytic passivation. The 

primary role of using an electrical bias is to accelerate the growth of a barrier oxide, promoting 

the transformation of the underlying native oxide film on the metal to a thicker and homogenous 

metal-oxide layer. In this work we anodize Zr metal to promote the formation of an oxide-rich 

metal oxide, ZrO2 , that is transformed into nanostructured oxides under specific conditions. During 

the primary stages of anodization, the barrier oxide layer is formed uniformly over the entire 

metallic face when passivated in an electrolyte. Upon the inclusion of corrosive salts in the 

electrolyte, a localized shift in equilibrium can be observed. This shift initiates the formation of 

pits, followed by the subsequent enlargement into uniform pores when there is a time-dependent 

adjustment in equilibrium, resulting in the development of a homogenous nanotubular layer.4 

Tuning the localized steady-state response offers strong control over the anodic oxide assembly, 

such that small equilibrium shifts can determine if the nanostructure is formed as a single 

monolith, a corrugated structure, or a simply free-standing assembly. The synthesized 

nanostructured oxides are characterized via SEM and XRD for morphological and amorphous/ 

crystalline variations. 

 
2.2.2. Free-standing nanotubes and their transferability 

 
Zirconia films are first anodized as a nanotubular layer over the zirconium foil and are 

subsequently detached from the metal foil to produce a free-standing nanostructured metal-oxide 

layer. The zirconia nanotubes {ZrNTs} detaches from the foil at the weakened interfacial 

oxide structure. At this interface, the ZrNTs are altered due to dynamic pitting and pore- 

formation as a result of voltage pulsing.30,87 
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The ZrNTs are subjected to detachment at the already weakened interface by using adhesive 

tape for a physical lift-off from the metal foil's surface. This is then treated with a solvent 

to dissolve the adhesive and release the ZrNT layers for further transfer. 

 
2.2.3. Self-assembled monolayers and nanostructured metal-oxides 

 
Self assembled monolayers {SAMs} are the spontaneous assembly of organic molecules onto a 

surface as a result of adsorption reactions   and  can   bind to  an underlying  substrate 

strongly via  chemisorption. Alternatively, weakly  via  physisorption.88 Metal oxide {MO} 

surfaces are terminated with   hydroxyl groups under  ambient conditions and allow for 

condensation reactions  to occur on their surface, thereby  facilitating hydroxyl-mediated 

SAM formation  for various binding  motifs.54  In  order  to investigate  the  resulting 

hydrophobicity  achieved  due  to  successful  organic  molecule modification via SAMs on 

ZrNTs, preliminary techniques involved the use of WCA analysis, XPS for the extent of SAM 

coverage, and UV-Vis spectroscopy observe drug release from ZrNTs as a result of degradation of 

the SAMs on ZrNTs. 

 

 
2.2.4. Deposition into NTs - bulk immersion vs micro-contact printing 

 
In addition to the chemical reactivity of the MO, the roles of the nanostructure are also crucial to 

such adsorption reactions, as nanotubes exhibit capillary action and promote liquid imbibition which 

allows for maximum fluid interaction of the organic molecule solution, resulting in subsequent SAM 

formation on the MO surface.23,54 The deposition of SAM is achieved via diffusion-driven kinetics 

when functionalizing the ZrNTs via immersion in bulk solution, aka bulk immersion {BI}, and when 

contacted with soft polydimethylsiloxane {PDMS flat-stamp containing a SAM solution, aka micro- 

contact printing {µCP}.24 
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BI results in deeper deposition of organic molecules inside of the nanotubes due to longer exposure 

in excess of SAM solution, whereas when SAM is deposited via µCP, the depth of deposition of 

organic molecules starts from the tube mouth, and migrates into the nanotubes as a function of 

availability of SAM solution on the stamp contacting the substrate. 

 
2.2.5. Depth profiling via ToF-SIMS 

The purpose of depth profiling is to determine the local composition of a material based on 

its depth below the surface. Rather than directly measuring variations in composition as a function 

of depth, signal intensity is usually measured as a function of sputter duration.27 The 

intensity-time are usually converted into a composition-depth relation by using specific 

calibration and converting time into depth, also accounting for factors such as preferential 

sputtering, atomic mixing, topographical effects, material variation, sputter-induced roughening 

effects, etc. 

 

 
In this work, we use ToF-SIMS depth profiling to evaluate compositional variation within 

the modified nanotubes. The technique offers better spatial and depth resolutions, along 

with the molecular specificity and high mass resolution that is unique to mass spectrometry 

when compared to XPS. 
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3. METHODS and MECHANISMS 

 
This section provides background information on the principles exploited for the various 

techniques used in this work. The individual sections lay the foundation for the choice of 

experiments discussed. 

 
3.1. Electrochemical anodization for ordered arrays 

 
Highly ordered arrays of metal-oxide nanostructures can be synthesized via electrochemical 

anodization. This process of forming homogeneous oxides at the anode under an applied bias in the 

presence of an electrolyte in an electrolytic cell is termed anodization. The electrolyte composition 

predominantly determines the fate of the surface that is getting anodized. Either surface 

dissolution governs the reaction process resulting in etching/ electro-polishing, or stable 

insoluble oxides continue to grow as compact oxides. When passivation occurs in a mildly corrosive 

environment, it results in the formation of porous oxide surfaces. In certain typical conditions, such 

porous surfaces undergo self-ordering due to a newly established steady state wherein this 

growth in the porous oxide continues to form a homogeneous network. In most cases, the 

fromation of a soluble metal-complex drives this result. As with zirconia synthesis, it is possibly 

due to the influence of fluoride salts in the electrolyte.89,90 A schematic representation of 

possible outcomes of the shifting electrochemical interactions when using F ions assisted 

dissolution for metals like Ti and Zr, is depicted in Figure 6.90 
 

Figure 6: Representative current vs. time characteristics of constant voltage anodization; with ( ) and 

without ( --- ) Fluoride ions in the electrolyte 90 
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The current vs. time curves typically indicate whether a porous oxide is formed. The initial passive 

layer undergoes partial dissolution in the early stages of pore formation, which becomes apparent 

in a {small} rise in current density, followed by re-passivation. 

 
3.1.1 Zirconia nanotube formation 

When appropriate  anodic voltages are   applied  to   a working  electrode, 

e.g., Zirconium {Zr}, typically  the  metal that undergoes oxidation,  in  the presence 

of a relatively inert counter  electrode, e.g., Platinum {Pt},   an inward migration of 

oxygen anions is observed   under  the action  of  a mildly corrosive  specimen.102 This 

preferential migration aids the  formation  of the initial oxide  layer, which  eventually 

undergoes  field-assisted  dissolution. The dissolution  is due  to  the  competing  migration 

of etching species such as ammonium fluoride and the surplus  oxygen  from  aqueous 

additions  to  the electrolyte.91,92,93 This  competition  results   in  the formation of a 

porous anodic structure, which under longer  effects  of  anodization  forms  nanotubular 

arrays.  For   example,   the   inclusion of  water   in   organic  solvents  such  as 

glycerol,  ethylene  glycol,  or  formamide.  A competing response  between  fluoride  and 

oxygen  ion  migration  towards  the  anodic interface  i.e., between the metal foil and 

the  oxide  film  growing above it, is observed. Metals such as Zr have a high oxidation 

state resulting in the formation of passive bi-layers, known as the  barrier layer  at  the 

different interfaces {represented as "x/y"}, for instance, 'metal/oxide' interface and an outer 

layer at the 'oxide/electrolyte' interface.93,94 

 
The barrier layer is superseded by the growth of a porous layer, and its thickness is 

proportional  to  the  applied  voltage.  Once  formed,  it  remains  constant  during 

the anodizing process, promoting a continuous ionic flow as this layer is relatively thin.95,96 

The diffusion kinetics  of  ions  at  the  anode  is  such that, F>O.96  This  results  in 

the formation  of amorphous  zirconium-fluoride-complex  layer  beneath  the  oxide 

rich barrier  layer. 
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Figure 7: Schematic suggestive of anodization of Zr foils in fluoride-rich organic electrolytes where field-assisted 
fluoride ion/ ion-complex's inward migration towards the barrier layer result in the formation of self-organized 

nanotubular oxide 

 

Ultimately, fluoride-mediated dissolution advances inward and pore enlargement result in the 

formation of nanotubular morphology in zirconia, similar to titania and hafnium.87,97 A schematic of 

the proposed mechanism is represented in Figure 7, adapted based on the above-mentioned 

theories. When zirconium {Zr} metal is anodized in an organic electrolyte consisting of 

oxygen-rich species such as  formamide,  traces  of  water  and  fluoride  ions  from 

ammonium fluoride  salts,  the governing  chemical  reactions  in  the  anodization 

process  involving competing  fluoride and  oxygen  ions  is  represented;  As  immersing 

the  Zr  foil  into the  electrolyte,  the dissociation  of  water  is followed by the initiation 

of an amorphous fluoride layer building up into the metal surface as a result  of the 

constant  generation of  fluoride  vacancies at  the  'foil/electrolyte' interface  and 

cation interstitials, ejected and diffuse along the barrier layer; 

H2O ➔ 2H+ + O2- 

Zr ➔ Zr4
+ + 4e- 

Zr + H2O ➔ 2H+ + ZrO2+ 

ZrO2+ + H2O <----> 2H+ + ZrO2 

4H+ + ZrO2 + 6F- ➔ [ZrF6]2- + 2H2O 
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A current density versus time plot of ZrO2 formation in an organic electrolyte containing NH4F, 

acting as the source of fluoride ions, is shown in Figure 8.98 

 
The simultaneous stages of nanotube growth and order are elucidated within the plot as a 

function of reaction time and anodic current density. Initiation of the anodization starts with the 

growth of the barrier oxide as oxygen ions migrate towards the interface, followed by a lowering 

of current density as the thickness of the barrier layer increases. Pitting occurs at both interfaces, 

metal/oxide and oxide/electrolyte, due to fluoride ion-induced chemical dissolution and a 

subsequent increase in current density during the successive stage. Finally, pore formation 

and deepening take place due to fluoride ions-assisted dissolution inside the pores consisting of 

the zirconium-fluoro complexes. This stage is of utmost importance in nanotube growth as it 

highlights the role of fluoride ions in oxide dissolution.34,37,98 

 

 
Figure 8: The simultaneous stages of nanotube growth and order are elucidated 

within the plot as a function of reaction time and anodic current density. 98 
 

 
The current density curve offers insights into the morphology of the oxide layer formed. The final 

geometry of the anodic oxide can range from nanotubes, over pores to sponge-like material or even 

fishbone-nanoarchitectures.99 
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Figure 9: (L) Schematic representation of the anodized metal-foil and SEM images of ZrNT a) cross- 
section and (R) Zr02 (top-view) and different possible morphologies; nanotubes, nanopores and mixed 

structures 

 

The variation from compact, nearly 'flat' oxide surfaces and the formation of pores, furthering the 

development of porous structures, such as the ones shown in the representative image in Figure 9, 

is formed by tuning the anodization parameters. The self-ordering stage is ideally the last step 

when nanotubular arrays grow. The morphology of the tube tops is circular due to thinning of the 

adjacent pore walls.37,100 

 

 
3.1.2. Freestanding nanotubular layers 

The anodic oxide structures grow attached to the underlying metal foil. To develop detachable layers 

and analyze the as-formed porous/tubular layer, isolating the anodic layer from the metal foil is 

necessary. The separation is usually achieved by manipulating the barrier layer, often by tuning the 

applied voltage.101,102 A change in voltage from the established steady-state results in a 

perturbation in the localized equilibrium, subsequently affecting the current density and related 

field-assisted phenomena. Under the influence of the combined effects, a partial dissolution of 

the barrier layer or a total breakdown of the barrier layer occurs.103,104,105 Both cases weaken the 
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adhesion at the interface of the metal/oxide. A schematic of a possible detachment mechanism 

is shown in Figure 10.105 

 

 

 
Figure 10: Detachment of NTs due to a sharp change in anodic bias 105 

 

 

A variation in electric-field distribution is achieved by reducing the potential or increasing the 

operating voltage sharply, also known as 'pulsing'. The result of such a shift in steady-state condition 

results in the formation of corrosion, pitting, and new-layer growth depending on the potential 

difference and the duration of the electrolytic process.106,107 

 

 
3.2. Surface modification 

Surfaces may be modified via physical conditioning or by chemical means. A schematic of the 

various surface-modification strategies is represented in Figure 11, wherein the first step is 

the structural change imparted to the surface via the electrochemical route by creating micro/ 

nano-texturing, followed by chemical modification.108 Treating surfaces with organic 

molecules can alter the surface chemistry of the underlying substrate. In the case of metal 

oxides, organic molecules with varying functional groups can bond to the substrate 

upon adsorption.109 Molecules may either be physisorbed or chemisorbed onto the substrate. 

The difference in the underlying attachment mechanism determines the stability of the formed 

bonds. 
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Conventionally, physisorbed bonding is weaker than chemisorption, and it depends on 

the reaction enthalpies of specific molecules.110,111 

 
 
 

 
Figure 11: Surface modification methodologies 108 

 

 

3.2.1. SAM formation and attachment 

Self assembled monolayer {SAMs} are a one-molecule thick layer of materials bound to a surface 

in a definite order. This ordered assembly occurs spontaneously after deposition 

through chemical bonding at the substrate's surface. Principal driving forces for self- 

assembly to progress are represented in Figure 12.112 The primary reason is the minimization of 

energy for all systems. 

 
It is pertinent to note that nearly all metals are covered in a thin oxide layer often termed as 

the metal's native oxide. This oxide layer's quality and thickness varies from metal to metal 

and is responsible for promoting corrosion resistance of the nascent metal. This oxide layer is 

present with surface hydroxyl groups in ambient conditions and is the reason why these 

metals exhibit hydrophilic behavior such that water molecules readily form films upon these 

surfaces. During the process of depositing organic molecules via self-assembly, these surface 

hydroxyls play an important role in bond formation at the interface, between the molecule and 

the metal oxide substrate. Invariably such bond formations are as a result of condensation 

reactions and are of a reversible nature. 
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Figure 12: Principle components propelling self- assembly 112 

 

 

In the case of metals, the type of reaction pathway usually involves covalent bonding mediated via 

condensation reactions. Condensation governs metal-SAM bond formation due to the presence of 

surface hydroxyls on metals in ambient conditions.54 However, the order in self-assembly 

is influenced by the type of molecule, the carrier solvent used, and the concentration of 

the molecules in a SAM solution. Surface coverage follows an increasing trend 

proportional to the number of molecules in the SAM solution.69 

 
There exist many kinds of organic molecules that can be used for functionalization of metals/ metal 

oxides. The classification is based on the type of functional group, chain length and anchoring 

groups. Lastly, the most important prerequisite towards the choice of molecule depends on the 

type of expected response of such modified surfaces. For instances, for hydrophobic modification, 

long chain carbohydrate molecules such as phosphonic acids, stearic acids etc., are often used. 
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Figure 13: Schematic representation of P-0-M bonding of phosphonic acids forming a self-assembled 

monolayer on a metal-oxide surface 113 
 

 

Phosphonic acid binding motifs have reportedly demonstrated faster adsorption and stable 

bond formation on metal-oxide surfaces compared to other functional groups.114 

Phosphonic acid reaction to a metal-oxide involves P-O-M bond formation, where M is metal. 

A schematic of the same is represented in, Figure 13.113 The P-O-M bond is the result of P- 

OH groups reacting with the M-OH substrate in addition to the coordination of phosphoryl 

oxygen to Lewis acid surface sites.62 

 
3.2.2. Depositing self-assembled monolayer on metal-oxides 

Deposition of self-assembled monolayer {SAMs} may be achieved via various strategies, depending 

upon the resulting thickness and  type  of  coating  required.  This  work  predominantly 

aims  toward  depositing monolayers.  Such  films  were  initially  demonstrated  with 

the  Langmuir-Blodgett technique, wherein Langmuir monolayers are transferred directly 

onto  the  contacting solid  surface  from the liquid-gas  interface i.e., 

solutions  containing organic molecules in  a choice solvent.115 Upon immersion, a 

monolayer is adsorbed homogeneously. Repetition in the number of immersion steps results 

in a multi-layer deposition. It may be noted that LB films although are a prominent case, 

remain applicable to amphiphilic molecular assembly atop of a liquid, contrary to the work, 
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reported here, where SAMs are produced directly in a solution. Solution SAMs follow 

Langmuir kinetics when undergoing adsorption. A schematic of the same is seen in Figure 14.116,117 

 
 

 

 
Figure 14: (L) LB film formation126 and (R) Adsorption isotherm (surface coverage in solution)- Langmuir 

kinetics 117 

 

Within this work, the ambient deposition of SAMs is made possible via facile immersion strategies 

in bulk solutions consisting of the required organic molecules in an appropriate solvent. This 

strategy is called bulk immersion {BI}.118,69,119 Alternatively, deposition is performed using a 

soft stamp or ink pad to transfer organic molecule solution, i.e., inking on a solid substrate. 

 
This soft-lithography technique is also known as micro-contact printing {µCP} because of the 

compulsory physical 'contact' needed for patterning. The deposit is usually at the interface of the 

two interacting/contacting substrates, and transfer occurs due to substrate affinity. The stamp, in 

most cases, remains inert and acts mainly as a carrier surface for the molecule solutions, i.e., inks. 

In many cases, the patterns formed can have nanometer sizes up to micrometer precision, 

achievable and dependent on the size of the stamp's features.120 Patterning dimensions are 

predominantly governed by the size resolution of the stamps. Alternatively, stamps may be devoid 

of patterns, bearing no topographical variations on the ink pad. Such stamps are ideally 'flat'. 

 
In this work, these flat stamps were made by ambient curing ofpolydimethylsiloxane {PDMS} onto 

flat Petri dishes before using them for the deposition of SAMs.24 
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A schematic of both deposition strategies is represented in Figure 15.121,122 Both of these 

strategies exploit the deposition of SAMs, governed by adsorption principles. 

 
 
 

 

 
Figure 15: Top; Surface modification via (L) micro-contact printing µCP and (R) Bulk immersion (Bl) and 

bottom; SAM formation principle 121,122 

 

Especially during µCP, the adsorption process is succeeded by diffusion kinetics.75 From the 

perspective of nanotubes, this phenomenon becomes increasingly important as it determines the 

extent of achievable deposition of such molecules within the capillaries. The technique although 

simple is often limited in patterning capabilities due to the resolution, i.e., challenges associated 

with the physical sizing of the features onto the stamps, the chemistry of the ink-pads/stamps, 

and the interacting inks.118,121,122 

 
It may be noted that the actual transfer and deposition of SAMs, for both strategies, can be 

performed under ambient conditions without any pre or post-treatment and have been reported to 

render  the  underlying  substrate  modified  with  SAMs  that  can  be  confirmed  by  various 
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complementary surface characterization techniques that evaluate changes to surface chemistry, such 

as contact angle measurement, ToF-SIMS, XPS, etc., to name a few. 

3.3 Surface characterization 

Material development is either simultaneously evaluated or subsequently followed up with 

characterization. Characterization entails deterministic information on various facets of a material. 

It enables validation of structure, design, and readiness for subsequent adaptations may be 

incorporated. Surfaces are essentially the outermost or the top-most area of a material, 

exhibiting properties similar or different to the bulk of the material. In the latter case, such 

surfaces tend to show different behavior to their bulk counterparts due to physical or 

chemical variation. Physical variation is achieved by structural modification, whilst chemical 

variation may be is possible via altering the surface chemistry either actively, as in the case 

of coatings, or  passively as a  result   of the  nanostructured  surface.  Structural  and 

chemical changes may be investigated via surface characterization techniques. More specifically, 

surface characterization provides  information on the 'surface' phenomenon and how a 

material's surface properties relate to macroscopic interactions.123,124,125,126 In this work, a 

bulk of the surface characterization is performed via Scanning Electron Microscopy {SEM} 

for physical/structural  modifications.  Chemical   modifications   were analyzed using 

methods such  as Time   of  Flight- Secondary    Ion  Mass Spectrometry {ToF-SIMS} 

and  X-Ray Photoelectron   Spectroscopy  {XPS}.   Other   complementary   methods 

used  in  this thesis,  are  Optical Microscopy {OM}, Contact Angle {CA} measurements, 

X-Ray Diffraction {XRD},  Simultaneous Thermal  Analysis  {STA},  and  tribological studies 

as  performed  via dynamic scratch-tests. The subsections succeeding this paragraph aim to 

provide a brief overview of the characterization technique, data analysis and any governing 

mechanisms. 

 
3.3.1. Scanning electron microscopy 

Electron microscopes are powerful imaging devices that use a focused electron beam to scan 

and survey a surface to generate images. 
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The interaction between a specimen's surface and the electron beam generates subsequent 

electrons also known as secondary electrons. When an electron beam interacts with a material, 

it looses energy and consequentially generates secondary electrons. Depending on the extent 

of inelastic interactions, a variation in primary beam energy is detectable. The variation 

occurs due to interactions with different depths of the material's surface, this is termed as the 

interaction depth. Depending on the interaction volume, emitted energies such as the Auger 

electrons and characteristic X-rays may also be generated long with secondary electrons. 

 
A schematic representing the generic interaction depths and electrons generated from 

a substrate is shown in Figure 16.127 

 

 

 
Figure 16: Electron-matter interaction volume and types of signal generated 127 

 

 

A complementary technique is Energy Dispersive X-Ray spectroscopy {EDX, performed in 

tandem with the scanning electron microscope {SEM}. It usually provides compositional information 

based on backscattered electrons and is xtremely useful in the identification of elements or also all 
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of the elemental composition of a sample.128 The average information depth for specific electron 

generation is; Auger electrons { ~ 0.4 - 5nm}, secondary electrons {~ 100nm}, backscattered electrons 

{~ 1µm} characteristic X-rays {~ 5µm) Bremsstrahlung X-rays and X-ray fluorescence {~ 5µm}, however, 

variation is possible in dependence of excitation energy and material properties.138 A typical image 

formed via the SEM technique is previously represented in Figure 9. 

 

 
3.3.2. Time of flight -secondary ions mass spectrometry (ToF-SIMS) 

Mass spectrometry {MS} is an analytical technique that measures the mass-to-charge ratio of 

ions. The results are presented as a mass spectrum, a plot of intensity as a function of the mass- 

to-charge {m/z) ratio.  ToF-SIMS  also  functions  on  the  same  principle,  the  difference 

being in  the type of  ion  generation  and  data  obtained  due  to  secondary  ion 

emissions by primary ion beam bombardment complemented by a ToF analyzer. It is a 

highly sensitive surface analysis technique that can provide information about molecules or 

surface components based on molecular mass and fragmentation behavior upon beam 

interaction. The sensitivity limits  lie  in  the  parts per  million  {ppm  to  parts  per  billion 

{ppb  range.129   The impinging  of  a  focused  ion beam on  the  materials  surface 

causes  desorption  of secondary ions from the sample's surface, and is followed by 

extraction of SI into the analyser, and a reflectron helps to improve mass resolution by 

removing potential spreads in kinetic energy of ions of the same mass and separation 

according to flight time. The impact of the ion beam causes not only the knock-off of 

ions and molecular fragments, but also species which can be detected with specialized 

instrumentation  for enhanced information  generation. Broadly,  the  working principle 

involves the knock-off of ions, molecular fragments, and neutral atoms in addition to the 

emission of electrons when the incoming ion beam impinges at the sample's surface. The 

resulting  output  is due  to  the behavior  of  the  primary  ion.  The  primary  ions 

transfer  momentum  through  the sample  and  consequently  knock  out  other 

species.143  A schematic of this process is represented in Figure 17.130 
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Figure 17: Knock out of ions through momentum transfer and typical time scales 130 

 

 

This phenomenon is termed a collision cascade, resulting in the ejection/desorption of atoms and 

molecules from the outermost layers. Furthermore, depending on the ion beam parameters, it is 

also possible to sputter large volumes rapidly, not only limited to surface material erosion. The 

extraction process is performed by the ToF  analyzer, wherein the generated ions are 

transported under either a positive or negative extraction potential. The ions of the opposite 

polarity are attracted to the applied direction of bias into the analyzer, where they are sorted based 

on their 'time' of flight inside the analyzer  and, which is proportional  to their mass. 

Mathematically the following equations govern the analysis, wherein the  terms  are 

represented as: energy E, charge z, potential U, mass m, velocity v, distance s, and time t. 

Speed is proportional to the distance and inversely related to time. Kinetic energy is the {m/z 

ratio of the secondary ions and is given as, 

E = zU = ½ mv2 

m/z = 2 U {t/s}2 

 
A noteworthy mention: doubly charged fragments will show a mass-to-charge ratio, m/z equivalent 

to a singly charged fragment, with half the mass. A schematic representation of the functioning 

principle of the ToF-SIMS is shown in Figure 18.131 
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Figure 18: Functional principle of a ToF-SlMS instrument and options for surface and bulk analysis of solid 

samples by (i) mass spectrometric analysis of surface borne secondary ions, (ii) imaging of the lateral 
distribution of secondary ions, and (iii) sputter depth profiling 131 

 

 

ToF-SIMS allows chemical mapping, i.e., imaging of the distribution of chemicals on surfaces, as the 

beam is rastered over the sample. Furthermore, ToF-SIMS is capable of providing information 

about the bulk of the sample when operated in a depth profiling mode. Depth profiling is 

primarily aimed at providing information on the local composition of material beneath 

the surface.132 It is achieved by sputter-induced material erosion  upon  ion 

bombardment, consequentially exposing the underlying area. A change in signal intensity as a 

function of time gives information about depth-dependent material composition. In 

combination with the pixel-wise information, also 3D-mapping of components can be 

achieved. It offers enhanced spatial and depth resolutions and higher specificity in 

detecting molecular species due to having high mass resolution.133  The  ToF-SIMS 

technique is semi-quantitative and complementary to the XPS technique which offers 

quantitative  information  on  atomic composition  and  the  chemical environment. 
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A large portion of the work in this dissertation relies on depth profiling of the nanotubes using ToF- 

SIMS. The working mechanism exploits a dual beam approach; a liquid metal ion gun {LMIG} for 

measuring and sputter erosion achieved using either a cesium {Cs} or oxygen {O2} gun. The 

technique is especially advantageous when analyzing insulating samples such as zirconia nanotubes 

because charging issues are overcome by neutralization using low energy flooding during the cyclic 

process.134,135 

 
Interpreting ToF-SIMS data 

As mentioned previously, ToF-SIMS data is semi-quantitative. This is primarily due to the different 

ionization probabilities for varying species and depends on interaction parameters and subsequent 

desorption/ fragmentation. It is especially relevant when evaluating the presence of salts, organics, 

and inorganics. The type of bonding also influences the subsequent breakage pattern of surface 

species. Fragmentation of organics needs to be considered carefully as the molecules may not 

undergo breakage according to conventionally weak links as deciphered based on molecular 

chemistry. The fragmentation pattern in ToF-SIMS depends on the type of cleavage, possible 

molecular rearrangements {McLafferty}, and additional effects due to 'pushing' of/on/ into, i.e., 

edge and matrix effects.136,137 Interpretation may not always be straightforward and 

information is gathered using a semi-quantitative analysis. This for example is ensured by 

investigating similar samples to avoid the influence of matrix effects; comparison of ratios rather 

than peak intensities to avoid variation in total ion yield. Furthermore, when investigating 

hierarchical or composite assembly in materials, sputter rates strongly depend on the sputtered 

material. Properties such as material hardness, density and even shapes can influence the resulting 

erosion by sputter beam.  Additionally, when characterizing inorganic samples in the depth 

profile mode, it is important to consider the energy of the primary ion beam. Depth profiling 

results are plotted against the characteristic  signals   of  the material  in question and 

their relative intensity as  a function  of sputter  time, a representative image is shown 

in Figure 19. 138 
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Figure 19: (a) 0ptical micrograph of the automotive paint multilayer cross-section, and (b) the corresponding 

ToF-SlMS secondary ion image showing the different layers. (c) The molecular depth profile of the paint layer 

using the Ar2000 cluster source, showing the intensity of the unique molecules in the clear-coat, base-coat, 

primer, e-coat, and the substrate as a function of time 138 

 

As a rule of thumb, the longer the sputtering time the deeper the interaction volume. An 

exception could be in the case of hard, heterogeneous materials where erosion is rather slow.133, 139 

Depth profiles are done in addition to surface analysis and are more suitable for multilayer analysis. 

Examples of information provided via ToF-SIMS analysis 
 

ToF-SIMS analysis provides a large amount of information pertaining to the presence of elements, 

molecules and compounds. Information on what is present on the surface of the materials under 

investigation, where it is located,, how is it interacting with the surface, how much of it is present, what 

state is something present on the surface to name a few. For example, consider a substrate made of 

zirconia nanotubes that is modified with organic molecules such as octadecylphosphonic acid {ODPA} 

and octylphosphonic acid {OPA} using different strategies, namely via soaking in a solution, also know as 

bulk immersion {BI} and alternatively by a soft lithography technique known as micro-contact printing 

{µCP}. In order to identify the successful deposition of the molecules onto the substrate and to 

differentiate one molecule from another, bearing the same functional group, during analysis 

characteristic molecular fragment signals and any variation in signal intensities are analyzed from ToF- 

SIMS data. 
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Figure 20 : ToF-SlMS analysis: Characteristic fragment (P03- m/z = 78.90) of unmodified ZrNT, 0DPA and 0PA 

modified ZrNTs using bulk immersion (Bl) and micro-contact printing (µCP) 

 

In the graph, it is evident that the unmodified substrate shows no phosphonic acid fragments as 

compared to the modified substrates. Since ODPA consists of a longer carbon chain attached to 

the phosphonic group, and has better packing density119, consequentially resulting in a larger PO - peak, 

as is observed here in comparison to the short chain OPA molecules. 

We can also see the effect the deposition strategy has, such that BI > µCP, this is perhaps due to the 

deposition of a greater number of molecules on the surface and also within the nanotubes during 

soaking. This is contrary to what happens when molecules are deposited via µCP, firstly a limited amount 

of molecules in total are transferred to the substrate. In addition to this, a majority of the molecules only 

remain on the tube mouths i.e., top most surface. Since, BI results not only in surface but also deposition 

of the organic molecules within the bulk of the nanotubes, we see a relatively higher signal intensity as 

represented by the higher peaks for both molecules, i.e., OPA and ODPA deposited via BI. 

 
There are plenty other areas that exploit the versatility of the ToF-SIMS analysis 

technique, extending to the fields of biomolecule detection, protein confirmation, electrode material 

distribution etc.131.132,139 
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3.3.3. X-ray photoelectron spectroscopy 

 
X-ray photoelectron spectroscopy {XPS} is often touted as the perfect complimentary 

surface characterization technique to ToF-SIMS due to the availability of quantitative 

information. It is a highly sensitive technique that provides information on the elemental 

composition, oxidation states, and bound states. The underlying working principle in XPS 

analysis exploits the role of the photoelectric effect.140,141,142 

Upon irradiation, an electron is ejected from the inner orbitals of an atom by an X-ray photon of 

appropriate energy. The emission process is not limited to the generation of photoelectrons and may 

also result in the generation of Auger electrons. A stark difference between the two situations is that 

XPS generates core-shell electrons, whereas Auger electrons are a three-step process. With the XPS 

technique, the chemical composition and intrinsic electronic state of a sample are evaluated, based 

on the emitted electrons as a function of their distinct kinetic energies. A schematic representation of 

the photoelectron generation process and the XPS analysis technique is represented in Figure 21.142 

 

 

 
Figure 21: Schematics of (a) photoelectron and Auger emission; (b) XPS spectra from a silicon wafer with a 

surface oxide irradiated with Mg-Ka 142 

 

Since, the primary energy source is always known hv, which is a product of Planck's constant and 
frequency of the photon, and consequentially the binding energy of the ejected core level electrons 

can be determined by the following equation.142 

 
Eb=hv-Ekin-<SA 
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Here, Eb is the binding energy of the target electron to the atom, hv is the photon energy of the X- 

ray, Ekin is the kinetic energy of the electron and (f)A as the work function of the analyzer. Since the 

analysis is performed by assessing the chemical shift of the photoelectron peak energy, any intrinsic 

changes in bonding behavior and neighboring atom interaction may be determined as a shift in 

spectral data in the form of variation in peak width, shape, and intensity.143 

Within this thesis, XPS was used for the quantification of SAMs on SAM-modified substrates via two 

different functionalization strategies, as mentioned in earlier sections. SAM quantification is based 

on surface coverage, type of molecule, and the deposition technique. The quantification 

of the surface deposition is complemented with ToF-SIMS in the depth profiling mode, 

for SAM-modified nanotubes. 

3.3.4. Other methods 

This section is written as a subsection in the characterization methods, as the techniques mentioned 

here are not limited to primary characterization methods {SEM-EDX, XPS and ToF-SIMS} that 

were focused on extensive chemical and physical, surface analysis. Herein, the 'other methods' 

investigate a wide array of properties not restricted to surface analysis. 

 
Optical microscopy 

 
 

Optical  microscopy  involves  using  a  light  source  and  lenses  to  illuminate  and 

generate magnified micrographs of a given material. The material analysis entails the 

investigation of chemical  and microstructure  investigation.  The  upper  limit  of 

magnification of optical microscopes is ~1000X, because of the limited resolving power of 

visible  light. A schematic representation  of  the  working  principle  of  a  compound 

light microscope is represented  in Figure 22.144,145  As shown in the figure, the objective 

lens is that which is near the object and it forms a real, inverted, magnified image of 

the  object.  This image thereafter serves as the object for the second lens. The viewing 

lens is known as the eyepiece, which functions like a simple microscope or magnifier for the 

final image. 
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It produces an image, which is enlarged and virtual. When the final image is formed at a near point, 

the first inverted image will be within focal distance. When the final image is formed at infinity the 

first inverted image will be at focal distance and ultimately, the final image is inverted with respect 

to the original object. 

 

 
Figure 22: Schematic of the working principle for a compound microscope 145 

 

The type of images formed depends on the illumination technique. Transparent materials are 

illuminated from below and solid {opaque} objects by passing light through bright field analysis or 

in dark field mode around the objective lens. For crystalline materials, polarized light may be used 

to determine crystalline orientation. 

 

 
Figure 23: Schematic representing bright field and dark field analysis 144 

 

 

Unlike in the case of bright field lighting, wherein reflected light is imaged, in dark field lighting only 

the scattered light is captured. Hence, by imaging only the scattered light, defects around surfaces 

and edges appear prominently within the image as they are the things that best scatter light. 
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Optical profilometry 

 
Optical profilometry is a technique that uses light instead of the physical probing of surfaces. It 

is  used  in  topographical  studies  resulting  in  three-dimensional  data  of  the 

probed surface.146 A schematic of the working principle of an optical profilometer is 

represented in Figure 24.147 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 24: The working principle of optical profilometer 148 

 

Optical profilometry {confocal microscopy/interferometry} is a non-contact imaging method for 

observing and characterizing the topography of surfaces over measurement ranges from tens of 

µm2 to a few mm2, with a lateral resolution of 200 nm and depth resolutions from nm to several 

mm. 

 
X-ray Diffraction (XRD) 

 
Diffraction is the phenomenon of 'waves' spreading around obstacles. In XRD, X-rays interact 

with matter to determine the crystallographic structure of a material. When an incident beam 

interacts with the atomic planes of crystals, it generates interference patterns.140 These patterns 

tend  to  be  intrinsically  specific.  The  analysis  involves  measuring  the  intensities 

and scattering angles  of  the  X-rays  leaving  the  surface  of  the  material.149  Two 

types of interference are observed; constructive, i.e., when the wave behavior is 

additive, or destructive when waves are subtractive. Both phenomena are governed by 

Bragg's law. A schematic of interference at crystallographic planes is shown in Figure 25.140 
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Figure 25: Schematic illustration of the Bragg equation with incident and reflected X-rays on two scattering 
planes, showing the lattice distance d, the half scattering angle 8, the wavelength il and the path difference 

defined by Bragg's law 149 
 

 

Braggs law is numerically represented in the following equation, 

 

2.d.sinJ = nil 

Here, d is the inter-planar spacing, 8 is the angle of incidence and n is an integer and il is the 

wavelength of the incoming beam.148,150 XRD can be used to determine the orientation of the 

individual grains of a crystal and also to identify crystal structures in unknown substances as X-Ray 

wavelength is in the range of atomic spacing and crystals make precise diffraction gratings 

 
Contact Angle Measurements 

An angle that is measured on the surface of any material through a droplet at the solid- 

liquid-vapor interface may be defined as the resulting contact angle.151 Alternatively, as 

the wettability of a surface, i.e., the capacity to promote interfacial surface interaction 

when liquids come in contact with a solid surface.152 The type of liquid used influences the 

contacting response. The final shape of the droplet indicates the extent of wettability, 

such that complete wetting happens when a liquid film is formed. Film formation is observed due 
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to droplet coalescence  and   spreading  on  the  area  of  contact,  and  such  surfaces 

are  termed hydrophilic.153 Alternatively, when liquids  'ball  up'  to  minimize  surface 

energy and form nearly spherical droplets, such interactions are termed hydrophobic.154,155 

The surface energy is calculated via the Young-Laplace equations as shown in the 

following, it defines the strength of the solid-liquid interface formed.161 

ysg= ysl+ylg* COS(0) 

Herein, the surface energy is denoted using y and the subscripts: s, l and g, stand for solid, liquid 

and gas, respectively, as are represented in Figure 26.154 

 

 
Figure 26: A drop of water on an ideal solid substrate 162 

 

A hydrophilic material will prefer to minimize its surface energy by forming an interface with 

water instead of air, and this energy difference determines the eventual contact 

angle.152,156 A schematic representation of the influence of surface energy and surface 

tension concerning wettability is shown in Figure 27.157 A rule of thumb is that low-energy surfaces 

inhibit wetting, and high-energy surfaces promote wetting. Contact angle analysis may be 

performed using various liquids such as water, oil, solvents etc. 

Water Contact Angle (WCA) 

In the context of this work, contact angle measurements were extensively performed using 

water and hence, will ubiquitously be refereed to as water contact angles {WCA}. Herein, WCA 

provided a fast and easy strategy to confirm changes in surface modifications as a function 

of wetting behavior. Solid surfaces subjected to physical surface modification as in the case of 

nanoporous or nanotubular oxide formation, showed a change in wettability. 
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Alternatively, for surfaces chemically modified via SAMs, the successful deposition of SAM 

modification was primarily evaluated as a function of the wetting response. 

 

Figure 27: lnfluence of surface energy and surface tension in wettability response 157 
 

 

SAMs used in this work are long-chain carbohydrates and are hydrophobic. Hence, when a 

metal oxide undergoes successful chemical modification, a change from hydrophilic 

behavior shown by MOs {due to surface hydroxyl groups} is transformed into hydrophobic 

tendencies due to an intermediate organic molecule layer consisting of hydrophobic tail groups. 

 

 
Cassie- Baxter (CB) state and its effect on nanotubular surfaces 

 

 
The Cassie- Baxter {CB} state is the name given to a physical phenomenon involving the formation of 

a nearly spherical water droplet atop of a homogeneously rough surface. This state entails a 

depiction of real systems which consist of micro-roughnesses. CB equations evolved from modified 

Young and Wenzel equations, with a specific focus on on porous systems, where a liquid does not 

penetrate the grooves on rough surface and leaves air gaps entrapped under a contacting droplet. 



59 
 

 
 
 

 
A schematic representation of the transition from homogeneous flat surface, i.e., Young's state, 

to the incorporation of micro-roughness in the Wenzel state, followed by the addition of 

trapped air in the asperities under the CB regime and is depicted in the following figure. 

 

Figure 28: Different contact angle scenarios 158 

 

When water has a contact angle between 0°< e < 90°, then the surface is termed hydrophilic, 

whereas a surface producing a contact angle between 90° < e < 180° is hydrophobic. In the special 

cases where the Contact angle is e > 140°, then it is known as superhydrophobic. A noteworthy 

mention is that the water repellency of biological objects is widely attributed to the Cassie-Baxter 

equation, an example of the same is the Lotus effect. This results in the rolling-off of water 

droplets on certain leaf structures such as the lotus leaf, water lily pads, etc., that consist of 

hydrophobic micro-nano hairs on the surface of the leaf bed. 

 
Ultraviolet- Visible light Spectroscopy (UV-Vis Spectroscopy 

 
Spectroscopy, as a technique, deals with the measurement and interpretation of the 

interaction between matter and electromagnetic radiation. UV-Vis spectroscopy specifically 

deals with the interactions of ultraviolet and visible regions of the electromagnetic spectrum. 

Once incident light interacts with a specimen, one or a combination of reflection, absorption, or 

transmittance happens. A schematic of a dual-beam UV-Vis spectrophotometer is shown in Figure 

29.159 
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Figure 29: Schematic of the working principle of a dual beam UV-Vis spectrophotometer 160 

 

 

In the identification of dissolved components in solutions, absorption behavior may be used to 

identify the presence of existing species in a known medium under light-induced excitation in the rt- 

band of molecules. Excitation occurs as a result of electron transfer from the Lowest Unoccupied 

Molecular Orbital {LUMO} to the Highest Occupied Molecular Orbital {HOMO} as shown in 

Figure 30.160 

 
 

 

 
Figure 30: 0rbital excitation upon light absorption 160 

Light absorption is related to the relative concentration of the constituents in a carrier 

solvent. Concentration can be determined using the Beer-Lambert law and is represented in the 
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The CoF is a measure of the amount of friction that exists between two surfaces in contact with 

one another, providing information on the ability to resist motion or alternatively slipping 

and  sliding  over  one  another. Alternatively, it offers insights into the adhesion 

behavior between layers.165 A schematic of a representative scratch test is shown in the 

previous page in Figure 31.163 The indenter may be diamond-tipped, spherical, or hexagonal 

heads and maybe be made of varying types of materials such as silicon carbide, zirconia, etc., 

to name a few. This technique is extremely useful to determine adhesion strength of 

coatings to the underlying substrate and may also be used to evaluate mechanical properties 

such as resistance to scratch and delamination of such coatings. 
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ToC-4.1- Superhydrophobic SAM modified ZrNT coatings for outdoor applications 
 

 

The article in this section introduces the synthesis of zirconia nanotubes {ZrNTs} via a single-step, 

one-pot electrochemical anodization strategy. The highlight remains in avoiding the use of pre- 

etching steps with hydrofluoric acid {HF} acid and addresses the first objective of this dissertation: 

 
'Establishing an anodization protocol to minimize operator-risk and optimization of experimental 

parameters to develop robust nanotubular geometries.' 

 
In addition to this, an introduction into the possible surface modification of zirconia substrates, 

compact oxides, and ZrNT is successfully performed. The functionalized zirconia substrates are 
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compared to reference material titania {TiO2} in the form of compact oxide, and nanotubes {TiNT} 

respectively. The Zr and Ti substrates were rendered hydrophobic using octadecylphosphonic 

acid {OPA} SAMs, and these specimens were further investigated based on their performance 

as superhydrophobic surfaces aimed toward self-cleaning applications for outdoor surfaces. Due 

to the inert nature of Zr, the  SAM-modified  Zr  substrates  had  superior  longevity 

and hydrophobic behavior even after prolonged periods under several experimental 

conditions: exposure to sunlight, simulated UV exposure, and storage in aqueous media. This 

result was in strong contrast to the semiconducting Ti counterparts that underwent catalytic 

degradation of the hydrophobic organic coatings due to the photocatalytic activity of the 

underlying substrate. Therefore, OPA-modified ZrNTs are touted as superior candidates for such 

applications. 
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A  R  T  I  C  L  E I N  F  O  
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Optical coatings 
Self-assembled monolayer (SAM) 
ToF-SIMS 
XPS zirconia 
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Nanostructure 
Superhydrophobicity 
Self-cleaning 

A  B  S  T  R  A  C  T  
 

Surface modifications influence material interactions such as wettability, imparting hydrophobicity or hydro- 
philicity. Mainstream research focused on enhancing product shelf-life directs attention towards super- 
hydrophobic surfaces (SHS). SHS offer several benefits for out-door applications such as self-cleaning, anti- 
soiling, anti-mist etc. Recently, such surfaces were created by hydrophobization of anodized titania, which 
although effective lacked a long-term stability of their hydrophobic modifications due to it being susceptible to 
UV-mitigated degradation. In light of this situation, ZrO2-nanotubes are evaluated with regard to their appli- 
cation as transparent UV-stable superhydrophobic coatings. Nanostructured oxide surfaces are created via single- 
step electrochemical anodization. The absence of HF acid-based pre-etching steps offer a safe and alternatively a 
green synthesis route. Anodized oxides are modified using octadecylphosphonic acid (OPA) self-assembled 
monolayers, demonstrate superhydrophobicity and are at par with conventionally employed coatings such as 
PTFE, PFDPA and PTES. The OPA-coatings are evaluated for their mechanical stability under a jet of water, 
chemical stability under indirect sunlight irradiation in air/water and direct UV exposure. Zirconia nanotubular 
films were evaluated for optical transparency using light microscopy and surface wettability of the different 
zirconia-composites was compared to the model system - titania. Structural and compositional differences of the 
SAM layer upon time dependent decay were analyzed with X-ray photoelectron spectroscopy. 

 
 

 
1. Introduction 

 
Surface modifications have been widely employed in materials as a 

means of pre-treatment and in some cases as the final step that offers the 
required functionality. Passivating surfaces via electrochemical anod- 
ization can create micro- to nanostructured oxide layers [1,2]. Tailoring 
material surfaces can influence subsequent interactions such as the 
wetting behavior. Surface wettability plays a vital role in developing 
super-hydrophobic surfaces (SHS). SHS surfaces are of interest due to 
their self-cleaning properties owing to their high contact angle > 150˚ 

resulting in non-wetting behavior and are ideal for outdoor applications 
that require little to no interaction with ambient environmental condi- 
tions. Titania nanostructures have garnered significant interest owing to 
their multifaceted attributes and researchers have successfully created 
SHS on anodized titania by hydrophobization.[3-6] A comprehensive 
overview can be found in Lai et al even advanced systems like switchable 
superhydrophobic patterns have been demonstrated [7]. Titania is re- 
ported to have photocatalytic properties allowing for efficient decom- 
position/degradation reactions [8]. However, this feature works against 

SAM coated titania optical systems, especially for outdoor applications, 
as it is susceptible to increased degradation. In light of this situation, it 
would be advantageous to have a material that is not as photocatalyti- 
cally 'active’, but offers comparable or superior SHS properties. 

Zirconia is a valve metal belonging to the group IV- Titania family 
and having a wide band gap in the range of 5-7 eV, resulting in lower 
absorption in certain spectral regions [1,2]. Zirconia offers impressive 
electrical, optical, chemical and mechanical properties [9–11]. 
Metal-oxide nanostructures such as ZrO2 can be synthesized via elec- 
trochemical anodization involving the systematic growth and dissolu- 
tion of metal-oxide layers in the presence of an electrolyte in an 
electrochemical cell. Organic electrolytes promise a high degree of 
self-ordering in this process and often require a harsh hydrofluoric (HF) 
acid pre-etching step in order to produce well-ordered nanoporous 
structures. In this work, we produce distinct, highly-ordered and stable 
nanotube arrays using a modified variation of the fluoride based organic 
electrolyte as prepared in Amer et al. [12]. The possibility of creating 
nanostructures in a single step process without the use of a strong HF 
acid pre-etching step makes this a relatively less toxic/hazardous, more 
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user and environmentally friendly practice whilst being strongly 
reproducible. 

Zirconia nanostructures have potential applications in the field of 
catalyst production, electrodes, fuel cells and more recently as bio- 
ceramic implants owing to their non-toxic nature and ability to pro- 
mote cell growth [10,13,14]. Anodized ZrO2 substrates have high sur- 
face energies and tend to promote enhanced adhesion/binding of thin 
organic films on the metal oxide surface capable of eliciting different 
surface behavior [15]. Spontaneously forming SAMs can readily modify 
surfaces into SHS and have been extensively researched and developed 
for a myriad of applications ranging from anti-fog coatings, 
anti-dirt/freeze, drag reducing surfaces to anti-bacterial biomedical 
surface modifications [16–20]. SHS in addition to self-cleaning 
behavior, enhance the shelf life and prolong functionality of the un- 
derlying working surfaces. Many techniques have been developed in 
order to form effective SHS via SAM functionalization. SAMs can be 
produced on oxide surfaces, e.g., through PVD, electro-deposition, 
micro-contact printing and the more commonly used immersion in 
bulk solution [17,21–24]. The prerequisites while choosing SAM mole- 
cules for the purpose of creating SHS on zirconia are strong binding 
affinity and integrity of the single layer coverage. Phosphonate head 
groups have been reported to easily attach to a wide range of oxide 
surfaces including ZrO2 [25–28]. Gawalt et al. investigated the adsorp- 
tion of octadecylphosphonic acid (CH3(CH2)17PO3H2, OPA) on titania, 
the same was further pursued for other metal oxide surfaces and Gao 
et al. [27,29] reported that phosphonic acids react strongly with ZrO2. 
The reaction mechanism suggests that binding occurs at the interface via 
P-O-M (M is for metal) bond formation. Metal oxides are terminated 
with surface hydroxyl groups (M-OH) and as a result of condensation 
reactions with phosphonic acid groups (P-OH), form P-O-M bonds, 
imparting a covalent bond formation. 

Chang et al. mention the possibility of using ZrO2 in the fabrication 
of transparent optical devices [30]. It has a niche application area as 
optical coating as it is a high index material that can be used from 
near-UV to mid-IR range. Composites made of ZrO2 coated with OPA 
self-assembled monolayers (SAMs) may be capable of acting as optically 
clear super-hydrophobic coatings, which could be interesting, e.g., for 
solar cell or window coatings. 

The present work investigates the fabrication of ZrO2 structures 
consisting of compact oxide and nanotubular oxides. The morphology of 
these oxide surfaces was characterized using SEM and XRD. In addition 
to anodization procedures, the integrity of OPA SAMs on amorphous 
zirconia and titania (as a reference material) will be extensively 
analyzed. Emphasis is placed on the monolayer stability upon ambient 
as well as water-immersed, sunlight exposure and UV light irradiation. 
(Super-)hydrophobicity was assessed as a measure of wettability of the 
composite surfaces using water droplets via sessile drop contact angle 
measurements. The mechanical stability of the OPA SAM under a 
continuous water jet was also assessed as a function of decreasing hy- 
drophobicity. Surface analysis furthermore was performed via ToF-SIMS 

and XPS. 
 

2. Results and discussion 
 

When Zr is anodized under appropriate conditions in an organic 
electrolyte, a resulting oxide film showing uniform nanotube arrays can 
be achieved as represented in Fig. 1. (Anodization of zirconia: SEM 
micrographs – (a) anodized ZrO2 top, (b) anodized ZrO2 cross-section 
and ZrO2 XRD (inset)). The SEM micrographs depict circular 
morphology of the individual ZrO2 nanotubes and an average layer 
thickness of 9 μm obtained after 30 min of anodization. The structural 
integrity of the coatings formed in the absence of pretreatment step(s) as 
reported in this work are comparable to those reported for samples 
undergoing pre-treatment requiring immersion in HF-containing solu- 
tions. This growth model, although identical in morphology to previ- 
ously reported morphologies, in reality reports on improved production 
quality while minimizing fabrication duration and fabrication hazards 
[31–33]. The oxide layers formed are thick, continuous and robust on all 
geometries of substrate materials investigated. Fig. 1. ((b)-inset) shows 
X-ray diffraction (XRD) analysis of the ZrO2 nanostructures. The 
as-anodized samples consist of amorphous ZrO2 nanotube arrays as the 
signals appearing at 35◦ (002), 37◦ (101), 48◦ (102) and 64◦ (003) are 
characteristic facets of Zr metal, which is the substrate in this case [34, 
35]. The coatings are transparent to more than 80% of white light (cf. 
Supporting information Fig. S5.) 

The nanostructured ZrO2 layers were rendered hydrophobic by 
adsorption of a SAM of OPA molecules, a long chain aliphatic phos- 
phonic acid. The hydrophobicity of the layer depends on the extent and 
quality of P-O-M bond formation. These bonds elicit strong binding 
forces due to the coordination of phosphoryl oxygen to the Lewis acidic 
sites on the surface. It is expected that alkane phosphonic acid densely 
packed films assemble as a result of hydrogen-bonding between the head 
groups along with Van der Waals interaction with the methyl units [29]. 
Phosphonic acids were previously shown to form stable bonds to ZrO2 
[27]. Additionally, surface energy, topography and homogeneity also 
play a crucial role in influencing the hydrophobicity. Functionalized 
nanostructured surfaces reportedly trap larger volumes of air within 
their asperities in order to stabilize the Cassie-Baxter state responsible 
for the super hydrophobicity as depicted in Fig. 2 a. (Schematic- 
Cassie-Baxter model)[36]. Native oxide is the air formed oxide layer 
present on the as-received (and cleaned) Zr foil [33]. Compact oxide 
(SEM image can be found in Fig. S1) and nanotubular ZrO2 were ob- 
tained by anodization. The controlled formation of anodic oxide layers 
shows a clear improvement in hydrophilicity, cf. Fig. 2 b. (Comparison 
of surface hydrophobicity pre and post modification with ODPA SAMs 
on anodized ZrO2), which indicates an improved oxide quality and pu- 
rity of the anodic layers. Due to the increased surface area, the nano- 
structure permits fluid infiltration and consequently enhances wetting. 
Post SAM functionalization, only a moderate increase in hydrophobicity 
(35˚to 75˚± 3◦) is observed for native ZrO2 whilst the compact oxide 

 

 
 

Fig. 1. Anodization of Zr: SEM micrographs (a) anodized ZrO2 top, (b) anodized ZrO2 cross-section and ZrO2 XRD (inset) 
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Fig. 2. (a) Schematic - Cassie-Baxter model, (b) Comparison of surface hydrophobicity pre and post modification with ODPA SAMs on nanotubular ZrO2 
 

shows a clear enhancement in contact angle (17◦ to 140◦ ± 2◦), as shown 
in Fig. 2b. The nanotubular ZrO2 can even be switched from super- 
hydrophilic (0◦) to superhydrophobic (155◦± 5◦) upon simple immer- 
sion in an OPA solution. The tube length did not influence the 
hydrophobic nature of the coating. [37] Additionally, the presence of 
the OPA- SAM was confirmed via ToF-SIMS and the spectrum can be 
found in the Supporting Information, Fig. S2. We conclude that OPA 
forms a superhydrophobic self-assembled monolayer on zirconia 
nanotubes. 

In this work, we test 'OPA – SAM based SHS ZrNT’ composite as UV- 
stable superhydrophobic coatings. The intended use of the material is to 
function as an optically clear self-cleaning surface, which may improve 
longevity of any underlying working surface, e.g., in outdoor solar cells 
under irradiated conditions. Sunlight consists of three major compo- 
nents, visible light, ultraviolet light (UV) and infrared radiation (IR). UV 
light components that can potentially influence within the earth’s at- 
mosphere are further split into long wave UVA (315–400 nm) and short 
wave UVB (280–315 nm). UVA light makes up a larger portion and 
penetrates deeper. In order to test the stability of the composite systems, 
the first experimental setup involves indirect irradiation (ambient and 

water-immersed) wherein samples are subjected to UVA light only, as 
clear glass (windows and containers) that are transparent to visible light 
absorb nearly all UVB [38,39]. Triplicate sample sets were assembled 
onto a windowpane with the SAM face-side towards the window, 
exposed for a period of up to 50 days. The SAM stability was evaluated 
by contact angle measurements after 1, 5, 14, 21 and 50 days. Fig. 3 
(Top), (Wettability measurements of OPA modified ZrO2 nanotubes 
upon sunlight exposure in air (Contact angle versus Time)) shows the 
change in hydrophobicity with respect to the exposure time, solid lines 
are only to guide the eye and dotted lines are the mathematical pro- 
gression based on a fit. It is interesting to note that, a linear regression 
would have sufficed for TiCO samples, wherein a continuously decaying 
WCA is observed. However, the same may not be ideal in the case of 
Zr-substrates due to WCA stabilization and therefore results in a poor fit. 
Zirconia nanotubes have an initial contact angle well above 160◦± 2◦; 
the water droplets kept rolling off the surface and actually could only be 
measured on defective sites of the material (cf. Supporting Information, 
Fig. S3). As a reference material, commonly used nanostructured titania 
was used as represented in the Supporting Information, Fig. S4. In 
comparison, the titania nanotube samples show superhydrophobicity at 

 

 
 

Fig. 3. (a) Wettability measurements of OPA modified oxide surfaces upon sunlight exposure in air (contact angle versus time, solid lines are guide to the eyes, dotted 
lines represent the theoretical curve progression according to static Cassie-Baxter- model) and corresponding contact angle images; (b) Schematic representation of 
the initial change in WCA as a function of time dependent SAM ordering. 
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(156◦± 2◦) on day zero. The slightly lower value may be indicative of a 
relatively lower initial coverage density of OPA molecules. Both ZrNT 
and TiNT show a similar rapidly decreasing trend in hydrophobicity 
with an average decrease of (15± 3◦) in contact angle measurements 
within the first 5 days after synthesis. A possible explanation for this 
behavior could be attributed to the reversible nature of condensation 
reactions. This could imply that repeated contact angle measurements 
can result in dissolution of OPA from investigated regions, exposing the 
underlying substrate and subsequently making it permeable to more 
water molecules. Alternatively, If the OPA coverage is not ideally dense 
packed, molecules may be attached in random, partially folded orien- 
tations and an unfolding of the chain may result in surface exposure. A 
schematic in Fig. 3 (Bottom), elucidates the reordering mechanism of 
the OPA molecules. Further, it is interesting to see a stabilization of 
contact angle after 14 days for both zirconia nanostructure and compact 
oxide, while for TiNT a constant value is only reached after 21 days and 
for TiCO not even after 50 days. This is evident from the dynamically 
decreasing WCA for Titania whereas in the case of Zirconia, it plateaus 
as shown in stage II ordering over time. Zirconia’s enhanced stability is 
attributed to the quality of OPA-SAM coverage which is denser (1.02 ± 
0.06 nm, (cf. Supporting Information, Fig. S2)) and more strongly bound 
to the substrate as is affirmed in the following experiments within the 
manuscript [40]. The contact angle decay measured in air is apparent 
when comparing the values of day 0 and day 50, ZrNT (>160◦ → 

145±2◦), TiNT (156◦ → 127◦±2◦), ZrCO (140◦ → 116◦±2◦) and TiCO 
(130◦ → 40◦±3◦). ZrNT samples stored under ambient conditions in the 
dark for a period of 50 days show similar stability to their irradiated 
counterparts, i.e., they maintain hydrophobic behavior and a contact 
angle of 145±3◦ was recorded as on day 50. This indicates that the 
observed decrease in contact angle is probably induced by the mea- 
surement itself and not by the irradiation conditions. Zirconia compact 
oxide even shows a comparable behavior to titania nanotubes and this 
indicates towards zirconia’s superior bond strength and packing density 
as previously mentioned. The TiCO samples show a much faster linear 
decay rate throughout the 50-day period. The constant decay observed 
for titania is presumably a result of the photocatalytic self-cleaning 
properties of TiO2, the oxide actively destroys attached SAM mole- 
cules when irradiated. Photo-degradation is the process of material 
alteration in the presence of light and air, the degradation route involves 
oxidation and hydrolysis [41]. Such reactions are initiated upon photon 
absorption, energy transfer, molecular excitation and spontaneous 
radicalization in the presence of O2 and H2O [37]. Titania reportedly has 
a bandgap of (3.2 eV) and is widely accepted as an effective photo- 
catalyst, implying that in the presence of light photolysis occurs [42–

44]. On the contrary, zirconia has a phase dependent wide bandgap 
(3.25–5.60 eV), amorphous zirconia is reported to show values greater 
than 4.2 eV, this is clearly larger than the excitation energy needed for 
titania [19,45–48]. Here, we could show that UVA light is sufficient for 
inducing degeneration of adsorbed functional SAMs on TiO2, i.e., the 
suitability of TiO2 coated with functional monolayers for indoor 

applications is also limited. Due to its wider bandgap, ZrO2 is catalyti- 
cally 'inactive’ under sunlight and does not exert active photo- 
degradation, thus the hydrophobic SAM is able to remain intact on its 
surface. 

It is interesting to note that photocatalytic degradation on TiO2 
works best in the presence of ambient humidity and H2O, as it is ener- 
getically favorable to form OH-radicals [32]. Thus, a greater deviation in 
stability of the hydrophobic coatings for ZrO2 and TiO2 is expected in the 
presence of water. Further, in another experimental setup, the respective 
sample sets were immersed in H2O in transparent Schott glass con- 
tainers, under sunlight. Fig. 4 (Wettability measurements of OPA 
modified ZrO2 nanotubes upon sunlight exposure in water-immersed 
condition (Contact angle versus Time)) depicts the trends observed in 
the presence of aqueous medium. Contact angles measured after 1-day 
immersion and after 21 days amount to ZrNT (160◦±2◦→ 130◦±2), 
TiNT (< 155◦±2◦ → 112◦±2◦), ZrCO (125◦±1◦ → 96◦±1◦) and TiCO 
(95◦±2◦ → 76◦±2◦). It can be concluded that the stability of the hy- 
drophobic coatings is also clearly enhanced for ZrO2 surfaces in aqueous 
environment. The initial packing density of the SAM is essential when 
considering the integrity of the composite system as it also contributes to 
improved hydrophobic behavior accompanied by the larger volumes of 
trapped-air within the nano-structured asperities. Surface hydration 
may affect the arrangement of the molecules within the monolayer and 
this, consequently may influence the diffusion of oxidizing species. In 
the presence of water, additionally a hydroxyl mediated degradation has 
a higher possibility than when exposed only to air. An ideal case of full 
surface coverage prevents adsorption of water [25,28]. However, as 
concluded in the previous section, real systems have less than ideal 
coverage and as condensation reactions typically are reversible, a 
greater amount of exposed surface promotes the accessibility for further 
H2O molecules and the desorption of molecules. The stability of the OPA 
SAM in aqueous environment was furthermore evaluated by XPS. Fig. 5 
(Elution of hydrophobic OPA SAM from compact oxide substrates upon 
immersion in H2O after 7 days; ZrO2 and TiO2) depicts the elution of 
OPA-SAMs from ZrCO and TiCO samples over a 7-day period. 

We conclude that Zirconia samples show a slower rate of destruction 
of the OPA-SAM on their surface and continue to remain hydrophobic at 
extended duration in water and under sunlight exposure, probably due 
to an improved packing density, higher desorption resistance and the 
lack of photocatalytic self-cleaning properties of the material. 

The mechanical stability of the OPA-ZrO2 coatings were additionally 
evaluated under a continuous jet of DI water for 1 min. Fig. 6 (Hydro- 
phobic film stability pre/post water flushing (Contact angle versus 
Time)) depicts an average percental loss (measured as a function of 
contact angle) of (-13 ± 0.34%) in film coverage. It is noteworthy to 
mention that the contact angles represented in Fig. 6, were possible to 
measure only along visible defects on the surfaces i.e. cracks/ scratches 
(probably created during experimental handling), (cf. Supporting In- 
formation, Fig. S3). Furthermore, over 70% of water droplets continued 
to roll of the surface during the flushing experiment. Repetitions of the 

 

 
 

Fig. 4. Wettability measurements of OPA modified oxide surfaces upon sunlight exposure in water-immersed condition (contact angle versus time),-solid lines are a 
guide to the eye. 
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Fig. 5. Elution of hydrophobic OPA SAM from compact oxide substrates upon 
immersion in H2O after up to 7 days; C1s on ZrO2 and TiO2 compact 
oxide (XPS). 

experiment did not lead to any further decrease of contact angles, 
indicating that only a fraction of the initially present OPA molecules is 
weakly bound to the ZrO2 surface. This experiment indicates that the 
observed contact angle decay on ZrNT during sunlight exposure in 
aqueous environment can be solely explained by desorbing OPA mole- 
cules from the ZrO2 surface. 

To evaluate the role of 'active photodegradation’ as a responsible 
source for the preferential OPA-SAM destruction on TiO2, a set of ex- 
periments was performed under harsh UV light exposure (400 W Xe 
lamp) on OPA-SAM coated ZrO2 and TiO2 samples. Fig. 7. (Wettability 
measurements of OPA modified ZrNT and TiNT upon UV exposure in air 
(Contact angle versus Time)) and Fig. 8. (XPS spectra: UV irradiation of 
OPA modified ZrCO and TiCO) depict the trend in wettability and 
integrity of the SAM upon UV exposure. While the ZrNT samples show a 
hydrophobic surface over the entire duration of UV-light illumination, 
an accelerated decay of the OPA SAM is obvious on the TiO2 samples. A 
change to hydrophilic behavior is observed after -7 min irradiation, 
which in turn is correlated to a significant loss of carbon signal from the 
material’s surface as observed in XPS, indicating decomposition or 
desorption of the OPA monolayer. The inferior stability of hydropho- 
bicity on TiO2 is predominantly attributed to the destruction of the OPA 
monolayer under active photocatalytic conditions. The expected 

 

 
 

Fig. 6. Hydrophobic film stability pre/post water flushing for 1 min on Zr-NT samples 

 

 
Fig. 7. Wettability measurements of OPA modified ZrNT and TiNT upon UV exposure in air (contact angle versus time),-solid lines are a guide to the eye. 
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Fig. 8. XPS spectra: UV irradiation of OPA modified ZrCO and TiCO. 
 

lifetime of a superhydrophobic coating consequently is dependent on the 
substrate’s bandgap and in conclusion, ZrO2 coatings are promising for 
application in superhydrophobic materials for both outdoor and indoor 
applications. 

We summarize that the order of increasing SAM layer integrity on the 
substrate surface is such that ZrO2> TiO2 and anodized NT > anodized 
CO. Zirconia and titania samples show similar trends within their 
respective class of oxide structures (nanotubes and compact). The exact 
same translation within the sample types and classes suggest that the 
mechanism for SAM degradation consistently depends on the 'active’ 

photocatalytic nature of the substrate, in combination with elution of 
weekly bound molecules. 

 
3. Conclusion 

 
In this work, we synthesize ZrO2 nanostructures via a single-step 

anodization process in the absence of hazardous HF acid containing 
etchants and render the surface superhydrophobic via OPA SAMs. The 
integrity of the OPA SAMs on ZrO2 nanotubes was extensively compared 
to ZrO2 compact oxide and also to the widely investigated TiO2 nano- 
structures. Therefore, the interaction and stability of OPA SAMs with 
oxide nanostructures of titania and zirconia under broad wavelength 
and UV-light exposure under different conditions were investigated. 
Wettability assessments confirm the relatively higher stability of 
zirconia-SAM composites for both classes of oxide-structures. It was 
found that a certain fraction of the OPA SAM can be removed by 
exposure to water. Investigation of the degradation behavior under UV- 
light exposure confirms the hypothesis that SAM degradation predom- 
inantly depends on the 'active’ photocatalytic nature of the substrate. All 
results indicate towards the superiority of the zirconia-SAM based 
composites and such systems are promising candidates as stable optical 
coatings for outdoor applications. 

 
4. Experimental Section/Methods 

 
All chemicals were purchased by chemical suppliers and used 

without further purification. All organic solvents were of water-free 
grade. 

 
4.1. Substrate preparation 

 
Zr foil (99.2% purity, Goodfellow UK, 0.125 mm thickness) and Ti 

foil (99.6% purity, Advent Ltd., 0.1 mm thickness), were ultrasonically 
cleaned in ethanol and DI water and anodized using a Pt-sheet as the 
counter electrode. In order to synthesize compact oxide (CO) layers, the 
metal foils were anodized at 30 V respectively for 30 min in 1M H2SO4 
(Merck). For nanotubes (NT) Zr was anodized at 50 V for 30 min and Ti 
at 50 V for 2 h in a glycerol-based electrolyte containing 30 vol% 
formamide, 2 wt% NH4F (Merck) and 2 wt% distilled water respectively. 
Anodization was carried out using a high-voltage potentiostat (Jaissle 
IMP 88-200 PC), connected to a digital multimeter (Keithley 2000) 

interfaced to a computer. All samples were rinsed thoroughly with DI 
water after the anodization process and dried under a stream of N2. 

 
4.2. SAM formation 

 
Self-assembled monolayers of OPA (Merck) were prepared by im- 

mersion of as-prepared samples of zirconia and titania in solutions 
containing 10 mM OPA in tetrahydrofuran (THF, Roth) for a duration of 
6 h at ambient conditions. Upon removal, the samples were rinsed in 
pure THF for 30 s and dried under a filtered nitrogen stream. 

 
4.2.1. SAM degradation 

SAM coated oxides were subjected to indirect irradiation in air and 
underwater under sunlight for a period of 1, 3, 7, 14, 21 and 50 days 
complimentary to tests under direct irradiation using a UV lamp (Her- 
aeus Noblelight DQ 2523 mercury lamp with 400 W power output) for 
the duration of up to 10 min at a distance of 15 cm under the lamp 
source. 

 
4.3. Mechanical stability 

 
OPA-SAM coated ZrNT samples were subjected to a jet of DI water at 

a flow rate of 1 ml/s for a duration of 1 min and dried under an N2 stream 
for 20 s. Sessile water-droplet contact angle measurements were made 
before and after the flushing experiment. The percental loss of hydro- 
phobicity was measured as a function of contact angle. 

 
4.4. Characterization and surface analysis 

 
The morphology of the anodized samples was evaluated by field 

emission scanning electron microscopy (FEI FEG Quanta 240 ESEM). 
Surface modification with OPA was evaluated using a ToF-SIMS IV in- 
strument (ION-TOF, Munster). Positive static SIMS measurements were 
performed on zirconia and titania compact oxide samples. XPS mea- 
surements were conducted on a high-resolution X-ray-photoelectron 
spectrometer (PHI 5600) using mono-chromated Al K∝ radiation 
(1486.6 eV) for excitation. The binding energy of the target elements 
was determined at a pass energy of 23.5 eV and a total energy resolution 
of < 0.4 eV, values were recorded every 0.1 eV and at a take-off angle of 
45◦ with respect to the surface normal. Transmittance was recorded via 
transmission light microscopy using UV-LED light. In addition , Leica 
Suite Application was used to measure contact angles. 10 μl DI water 
droplets were used to determine the wetting behavior. 
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S1: Anodic oxide structures 

Anodization offers the possibility of tuning the type of anodic oxide produced. It results in an improved 

oxide quality that consequently affects the extent of surface functionalization. Different surface 

structures elicit different degrees of wettability and we compare flat oxides and nanotubular oxides in 

our experiments. In order to synthesize flat / compact oxide {CO} layers, the metal foils {Zr and Ti} were 

anodized at 30V for 30 min in 1M H2SO4 {Merck}, respectively. Figure S1 represents the SEM micrographs 

- Top view: {a} ZrO2- Compact Oxide, {b} TiO2- Compact Oxide} - The SEM images clearly show a non- 

porous surface after anodization of Zr-CO and Ti-CO. Optically, a clear change in material can be deduced 

from a color change from metallic gray to blue, indicating an anodic oxide thickness of ~50 nm. In addition 

to this, {d} represents the surface roughness plot and the corresponding values of Ra as evaluated from 

the SEM images. 

 

 



75 
 

 

 
 
 
 

 
d) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure S1. Anodic oxide structures: SEM micrographs - Top view: (a)Zr02- Compact 0xide, (b) Ti02- Compact 

0xide, c) optical photographs of the metal foil surface prior and post anodization, (d) Surface roughness 
plots, roughness values Ra and corresponding SEM images of measured Zirconia substrates; Native foil, 

Compact-oxide and Nanotubes 
 

 

S2: Compositional characterization 
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Time-of-flight secondary ion mass spectrometry {ToF-SIMS} was used to evaluate the surface 

composition of the OPA modified Zr and Ti oxide substrates, respectively. C18H38PO3
- was determined 

as characteristic fragment for the OPA molecules. The quasi-molecular signals of OPA {m/z = 333.29, 

C18H38PO3-, M-H -} can be clearly detected in ToF-SIMS measurements {Figure S2}, proving the 

presence of the molecule on the oxide surface. Further, in Figure S2 {Bottom} the coverage of OPA 

molecules was determined using XPS and is reported that OPA has a slightly better coverage over 

ZrNT substrates {layer thickness ~ 1.02 nm} when compared to frequently reported TiNT-model 

systems {layer thickness ~ 0.94 nm} in addition to comparing the same after a period of 7-days 

soaking in water at room temperature. 

 
 

 



77 
 

 

 
 
 
 
 

 

 

 
Figure S2. (Top); Compositional characterization- (Quasi-) molecular or characteristic fragments of the 
adsorbed 0PA-coated compact oxide (M-H-) on compact Zr02 and Ti02, (Bottom); Adsorption of organic 

molecules to Zr02 and Ti02 substrates - C1s and substrate signals measured using XPS for freshly prepared 
substrates and after 7-day water soak 

 

 

The adsorption of OPA to TiO2 and ZrO2 was estimated by calculation of the C1s at% and by 

calculation via the P2p signal {P2p * 18}, as the stoichiometric composition of OPA is C18H39PO3. 

 
S3: Wettability of functionalized ZrNT and the influence of surface inhomogeneities 

ZrNT surfaces continue to remain hydrophobic for a prolonged duration when subjected to various 

experimental conditions and relatively small changes were recorded during the contact angle 

measurements. This variation in hydrophobicity is attributed to the loss of OPA coverage from the 

ZrNT surfaces. Ideally, a superhydrophobic coating will have uniform coverage when the underlying 

surface is homogenous. However, as in the case of these in-situ experiments, handling and 

experimental procedures result in exposing the underlying substrate as a result of surface scratches, 

localized film-flaking and mechanical stresses while cutting and shaping of the test specimens. 

Thereby, increasing localized surface energy and promoting droplet wetting around such defects. 

Figure S3 {a} shows a representative image of a freshly anodized Zirconia foil that is scratch free and 

shows a homogeneous surface, water droplets continue to roll-off the defect free surface. Figure S3 
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{b} shows a foil that underwent mechanical stress induced by cutting and accompanied bending of 

the foils prior to various test conditions. This surface consists of topical scratches and film-flaking in 

certain regions, consequently exposing the underlying substrate and promoting droplet adherence 

on such visibly defective regions. 

 

 
Figure S3. Wettability of functionalized ZrNT and the influence of surface inhomogeneities 

 

 

Droplets, however, continue to roll off the surface in any mechanically undamaged region of the 

sample surface. The used foils have a thickness of 0.125 mm, making such defects less likely if the 

nanostructures are grown on a more rigid substrate. A video of the bouncing droplet can be found in 

the supporting audio/visual files uploaded. 

S4: Titania nanotube synthesis 

 
Titania nanotubes {TiNT} were synthesized at 50V for 2 hours in a glycerol-based electrolyte 

containing 30% formamide, 2 wt% NH4F {Merck} and distilled water. These parameters were chosen 

in order to get structures with open pores devoid of any influencing initiation layer. This surface 

treatment was best suited for functionalization, resulting in super-hydrophobic contact angles {159° 

± 2°} that were comparable to ZrNT samples. The reported structures are depicted in Figure S5. 
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Figure S4. Titania nanotube synthesis: SEM micrographs - (a)Ti02-NT top, (b) Ti02-NTcross-section 

 

 

It is interesting to mention, that the ZrNT show a comparable or even improved hydrophobicity, even 

though they show a smaller tube diameter than the TiO2 nanotubes. Smaller diameters have been 

reported to yield in lower hydrophobicity for OPA modified TiNTs previously.[S1] 

S5: Optical transparency of Zr coatings 

Samples types; ZrNT film and ZrNT+ OPA were prepared as described in the main manuscript in the 

experimental section. These test specimens were then subjected to direct illumination under 12V- 

100W, HAL-L lamp {Olympus} eliciting a spectrum of white light under the optical microscope. Time 

of exposure and sample measurements were recorded on the same day under identical conditions. 

 

Figure S5. 0ptical transparency of Zr coatings 
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Table S5. 0ptical transmittance in Zr02 coatings 
 

 

Figure S5 shows SEM micrographs under direct illumination and Table S5. {Optical transmittance in 

Zr coatings}, corresponds to the summary of the values obtained under the direct transmittance 

setup. ZrNT, when coated with OPA registered 10% decrease in transmittance. We conclude that 

ZrNT coatings remain transparent for 80%. 

REFERENCES 

[S1] E. Balaur, J.M. Macak, H. Tsuchiya, P. Schmuki, Wetting behaviour of layers of TiO2 nanotubes with 

different diameters, J. Mater. Chem. {2005}. https://doi.org/10.1039/b509672c 
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ToC -4.2 - Wetting behavior of SAM modified ZrNTs of varying morphology 

 

 
The article in this section provides information on anodization parameters to develop ZrNTs 

of different morphology: single-walled; 'thin', double-walled; 'thick' pore openings at the mouth of 

the nanotubes, in addition to variations in nanotube diameter and length. The different 

morphological variations were assessed for their response towards subsequent organic molecule 

modification and address the second objective of this dissertation, namely to 

 
'Determine the role of nanotube morphology on the interaction behavior with organic molecules used 

for surface modifications.' 
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In addition, information on the role of surface hydroxyl groups and dependent SAM formation on 

ZrNTs based on the type of organic molecule used and the extent of coverage is successfully 

evaluated. A noteworthy result from the analysis of achievable superhydrophobicity, based on 

nanotube diameter for ZrNTs, was in stark contrast to previously reported data on SAM-modified 

nanostructures of a similar valve metal titanium {Ti}. It was concluded, superhydrophobicity, 

on ZrNTs remains independent of nanotube morphology and is ascribed to the superior interaction 

strength of ZrO2 and phosphonic acid functional groups of molecules. This result has special 

relevance in manufacturing contexts, such that up-scaling the synthesis of ZrNT coatings may be 

viable at a larger operational window during anodization. In essence, SAM-based 

superhydrophobicity is achievable even at smaller nanotube diameters. 
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Wetting behavior of zirconia nanotubes† 
Swathi Naidu Vakamulla Raghu  and Manuela Sonja Killian  * 

In this work, we investigate the wettability of ZrO2 nanotubes (ZrNT) synthesized via electrochemical 

anodization of zirconium. The ZrNT surface shows super-hydrophilic behavior while the 

octadecylphosphonic acid (C18H37PO(OH)2) modified surface shows super-hydrophobic behavior. We 

demonstrate that the wetting properties are independent of ZrO2 nanotube geometry and length. 

 

Electrochemical anodization is a facile technique used to 

fabricate highly ordered structures in the sub-micron range. 

Several metals have successfully demonstrated self-organized 

porous nanostructure growth under appropriate anodization 

parameters.1 Fluoride rich electrolytes contributed a signi cant 

advancement to the eld, enabling the synthesis of high-aspect 

ratio nanostructured arrays on ‘valve metals’ such as zirco- 

nium.2–4 Tuneable surface properties can exploit applications 

that are surface-interaction dependent, such as e.g. catalysis, 

ltration or coatings.5–8 Zirconia is a biocompatible, high band- 

gap material that has reportedly demonstrated superior surface 

properties for the enhanced attachment of molecules.9–11 It is 

used in biomedical devices, sensors and more recently for 

photocatalytic applications.12,13 With this intent, ZrNT surfaces 

are modi ed by a monolayer of octadecylphosphonic acid 

rendering it super-hydrophobic.14 Wang et al. previously inves- 

tigated the pristine ZrNT surface wettability, observing highly 

hydrophilic properties.15 In the present study, we synthesize 

ZrO2 nanotubular structures in a single step anodization 

process without the pre-requisite dip-etching process using HF- 

acid based etchants. This one-pot synthesis allows for less 

hazardous and safer working conditions. Further, we investi- 

gate the in uence of nanotube-geometry on the extent of super- 

hydrophobicity. Zr foils (99.2% purity, Goodfellow UK, 

0.125 mm thickness) were ultrasonically cleaned in acetone, 

methanol and ethanol followed by rinsing in deionized water 

and dried under a nitrogen stream. Electrochemical anodiza- 

tion was carried out using a high-voltage potentiostat (Jaissle 

IMP 88-200 PC) in electrochemical cells with a working area of 1 

cm2 and larger cross-sections were fabricated via dip- 

anodization in an electrochemical bath-type setup. In both 

cases, a platinum counter electrode was used in a two-electrode 

setup. Anodization was carried out in a standard glycerol-based 

electrolyte consisting of 30% formamide, 2 wt% NH4F (Merck) 

 

Chemistry and Structure of Novel Materials, University of Siegen, Paul-Bonatz-Str. 

9-11, 57076 Siegen, Germany. E-mail: Manuela.Killian@uni-siegen.de 

† Electronic supplementary information (ESI) available. See DOI: 

10.1039/d1ra04751e 

and 2 wt% H2O under various conditions to obtain the respec- 

tive morphologies. 20 nm wide-tubes were synthesized via-dip 

anodization at 30 V for 25 minutes without ramping and 40 nm 

wide-tubes, with ramping the potential at 1 V s-1 from OCP and 

kept at 50 V for 1 h. Thick-walled ~100 nm wide tubes (inner 

wall ‘d’ ~80 nm, wall-thickness ‘t’ ~20 nm) were synthesized at 

50 V for 30 min without ramping, with the difference of 4 wt% 

distilled water in the electrolyte. Thin-walled ZrNTs (~100 nm 

wide, ‘t’ ~3 nm) were achieved in 30 min at 90 V (ramp 1 V s-1). 

The tube length was varied from 3 to 9 mm by adjusting the 

anodization time. Zr compact oxide (CO) lms were prepared on 

Zr foils under a constant potential of 30 V for 30 min in a 1 M 

H2SO4 (Merck) electrolyte. The anodized samples were rinsed 

with ethanol and distilled water and dried with nitrogen. To 

impart surface hydrophobicity, samples were placed in solu- 

tions containing 10 mM octadecylphosphonic acid (OPA, 

C18H37PO(OH)2) in tetrahydrofuran (THF, Roth) for a period of 

24 h at ambient conditions, forming self-assembled monolayers 

(SAMs). Further, the samples were rinsed in pure THF for 30 s 

and dried under a ltered nitrogen stream. Scanning electron 

microscopy (Hitachi SEM FE 4800) was employed for the 

structural and morphological characterization of the anodized 

zirconia specimens. For chemical characterization, surface 

modi cation with OPA was evaluated using a ToF-SIMS IV 

instrument (ION-TOF, Münster) and coverage was evaluated via 

XPS (Perkin-Elmer Physical Electronics 5600, a detailed experi- 

mental description can be found in the ESI†). Static water 

contact angle (WCA) measurements were performed using both 

an Ossila-contact angle goniometer and a Leica Suite applica- 

tion instrument (DI water droplet volume, 10 ml) to determine 

wetting behavior. WCA values from both instruments only 

deviated within the statistical error of the measurement, as 

depicted in ESI-Fig. S1.† Fig. 1(a), shows a zirconia substrate 

with a native oxide lm (as received condition), having 

a hydrophilic WCA of (~30o) owing to surface hydroxyl 

groups.16,17 All porous samples depicted here showed super- 

hydrophilicity due to the improved oxide quality and enhanced 

liquid impregnation when compared to the native oxide 
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Fig. 1 Optical images of water droplet on ZrO2 surface. (a) Native 

oxide (b) bare ZrNTs (c) ZrNTs after attaching OPA SAM. Inset shows 

SEM top and cross-section of ~100 nm ZrNTs. 
 

 

 

 

surfaces. The water droplets spread entirely, covering the pores, 

an example is shown in Fig. 1(b), in agreement to literature.15 

A er surface modi cation with a monolayer of octadecyl- 

phosphonic acid, the nanotubes become super-hydrophobic as 

shown in Fig. 1(c). In Fig. 2, the coverage of ZrO2 and TiO2 

compact oxides with long chain aliphatic molecules with 

various functional groups was determined using XPS. OPA 

showed the highest adhesion to both oxides, followed by 

octadecyl-trimethoxysilane. Both molecules form denser layers 

on ZrO2, as re ected by the enhanced coverage. Stearic acid and 

octadecylamine yielded signi cantly lower surface coverages, 

showing a slightly enhanced adsorption to TiO2. Phosphonic 

acid-based SAMs consequently offer the highest potential for 

the formation of superhydrophobic coatings on both ZrO2 and 

TiO2 among the investigated functional groups. 

ToF-SIMS measurements were performed to evaluate the 

OPA-attachment and the resulting spectra in Fig. 3 con rms the 

presence of the phosphonic acid on ZrNT via the detection of 

the characteristic quasi-molecular signal of OPA (m/z ¼ 333.29, 

C18H38PO3-, M–H-) in accordance to reported literature.11,18,19 

Fig. 4(a) depicts the morphology of ZrNT (d # 20 nm) and the 

WCA (162o ± 1o). 

This is currently the smallest reported ZrNT diameter ach- 

ieved via a single-step anodization. When functionalized with 

a SAM, it reports a superhydrophobic WCA. Moreover, in Fig. 4 

 

 

Fig. 2 Adsorption (atomic percentage (at%)) of organic molecules to 

ZrO2 (C 1s–ZrO2 signal) and TiO2 (C 1s–TiO2 signal) and substrate 

signals respectively (Zr 3d and Ti 2p) measured using XPS for 18-C 

carbohydrate molecules with different anchoring groups (OPA – 

octadecylphosphonic acid, ODMS – octadecyltrimethoxysilane, ODA 

– stearic acid, ODAM – octadecylamine). 

 

 

Fig. 3 ToF-SIMS spectra of ZrNTs before and after coverage with 

octadecylphosphonic acid SAMs; (a) Zr
+

 isotopic pattern; (b) OPA–H- 

molecular signal. 
 

 

 

the WCAs on zirconia test surfaces with larger pore con gura- 

tions: ‘d’ nm ~40, ~100 nm-thick and thin-walled NTs and CO, 

(b–d) reveal that changing the porosity (difference in surface 

area made up of the solid), did not affect the extent of 

 

 

 

Fig. 4 Optical images of water droplets on SAM modified ZrNT 

structures of different porosity and corresponding SEM images (scale 

bar – 500 nm) of the surfaces. Diameters, (a) d # 20 nm, (b) d ¼ 40 nm, 

(c) thick walled d ¼ 100 nm, (d) thin walled d ¼ 100 nm and (e) compact 

anodic oxide (droplet image – scale bar ¼ 1 mm). 
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hydrophobicity, thereby maintaining a nearly constant WCA of 

(160o ± 1o) on the respective nanotubular surfaces. The only 

difference appeared when comparing ZrNTs to a ZrCO surface, 

for which a WCA of 120o (Fig. 4(e)) was recorded. It may be 

noted that the Zr-substrates have poor conductivity resulting in 

challenges such as excessive charging and lower focusing abil- 

ities while performing SEM characterization. Images shown in 

Fig. 4 have uniform scale-bars (SEM – 500 nm and WCA – 1 

mm). Table 1 summarizes the in uence of these pore geome- 

tries on WCAs. 

In Fig. 5, WCA measurements were performed on OPA 

modi ed ZrNT of varying lengths to evaluate the in uence of 

tube length on the wettability, yielding no statistical changes in 

dependence of tube length. A uniform nanoporous array is 

a homogenous surface with an increased roughness factor when 

compared to a ‘ at’ surface and hence in Fig. 1(a and b), the 

transition from hydrophilic to super-hydrophilic state is well 

accommodated by the Wenzel approach.20 This phenomenon is 

represented as an enhanced wetting process that occurs as 

a result of liquid–solid interaction in the absence of air resis- 

tance. A er successful surface modi cation with OPA (Fig. 1(c)), 

the methyl-terminated SAM surface is strongly water-repellent. 

This results in some cases where the water droplets continue 

to bounce of the surface and if they do adhere, they form high 

WCAs ($150o). The super-hydrophobic state is stabilized and 

explained by the Cassie–Baxter model (CBM) as a result of 

a greater interaction with trapped air in-between the liquid– 

solid layers.21 As represented in Fig. 4(a–d), the average WCAs 

measured were (~160o) for the ZrNT surfaces. The WCA values 

(q*) can be expressed according to the Cassie–Baxter equation, 

wherein (q) is the WCA measured on the SAM modi ed at 

zirconia surface, ‘f’ is a morphological factor and is de ned as 

the area fraction of solid–liquid contact and (1 - f) is the area 

fraction of air–liquid interface. 

cos(q*) ¼ f* cos(q) - (1 - f) (1) 

 

 
These surface fractions were calculated from high resolution 

SEM images as represented in Fig. 4, by estimating the ratio 

between pore walls to the total area respectively and com- 

plemented with ImageJ analysis. The morphological factor ‘f’ 

 

 

Table 1 Influence of pore-diameter on WCAs, measured and calcu- 

lated values (according to Cassie–Baxter model and the proposed 

modification (3) to it) 
 

Water contact angle (o) 

Cassie – Baxter model 

 

 

Fig. 5 Optical images of water droplets on SAM modified ZrNT 

structures of different oxide-layer thickness and corresponding SEM 

images of the cross-sections. Length (a) ~3 mm, (b) ~4.5 mm and (c) ~9 

mm. 
 

 

 

for values represented in Table 1 was calculated to be 0.020, 

0.047, 0.131, 0.052 for (‘d’ nm ¼ 20, 40, 100 – thick-walled and 

thin-walled) ZrNTs, respectively. Recently, it was reported that 

the wettability of titania nanotubes is dependent of tube 

diameter and the observations were perfectly supported by eqn 

(1) as proposed by the CBM.22 For this result to hold true in the 

case of zirconia, the dimensionless factor ‘f’ in eqn (1) is rep- 

resented as the ratio between the ‘projected area’ to the ‘total 

area’ where, the projected area ‘P’ is 

P ¼ 2pr3 (2) 

where, ‘3’ denotes the wall thickness, while ‘r’ is the radius of 

the pore. The newly calculated morphological factor ‘f’ using 

eqn (2) for values represented in Table 1 was calculated to be 

0.015, 0.048, 0.079, 0.066 for (‘d’ nm ¼ 20, 40, 100 – thick-walled 

and thin-walled) ZrNTs, respectively, indicating that the thin- 

walled NTs are more densely packed than the thick walled. 

Theoretical values continue to be greater than experimentally 

measured WCAs for all three morphologies. The experimental 

values are identical on all substrates, averaging at a value of 

(~160o). This value is at the physical limit of experimental 

measurements for low-energy surfaces and, hence, acts as 

a limiting criterion while quantifying the ‘extent’ of an already 

super-hydrophobic surface.22 This essentially means that the 

surfaces measured experimentally may indeed have higher 

WCA values that are in reality closer to the theoretical calcula- 

tions. Additionally, the proposed modi cation to the CBM due 

to incorporation of the wall-thickness accounts for the super- 

hydrophobic phenomenon exhibited by ZrNTs irrespective of 

pore-diameter, because the ‘f’ factor is comparable due to the 

type of packing exhibited by all three substrates. Implying that 

for a droplet of xed volume, the drop-contact line interacts 

with similar solid fractions. Thus, superhydrophobicity 

observed for ZrNTs even at smaller pore-diameters is consistent 

Pore diameter (nm) Experimental Theoretical Modi ed-theoretical with the constant WCAs reported for titania (increasing diam- 

eters will increase surface hydrophobicity).22 Nevertheless, the 

droplet always remains balanced in CBM.20,21 There appear a few 

variations in theory and experimental and may be attributed to 

the physical limits of experimental measurement as described 

earlier. In comparison to previous reports by Wang et al.,14 this 
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~20 162 ± 1 172 173 

~40 159 ± 1 168 167 

Thick-wall (~100) 160 ± 1 159 164 

Thin-wall (~100) 160 ± 1 167 165 

Compact oxide 120 ± 2 — — 
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is the rst reported observation of superhydrophobic WCA on 

functionalized ZrNT for (d # 20 nm) produced via a single-step 

anodization. Additionally, the WCA of ZrNTs is also indepen- 

dent of length. 

In conclusion, the nanoporous ZrO2 layers produced via 

anodization show a transition from super-hydrophilic to super- 

hydrophobic surfaces when modi ed with a (non- uorinated) 

octadecylphosphonic acid monolayer. Within the investigated 

range, WCAs remain constantly super-hydrophobic (~160o), 

irrespective of the change in pore diameters and length, thereby 

following the Cassie–Baxter model. By including the in uence 

of a geometric parameter accommodating the wall thickness, 

the roughness factor is balanced and continues to remain 

within the transition threshold of the super-hydrophobic state. 

Such an observation is of importance as it offers insights into 

material behavior and is responsible for enhanced degrees of 

freedom during the fabrication process, such that both simple 

and complex geometries may still be able to elicit identical 

surface response. This level of exibility offers the possibility to 

work with wider operating parameters involving the anodiza- 

tion process. 
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Experimental 
 

XPS- Characterization parameters 
 

XPS spectra were recorded on a PerkinElmer Physical 

Electronics 5600 spectrometer. The specimens were 

excited using a monochromatic radiation source { Al Ka - 

1486.6 eV, 300 W}. Spectra {O 1s, C 1s, Zr 2p, P 2p} were 

recorded under a takeoff angle of 45° and the binding 

energy was determined at a pass energy of 23.5 eV, with a 

resolution of 0.2 eV. For charge compensation, the binding 

energy of the C 1s signal was used. The background was 

subtracted using the Shirley method and the molar 

fractions of each species were acquired via the acquisition 

software {MultiPak V6.1A, Copyright Physical Electronics 

Inc., 1994-1999}. The data curated as a result of this 

experiment may be seen in Figure-2 in the main- 

manuscript. 

 
Figure-S1 

 
Water Contact Angle Measurements 

 

Two contact angle goniometer devices {Leica application 

suite and 0ssilla device and software} were used to 

determine the static water contact angle values {DI water 

droplet with a volume of 10µl}. Figure-S1, depicts the optical 

microscopy images of the water droplets on the respective 

OPA-modified Zirconia substrates as measured using the two 

devices. Both instruments produce deviations of results only 

with the regular error of the measurement. The WCAs for 

OPA modified ZrNTs recorded on the 0ssila device produces 

marginally enhanced values {WCA0ssila = 160 ± 3°} to the Leica 

suite ones {WCALeica = 159 ± 3°}. This most likely is caused by 

a small deviation in the angle of substrate and camera, as can 

be deduced from Figure S1. In conclusion, iterative 

experiments resulted in all OPA modified zirconia nanotube 

substrates demonstrating superhydrophobicity independent 

on tube morphology and geometry. 

 
 

 
Figure S1: 0ptical image comparison of WCA as measured 
by different goniometers. 

 
no measurement 

recorded 
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4.3. Functionalization strategies to facilitate multi-depth, multi-molecule modifications of 

nanostructured oxides for triggered release applications 

Swathi N.V. Raghu , Gabriel 0nyenso , Shiva Mohajernia and Manuela S. Killian 

Surface Science, 719, 2022, 122024, https://doi.org/10.1016/j.susc.2022.122024 
 
 

 

 
ToC - 4.3 - Schematic representation of sequential functionalization of ZrNTs 

 

 
The article in this section focuses on two main aspects; validating the accessible volumetric space in 

nanotubular structures and explicating surface modification methodologies that render ZrNTs 

functionalized with organic molecules. At the outermost layer such as the tube tops, SAMs of organic 

molecules may be deposited directly onto the area of interest using micro-contact printing {µCP}. 

Alternatively, using a bulk immersion {BI} technique results in the deposition of molecules not just 

on the tube tops but also result in coating of the NT walls. These two modification techniques 

exploit the kinetics of diffusion to deposit molecules at varying depths within the nanotubes, as is 

confirmed by depth profiling using ToF-SIMS characterization. This section subsequently 

addresses two more objectives of this dissertation, namely to 
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'Evaluate storage capabilities of the homogenous nanostructures' and 'Develop a strategy to 

facilitate and evaluate multi-depth filling of nanotubes.' 

 
In addition to this, the µCP strategy of stamping is suggestive to aid in the 'capping' of tube tops. 

Nanotubular arrays can function as drug repositories and these filled-ZrNTs may be sealed-shut using 

SAMs, as deposited via µCP. The capping layer may be used in triggered release applications. 

Selectivity refers to specific conditions that promote degradation of the capping, eventually resulting 

in the elution of the contents of the tubes. 
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Zi r conar tnu onar beog os - ns eboabU cntno os bV i tonphs yodfbV i tonpV atsci tsb  
V ahnSc onar ebaUbr r aeogi coi gs hbawnhs ebUagbogn- - s gshbgsts es b yytnc onar eb 

Nk odnbmlRlb, - di fbK j gns tbC r Msr ea fbNdn- bA ad Ts gr n fbA r i st bNlbI nttn r L 
Chemistry and Structure of Novel MaterialsJ University of SiegenJ Paul-Bonatz-Straße . -99J Siegen 15750J 6 ermany 
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GeyDordsp 
Ns tUp ees Vj tshbVar at Ms gbPNE A zb 
A ncgapcar o cobygnr onr- bPμ( Bzb 
FaZpNOA Nb 
fiBNb 
flngcar n b 
Er ahnu onar b 
m r aeogi coi gsb 
Bdaeydar ncb cnheb 

E. N F , E ( F 
 

Aso tpawnhs bei gU csebd -s bei ccseeUi ttMbj ssr bV ahnSs hboabs tncnobei gU cs bdMhgaydaj ncnoMb-n bU cnts b yytnc onar baUb 
estUp eesV j tshbV ar at Ms gebPNE A ezbi enr- bc gj adMhg os bV atsci tsebcaV ygnenr - bydaeydar ncb cnhb- gai yelbOr bodneb 
k agHfbk sbedshbtn- dobar bods bgatsbaUbods bUi r conar tnu onar bos cdr nvi s bi eshbUagbei gU csbV ahnSc onar baUbungcar n b 
r r aoi j sebPflgmFzb r hbcaV y gs bods bs wosr obaUb cdns- j ts bdMhgaydaj ncbs UUscob eb bUi r conar baUb yytnc onar bos cdp 
r nvi sfbnVVs genar bnr bj i tHbeati onar bP. Ozb r hbV ncgapcar o cobygnr onr- bPμ( BzfbUagbhnUUs gsr obV atsci t gbcd nr bts r- odelb 
2i tno on-s b r hbvi r ono on-sbs - ti onar baUbflgmFbei gU csebV ahnSs hb-n bμ( Bb r hb. Obnr bNE A beati onar ebk ebys gp 
UagVs hbcaVj nr nr - beo oncbk os gpcar o cob r - ts bV s ei gs V sr oefbfiBNb r hbFaZpNOA Nbhs yodpygaS tnr - boabyga-nhs bnrp 
en- doebnr oabs UUscon-sbV i tonpUi r conar tbhs yodbV ahnSc onar elbx s-n onr- bV ahnSc onar bhs yodebaUbods br r aeogi coi gshb 
awnhs bcai thbj sb cdns-shbk nodbods es bV s odahelbFds bi es baUbes vi sr on tbUi r conar tnu onar beog os - ns eb-n b. Ob r hbμ( Bb 
j s geb bDygaaUbaUbygnr cnyts ’ oabcgs os br r aeogi coi gsebod ob gsb j ts boabhsV ar eog os bj aodbVi tonpV atsci tsb r hbVi tonpb 
hsyodbV ahnSc onar elbA i tonUi r conar tbflgmFefbV ahnSs hbk nodbok abV atsci ts ebnr bests cos hbhs yodefbk sgs baj o nrshbj Mb 
ods bcaV j nr onar baUbj aodbV ahnSc onar bVs odaheb r hbs- ti os hb-n bhMs bgsts es bs wysgnVs r oeb nVs hboabenVi t os bhgi - b 
gsts es bj sd -naglbFds bhneys r e onar baUbta hs hbhMs bk ebnr -seon- os hbnr b- gnai ebeat-s r oelb/ dnts br abhMs bcai thbj sb 
hs os cos hbnrb vi sai ebsr -ngar V sr ofb bcaV yts os bgsts es baUbods bhMs bk eb cdns-shbnr bs od r atfbc i eshbj Mb bhs - g h onar b 
aUbods bμ( BpC x BE bt Ms glbCi gbgs ei toebnr hnc os bod obods bgsts es baUbods bc g- abaUbVi tonpUi r conar tbawnhs br r aeogi coi gseb 
c r bj s bogn- - sgshfbs l- lfbj Mb tos g onar baUbodsbcdsV nc tbs r -ngar V sr olbbb 

 
 

 
1. Introduction 

 
Eb- gak nr- bnr os gs eobnr bV i tonpUi r conar tbr r apV os gn tebk nodbdn-d 

ei gU cs bgs eyar en-noMb r hbj napV nVs oncbj sd -nagbd ebays r shb -sr i seboap 
k ghebrsk b r hbnrr a- on-sbhs -s tayV sr o tbgai os eq[ –1]lbXeys cn ttMbnr bods b 
j naV shnc tbS s thfbV i tonpUi r conar tbV os gn teb gs bj s nr- bs wytags hbUagb 
ygaeods onceb r hbhn - r aeoncbyga- r aeneq5–0]lbA i tonpUi r conar tbV os gn teb 
gs bs eys cn ttMbei noshbUagbnV yt r obca onr - efbk dsgs bodsMbyaos r on ttMbc r b 
es g-sb ebhgi - bgs es g-angeb r hbenV i to r sai etMbsr d r csbods bnV yt r ob 
ccsyo r csq3]lb 

Oobnebk s ttbHr ak r bod obhs-ncseb r hbV os gn tebnr bods br r apec ts bgs- nVs b 
j sr s S obUgaV bV wnV nunr- bods bei gU csb gs boab-ati V s bg onafbods gs j MbaUp 
Us gnr- bs wcsyonar tbc y cnons eb ebhgi - phs tn-sgMb-sdncts efbsl- lfbnr bods bed ysb 
aUbr r aoi j seq6]lbE hhnonar ttMfbr r apV os gn tebaUUs gb bdn- dbodgai - dyi ofb 
s eys cn ttMbk dsr bi eshbUagbhn - r aeoncbyi gyaes ebnr bods bUagV baUbes r eageq7fb 
[ 8]lb( ar -sr onar tbj i tHbV os gn tebei cdb ebV so tbV ar atnodebc r bj sb 
og r eUagV shb nr oab r r aeogi coi gs hb V so tpawnhseb -n b s tscogacds V nc tb 
r ahnu onar b k nodb - gnai eb V agydata- ns eb ei cdb eb r r aoi j sefb 

r r aeyar - sefbcaV y cobawnhs efbr sshts efbyntt gefbs ocbq[[ ]lbZi gods gV ags fb 
ods ngbei gU csbgs con-noMbc r bj sbV ahnSs hb-n bcds V nc tb r hbydMenc tb 
Vs odahebei cdb ebtnoda- g ydMfbydMenc tbagbcds V nc tb- yagbhsyaenonar b r hb 
ei gU cs p- g Uonr - fboabr V sb bUsk bq[ ' –[ 9]lbA ags beys cnS c ttMfbr r aoi j seb 
d -s b- odsgs hbnr cgs enr- b oos r onar bhi s boabods bai oeo r hnr - bcar ogatba-s gb 
ods ngb- saV s ogMlbOr bodsbgs csr obhsc hs fbV so tbawnhs br r aoi j s ebk s gsb 
gsys os htMbgs yagos hb ebhgi - pc ggns gefbnV yt r obV os gn teb r hbesr eageb 
q[ 0–[ 6]lbFds es bU ecnr onr - bhs-s tayV sr oebnr hnc os b bU -ag j ts byga- gs ep 
enar boak ghebVi tonpcaV yarsr obeMeos V ebc y j ts baUbs t j ag os hbgs eyar es efb 
ei cdb ebgs - i t os hbs ti onr- bgs eyar es b-n bhnUUi enar tbj ggns gebV hs bi ybaUb 
ag- r ncbV atsci tselbx nUUi enar bj ggns gebV hs baUbyatMVs gebd -s bygs -nai etMb 
j ssr bgsyagos hbar bUagbenr - ts phgi - pbgs ts es beMeos V ebq[ 7]lb@tonV os tMfb b 
enr- ts bes r enr- bi r nobPr r aoi j s: br r apt Ms gzbc r bcar o nr bV i tonyts bUi r cp 
onar tbV atsci tsebtac os hb obhnUUs gsr obhs yodebk nodnr bods br r aeogi coi gs lb 
Fds bci ggsr obogsr hbnr bods bj naV shnc tbS s thbnr -at-sebods bi es baUbei gU csb 
ca onr- ebnr bods bUagV baUbag- r ncbV atsci tsefbygaos nr ebs oclbq' 8–' ' ]lbNi cdb 
ag- r ncbV ahnSc onar ebnr bods bt j ag oagMbec tsb gs baUosr b cdns-shb-n bNE A b 
V ahnSc onar bi enr- bj i tHpnVVs genar bP. Ozfbnls lfbea Hnr- bods bo g- s obV os gn tb 
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nrb bj i tHpeati onar bcar o nr nr- bods bV atsci ts baUbcdancslbOr bodnebygacs eefbods b 
UagV onar baUb bi r nUagV bNE A bt Ms gbodgai - dai obodsbj es pV os gn tbneb 
eei V shbq' 1f' 5]lbWak s-s gfb. Ob ttak eb-sgMbtnoots bcar ogatba-s gbods bgs- nar b 
aUbca-sg - slbFdnebnebV nr tMbhi s boabods bU cobod obea Hnr- bsr j tsebods b 
hsyaenonar baUbV atsci tsebar bods bsr ongs bcar o cobei gU csfb obts eobnr bods bc esb 
aUbods beati onar bk s oonr- bods bei gU cslbFdnebtnV noshbcar ogatba-s gbhsyaenonar b 
neb y gonci t gtMb hne h- r o - sai eb k dsr b V i tonyts b gs con-nons eb agb 
enos peys cnScbUi r conar tnoMbnebs wyscos hbUgaV bods bei gU csfbUagbnr eo r csfbUagb b 
Vi tonpV atsci tsbhs os conar besr eagbU j gnc os hba-s gb br r at Ms gshbei j p 
eog os lb( aV j nr nr- b. Obk nodbV ncgapcar o cobygnr onr- bPμ( Bzbneb beog n- dop 
Uagk ghb yyga cdboab cdns-s bVi tonyts bUi r conar tnons ebnr bVi tonyts bhsyodelb 
μ( Bbi es eb beaUopeo V yboabhsyaenobV atsci tsebP-n b r bnr Hpeati onar zbar oabods b 
car o conr- bei gU csb r hbods bog r eUs gbaUbV atsci tsebd yysr ebeyar o r sai etMb 
i yar bei j eog os pei gU csbcar o colbOr bodnebk agHfbk sbi esbungcar n br r ap 
eogi coi gs ebaj o nrshb-n b benr- ts peos yb r ahnu onar bygacs eeb eb bei j eog os b 
r hbi es bydaeydar ncb cnhefbacoMtydaeydar ncb cnhbPC BEzb– ( 6W[3BC PC Wz'b 
r hbaco hscMtydaeydar ncb cnhbPC x BEzb– ( [6W13BC PC Wz'b ebNE A elb/ sb 
caV y gs bods bgats baUbUi r conar tnu onar bV s odahefbr V stMb. Ob r hbμ( Bfb eb 
k s ttb ebods bnr %i sr cs baUbods bei gU cs bV ahnSc onar b-n b- gnai ebNE A ebar bods b 
k s oonr- bj sd -nagbaUbV ahnSs hbflgC ' br r aoi j sebPflgmFzlbE hhnonar ttMfbods b 
eo j ntnoMboak ghebs wyaei gs boabag- r ncbPs od r atzb r hb vi sai ebPhneonttshb 
k os gzbeat-s r oebnebeoi hnshlb/ s bgsyagobar bods bhnUUs gsr cs bnr bhs yodbUi r cp 
onar tnu onar bUagb. Ob r hbμ( Bb r hbhsV ar eog os fb ebygaaUpaUpygnr cnyts fbods b 
j ntnoMboabcar ogatbhgi - bgsts es bUgaV br r aoi j sebj Mbc yynr- bods boi j s boayeb 
i enr- bμ( Bbei gU csbUi r conar tnu onar lb/ sbs- ti os bhnUUi enar bogs r hebj Mb 
ysgUagV nr- bhMs pgs ts es bs wysgnVs r oebUgaV bods br r aoi j sebi enr - b@RpRneb 
eys cogaecayMbnr b hhnonar boabeo oncbk os gbcar o cob r - ts bP/ ( EzbV s ei gsp 
V sr oelbFds bygs esr csbaUbNEA bV atsci ts efbei gU cs bca-s g - sb r hbhsyodb 
hneognj i onar bk s gs bcar S gV shbj MbonVs paUp%n- dobes car h gMbnar bV eebeys cp 
ogaV s ogMbPFaZpNOA Nzb r tMeneb r hbcaV yts Vsr os hbk nodbfipg Mbydaoap 
s tscogar beys cogaecayMbPfi BNzlb 

 
2. Res l ria l ntb( 

 
flgbUantebP77l' -byi gnoMfbKaahUs ttak b@I fb8l[ ' 9bV V bodncHr s eezbk s gs 

i tog ear nc ttMbcts r shbnr b cs oar s fbV s od r atb r hbs od r atbUattak shbj Mb 
gnr enr- bnr bhs nar nushbk os gb r hb ngphgnshbygnagboabs tscogacds V nc tb r ahp 
nu onar lbFds benr- ts peos yb r ahnu onar bk ebc ggnshbai obi enr- b bdn- dp-ato -sb 
yaos r onaeo obPG neets bOA Bb66p' 88bB( zbnr bs tscogacds V nc tbcsttebk nodb b 
k agHnr- b gs baUb[ bcV ' bi enr- b byt onr i V bcai r os gbs tscogahs bnrb bok apb 
s tscogahs bes oi ylbEr ahnu onar bk ebc ggnshbai obnr b beo r h ghb- tMcsgatpb 
j eshbag- r ncbs tscogatMos bcar eneonr- baUb[ 8-bUagV V nhsfb5bk o-bmW5Zb 
PA s gcHzb r hb' bk o-bW' ClbE bg V ynr- byaos r on tbaUb[ bRe−[ bUgaV bC ( Bbk eb 
i eshb r hbHsyob ob18bRbUagb[ 9bV nr boabcgs os bi r nUagV br r aoi j i t gbeogi cp 
oi gs ebq' 9]lbflgbcaV y cobawnhs bP( CzbS tV ebk s gs bygsy gshbar bflgbUantebi r hs gb 
bcar eo r obyaos r on tbaUb18bRbUagb18bV nr bnrb b[ bA bW' NC 5bPA s gcHzbs tscp 
ogatMoslbE r ahnushbt Ms gebk nttbj sbgs Us ggshboab eb“ungcar n bei j eog os e” 

odgai - dai obodnebk agHb r hbk s gs b r r s tshb ob598b◦( bUagb[ bdbygnagboab 
Ui gods gbygacs eenr- lbFabnVy gobei gU csbdMhgaydaj ncnoMfbods bok ab yp 
yga cdsebaUbj i tHbnVVs genar bP. Ozb r hbV ncgapcar o cobygnr onr- bPμ( Bzbk s gs b 
yytnshlbOr bods b. Obeog os - Mfbe V yts ebk s gs bea Hs hbnr beati onar ebcar o nr nr- b 
[ 8bV A bacoMtydaeydar ncb cnhbPC BEfb( 6W[3BC PC Wz' zbagbaco hscMtydaep 
ydar ncb cnhbPC x BEfb( [6W13BC PC Wz' zbnr bos og dMhgaUi g r bPFWZfb, aodzbUagb 
' 5bdb ob V j nsr obcar hnonar elbNi j esvi sr otMbe V yts ebk s gs bgnr es hbj Mbyi gs b 
FWZbUagb18bebUattak shbj MbhgMnr- lbZagbμ( Bfbe V yts ebk s gs bygahi cshbj Mbnr Hb 
P[ 8bV A fbC BE bagbC x BE bnr bFWZzbog r eUs gbUgaV b bBx A NbPNMt- ghb[ 65fb 
[ 8J[ pci gnr- b - sr ozb% opeo V ybhngscotMbar oabods bflgC ' pei j eog os ebUagb b 
hi g onar baUb[ 8bV nr fbgsr hs gnr- bods bei gU cs baUbods boi j s poayebdMhgaydaj nclb 
Nc rr nr- bs tscogar bV ncgaecayMbPWno cdnbNXA bZXb5688zbk ebsV ytaMshbUagb 
ods beogi coi g tb r hbV agydata- nc tbcd g cos gnu onar baUbods b r ahnushbungp 
car n beys cnVs r elbNi gU cs bcds V nc tbcd g cos gnu onar b r hbhsyodbygaS tnr- b 
k ebys gUagV shbi enr- b bFaZpNOA NbORbnr eogi V sr obPOC mpFC ZfbA Qr eos gzlb 
Ni gU cs bca-s g - s bk ebs eonV os hbj MbfiBNbPNNfi p[ 88bNi gU cs bNcnsr cs bOr p 
eogi V sr oezlbZi gods gbs wysgnV sr o tbhs o ntebUagbfiBNb r hbFaZpNOA Nbc r bj sb 
Uai r hbnr bods bNOlbNo oncbk os gbcar o cob r - ts bP/ ( EzbV s ei gsV sr oebk s gsb 
ysgUagV shbi enr- b r bC eent b( ar o cobEr - ts bKar naV s os gbPx Obk os gbhgayts ob 

-ati V sfb[ 8bμtzboabhs os gV nr s bk s oonr- bj sd -nagb r hboabs - ti os bods beo p 
j ntnoMbaUbNE A ebnrb vi sai ebVs hni V b obhnUUs gsr obonVs byanr oelbx Ms bgsts esb 
s wysgnVs r oeb k s gs bys gUagV shb k nodb ci gci V ps od r atbeati onar eb P[ l9b 
V- : V tzlbFds bci gci V bP. nabpb, sk sfbAs gecdj gacHp/ ns es bKs k QgubKV j Wzb 
k ebeai gcs hbtac ttMlbFds b eb r ahnus hbflgmFbk s gs bei j Ts coshboab' 5bdb 
ea Hnr- b nrb ods b hMs peati onar b r hb ngb hgnshb ygnagb oab 
Cx BE pdMhgaydaj nu onar b-n bμ( BlbFds bhMs pta hshbe V yts ebk s gs bodsr b 
ea Hs hbnrbk sttbyt os ebcaro nr nr- b' bV tbs od r atbagbhneonttshbk os gfb 
gseys con-stMfb r hbods bei j esvi sr obhgi - pgs ts es bk ebV s ei gshb eb j eagp 
j r cs baUbods bcd g cos gneoncbj gn- dobMs ttak bcatagb-s r sg onr- b bj ga hbj r hb 
en- r tb obk -stsr - odebnr bj s ok ssr bP188br V b〈 λ ci gci V nr 〉 988br V zbi enr- b 
@RpRnebeys cogaecayMbPBs gHnr XtV s gb) V j h bfi) N: fi) N+zb r hbods bcar p 
csr og onar ebcaggs eyar hnr- boabgs eyscon-s b j eagj r cs b- ti s ebk s gs bhs os gp 
V nrshbj Mbods b. ss gp) V j s gob) k lb 

 
) . F l gu(tg bnd digcuggion 

 
( L9L I valuation of multi-deKth functionalization 

 
Er ahnu onar bneb r bs UUscon-sbeog os - Mboabhs -staybawnhsbt Ms gebk nodb 

car ogatt j tsbV agydata- ns eba-s gbr ar pr aj tsbV so ttncbei j eog os elbC wnhsb 
S tV bei gU csebc r b- gMbUgaV bj i tHpS tV ebei cdb ebcaV y cobawnhseboab 
eogi coi g ttMbi r nvi sbU cs oebei cdb eboi j s efb- g eefbeyar - s ebs oclbq[[ ]lb 
m r aeogi coi gs hbungcar n bk eb cdns-shb-n b benr- ts peos yb r ahnu onar b 
i enr- b V V ar ni V b%i agnhs bnr b r bag- r ncbs tscogatMos bq' 0f' 3]fbods bgs ei top 
nr- bawnhs bt Ms gbd hb bcngci t gbr r aoi j i t gbV agydata- Mb ebgs ygs esr os hbnrb 
Zn- lb[ lbFds bar s pyaobeMr ods enebgs ei toebnrb bdaV a- sr sai ebawnhs bt Ms gfbk nodb 
r b -sg - s byags bhn V s os gbaUbu 68–[ 88brV bPZn- lb[ zb r hb r b -sg - s bt Ms gb 
odncHr seebaUbu ' l9–1l8bμV bPZn- lb[ j zlbFdsb j esr cs baUb bygs ps ocdnr- beos yb 
ttak ebUagb bedagos gb r hbenV yts gbU j gnc onar bq' 3]lb( aV y cobawnhs bei gp 
U csebk nodb bS tV bodncHr seebaUbu 98p39brV bk s gs b teabei ccseeUi ttMbygsy gshb 
ebessr bj Mbods bcd g cos gneoncbcatagbcd r - s bhi s boabnr os gUs gsr cs bs UUscoebnrb 
ods bog r ey gs r obawnhs bt Ms gefb ebedak r bnr bTip. , 1 3, IBlbFds b ep r ahnushb 
e V yts ebcar eneobaUb V agydai ebflgC ' br r aoi j sb gg Meb r hbods bfi, x ben-p  
r tebPZn- lb[ czb yys gnr- b ob19◦ P88' zfb13◦ P[ 8[ zfb56◦ P[ 8' zb r hb05◦ P881zb 
gs b ecgnj shboabflgbVs o tbUgaV bods bei j eog os bq' 6f' 7]lbE rrs tnr- bgs ei toebnrb  
byd esbog r eUagV onar boabV nr tMbV ar actnr ncbyd esbcd g cos gnushbj Mb 

gs %s conar eb ob18◦ A P−[[[ zfbA P[[[ zfbA P' 88zb r hb98◦ A P' ' 8zfbA P8' ' zb 
q18f1[ ]lb 

NE A ebc r bj s bygahi cshbar bawnhsbei gU cs efbsl- lfbodgai - dbydMenc tb 
- yagbhs yaenonar fbs tscogaphs yaenonar fbV ncgapcar o cobygnr onr- b r hbods b 
V ags bcaVV ar tMbi eshb nVVs genar b nrb j i tHb eati onar b q[' –[ 5f1' f11]lb 
Bdaeydar ncb cnhebk s gs bygs-nai etMbedak r boabUagV beo j ts bj ar heboabflgC 'b 
q' 0f15]lbFdsbr r aeogi coi gs hbflgC ' bt Ms gebk s gs bUi r conar tnushbj Mbods b 
heagyonar b aUbag- r ncb NE A ebaUbC BEfb( 6W[3BC PC Wz' fb r hb Cx BE fb 
( [6W13BC PC Wz' lbOr baghs gboabdMhgaydaj nus bods bflgC ' bei gU cs efbods bei j p 
eog os ebk s gs bs nods gbV ncgapcar o cobygnr os hbPμ( Bzbagbea Hs hbnr bj i tHpNE A b 
eati onar ebP. OzlbFdses bydaeydar ncb cnhebUagV beogar - bj ar hebk nodb r hb 
hsr estMby cHs hbS tV ebar b bdMhgaydntncbawnhs bei gU cslbFds Mb tn-r b eb b 
gsei tobaUbdMhga- sr pj ar hnr- bj s ok ssr bods bds hb- gai yeb tar - bk nodbR r bhs gb 
/ tebnr os g conar baUbodsbV s odMtbi r noeb r hbc r bgs r hs gbei gU csebei ys gp 
dMhgaydaj ncbq' 9f19–16]lbFds bgs t on-sbei ys gdMhgaydaj ncnoMbaUbods bnrp 
hn-nhi tbungcar n bei j eog os efbflgmFb r hbflg( C fbUi r conar tnushbj MbC BE b r hb 
Cx BE bNE A eb-n b. Obagbμ( Bbeog os - ns ebk ebs - ti os hbj Mbk os gbcar o cob 
r - ts bV s ei gsV sr oelbZn- lb' b edak ebods bayonc tbV ncgaecayMbnV - sebaUb 
k os gbhgayts oebar bflgC ' bei j eog os ebPoaybpb-n b. Ofbj aooaV bpbμ( BzlbE bei V p 
V gMbaUbods b/ ( EbV s ei gs V sr oebnebgs ygs esr os hbnr bZn- lb' j bUagbs ens gb 
vi r onSc onar lbCr bflgmFefbei ys gdMhgaydaj ncnoMbP/ ( Eb≥ [ 98˚zbk eb 
aj es g-s hbUagbj aodbNE A ebnggseys con-sbaUbUi r conar tnu onar beog os - Mfbk nodb 
r b -sg - s b/ ( E baUb[ 01˚± ' ◦lbFdnebydsr aV sr ar bc r bV TagtMbj sb oognj p 
i os hboabods bsr d r cshbgats baUbei gU cs bgai - dr s eeb eb bgs ei tobaUbr r aec tsb 
oaya- g ydMb r hbc r bj s bs wyt nrshbj Mbods b( eens p. wos gpA ahstbq17]lbxi sb 
oabodnebs wyscos hb( eens p. wos gbs UUscofbods bV atsci t gbhsr enoMbgs vi ngshboab 
gs cdbdMhgaydaj ncnoMbV Mbj sbtseebod r bar b% obei gU cselbOr baghs gboab 
hs os gV nrsbk ds ods gbods b heagyonar bj sd -nagbaUbj aodbV atsci tsefbCx Eb r hb 
Cx BEfbnebcaV y g j tsfbcaV y cobawnhs bei gU cs ebk s gs bUi r conar tnus hb r hb 
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Tip. 1. Er ahncbungcar n br r aoi j seJbNXA bV ncga- g ydeb– P zboayb-ns k fbPj zb r hbcgaeepesconar 4bPczbfi, x bygnagboab r hb Uos gb rrs tnr- baUbods bflgmFelbb 

 

s- ti os hbUagbods bs wosr obaUbdMhgaydaj ncbj sd -naglbFds bflg( C bei j eog os eb 
habr aobedak bods be V s bs wosr obaUbdMhgaydaj ncnoMb ebods ngbr r aoi j i t gb 
cai r os gy goefbk dncdbnebnr btnrsbk nodbods b( eens p. wos gbV ahstlbflg( C–C BE b 
V ahnSs hbei gU csebedak b b/ ( EbaUb[ 80˚P± [ ◦zbk ds gs ebflg( C–Cx BEb 
gsyagos hb b/ ( E b≥ [' 8 l̊bFdnebaj es g- onar b tn-r ebk nodbygs -nai etMbgsyagos hb 
- ti sebq58f5[ ]lbOobnebnr os gs eonr - boabr aos bod obods bedagos gbcd nr pts r- odb 
V ahnSs hbei gU csebedak benV nt gbei gU cs bdMhgaydaj ncnoMba-s gbods bflg( Cb 
ei j eog os bPflg( C–C BE zbs-sr bk dsr bods gs bnebV ags bNE A peati onar b - nt j tsb 
-ati V s ognc ttMfbei cdb ebk nodb. Obnr bcaV y gnear boabμ( Bfbnr hnc onr- b b 
caV y g j ts bei gU cs bca-s g - s bUagbj aodbV ahnSc onar b yyga cdselbCr bods b 
car og gMfbflg( C–Cx BE bedak eb bcts gbs r d r cs V sr obaUbdMhgaydaj ncnoMb 
Uagb. ObP[ 17˚± 1◦zb-s gei ebμ( BbP[ ' 9˚± ' ◦zfbnr hnc onr - b bV ags bs UScnsr ob 

tn- r V sr ob r hbonV s phsysr hsr obgsaghs gnr- baUbods btar - s gpcd nrb tnyd oncb 
ydaeydar ncb cnhbar bods bflgC ' bei gU cs bq5' –59]lb 

FaZpNOA Nb V s ei gs V sr oeb Pes V npvi r ono on-szb k s gs bys gUagV shb oab 
carS gV bCBEb r hbC x BEb oo cdV sr oboabflgC ' bei j eog os efbei ccs eeUi ttMlb 
Zn- lb' c.1mc.2 edak bods bygs esr cs baUbods bgseys con-sbydaeydar ncb cnheb-n b 
ods bhs osconar baUbodsbcd g cos gneoncbV atsci t gbUg - V sr oebA pW− aUbC BEb 
PV : ub= [ 7' l[ 8zb r hbA pW−aUbC x BE bPV : ub= 111l' 7zbnr b ccagh r csboab 
gsyagos hbtnosg oi gs bq50–56]lbZi gods gbcd g cos gneoncbUg - V sr oebaUbods esb 
V atsci tsebk nodb bdn- ds gben-r tbnr os r enoMbPBC −zb gs bedak r bnr bods bNObPcUlb 
Zn- lbN' zb r hbhsyncobods be V s bogsr hlb. aodbV atsci t gben- r tebedak b r b 
sr d r cshben-r tbnr os r enoMbUagbods b. Oba-s gbods bμ( BbV ahnSc onar bVs odahfb 
ods bogs r hbnebV ags baj -nai ebUagbCx BElbZi gods gV ags fbods bFaZpNOA Nb r tMeneb 
aUbods bei j eog os ben-r tbgs- nar bP78flg−fbV: ub= 67l7[ zbedak ebdn- ds gben-r tb 
nr os r enons ebUagbμ( BbcaV y gs hboab. Obe V yts ebPcUlbTip. , 24zfbnls lfbnobUattak eb 
ods bnr -s ges bogs r hboabods bV atsci t gbUg - V sr oefbnr hnc onr- b r bnr cgs eshb 
ei gU cs bca-s g - s bUagb. ObNE A ebaUbj aodbV atsci tseb r hfb-s r sg ttMfbUagbCx BEb 
caV y gs hboabC BE lb 

Fds bdMhgaydaj ncbs UUscobaUbCx BE bV ahnSs hbei j eog os ebs wcsshebods bar sb 

nr hi cshbj MbC BEfbk dncdbnebescar hshbj Mbods bdn- ds gben-r tbnr os r enons eb 
aj es g-s hbnr bFaZpNOA Nbei gU csb r tMenelb( ar esvi sr otMfbk s bUi gods gbs - tp 
i os bods bs wosr obaUbflgmFbca-s g - sbaUUs gshbj MbC x BEbodgai - dai obods b 
r r aeogi coi gs bhsyodb-n bods b- gnai ebV ahnSc onar bV s odahelbZn- lb' c.) 
edak ebods bFaZpNOA NbhsyodbygaS ts ebaUbflgC 'b r hbC x BE bV ahnSs hbei j p 
eog os elb/ s bysgUagV bFaZpNOA Nb r tMenebnr bods bhsyodbygaS ts bV ahsb tar - b 
ods bsr ongs boi j i t gbawnhs bt Ms gbPu ' l3bμV bawnhs bt Ms gbodncHr s eezfbUattak shb 
j Mb byanr opoapyanr obr agV tnu onar bi enr- bods bflg−en-r tb eb bgs Us gsr cs bPoab 
ccai r obUagb- gn onar ebnr boao tbeys cog tbnr os r enoMb r hboab ttak b bes V npb 
vi r ono on-sb r tMenezlbOr bZn- lb' cl1fbods bhsyodbygaS ts baUbi r V ahnSs hb 
flgmFebnebcaV y gs hboabod obaUbCx BE pμ( Bb r hbCx BE p. ObV ahnSs hbflgmFefb 
sV ytaMnr- bcd g cos gneoncben-r tebaUbods bflgmFeb r hbV atsci ts bPflgC ' −Jb 
ei j eog os fbBC ' −Jbydaeydar ncb cnhzlbFds bflgC ' − Ug - V sr obnebenV nt gbUagb ttb 
e V yts boMysefbnr hnc onr- bods bcaV y g j ntnoMbaUbods bhsyodbygaS ts elbFdsb  
-g hi tbhscgs esbaUbods ben-r tbUgaV b' l5boab1l' bμV bnebc i eshbj Mbods b 
nr ds gsr ob r hbeyi oos gpnr hi cshbe V yts bgai - dr s eeb r hbV gHebods bog r enonar b 
oabods bV so tbj s tak bods bawnhs bt Ms glbOr bhs yodbygaS tnr- fbods bBC ' − en-r tb 
k ebcdaes r b ebcd g cos gneoncben-r tbei --seonr- bods bygs esr csbaUbydaep 
ydar ncb cnhfb ebods bV atsci t gbUg - V sr obPC x BE pW−fbV: ub= 111l' 7zbhnep 
yys geb tar - b ods b hsyodb aUb ods b r r aoi j seb hi sb oab ods b eogar - b 

Ug - V sr o onar bnr ds gs r oboabods bhs yodbygaS tnr - bV s odahlbFdsbj gs bflgmFeb 
edak b bBC ' − en-r tbnr bods br anes bg r - slbZagbods bμ( Bbei j eog os fbods bBC ' − 
en- r tbc r bj sbog cshbk sttbnr oabods br r aoi j i t gbt Ms gfbcar eo r otMbhs p 
cgs eseb r hbos gV nr os eb obu 3' -bhs yodbaUbods bflgmFbt Ms glbZagbods b. Ob 
flgmFefbods bBC' − en-r tbnr os r enoMbnebV i cdbdn- ds gbod r bar bodsbμ( Bb 
V ahnSs hbflgmFebPu U coagbaUb[ 8zb r hbnebygs esr obk sttbodgai - dbods bs r ongsb 
t Ms glbZi gods gV ags fbUagbods b. ObflgmFefbk s br aoncsb byt os i bnr ben-r tbnr p 
osr enoMbi r ontbu 38-b Uos gbk dncdbnob-g hi ttMbhsctnrselbFdnebogs r hbneb-sgMb 
enV nt gboabod obaUbods bμ( Bbei j eog os b r hb byaeenj ts bgs ear bc r bj s bUai r hbnrb 
ods boi j sbV agydata- MbaUbods bawnhsbt Ms glbm r aoi j sbk ttebosr hboabj sb  
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Tip. 2. / os gb( ar o cobEr - ts bV s ei gsV sr oebar b 
flgmFb r hbflg( C bei j eog os ebV ahnSs hbk nodbC BEb 
P( 6W[3BC PC Wz' zb r hbCx BEbP( [6W13BC PC Wz' zb 
NE A ebPoaybpb-n bj i tHbnVVs genar bP. Ozfbj aooaV bpb 
-n bV ncgapcar o cobygnr onr - bPV ( Bzz4bPj zbNi V p 
V gMbaUbods b/ ( E baUbNE A bV ahnSs hbflgC' bei j p 
eog os e4b Pczb FaZpNOA Nb  r tMeneJb Pcl[ zb 
cd g cos gneoncb en-r tb aUb CBEb PV : u=[ 7' l[ 8fb 
( 6W[6BC pfbA –Wb−zfbPcl' zbCx BE bPV : u=111l' 7fb 
( [6W16BC 1pfbA –W−zb r hbPcl1zbhs yodbygaS tsebaUb 
flgmFeb r hb Cx BEb V ahnSs hbflgmFe4b Phzb fiBNb 
r tMenebaUbods bygneonrsb r hbC x BE pNE A bV ahnp 

SshbflgmFe4bPs zbecdsV oncbntti eog onr- bUi r conar p 
tnu onar bhs yodebUagbr r aoi j sebV ahnSs hb-n b. Ob 
r hbμ( Bb Pnr UagV onar bhsyodb - ti seb Uagb % ob 

ei gU csefb etn- dob hs-n onar eb gsb yaeenj ts b nrb 
r r aeogi coi gshbV os gn tezlbbb 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
odnr r s gboak ghebods boayeb r hbk nodbdn- ds gbk ttbodncHr seebctaes gboabods b 
V so ttncbei j eog os bq[[ ]fbk dncdbnebesy g os hbUgaV bods br r aoi j s bnr os gnagb 
j Mbods bj aooaV bawnhs baUbods bmFb r hbyaos r on ttMfbj Mb bods gV tbawnhs bt Ms gb 
- gak r bnr bods b rrs tnr- beos ybq57]lb( ar es vi sr otMfbhs yodbygaS tsebgs -s tb 
od ob. Obyga-nhseb bdaV a- sr sai ebhsyodbhneognj i onar bk nodbC x BEfbk dntsb 
μ( Bbts heboabods bV TagnoMbaUbods bV atsci tsebj s nr- bca os hbar bods boi j s boayeb 
r hbar tMb bV nr agb V ai r obhnUUi enr- bnr oabods bflgmFelbE tos gr on-stMfbods b 
tak s gs hb V ai r obaUbBC ' − odgai - dai obods boi j sebcai thb teabj s bc i eshbj Mb 
eyi oos gb gos U coefbs l- lfbyi edpar bs UUs coebagbV atsci tseb“U ttnr- ” nr oabods b 
oi j selbCi gbgs ei toefbdak s-s gfbenV i to r sai etMbyga-s bod obods b. OpBC ' − 
en-r tbc rr aobj s bs wyt nrshbeats tMbj Mbei cdb gos U coeb ebj aodbe V yts boMyse’ 

hsyodbygaS tsebeo gobk nodb benV nt gbBC ' − nr os r enoMlb 
E hhnonar tbfiBNbnr -seon- onar bk ebcar hi cos hboabaj o nrb bvi r ono on-sb 

s- ti onar baUbods bC x BEbV ahnSs hbflgC ' lbFdsbyi gsbflgmFbar tMbedak eb 

c gj ar bUgaVb oV aeyds gncbcar o V nr onar fbk dnts bods bydaeydagai eben-r tb 
PBb' yfbcUlbNObZn- lbN1zfbnebnr hnc on-sbaUbCx BEb heagyonar lbFds bca-s g - s bnebnrb 
ods bUattak nr- baghs gbP. Ob≥ μ( Bb> . gs bflgmFzb ebgsygs esr os hbnr bZn- lb' hlb 
Fds betn- dotMbsr d r cshb( b[ eben-r tbUagbμ( BbflgmFebV Mbj sb bgs ei tobaUbods b 
eo V ynr- bygacs eelbFds b. ObV ahnSs hbflgmFebedak b betn- dotMbsr d r cshbBb' yb 
en-r tbcaV y gs hboabμ( BbflgmFefbk dncdbnebts eebod r baj es g-s hbnr bods bFaZpb 
NOA NbhsyodbygaS ts ebj i ob bcaV y g j tsbs UUscob ebaj es g-s hbj Mb/ ( Efb 
k dncdbedak bnhsr onc tb- ti sebUagbj aodbV ahnSc onar bV s odahebaUbflgmFelb 
xi s boabods bei ys gnagbj nr hnr- b j ntnoMbaUbydaeydar ncb cnheboabVs o tpawnhseb 
r hbV ags beyscnS c ttMbungcar n fbods bdMhgaydaj ncnoMbnr b/ ( EbV s ei gsp 
Vsr oebnebs-sr be oi g oshbUagbμ( BbflgmFebq' 9f98]lbFdneb yy gs r obhnecgs yp 
r cMbj s ok ssr bods b- gnai eb r tMenebV s odahebc r bj sbgs eat-shbk dsr b 
gs- ghnr- bods bnr UagV onar bhsyodebaUbods bgseys con-sboscdr nvi sebP/ ( E Jboayb 
ei gU cs 4bfiBNJb1p[ 8br V bqUagb% obei gU cse]4bFaZpNOA Nbhs yodbygaS tnr- Jb 



96 

5 

 

 

 
SLNLOL ) aghu et alL 6XUIDFH 6FLHQFH  

 

μV pg r - s zlbFdsbhnUUs gsr csebnr b. Ob r hbμ( Bbnr cgs esbk nodbnr cgs enr- b 
r tMenebhsyodfbnr hnc onr- bod obs-sr bodai - dbenV nt gbca-s g - s bk nodbCx BEb 
s wneoeb obods boi j s bays r nr- ebUagb. Ob r hbμ( BbV ahnSc onar fbods bμ( BbVs odahb 
nebgs eogncos hboabV ahnSc onar baUbods b j eati os bei gU csbk nodbar tMbV nr agb 
hnUUi enar bd yysr nr- bnr enhs baUbodsbflgmFelbE becdsV oncbgs ygs esr o onar bneb 
edak r bnr bZn- lb' l .   

NE A bUagV onar bnebygs haV nr r otMb- a-s gr shbj Mbcar hsr e onar bgsp 
conar ebk dncdbV Hs bods V bs entMbgs-s genj ts fbs eys cn ttMbnr bods bygs esr cs baUb 
vi sai ebV shni V bq' 3f9[]lb. aodbC BEb r hbC x BE bV ahnS shbflgmFebedak b 
s wcs ttsr ob V j nsr obei ys gdMhgaydaj ncnoMb r hbodi ebk s gs bei j Ts coshboab 
a-s gr n- dobP' 5bdzbea Hnr- bnr bhneonttshbk os gbnr baghs gboabhs os gV nrsbods b 
dMhgatMoncbeo j ntnoMbaUbj aodbNE A efbgseys con-stMlbFds bC BE pV ahnSs hbei j p 
eog os ebi r hs g- ab bg ynhbhsctnrsboak ghebdMhgaydntncbP/ ( Eb≤ 78˚zb 
j sd -nagfb k ds gs eb Cx BE pV ahnSs hb ei j eog os eb car onr i sb oab gsV nrb 
ei ys gdMhgaydaj ncbP/ ( E b≥ [ 98˚zb ebessr bnr bZn- lb1mk dncdbnebnrb ccagh r csb 
oabygs -nai etMbgsyagos hbtnos g oi gs bq' 3]b r hbei yyagoebods bSr hnr- bod obC BE b 
ca-sg - s bar bflgC ' bnebnr Us gnagboabC x BElbFdnebnebnr os gs eonr- boabr aos bs eysp 
cn ttMb j sc i esb ods b nr non tb / ( Eb aUb ttb ei j eog os eb edak b ei ys gp 
dMhgaydaj ncnoMbk s ttba-s gb/ ( E b≥ [ 08̊ Uagbj aodbedagopcd nr bPC BEzb r hb 
tar - pcd nr bPC x BEzb tnHs fbnr hsysr hsr obaUbods bV ahnUMnr- beog os - MlbWak p 
s-s gfbei j eog os ebV ahnSs hbk nodbC BEb-n bμ( Bbi r hs g- ab bV ags bg ynhb 
hsctnrsboak ghebdMhgaydntncnoMbnr bcaV y gnear boabodaes bV ahnSs hb-n b. Ob 
k dncdbgs V nr bei ys gdMhgaydaj ncb Uos gbods b' 5bdbk os gbs wyaei gs bys gnahlb 
Fdnebhs ctnr nr- bogs r hbnr b/ ( E bnebnr btnrsbk nodbods btak s gbnr non tb V ai r obaUb 
heagj shbV atsci ts eb r hbnr hnc os eb bt g- s gbUg conar baUbV atsci ts ebk dncdb 
i r hs g- abhseagyonar bnr bods bygs esr cs baUb r b vi sai ebVs hni V lbFdnebV Mbj sb 
bgsei tobaUbods bts eebod r bnhs tby cHnr- bhsr enoMfbnls lfbV ags bgs-s tshbei gU csb 
ttak nr- bk os gbV atsci tseboabgs cdbods b heagj shbV atsci tse’ j nr hnr- benoseb 
r hboabgs-s ges bods bcar hsr e onar bgs conar baUbydaeydar ncb cnhb r hbei gU csb 
dMhgawMtb- gai yebq9' ]lb 

 
 

( LFL Ariggered release from multi-functional xrNAs 
 

Fds byaos r on tbcaV j nr onar baUbods b. Ob r hbμ( BbV ahnSc onar bV s odaheb 
k eboseos hbUagbhgi - bgsts esb yytnc onar elbWs gs fb bcar ogattshb r hfbnhs ttMfb 
ogn- - s gshbgsts es bnebs r -nenar shbq[ 7]lbFds bflgmFebk s gs bta hs hbk nodbci gp 
ci V bhMs beati onar bnr bs od r atb-n b. Ofbj Mbea Hnr- bods bj gs bei j eog os bnr oab 
ods beati onar lbFds gs Uos gfbods bei gU cs baUbods bta hs hbflgmFbei j eog os bk eb 
eo V yshbk nodbCx BE b-n bμ( BlbFdneb ees V j tMbk ebcdaes r boabs- ti os bods b 
s UUscon-sbc yynr- b j ntnons ebaUbods bμ( Bb– Cx BE bNE A fb ebk s bedak shb j a-sb 

od obodsbos cdr nvi sb ttak ebUagbV atsci t gbhs yaenonar bar tMb tar - bods b 
oi j s pays r nr- ebk nodbV nr agboi j s bnrS tog onar fbods gsj Mbr aobacci yMnr- bods b 
sr ongs boi j s pey cslbFds bhMs pta hnr- bc y cnoMb -sg - seb obu [ l[ 0bμ- bcV −'b 
nr bods br r aoi j i t gbei j eog os fb ebhs os gV nrshbj MbcaV yts os bgsts esb Uos gb b 
' 5bdbnr ci j onar bysgnahlbFds byga- gs eenar baUbhMs pgs ts esb obhnUUs gsr obonVs b 
yanr oebnebedak r bnr bZn- lb5blbOobneb yy gs r obod obnrb vi sai ebVs hni V bd ghtMb 
r MbhMsb k eb gs ts eshb UgaV b ods bflgmFefb nV ytMnr - b ods b oi j s eb k s gsb 
es tshpedi obj Mbods bdMhgaydaj ncboi j s pV ai odbV ahnSc onar lb/ dsr bods b 
gs ts es bs wysgnVs r oebk s gs bcar hi cos hbnr bs od r atfb bcd g cos gneoncbcatagb 
cd r - s bPMs ttak zbk ebaj es g-s hfbgs cdnr - be oi g onar b Uos gbu 08bV nr lbFds b 
hnUUi enar pcar ogatts hbHnrsoncebUattak bods bZncHn r pV ahstbUagbods bgs ts esb 
ygaS ts bUgaV bods bflgmFbei j eog os eb r hb gs bnrb - gssV sr obk nodbods bgs ts esb 
ygaS ts baj es g-s hbUagbr r aoi j i t gbFnC ' bq91]lb 

Nnr cs bods bhMs pS ttshb r hbC x BE pc yyshboi j sebgs ts es bci gci V bk dsr b 
ea Hs hbnr bs od r atfbodnebs nods gbnr hnc os ebk s oonr- baUbC x BE bj Mbs od r atbagb 
od obC x BE bgs coebk nodbs od r atb r hbi r hs g- as ebs eos gnSc onar bk dncdbnr pb 
oi gr bgs ei toebnr bods bgs V a- tbaUbods bNE A pt Ms gbq95]lbOr baghs gboab r tMusb 
byaos r on tbtak s gnr- baUbods bC x BE bca-s g - sfbk s bys gUagV shb r aods gbeatp 
-atMoncbeo j ntnoMbs wysgnVs r obnr bs od r atb r hbcar hi cos hb/ ( Eb r hbfiBNb 
r tMeneba-s gbods bs od r atbs wyaeshbe V yts elbOr bZn- lb54mods bnr %i sr cs baUb 
s od r atbs wyaei gs bar bCx BE bca onr- ebneb r tMushbj Mb/ ( E bV s ei gsV sr oelb 
Fds b/ ( E baUbC x BE pflgmFebhs cgs es eboabdMhgaydntncbk nodnr b' bdbaUbs wyap 
ei gs boabs od r atfbnr hnc onr- bhso cdV sr obagbhseogi conar baUbods bCx BE bNE A lb 
Zn- lb5cbygs esr oebods bcaV yts Vsr o gMbfiBNb r tMenebPgsygs esr oshb eb oaV ncb 
ys gcsr o - sfb o-zlbE bcts gbnr hnc onar baUbods bhscgs es bnr bBb' yben-r tbnr p 
osr enoMbnebaj es g-s hbUagbods bμ( Bbe V yts bPca oshboi j s boayeb-n bμ( Bzbod ob 
i r hs gk sr ob r bs od r atbea HlbFds bhsctnrsbnr bods bBb' yben-r tbnebnr hnc on-sbaUb 
bei j esvi sr obtak s gnr- baUbods b V ai r obaUb heagj shbCx BE bV atsci tseb r hb 
car es vi sr otMfb bhscgs enr- bNE A bca-s g - s ba-s gbods bflgmFbei j eog os bhi s boab 
s ti onar bagbNE A bhseogi conar bnr bs od r atlbFds bnr cgs es bnr b( b[ ebV Mbnr hnc os b 
bog r eUagV onar bagbgsyt cs V sr obaUbods bC x BE bt Ms gfbsl- lfbj Mbseos gnSc p 
onar bq95]lbFdnebcar es vi sr otMbnV ytns ebod obods boi j seb gs br abtar - s gb eb 
s UUscon-stMbc yyshb r hbods bhMs bS ttshbnr enhs bods boi j sebnebs ti onr- bai obj Mb r b 
s wos gr tbogn--s gfbnls lfb r bs r -ngar V sr obgs V a-nr- bods bdMhgaydaj ncbydaep 
ydar ncb cnhbca onr- bUgaV bflgC ' lbE ebr abs ti onar bk ebaj es g-s hbnrb vi sai eb 
Vshni V fbnobc r bj s bcar cti hs hbod obods bta hnr- baUbods bflgmFebk nodbods bhMsb 
hnhbr aobeogar - tMb UUscobods bhsr enoMbaUbods bμ( BpC x BE bt Ms glbZn- lb5hbedak eb 
becds V oncbhsecgnj nr- bods bdMyaods enushbnr os g conar bj s ok ssr bμ( BpC x BEb 
flgmFebnrb vi sai eb r hbs od r atncbVs hni V lb 

Fds bs wysgnVs r o tbgsei toebj s gb bDygaaUbaUbygnr cnyts ’ Uagbods byaeenj ntnoMb 

 

 
 

Tip. ) . WMhgatMoncbeo j ntnoMbaUbNE A ebj eshbar bUi r conar tnu onar beog os - Mb eb ees eeshbj Mb/ ( Elbb 
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Tip. 5. P zbx Ms bgsts es bygaS ts baUbC x BE pc yyshbflgmFbei j eog os ebnr b- gMnr- beat-s r oe4bPnr es opbZncHn r bgsts es bV ahstzbPj zb/ ( E bar bCx BE pflgmFebea Hs hbnr bs od r at4bPczbfiBNb 
r tMenebaUbods bCx BE bNE A bV ahnSs hbflgmFebygs : yaeob[' 8bV nr bs od r atbnVVs genar b r hbPhzbecds V oncbntti eog onr- bods bnr hnc os hbj sd -nagbaUbCx BE bc yyshbflgmFebs wyaes hb 
oabhnUUs gsr obeat-sr oelb 

 

Uagbj npUi r conar tnushbc yntt gns eb r hbyaosr on ttMbygses r ob bS geobeos yboap 
k ghebods bhs-s tayV sr obaUbVi tonpt Ms gshbUi r conar tnu onar beog os - ns ebod ob 
V Mbedak byaos r on tbUagb yytnc onar bnr bs wos gr ttMbogn--s gs hbhgi - bgsts eslb 

 
5. 6onc(ugion 

 
/ s bei ccseeUi ttMbU j gnc os hbungcar n br r aoi j sebPflgmFezb-n b benr- ts pb 

eos yb r ahnu onar bygacs eebk nodai ob r Mbd u ghai ebWZp cnhbygs ps ocdlbFds b 
r r aoi j sebk s gs bei j Ts coshboabdMhgaydaj nu onar beog os - ns eb r hbodagp 
ai - dtMbcd g cos gnushbi enr- bvi r ono on-sbos cdr nvi sebei cdb ebfiBNb r hb 
es V npvi r ono on-sboscdr nvi seb ebFaZpNOA Nb r tMenelbOrb hhnonar fbei gU cs pb 
hsys r hsr obk os gpcar o cob r - ts bP/ ( EzbV s ei gsV sr oebk s gs bysgUagV shboab 
s- ti os bods bs wosr obaUbdMhgaydaj ncnoMbi r hs gb- gnai ebos eobcar hnonar elbE b 
cd r - s bnr bUi r conar tnu onar bhsyodbk nodbhnUUs gsr obV ahnSc onar bos cdp 
r nvi sebP. Ob r hbμ( Bzbcai thbj s byga-s r fbk nodb. ObV ahnUMnr- bods bsr ongs bflgmFb 
hsyodb r hbμ( BbV nr tMb oo cdnr - bV atsci ts eboabods bmFbays r nr- elbA i tonp 
Ui r conar tfbhsyodpes tscon-sbV ahnSc onar bcai thbj sbhs V ar eog os hbnrb b 
V ahstb eMeos V lb flgmFeb k s gs b ees eeshb Uagb ods ngb eoag - sb c y cnons eb 
i - V sr os hbj MbUi r conar tbag- r ncbV atsci ts bca onr- eb-n bhMs pgs ts es bs wp 
ysgnVs r oeb nVs hboabenV i t os bhgi - pgsts esbj sd -naglbflgmFebV ahnSs hb 
k nodbC x BEb-n bμ( Bbedak shboabei yygs eebods bhMs bgs ts es bnrb vi sai eb 
sr -ngar V sr ob r hbcai thbj sbogn- - s gs hboabgs ts esbods bmFbta hbj Mb b 
hseogi con-sbs r -ngar V sr obhs o cdnr- : hseogi conr- bods bCx BEbygaos con-sb 
ca onr- lbFds bi es baUbesvi sr on tbUi r conar tnu onar beog os - ns eb-n bnVVs genar b 
nr bj i tHbeati onar b r hbV ncgapcar o cobygnr onr- byga-nhseb bU cnts bgai os boab 
cgs os bj npUi r conar tbr r aeogi coi gs ebod ob gs b j ts boabhs V ar eog os bV i tonpb 
t Ms gsh: bhsyodpes tscon-s bS ttnr- baUbc yntt gns elbNi cdbeMeos V ebd -sbodsb 
yaos r on tboabU cntno onr - bhs-s tayV sr o tbeog os- ns eboak ghebcar ogatts hb 
hgi - bgs ts es bV ahstelb 

 
6F l di7 butCorgCis contri4ution gtbtl a l nt 

 
, E btCi x .S . F bpCu/ ( ar csyoi tnu onar fbx o bci g onar fbA s odahatp 

a- MfbOr -seon- onar fb/ gnonr- b– agn- nr tbhg Uofb/ gnonr- b– gs-nsk b& shnonr- lb 
Mb4ril ( hnwl ngo/ / gnonr- b– gs-nsk b& shnonr- fbOr -seon- onar lb, CiNb 
V oCbkl rnib/ ZagV tb r tMenefb/ gnonr- b– gs-nsk b& shnonr- lbV bnul (b , . 
: i((ibn/( ar csyoi tnu onar fbZi r hnr- b cvi nenonar fbBgaTscob hV nr neog onar fb 
Ni ys g-nenar fb, seai gcs efb/ gnonr- b– gs-nsk b& shnonr- lb 

Kl c(brbtion oj 6oa s l tinp Intl rl gt 
 

Fdsb i odagebhs ct gs bod obods Mbd -s br abHr ak r bcaV ys onr- bS r r cn tb 
nr os gs eoebagbysgear tbgst onar ednyebod obcai thbd -sb yys gs hboabnr %i sr csb 
ods bk agHbgsyagos hbnr bodneby ysglb 

 
8cDnoE (l dpa l ntg 

 
Fdsb i odageb cHr ak tsh- s bods bx ZKbgs es gcds gb- gai ybZC , b[ 636b r hb 

I Ob' [ 07: ' –[ bUagbUi r hnr- lbFdsb i odagebk ai thbtnHs boabod r HbBgaUlbx glb 
( geos r bXr - std ghfbx glb( dgneon r bBgnous tfbx glbA wnVs bWi j s gofbE r hgs b 
. agr b r hbx glbNs g- s Mbx gi udnr nr bUagb ccseeboabt j bey csfbV s ei gs V sr oeb 
r hbhneci eenar lbB gobaUbodnebk agHbk ebysgUagV shb obods bAm ZbNns- sr lb 

 
, uss (l a l ntbrwa btl rib(g 

 
Ni yytsV sr o gMbV os gn tb eeacn os hbk nodbodneb goncts bc r bj s bUai r hfbnrb 

ods bar tnrsb-sgenar fb obhanJ[ 8l[ 8[ 0: Tlei ecl' 8' ' l[ ' ' 8' 5lb 
 

F l jl rl ncl g 
 

q[ ] WlbNdnr fbNlbGafbE lKlbA nHaefb. naV nVs oncbV os gn tebUagboneei s bs r - nrss gnr- fb 
. naV os gn teb' 5bP' 881zb5191–5105fbdooyeJ: : hanlag- : [ 8l[ 8[ 0: N8[ 5' p70[ ' P81zb 
88117p7lb 

q' ] x lx l) llb( di r - fb( aV yaenos bA os gn teJbZi r conar tbA os gn tebUagbA ahsgr b 
Fscdr ata- ns efbNygnr- sgb) ar har fbr lhlbdooyeJ: : k k k l- aa- tslhs: j aaHe: shnonar : ( b 
aV yaenos YA os gn te: pTr . k EE 2 . E G-dt=sr &-j y-=8lb 

q1] KlE lbNnt- fbOr ogahi conar boabr raos cdrata- Mb r hbnoeb yytnc onar eboabV shncnrsfbNi g- lb 
msi gatlb0[ bP' 885zb' [ 0–' ' 8fbdooyeJ: : hanlag- :[ 8l[ 8[ 0: Tlei gr si l' 881l87l810lb 

q5] I lI lbG nr fbm r aos cdr ata- Mbnr bctnr nc tbt j ag oagMbhn - r aeoncefb( tnr lb( dnV lbE co b196b 
P' 889zb13–95fbdooyeJ: : hanlag- : [ 8l[8[0: Tlcccr l' 889l81l8[ 5lb 

q9] A lbI i V gbFs tnfbNlbA i o tnHfbKlI lb, T r nH r ofbm raos cdrata- Mb r hbr r aV shncnrsJb 
- anr - beV ttbVs r eb nV nr- bj n- fb( i gglbBd gV lbx selb[ 0bP' 8[ 8zb[ 66' –[ 67' fbdooyeJ: : b 
hanlag- : [ 8l' [ 35: [ 16[ 0[' [ 837[' 8677' lb 

q0] ) lNlbE caeo pFaggs efb) lA lb) á ys upA g.. r fb, lXlbm r̃ s upE r no fbKlbWs gr ́ r hsupB hgá r fbRlb 
A lb( eo r˜afb. nacaV y onj ts bV so tpawnhs br r ay goncts eJbr raos cdrata- Mb 
nVyga-s Vsr obaUbcar -sr onar tbygaeods oncb cgMtncbgsenr efbGlbm r aV os glb' 8[[ bP' 8[[ zb [–

6fbdooyeJ: : hanlag- : [ 8l[[ 99: ' 8[[: 75[ 90[ lb 
q3] NlbA QttsgfbE lb( - tt gafbI lbR ents -fbmlWlbRas tcHs gfbWlbNcdä r ds ggfbFs V ysg oi gs pb 

car ogattshb r onV ncgaj n tbgsts es bUgaV byatMPhns odMtsr s b- tMcatbV s odMts ods gb 
Vs od cgMt os zpUi r conar tnus hbj aootsr scHpeogi coi gshbyagai ebentncar bUagbods b 
nr dnj nonar baUbj cos gn tb- gak odfbA cgaV atlb( dsV lbBdMelb' [ 3bP' 8[ 0zb' ' 51–' ' 9[ fb 
dooyeJ: : hanlag- : [ 8l[ 88' : V cyl' 8[ 088877lb 
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q6] Elb. n r cafbI lbI aeo gstaefbA lbBg oafbE yytnc onar ebaUbc gj ar br raoi j sebnr bhgi - b 
hstn-sgMfb( i gglbC ynr lb( ds V lb. natlb7bP' 889zb035–037fbdooyeJ: : hanlag- : [ 8l[8[0: Tlb 
cj y l' 889l[ 8l889lb 

q7] l lb. gau fbWlbW ncHfbm r aV os gn tpj eshbes r eagebUagbhs osconar baUbhnes es bj Mb 
-at onts bag- r ncbcaV yai r hefbm r aV shncnr s b6bP' 8[ 1zb369–680fbdooyeJ: : hanlag- : b 
[ 8l' ' [ 3: r r V l[ 1l05lb 

q[ 8] ( lOl) lbGi eonr afbFlE lBlb, acd pN r oaefbNlb( ghaeafbE l( lbx i gos fbNog os - ns ebUagb 
sr d r cnr- bods b r tMonc tbysgUagV r cs baUbr raV os gn tpj eshbesr eagefbFgE ( bFgs r heb 
Er tlb( ds V lb53bP' 8[ 1zb' 3–10fbdooyeJ: : hanlag- : [ 8l[8[0: Tlog cl' 8[ 1l8' l885lb 

q[[] A lbI i tH gr nfbE lbA u gsfbBlbNcdV i HnfbE lbO- tncfbOr %i sr cs baUb r ahnu onar by g V s os geb 
ar bVagydata- MbaUbFnC ' br raeogi coi gshbei gU csefbEh-lbA os glb)soolbP' 8[ 0zfbdooyeJ: : b 
hanlag- : [ 8l9[ 69: V ts ool' 8[ 0l0[ 90lb 

q[ ' ] GlWlb( danfb lA lbI nV fb l/ lbB gHfbFlWlbB gHfbI l lbxar - fb. lI lbGi fbWMhgaydntncbhaoebar b 
dMhgaydaj ncbr ray oos gr shbei gU cseb eb b%s wnj ts b- ebj ggns gfb) r - V i ngbP' 887zfb 
dooyeJ: : hanlag- : [ 8l[ 8' [ : t 6851' 9wlb 

q[ 1] , lI lbNV nodfbBlE lb) sk nefbBlNlb/ s neefbB oos gr nr- bes tUp eesV j tshbV ar at Ms gefbBga- lb 
Ni gUlbNcnlbP' 885zfbdooyeJ: : hanlag- : [ 8l[8[0: Tlyga- ei gUl' 881l[' l88[ lb 

q[ 5] ZlbNcdgs nj s gfbNogi coi gsb r hb- gak odbaUbes tUp ees V j tnr - bV ar at Ms gefbBga- lbNi gUlbNcnlb 
P' 888zfbdooyeJ: : hanlag- : [ 8l[ 8[ 0: N8837p06[ 0P88z888' 5p[ lb 

q[ 9]  lb) nfbGlbWi r - fbfllb( i nfbA lbKs fbI l2 lbfld r - fbfllb( dsr fb) lb( dnfb, scsr ob h- r csebnrb 
FnC ' bpj eshbr r aeogi coi gshbei gU csebk nodbcar ogatt j ts bk s oo j ntnoMb r hb hdsenar fb 
NV ttb[ ' bP' 8[ 0zb' ' 81–' ' ' 5fbdooyeJ:: hanlag- : [ 8l[ 88' : eV ttl' 8[ 98[ 613lb 

q[ 0] I l( lbBay ofbA lbXto- gaodfbFlGlb) Fs V y fb( lE lbKgnVs efbFlE lbxs e nfbFno r n br raoi j seJb 
br a-stbyt oUagV bUagbhgi - ps ti onr- bca onr- ebUagbV shnc tbnV yt r oe-bNV ttb1bP' 883zb 

[ 636–[ 66[ fbdooyeJ: : hanlag- : [ 8l[ 88' : eV ttl' 883885[' lb 
q[ 3] A lbEr hgs naos ttnfbWlGlb/ sr ufb, lGlbI ad tfbE gs bcsg V ncbnVyt r oeb b-n j tsb tos gr on-sboab 

ono r ni V bnVyt r oe-bE beMeos V oncbtnos g oi gs bgs -nsk fb( tnr lbC g tbOV yt r ob, selbP' 887zfb 
dooyeJ: : hanlag- : [ 8l[[[[: Tl[ 088p898[ l' 887l8[ 369lwlb 

q[ 6] Elb) ni fbFak ghebhs-stayV sr obaUbcds V aesr eageb r hbj naes r eagebk nodbV so tpawnhs pb 
j eshbr rak ngs ebagbr r aoi j sefb. naes r elb. nas tscogar lb' 5bP' 886zb[ 03–[ 33fbdooyeJ: : b 
hanlag- : [ 8l[8[0: Tlj nael' 886l85l8[ 5lb 

q[ 7] Wlb( danfbE lbNcdi tos fbA lbA QttsgfbA lbB gHfbNlbGafbWlbNcdä r ds ggfbx gi - bgsts es bUgaV b 
ods gV apgs eyar en-sbyatMVs gbj gi edbca onr - eboabcar ogatbj cosgn tbcatar nu onar b r hb 
j naS tV b- gak odbar bono r ni V bnV yt r oefbE h-lbWs todclbA os glb[ 8bP' 8' [ zfb' [ 88807fb 
dooyeJ: : hanlag- : [ 8l[ 88' : hdV l' 8' [ 88807lb 

q' 8] WlbA i g o fb. lGlb( d r - fbC lbBgi cHs gfbA lbx dV fbGlb, Qds fbBatMVs gncbca onr- ebUagb 
j naV shnc tbhs -ncsefbNi gUlbNcnlb938bP' 885zb[ [[–[[6fbdooyeJ: : hanlag- : [ 8l[8[0: Tlb 
ei ecl' 885l80l[ 69lb 

q' [] ( lb/ sgr sgfbA lZlbA noufb( lbNys gtnr- fb( i ggsr obeog os - ns eboak ghebds V acaV y onj ts b 
ca onr - efbGlbA os glb( ds V lb[ 3bP' 883zb1130fbdooyeJ: : hanlag- : [ 8l[ 817: j 3815[ 0j lb 

q' ' ] ElbA d y ogafb. napUi r conar tbr r apca onr - ebar bV so ttncbj naV os gn tefbA os glbNcnlb 
Xr - lb( b99bP' 8[ 9zb' ' 3–' 9[ fbdooyeJ:: hanlag- : [ 8l[8[0: TlV escl' 8[ 9l89l8[ 6lb 

q' 1] ( lElbNcdas r j i V fbx lI lbNcdk goufbGl/ lbA shtnr fb( ar ogattnr- bods bei gU csb 
sr -ngar V sr obaUbds os ga- sr sai ebc o tMeoebi enr- bes tUp eesV j tshbV ar at Ms gefbE cclb 
( ds V lb, selb53bP' 8[ 5zb[ 516–[ 559fbdooyeJ: : hanlag- : [ 8l[ 8' [ : g9888' 7Mlb 

q' 5] A lNlbI nttn r fbNlbNs ntsgfbRlb/ - sr sgfb, lbW dr fb( lbXj sr eys g- sgfb. lbAs Ms gfbBlbNcdV i Hnfb 
Or os gU cs bcdsV neogMb r hbV atsci t gbj ar hnr- baUbUi r conar tbs odawMent r s pj eshbestUpb 
ees V j tshbVar at Ms gebar bV - r seni V bei gU csefbE( NbE yytlbA os glbOr os gU cs bP' 8[ 9zfb 
dooyeJ: : hanlag- : [ 8l[ 8' [ : V 9839015lb 

q' 9] NlmlbR H V i tt b, - di fbA lNlbI nttn r fb/ s oonr- bj sd -nagbaUbungcar n br raoi j sefb, N( b 
Eh-lb[ [ bP' 8' [ zb' 7969–' 7967fbdooyeJ: : hanlag- : [ 8l[ 817: x [ , E 8539[ Xlb 

q' 0] El/ lbEV s gfbNlA lbA ad V shfbElA lbW Us ufbNl lbEtv g h k nfbElNlbEtT j sgfbmlI lbEtt V fb 
Ns tUp eesV j tshbungcar n br raoi j sb gg MeJbU j gnc onar bV scd r neV fbsr s g- Mb 
car enhsg onar b r hbayonc tb con-noMfb, N( bE h-lbP' 8[ 5zfbdooyeJ: : hanlag- : [ 8l[ 817: b 
c5g 89[[ 9- lb 

q' 3] NlmlRlb, - di fbI lb( di ti i r j r hnfbA lNlbI nttn r fbflngcar n br raoi j s bca onr - ebpb@Rpb 
gseneo r obei ysgdMhgaydaj ncbei gU csefbNi gUlbOr os gU cs b' 0bP' 8' [ zfb[ 8[ 193fbdooyeJ: : b 
hanlag- : [ 8l[8[0: GlN@, ZOml' 8' [ l[ 8[ 193lb 

q' 6] Bl, lb, i o fbBlbA r n- e H r fbRlb, Ts r hg r fb. l. lbN di fb. lI lbB r h fbBlbA ad y og fb 
Bd es bog r eUagV onar baUbflgC ' br ray goncts ebygahi cshbUgaV bungcar fbBd es bFg r elb 
P' 8[' zfbdooyeJ: : hanlag- : [ 8l[ 868: 8[ 5[[ 975l' 8[[ l0[ 7076lb 

q' 7] Glb(̌ M-nsr sfbGlbx i har nefbflgfbflgmb r hbfl : Etbodnr bS tV ebhs yaenonar bi enr- b gcb 
s- yag onar b r hb rrs tnr- fbE co bBdMelbBatar bE b[ [ 5bP' 886zb307–333fbdooyeJ: : hanlb 
ag- : [ 8l[' 071: EBdMeBatE l[[5l307lb 

q18] Elb( ar os fbElb. agsttafbElb( j gnr nfbE r ahncbawnh onar baUbungc taMp' fbGlbE yytlb 
Xtscogacds V lb0bP[ 730zb' 71–' 77fbdooyeJ:: hanlag- : [ 8l[ 883: . Z880867[ 5lb 

q1[ ] KlbE tnfb lGlbB gHfbWlGlbI nV fbNlC lb( dafbZagV onar baUbes tUpag- r nushbflngc taMp5bawnhsb 
r raoi j sebnr bag- r ncb-necai ebstscogatMos b-n b r ahnu onar fbm r aec ts b, s elb) s oolb7b 
P' 8[ 5zb991fbdooyeJ: : hanlag- : [ 8l[[ 60: [ 990p' 30fip7p991lb 

q1' ] / lbGn r - fbGlbWs fbGlbfldar - fbGlb)i fbNlb i r fb. lb)n r - fbBgsy g onar b r hbydaoac o tMoncb 
ysgUagV r cs baUbflgC ' br raoi j sebU j gnc os hbk nodb r ahnu onar bygacs eefbE yytlbNi gUlb 
NcnlbP' 8[ 5zfbdooyeJ: : hanlag- : [ 8l[8[0: Tl yei ecl' 8[ 5l85l853lb 

q11] lb) nfbZlbB r fb( lbfii fbWlbZi cdefb) lb( dnfbEn situ ei gU cs pV ahnSc onar pnr hi cshb 
ei ysgdMhgaydaj ncby oosgr ebk nodbgs-s genj ts bk s oo j ntnoMb r hb hdsenar fbE h-lbA os glb 
' 9bP' 8[ 1zb[ 06' –[ 060fbdooyeJ: : hanlag- : [ 8l[ 88' : hV l' 8[' 81373lb 

q15] ) lmlb/ r - fb( lbNds r fbE lbNdnrj nr s fbGl) lb) i afbR gn onar bar bk s oo j ntnoMbaUb r ahncb 
ungcar ni V bawnhs br r aoi j s bei gU csfbP' 8[1zlb[ 8l[8[0: TloeUl' 8[ 1l8[ l800lb 

q19] XlNlbK k tofbA lGlbE - togar nfbmlbI acdfbGlbNcdk goufbNs tUp ees V j tMb r hbj ar hnr- baUb 
tH r sydaeydar ncb cnhebar bods br on-sbawnhs bei gU cs baUbono r ni V fb) r - V i ngbP' 88[ zfb 
dooyeJ: : hanlag- : [ 8l[ 8' [ : t 8[ 8057wlb 

q10] FlbW i UUV r fbC lb. t Tns -fbGlbNr i k sgofb( lb- r bW sesr har cHfbE lbWi j nr fbWlbFs ggMr fb 
Noi hMbaUbods bestUp ees V j tnr- baUbr bpacoMtydaeydar ncb cnhbt Ms gebar b ti V nri V bawnhsfb 
) r - V i ngb' 5bP' 886zb[ 1598–[ 1590fbdooyeJ: : hanlag- : [ 8l[ 8' [ : t 68[ 736 lb 

q13] / lbK afb) lbx ncHnr ear fb( lbKgaunr- sgfbZlKlbA agnr fb) lb, s-sr fbNs tUp eesV j tshb 
Var at Ms gebaUb tHMtydaeydar ncb cnhebar bV so tbawnhsefb) r - V i ngbP[ 770zfbdooyeJ::b 
hanlag- : [ 8l[ 8' [ : t 70830' [ lb 

q16] XlNlbK k tofbKlb) i fbNl) lb. sgr es HfbGlbNcdk goufbXr d r cshbj ar hnr- baUb 
tH r sydaeydar ncb cnheboabawnhnushbono r ni V bi enr- bei gU cs pj ai r hb tHawMungcar ni V b 

caV yts wbnr os gU csefb) r - V i ngbP[ 777zfbdooyeJ: : hanlag- : [ 8l[ 8' [ : t 778780V lb 
q17] El. lx lb( eensfbNlb. wosgfb/ s oo j ntnoMbaUbyagai ebei gU csefbFg r elbZ g h MbNaclbP[ 755zfb 

dooyeJ: : hanlag- : [ 8l[ 817: oU7555888950lb 
q58] x lA lbNyagnfbmlRlbRs r H o g V r fbNlKlBlbFae oonfbZlbx i gV ufbmlx lbNys r csgfb 

NlbflQgcds gfbOr %i sr cs baUb tHMtbcd nr bts r- odbar bydaeyd os bes tUp eesV j tshb 
Var at Ms gefb) r - V i ngb' 1bP' 883zb6891–6808fbdooyeJ: : hanlag- :[ 8l[ 8' [:b 
t 388535-lb 

q5[] FlFlbZaeos gfbA l, lbEtsw r hsgfbKlGlb) s--s oofbXlbA cEtynrsfbZgnconar bUagcs bV ncgaecayMbaUb 
tHMtydaeydar ncb cnhb r hbc gj awMtncb cnheb heagj s hbar bods br on-sbawnhs baUb 
ti V nri V fb) r - V i ngb' ' bP' 880zb7' 95–7' 97fbdooyeJ: : hanlag- : [ 8l[ 8' [ : t 80[ 86' olb 

q5' ] BlbZs r os gfbE lbXj sgd ghofbI lNlb) n r - fbBlbXnesr j sg- sgfbXyno wMb r hbcd nr ts r - odb 
hsys r hsr obeog nr bnr bes tUp ees Vj tshbVar at Ms gefbGlb( dsV lbBdMelb[ 80bP[ 773zb 
[ 088–[ 086fbdooyeJ: : hanlag- : [ 8l[ 801: [ l531' 6[ lb 

q51] NlbZgs MfbE lbNd yagsr HafbA lbfld gr nHa-fbBlbW ghsgfbx l) lbE tt g fbNs tUp eesV j tshb 
Var at Ms gebaUbr nognts pUi r conar tnushb tH r s odnatebar b- athb r hbent-s gbei j eog os efb 
GlbBdMelb( ds V lb. b[ 83bP' 881zb33[ 0–33' 9fbdooyeJ: : hanlag- :[ 8l[ 8' [: Ty8' ' [ 078lb 

q55] , lbWaUs gfbA lbFs woagfbmlx lbNys r csgfbE tHMtbydaeyd os bV ar at Ms gefbestUp eesV j tshb 
UgaV b vi sai ebeati onar bar oabV so tbawnhs bei gU csefb) r - V i ngbP' 88[ zfbdooyeJ: : hanlb 
ag- : [ 8l[ 8' [ : t 88[ 390slb 

q59] ( lFlb. i ecdsgfbx lbA c. g r cdfbx lb) nfb@r hsgeo r hnr- bods bgst onar ednybj s ok ssr bei gU csb 
ca-sg - sb r hbV atsci t gbagnsr o onar bnr byat gbes tUp eesV j tshbV ar at Ms gefbGlbE V lb 
( ds V lbNaclb[ [ 6bP[ 770zb' 798–' 791fbdooyeJ: : hanlag- :[ 8l[ 8' [:T 79' 6978lb 

q50] A lNlbI nttn r fbC g- r ncbV ahnSc onar baUbFnC ' b r hbaods gbV so tbawnhsebk nodbNE A eb r hb 
ygaos nr ebpb bei gU csb r tMonc tbnr-s eon- onar fbx nees go onar fbZgnshgncdpE tsw r hsgpb 
@r n-sgenoMbXgt r - sr bmi gs V j sg- bP' 8[ 1zlb 

q53] Wl lbmnsfb, s-s tnr- bhnUUs gsr obj ar hnr- bV ahsebaUbes tUp eesV j tshb 
aco hscMtydaeydar ncb cnhbV ar at Ms gebar bawnhsebj MbonVs paUp%n- dobes car h gMbnar b 
V eebeys cogaV s ogMJbentncar b-eb ti V nri V fbE r tlb( ds V lbP' 8[ 8zfbdooyeJ: : hanlag- : b 
[ 8l[ 8' [ : c[ 8803[ vlb 

q56] XlbWavi sfbGlE lbx s, aesfb. lb. di ed r fbWlGlbA odnsi fbNs tUp ees Vj tshbVar at Ms gebar b 
ti V nr i V b r hbcayysgbawnhs bei gU cseJbei gU csb r hbnr os gU cs bcd g cos gneoncefb 
m r aognj ata- nc tbygays gons efb r hbcdsV nc tbeo j ntnoMlbE yytns hbNc rr nr- bBgaj sb 

As odahebOfifbNygnr - s gb. s gtnr bWs nhs tj sg- fb. sgtnr fbWs nhs tj sg- fb' 8' ' fbyylb' 19–' 6[ fb 
dooyeJ: : hanlag- : [ 8l[ 883: 736p1p958p35861p5Y[8fbr lhlb 

q57] @lbNi to r fbZlbE dV htaafbKlb( d fb. lbKa¨Hc r fbNlbWs T unfbGlXlb aafbmlFlbm- i Msr fb 
A lbE toaV gsfbBlbNcdV i HnfbA lNlbI nttn r fbE bWn- dpS sthb r ahncbmnC br raeyar - s bk nodb 
oi r j ts bodncHr s eebUagb yytnc onar bnr bypoMysbhMs pes r enonus hbeat gbcs ttefbE ( NbE yytlb 
Xr sg- MbA os glb1bP' 8' 8zb3609–363' fbdooyeJ: : hanlag- : [ 8l[ 8' [ : ce s V l8c8[' 57lb 

q98] filbW r fbNlbNi r fbFlbWs fbBgs y g onar b r hbydaoatnoda- g ydMbaUbes tUp ees V j tshb 
Var at Ms gebaUb[ 8pV sgc yoahs c r Mtydaeydar ncb cnhbar b- t eebV s hn os hbj Mb 
ungcar ni V bUagbygaos nr by oosgr nr- fb( attanhebNi gUlb. b. nanr os gU cs b[ 86bP' 8[ 1zb00–3[ fb 
dooyeJ: : hanlag- :[ 8l[ 8[ 0: Tlcatei gUj l' 8[ 1l8' l818lb 

q9[ ] A l( lClbA ar os ngafbKlb( d fbBlbNcdV i HnfbA lNlbI nttn r fbA so tpydaeyd os bj nt Ms gebUagb 
r o es bei gU cs bV ahnSc onar fbE( NbEyytlbA os glbOr os gU cs bP' 8[ 6zfbdooyeJ: : hanlag- : b 
[8l[ 8' [: ce V nl3j [ 0807lb 

q9' ] l lbNar - fbZlbNcdV nhopNos nr fbNlb. i sgfbBlbNcdV i HnfbE V ydnydntncbFnC ' br raoi j sb 
gg MeJb r b con-stMbcar ogatt j ts bhgi - bhs tn-sgMbeMeos V fbGlbE V lb( ds V lbNaclbP' 887zfb 
dooyeJ: : hanlag- : [  8l[ 8' [ :T 6[8[18dlb 

q91] ) lbBs r - fbElx lbAs r hsteadr fbFlGlb) Fs V y fbNlb agnM fb( lE lbKgnVs efbFlE lbxs e nfb)ar - pb 
osgV beV ttbV atsci tsb r hbygaos nr bsti onar bUgaV bFnC ' br raoi j sefbm r ab) s oolb7bP' 887zb 
[ 71' –[ 710fbdooyeJ: : hanlag- : [ 8l[ 8' [ : r t788[ 89' lb 

q95] mlfllbI neefbKlbI s- ts-ncdfbx ngscobs eos gnSc onar baUbydaeydnr ncb r hbydaeydar ncb cnheb 
sr d r cshbj Mbnar ncbtnvi nhb hhnon-s efbBi gs bEyytlb( dsV lb7[ bP' 8[ 7zb97–09fbdooyeJ::b 
hanlag- : [ 8l[ 9[ 9: y cp' 8[ 6p[ 886lb 
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S1 - Experimental 

 
 

XPS characterization parameters 
 
 

XPS spectra were recorded by X-ray photoelectron spectroscopy {XPS, SSX-100 Surface Science 

Instruments}. The specimens were excited using a monochromatic radiation source {Al Ka - 

1486.6 eV, 300 W}. Spectra {O 1s, C 1s, Zr 3d, P 2p} were recorded under a takeoff angle of 45°. 

Peak positions were calibrated with respect to the C 1s peak at 284.5 eV. The background was 

subtracted using the Shirley method and the atomic fractions of each species were acquired via 

the acquisition software {MultiPak V6.1A, Copyright Physical Electronics Inc., 1994-1999}. 

 

 
ToF-SIMS characterization parameters 

 
The presence of characteristic components and their depth distribution was investigated by ToF- 

SIMS {TOF.SIMS IV, IONTOF, MUnster, Germany}, using a 25 keV Bi+ ion beam bunched down to 

<0.8 ns. Depth profiles were carried out in negative polarity in a dual beam approach with Bi+ as 

probe and Cs+ for sputter removal of material. The crater size was 250 µm x 250 µm and a spot 

of 50 µm x 50 µm in the center of the crater was measured. To remove the influences of the 

primary ion beam and matrix effects, the curves were smoothed by adjacent averaging of 20 

points and normalized to the Zr- signal. 
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S2 - Anodic oxide structures 

 
Anodization offers the possibility of tuning the type of anodic oxide produced. It results in an 

improved oxide quality that consequently affects the extent of surface functionalization. 

Different surface structures elicit different degrees of wettability, and we compare flat oxides 

and nanotubular oxides in our experiments. In order to synthesize flat / compact oxide {CO} 

layers, the metal foils {Zr} were anodized at 30 V for 30 min in 1M H2SO4 {Merck}. Figure S1 

represents the SEM micrographs and optical images of the samples. 

 
 

 

Figure S1. left: Compact anodic Zr02- SEM micrograph; right - compact oxide, optical 
photographs of the metal foil surface prior (top) and post (bottom) anodization. 

 

 
The SEM images clearly show a non-porous surface after anodization of Zr-CO. Optically, a clear 

change in material can be deduced from a color change from metallic gray to blue, indicating an 

anodic oxide thickness of ~ 50 - 75 nm. [55][56] 

 
S3 - ToF-SIMS analysis of modified ZrNT surfaces 

ToF-SIMS analysis was performed on bare ZrO2 substrates prior and after OPA and ODPA SAM 

modification. One of the most intense signals characteristic for the phosphonic acid molecules 

{however, not as unique to them as the M-H- signals discussed in the manuscript} is PO3
-, 

originating from the phosphonic acid functional group. The signal shows the same trend with 

respect to modification method {Figure S2a} as observed for the respective molecular fragments 
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{Figure 2 {c}, main manuscript}. The substrate signal is as shown in Figure S2b {inset - yellow peak 

for bare ZrNTs}. Signal intensities as resulting from µCP and BI strategies with both SAMs are 

compared. The trend is such that the native substrate's ZrO- signal is greater than that when 

modified with SAMs, indicating signal attenuation. The order of signal intensities is bare ZrNT > 

µCP > BI. Consequently, as represented in Figure 2 {c} in the main manuscript, the SAM-signal 

intensities follow the exact opposite trend, wherein BI> µCP> bare ZrNT. The graph in Figure S2 

represents the region ZrO-, m/z = 105.9. A clear difference for OPA and ODPA is observed as a 

function of application technique. 
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Figure S2. ToF-SlMS a) of one of the most intense characteristic signals of both molecules, P03
- , 

m/z= 78.98 and b) substrate spectra (Zr0-, m/z= 105.905) pre/post 0PA and 0DPA SAM 
modification. lnset shows the same m/z region with the added signal for bare ZrNTs 
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The OPA based µCP and BI show a higher substrate signal intensity when compared to ODPA 

based functionalization. This evidentially implies that long-chain ODPA molecules indeed offer a 

greater coverage than short-chain OPA molecules and consequently result in greater suppression 

of the substrate signals. Furthermore, BI as a modification strategy seems to result in a greater 

number of molecules being deposited along and into the ZrNTs and hence an even smaller 

substrate signal is observed. 

 

 
S4 - XPS of modified ZrNT surfaces 

XPS analysis for the graphical data represented in Figure 2d are herein represented as spectra 

{P 2p} for ZrNTs modified via ODPA. The signals are comparable for both sample types, with a 

slightly higher at% value for BI {due to slightly lower substrate signal intensity}. 
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Figure S3. XPS P 2p spectra of the pristine and SAM modified ZrNTs 
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ToC - 4.4 - Deposition of ZrNT coatings onto bulk zirconia ceramic implant- abutment 
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The article in this section provides a simple strategy to develop transferable ZrNTs. The nanotubular 

layers are seamlessly detached from the metal foil that the oxides are directly grown over and easily 

transferred via an acetone bath before deposition onto bulk ceramic surfaces. It highlights the 

intrinsic stability of the nanotubular layer upon detachment and subsequent transfer onto a ceramic. 

An emphasis lies on the facile transfer strategy, the un-mediated adhesion of said layer onto the bulk 

substrate. This article facilitates a proof-of-concept of the final objective of this dissertation, namely 

 
'Deposition/transfer of free-standing ZrNT layers onto preformed bulk ceramics as coatings.' 

 
Deposition of nanotubular layers as independent coatings can instantaneously result in the assembly 

of a hybrid material such that one of the component's facets bears features in the nanometer range. 

From an implant perspective, this may readily be used to externally impart nanoscale morphology. 

This type of micro-nano surface texturization may readily be functionalized to elicit specific 

responses such as when these types of nanotubular structures are filled with drugs and active 

biomolecules that may promote acceptance and compatibility. Furthermore, this section also 

elucidates upon the mechanical stability and robustness of the ZrNTs, such that they remain as an 

'intact layer' during transfer. Additionally, qualitative and quantitative information on the 

delamination behavior of the transfered NT coatings from the substrate's surface is also 

evaluated under different experimental conditions such as ultrasonic agitation, mechanical 

scratching etc. Finally, ascertaining that the ZrNTs coating layer remains intact and adhered to the 

underlying surface with adequate friction such that no sliding-off of the coating occurred during 

handling/rinsing or storing. 
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L M F S O X P eS Z z y 
 

I i r oUr mePo acufeB ueAeOcUcwNcee 

 
F eyI ordsA 
h uscr i e wgUir ate 
Z i r ctaupsapunoetpuRisnte 
L r co ki a cr e 
fi cwi anu i Uesci a r mte 
Fczl, SE , e 

L fi , F M L O F 
 

fl neungcuaecr ei eRis Unetaui anmbeace wgi uaer i r ctaupsapunoewcugKcUcmbeacescwwnus i UUbei. i Ui NUnesnui w slgunRcuwte 
ptnoeRcueN cwno si Uei ggUsi a cr te r eaKneHnUoecReonr a taubjeFK tegucsntte r . cU. nteaKneongct a cr ecRer i r capNpUi ue 
k uscr pwlc- onevhuZ F2ewnwNui r ntecr acek uscr i evhuy d2esnui w seo tstei aei wN nr aescr o a cr tjehuZ Ftei uneRi Nu l 
si anoe. i enUnsaucsKnw si Uei r co ki a cr ecRek uscr pweRc Ue r ei ecr nlgcaetbr aKnt tjeFKnehuZ FeHUwe teonai sKnoeRucwe 
aKnewnai UlRc Uept r mecRHsnli oKnt . neai gneir oeRunntai r o r mehuZ FeHUwteV nunecNai r noe. i eo ttcUpa cr ecRei oKnt . nte 
r ei etcU. nr aeNi aK-eV K sKei UtceRis Uai aneaKneaui r tRnuecRehuZ FeHUwecr aceaKnesnui w sjeFK tet wgUneansKr xpnei UUcV teace 
wgi uaei eucNptaew suclr i r ctsi UnetaupsapuneaceNpUTlsnui w steaKi aesi r egcanr a i UUbecRRnue r t mKate r aceont mr r me 
Dtwi ua’ wgUi r ate r eaKneHnUoecResnui w slN cwi anu i Uei ggUsi a cr tjeee 

 
 

 
1. Introduction 

 
fi cwi anu i Uteuntni usKescr a r pnteaceRcsptecrenr Ki rs  r mewi anu i U 

Rpr sa cr i Uabeir oei pmwnr ai a cr ecReaKn ueo i mr cta s/aKnui gnpa se. i Upne 
opu r meKctalN cwi anu i Ue r anui sa cr tjeL gguci sKnteaceuni sKeaK temci Ue 
r sUponeai Ucu r megKbt si Uei r oesKnw si Uegucgnua nte. i etpuRi snewco Hl 
si a cr t-enjmj-ew suclr i r cetaupsapu r m-eptnecResci a r mt-enwNnoo r megKi ul 
wi snpa si Utenasj-eacegucwcanei r oer etcwnesi tnten. nr ew w seN cUcmsi UUbe 
Ri. cui NUnenr . ucr wnr ateq[ –1]jeZ i r ctaupsapunoei usK ansapuntecRRnueaKne 
gctt N UabecResuni a r metacui mnepr ateVK Utaewguc. r meN cl r anmui a cr eir oe 
Rpr sa cr i Uabei tei euntpUaecRetpgnu cuei oKnt cr eir oeucNptaeuni sa . abeq5–0]je 
Mnsnr aeungcuatecr eau mmnunoeunUni tneRucweri rcapNnte tero si a . necRetpsKe 
tpuRi snteNn r mesi gi NUnecRenr Ki r snoescr aucUei r oeuntgcrtneaceta wpU-e 
aKnunNbecRRnu r meaKnegctt N UabecReon. nUcg r meDtwi ua’ wpUa lRpr sa cr i Ue 
tpuRi snte q3-6]je PUnsaucsKnw si Uei r co ki a cr e te i r e nRHs nr ae Vi be ace 
on. nUcger i r ctaupsapuntecr ei ewi anu i U’tetpuRi sn-epr Rcuapr i anUbeRi Nu si l 
a cr eNbei r co ki a cr eteuntau sanoeace. i U. newnai UtjePtgns i UUbeN cwi anu i Ute 
i unecRanr ewnai Ulc- ontei r oesnui w stetpsKei te r eaKneHnUoecReonr ai Uei r oe 
cuaKcgno sei ggUsi a cr teq7]jeSr ecuonueaceon. nUcger i r cgcucptecuer i r cl 
apNpUi uetpuRi snetaupsapuntecr etpsKetpuRi snt-ewpUa ltangegucsnopuntesi r eNne 

i ggUno-etai ua r meV aKewnai Ueongct a cr ecr eaKnegi unr aewi anu i Ute. i e 
. i sppwei tt tanoeauni awnr atetpsKei teL XB -enlNni wetgpaanu r m-ezB E -enasje 
q[ 8–[ 1]eFK tei gguci sKegctnter pwnucptesKi UUnr mnt-etpsKei tei oKnt cr ecRe 
ongct anoewnai UeaceaKnesnui w setpNtaui an-etai N Uabei aeaKne r anuRi sne r e 
i oo a cr eaceaKnesctalRi sacu-eacer i wneRnV jeFKneUi antaemucV r meaunr oe re 
N cwno s r neKi tegpaek uscr i epr onueaKnetgcaUmKajeSae tei eN cl r nua-eunl 
Rui sacubemui onewnai Uec- oneaKi aetKi untewir becReaKnesKi ui sanu ta segucgl 
nua nteaKi aewi Tne. i U. newnai U/wnai Uec- oneNi tnoe wgUir ateRi. cui NUne 
q[[–[ 1]je zpuaKnuwcun-e k uscr i e Ki te Nnnr e ungcuanoe ace gucwcane 
N cl r anmui a cr eopneace ater cr lac- seuntgcr tnei r oeRi. cui NUnei oKnt cr eace 
N cwcUnspUnt-etpuucpr o r mea ttpntei r oeUcV nunoeNi sanu i Uei oKnt cr eRcue 
snuai r ei oKnunr aesnUUeabgnt-eVK UtaecRRnu r mei aaui sa . nei ntaKna steq[ 5–[ 7]je 
Sr eaK teVcuT-eV neonwcr taui aneaKnegctt N UabecRei aai sK r mek uscr i e 
ri rcapNntevhuZ Ft2eacehuy desnui w steV aKcpaeaKneptnecReir ber anuwno i ane 
auni awnr aecReaKnegi unr aesnui w sjeFKneansKr xpneonwcr taui anoe r eaK te 
VcuTe ter caeUw anoeNbemncwnau sescr taui r atecReaKnegi unr aewi anu i Uei r oe 
uni o UbecRRnutei eKbNu oeRpr sa cr i UabeaceaKnegunlRcuwnoeN cwi anu i Uje 
E i anu i Uteont mr noeV aKetpsKei eri rcapNpUi ulUi bnuewi beNnesi gi NUnecRe 
Dtwi ua’ untgcr tnje 

 
 

 

) Ocuuntgcr o r mei paKcuj 
) -mail addressAE i r pnUi j( UUi r ' pr lt nmnr jonevE j, je( UUi r 2j 
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2. Res l ria l ntb( 
 

L UUesKnw si Ute Vnune gpusKi tnoe Nbe sKnw si Ue tpggUnute i r oe ptno 
V aKcpaeRpuaKnuegpu Hsi a cr jeL UUecumir setcU. nr ateV nunecReV i anulRunne 
mui onje 

Suxstrate EreEarationAbrNp- hueRc Uev77jd: egpu ab-e; ccoRnUUcV eJ ( -e 
8j[ d4ewweaK sTr ntt2-eVi tepUaui tcr si UUbesUni r noer enaKi r cUeir oeB SeVi anue 
ir oeir co knoept r mei eAaltKnnaei teaKnescpr anuenUnsauconjeZ i r capNnteV nune 
tbr aKnt knoeNbei r co k r mehulRc Uer eir enUnsaucsKnw si UesnUU-ept r mei eK mKle 
. cUai mnegcanr a ctai aevGi ttUneSE Ae66–d88eAO2-escr r nsanoeacei eo mai Ue 
wpUa wnanuev( n aKUnbed8882e r anuRi snoeacei escwgpanueq[ 3]jeL r co ki a cr e 
Vi tescr opsanoe r ei e mUbsnucUlNi tnoenUnsaucUbane scr ai r r me 18e. cU: e 
Rcuwi w on-edeV a: eZ I 5zevE nusT2ei r oedeV a: eo ta UUnoeV i anu-eV aKei e 
ui wg r megcanr a i UecRe[ eCtl[ eRucwey OAjeFKnegcanr a i UeVi teTngaei ae78eCeRcue 
[ eKei r o-etpNtnxpnr aUb-ei aei eunopsnoegcanr a i UecRe18eCeRcue18ew r jeFKne 
ir co ser ir ctaupsapuneV UUeNneunRnuunoeacei tehuy deri rcapNntevhuZ Ft2ei r oe 
tetKcV r er ez mje[ jeL UUeti wgUnteV nuneu r tnoeaKcucpmKUbeV aKenaKi r cUei Ranue 
aKneir co kia cr egucsntteir oeou noepr onuei etauni wecReZ djeFKnehuZ FteV nune 
i rr ni Unoe r ei eNc- lRpur i snei ae548e◦OeRcue[ j4eKe r ei uje 

brNp detachment: y r sneaKnei rr ni UnoetpNtaui anteV nunesccUnoeocV r eace 
i wN nr aeanwgnui apun-eaui r tgi unr aei oKnt . nevFnti lAi sTNi r oeaui r tgi unr ae 
ai gn2eVi tescr ai sanoecr aceaKnenr a unehuZ FetpuRi sneir oemnr aUbegnnUnoeNi sT-e 
untpUa r mer eaKnescwgUnanei aai sKwnr aecReaKnehuZ FeHUwecr aceaKnei oKnt . nje 
FKnehuZ FeUi bnueKi oei esUni r eURalcRRei r oeV i tei oKnunoei tei eV KcUnecr aceaKne 
ai gn’te i oKnt . n-e scrtnxpnra i UUbe untpUa r me re n- gct r me aKne tK r b-e 
pr c- o knoetpuRi snecReaKnek uscr pweRc Uer eaKnegun. cptUbeir co knoetgcaje 

brNp transfer onto br8 w-imElantAFKnehuZ FewgUi r ateV nunesbUr ou si Ue 
snui w segunRcuwtevV aKeaKneo wnr t cr te⌀ = 8j3esw-eUe= 0esw2ei r oeV nune 
t knoeaceo wnr t cr t-eUe= 8j1–8j0esw-ept r mei eVi anulsccUnoeti VjeFKne 
i oKnt . neNni u r meaKnehuZ FeHUweV i tetci Tnoe r eir ei snacr neNi aKeRcuei e 
w r wpweopui a cr ecRe18ew r egu cueacegKbt si Uescr ai saeV aKeaKnehuy dle 
wgUir a-eV K Utaeta UUetci T r mjeFKnen- gnu wnr ai UetsKnwne tetKcVr e r e 
z mjedfe, sKnwi a secReaKneai gnlauir tRnuegucsnttje 

br8 w - EoI derfezcueaKnuwi Uei r i Ubt t-eaKnesnui w se wgUi r aeVi teti V noe 
acetwi UUnueg nsntegu cueacewi r pi Uemu r o r mept r mei ewcuai ulgntaUnje 

Characterization and analysisA, si rr r menUnsaucr ew suctscgbevI ai sK e 
, PE ezPe56882eV i tenwgUcbnoeRcueaKnetaupsapui Uei r oewcugKcUcmsi Ue 
sKi ui sanu ki a cr ecReaKnei r co knoek uscr i etgns wnr tjeWMB ei r i Ubt teV i te 
gnuRcuwnoept r meAir i Uba si Ue: ′Eert Ero o RRui sacwnanueV aKei eOpe( α 
tcpusnje, puRi snesKnw si UesKi ui sanu ki a cr eV i tegnuRcuwnoept r mei ea wnle 
cRl%mKaetnscr oi ube cr tewi ttetgnsaucwnanuevFczl, SE , eSC-eSy Z jFy z-e 
E -rtanu2je, wpUai r ncpteaKnuwi Uei r i Ubt tev, FL 2-escwN r r meaKnuwcmui l 
. wnau sei r i Ubt tevF; L 2ei r oeo RRnunr a i Uetsi rr r mesi Ucu wnaubevB , O2e 
V nuneptnoeaceonanuw r newi anu i UeNnKi . cuer euntgcr tneaceKni aeauni awnr aje 
huy degcVonuegungi unoeNbesci utnemucpr o r me wgUi r aeg nsnteV i teptnoe r e 

scwN r i a cr eV aKehuZ FeRcue, FL en- gnu wnr atjeE nsKi r si Uetai N UabeV i te 
i tsnuai r noeNbetpN9nsa r meaKnehuZ Flhuy dei ttnwNUbeacewnsKir si Uetsui asKe 
antate vJ E F-e fiupTnu2-e cga si Ue gucHUcwnaube vL Uscr i e MXe i ggi ui apt-e 
fiupTnu2-e pUaui tcr sesUni r r me vJ Uaui tcr sesUni r nue 185e, , -e Xi Ni t st2-e 
gKbt si UeupNN r meir oetsui asK r meV aKeaV nnknut-eir oeNben- sntt . neu r t r mje 

 
) . F l gu(tg bnd digcuggion 

 
Z i r ctaupsapunoe i usK ansapunt-e on. nUcgnoe pt r me nUnsaucsKnw si U 

ir co kia cr eansKr xpnteKi. negun. cptUbeNnnr eungcuanoeRcuetpssnttRpUe 
ri rcapNpUi ueHUwemucV aKeq[ 6]jeI nun r -eV neRi Nu si anehuZ FeHUwte. i ei e 
cr nlgcaetbr aKnt ter eaKneguntnr snecRei e%pcu onlNi tnoecumir senUnsaucUbane 
i teonwcr taui anoe r ecpuegun. cpteV cuTteq4-3]jeFKnemncwnaubei r oesubtai Ue 
taupsapunei unetKcV r e r ez mje[ jFKnei tli r co knoehuZ FeHUwetKcV tei r e 
i. nui mneHUweaK sTr nttecRe≤ 4eμwei r oeapNneo i wnanue r eaKneui r mnecRe 
v48–38er w2eq[ 7-d8]jeFKnei rr ni UnoeHUwteV nuneaKnr etpN9nsanoeacei e 
ai gnlaui r tRnuegucsntteong sanoei tei etsKnwi a se r ez mjed-eRcUUcV noeNbeaKne 
gKbt si Ueunguntnr ai a cr ecReaKnegucsntte r ez mje1-ept r me wi mnteon. nUcgnoe 
Nbecga si Uew suctscgbei r oe, PE ew sucmui gKtjeFKner Knunr aescUcpuecReaKne 
huZ Ftei unei tei euntpUaecResi uNcr e r scugcuia cr eRucweaKnenUnsaucUbane atnURe 
i r oewi beNneunopsnoeNbeaKneptnecReuio si Uexpnr sKnuteopu r meaKnei r col 
ki a cr egucsntteqd[ ]jeFKnei oKnt . necr eaKneai gnei UUcV teRcuei esUni r eURalcRRe 
cReaKnehuZ FeHUweRucweaKnek uscr pweRc UjeFKneri rcapNpUi ueHUweonai sKnte 
ui aKnueni t UbeV Knr etci Tnoe r ei r ei snacr neNi aK-e%ci atepgeRucweaKneai gn’te 
tpuRi sneir oeuntpUater ei eRunnltai r o r mewnwNui r nlUTnetaupsapunei tetKcV r e 
r eaKne, SevC once, [ e– E nwNui r neaui r tRnu2eqdd]jeFKneHr i Uetange r eaKne 
aui r tRnuegucsntteunxp unteaKneo unsaescr ai saecReaKne%ci a r mehuZ FeHUwecr ace 
aKnesnui w seo tsjeFKnesc. nui mneir oetgunio r mecReaKnehuZ Ftecr aceaKne 
snui w sesi r eNnewi r gpUi anoei teUcr mei tei UUeVcuTlg nsnteunwi r ewwnutnoe 
r eaKnei snacr neNi aKjeFKneHr i Uecu nr ai a cr ecReaKnehuZ FtevNcaacwecueacgepg2e 
si r eNnesKctnr eNbeaKneo unsa cr ecReaKnetpNtaui anei gguci sK r meaKnehuZ Fe 
HUwjeFKnegucgctnoetaui anmbe tegcanr a i UUbetpssnttRpUeopneaceaKnenRRnsa . ne 
Vnaa r mecRek uscr i eNbei snacr n-ei tei euntpUaecReV K sK-ei eaK r eUi bnuecReaKne 
wno pwescr a r pnteacecsspgbei oKnt cr et antecr eaKneuntgnsa . netcUot-e 
UcV nu r mescKnt . nei sa cr eopneaceaKneNcpr oi ubeUpNu si a cr enRRnsaeqd1-d5]je 
J gcr eunwc. i UeRucweaKnewno pw-eaKnei ttnwNUber tai r ai r ncptUbeou nteir oe 
aei ggni uteaKi aeaKnehuZ FeHUwtei oKnuneaceaKnehuy deo tsjeFK tei ttnwNUbecRe 
huZ Fecr ehuy deV UUeKnr snRcuaKeNneunRnuunoeacei teKbNu oetaupsapunevI , 2je 
FKneI , eunwi r te r suno NUbeucNptaeV Knr etpN9nsanoeacegKbt si Uei Nui t cr e 
ir oewnsKir si UeupNN r mjeFKnehuZ Fteunwi r etaucr mUbei oKnu r meaceaKneo tse 
ir oer ce%iT r mecuesK gg r meV i tecNtnu. noepgcr e. tpi Ue rtgnsa cr ei Ranue 
wnsKir si Uei Nui t cr ei r oen- anrt . neu r t  r mei tesi r eNnetnnr e r eaKne, Se 
v, nsa cr e, del, ai N UabecReI , ei r oe, dj[ -eQpi Uai a . nen. i Upi a cr 2jeFKne 
xpi UabecReaKneI , eteRpuaKnueonanuw r noeNbeaKneiN UabecReaKnehuZ FeUi bnueace 
unwi r e i oKnu r me cr ace aKne pr onuUb r me snui w se gunRcuwe i r oe aK te 

 

 
Tip. 1. , PE ew sucmui gKtelevi 2ehuy deri rcapNntevacgl. nV 2eV aKes uspUi uewcugKcUcmb-evN2eHUweaK sTr nttevsucttltnsa cr i Uei uni e<4eμw2ei r oevs2ehuZ FleWMB jee 
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Tip. 2. , sKnwi a seleFui r tRnuecRehuZ Ftecr acehuy desnui w sei tt tanoe. i ei oKnt . neai gnjee 

 

 
Tip. ) . B mai UegKcacmui gKtecReI , fevi [ 2ehuZ Fecr ehulRc U-evi d2ehuZ Fecr ei oKnt . nlai gn-evN[ 2ehuZ Fecr ehuy desnui w s@evNd2etKcV r mewi mr Hnoei uni ecReN[ jeSr anuRisneunmcr e 
cReaKneKbNu oetaupsapunfevs[ 2e, PE e wi mn-evsdj[ 2ewi mr Hsi a cr ecRe r anuRisneunmcr -etKcV r mevUnRa2ehuy desnui w se& vu mKa2ehuZ Fje 

 

unt tai r snetewni tpunoe. i ei etsui asKeantajeFKneuntpUateRucweaKnetsui asKeantae 
i unetKcV r e r eaKne, Sev, nsa cr e, djde– Qpi r a ai a . nen. i Upi a cr 2jeFKnescnRl 
Hs nr aecReRu sa cr evOcz2ecReaKnehuZ Ftecr eaKnegunRcuweUnteV aK r eaKne 
i ssngai NUne ui r mne Rcue wctae r cr ltUge r anui sa cr t-e jnje 8jd4–8j14-e i te 
si UspUi anoeir oeunguntnr anoer ez mtje,[ eir oe, deq5[ –55]jeFKneonUiw r ia cr e 
gucHUnei Ranueobr i w seUci o r metetKcV r er ez mje, 1evy ga si Uew sucmui gKecRe 
tpuRi snei Ranuetsui asK2-e, 5evFcgcmui gK si Uewi gecRetpuRi snei Ranuetsui asK2e 
ir oeFi NUne, [ vB i ai eunguntnr a r meaKnei . nui mneonUiw r ia cr eRcusnen- gnu l 
nr snoegu cueaceg Unepg2eqd4–d3]jeSr ei oo a cr eaceaK t-eaKneI , eVi tetpN9nsanoe 
acepUaui tcr sesUni r r mei r oeaKnetai N UabecReaKneHUwteV i tewni tpunoeV aKe 

untgnsaeacesKi r mnter eaKneacai Ueunt opi UehuZ FeUi bnuecr eaKnegunRcuweNnRcune 
ir oei RanuepUaui tcr si a cr eauni awnr ajeFK te teungcuanoei te: esc. nui mne 
mui gK si UUbe r ez mje, 4eir oeNbewni r tecRe wi mneir i Ubt tecRecga si Uew l 
suctscgbe wi mnte r ez mje, 0jeFKneti wgUnteV aKtai r oei r enta wi anoeUcttecRe 
≤4ev±[ 2: er eanuwtecRetpuRi snesc. nui mneguntnr aecr eaKnesnui w seo tstjeFKne 
K mKntaeUctteV i tecNtnu. noer eaKneti wgUnteV KnuneaKnepr onuUb r mesnui w se 
n- gnu nr snoesK gg r mei r oeoi wi mneopu r mepUaui tcr si a cr -e r o si a r me 
aKi aeaKnesci a r metai N Uabe te r ei eui r mnescwgi ui NUneaceaKne r au rt setai l 
N UabecReaKne wgUir aeatnURjeFKnunei unei eRnV egctt NUnei oKnt cr eRcusnteaKi ae 
wi beNneVcuT r mer eai r onweacewgi uaeaKnetai N UabecReaKneI , ei tei eRpr sa cr e 
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6 

 

cReaKneK mKetpuRi snei uni ei r oenr numbecReaKnehuZ Fei r oeaKnescuuntgcr o r me 
tpuRi sneucpmKr ntteRcueaK teri rcapNpUi ueHUwei r oeaKneNpUTewi anu i UjeJ gcr e 
r a i Uescr ai sa-ev[ 2egKbt tcuga cr ewi begunsnoneaKne r %pnr snecRetpuRi sne 
taupsapun-evd2ew suclri rctsi Uneacgcmui gKbeaKi aewi begucwcanetcwneRcuwe 
cRewnsKir si Uei oKnt cr -eir er anuUcsT r megKnrcwnrcr ecRanr ecNtnu. noeNbe 
scwN r r mewi anu i UteV aKeo RRnunr aeUnr maKetsi Unteqd6]jeFKneo RRnunr sner e 
tpuRi sneacgcmui gKbecRehuy desnui w sei r oehuZ Ftecr eaKneI , e tetKcV r e r e 
z mje1jeFKnescuuntgcr o r mePB WesKi ui sanu ki a cr e r eaKne, Sevz mje, 32e te 
r canlV cuaKbeNnsi ptnei esUni ueo RRnunr sneNnaV nnr egpunehuy devhuZ F2ei te 
scwgi unoe ace baau i etai N Uknoehuy de vu, h2e tecNtnu. noe r e aKne PB We 
scwgct a cr i Uei r i Ubt tjeFKneu, hegi ua sUntecReaKnesnui w sei r oeaKnegpune 
huy deri rcapNntetKcV eo ta rsaUbeo RRnunr aewcugKcUcmntjezpuaKnuwcun-e 
Rucwe, PE e ae tei ggi unr aeaKi aeaKnehuZ FeHUwe tetpssnttRpUUbeongct anoecr e 
aKnehuy deo tsjeFKnetpuRi snetaupsapunei r oetpNtnxpnr aeucpmKr nttecReaKne 
unmcrteNni u r meaKnegcucpteZ Ftei r oeaKnepr onuUb r mepr Rcuwei uui r mnl 
wnr aecRehuy degi ua sUntecReaKnesnui w seo tsei unesUni uUbeo ta r mp tKi NUnje 
FK tetnscr oteaKneKbgcaKnt tecRei oKnt . nenRRnsaeopneacev12eRu sa cr -ei tei e 
untpUaecRew suctaupsapuneo RRnunr sner eaKneI , -eV K sKewi begun. nr aetUo r me 
i r oescrtnxpnr aUbe r opsneUcsT r meqd7-18]jeFczl, SE , eir i Ubt te tegnul 
Rcuwnoecr eaKneI , -eaKnescwgi ui a . netgnsaui ecReaKnesKi ui sanu ta setcacg se 
Rui mwnr atecr eaKneNi unehuZ Fei r oeaKneai gneauir tRnuunoehuZ Fei unetKcV r er e 
aKne, Sevz mje, 6evi -N22ei r oeuntpUateRucweaKnesKi ui sanu ki a cr e r eaKneongaKe 
gucHUr mewconeRcUUcV noeNbei egc r alaclgc r aer cuwi Uki a cr ept r meaKne 
hult mri Uei tei eunRnunr snevacei sscpr aeRcue. i u i a cr te r eacai Uetgnsaui Ue r l 
anr t abei r oeacei UUcV ei etnw lxpi r a ai a . nei r i Ubt t2ei unetKcV r e r ez mje5je 
FKneai gnlaui r tRnuegucsnopunetnnwteaceuntpUae r eaKneguntnr snecReunt opi Ue 
i oKnt . necr eacgecReaKnehuZ Ft-eV K sKewi bei sscpr aeRcueaKneK mKe%n- N Uabe 
ir oetaiN UabecReaKnehuZ FeHUweopu r meaui r tRnuei r oewi beNneunwc. noeNbe 
RpuaKnue sUni r r me vnjmj-e tci T r me r e i snacr ne Rcue i e Ucr mnue opui a cr -e 
i rr ni Ur meauni awnr at2jeFKnemui gKeun. ni Utei er nmUmNUner anr t abeRcueaKneO6e 
t mri Uei tt mr noeaceai gnlunt opntecr eaKneNi unlehuZ Fei tescwgi unoeaceaKne 
I , -escr Huw r meaKneguntnr snecRecumi r seongct a cr ecr aceaKnehuZ Feopu r me 
aKneaui r tRnuegucsnttjeSaetKi UUeNner canoeaKi aeaKneai gnlunt opnegunocw l 
ri r aUbeuntatecr eacgecReaKneapNnter ercr lpr RcuweaK sTr nttei teaKnei oKnt . ne 
anr oteaceRcuwesUpwgteopneacetcU. nr al r opsnoegKi tnetngi ui a cr eq1[ -e 
54–56]jeFK tesUpwg r mecReaKnei oKnt . neHUwe teRpuaKnunoe r euntgcr tneace 
rcr ltani obeptnulwca cr tegnuRcuwnoeopu r meaKneKi r oUr mecReaKneonai sKnoe 
huZ Fter eaKnei snacr neNi aKjeFKne.i u i a cr ter eaKner anr t abecReaKnetpNtaui ane 
t mri Uelehuy − leV aKeuntgnsaeaceaKneO− t mri Ue r o si anfevi 2ecumir se 
ongct a cr eteguntnr aeV aKei eaK sTr nttecReY 8j00eμwegunocw r i r aUbecr eacge 
cReaKnehuZ Ftei r oecr Ubew r wi UUbegnr naui anteaKner i r ctaupsapuneV aKeUntte 

aKi r eY 8jdeμweongaKe r t oneaKneapNntjeB pneaceaKner cr lpr RcuweaK sTr ntte 
cReaKneai gneunt opn-eaKnegnr naui a cr eongaKewi bei UtceNnec. nunta wi anoe 
vaK sTnuetnsa cr teV UUer nnoeUcr mnueRcuetgpaanueunwc. i UeaKi r eaK rr nuetnsl 
a cr t-eUni o r meacei eRi tanueu tnecRedr olUi bnuet mri UteRucweaK r r nuei uni tei r oe 
i ggi unr ae c. nuUi ge V aKe [ talUi bnue t mri Ute Rucwe aK sTnue unmcr t @e  
rcr lpr Rcuw abecReai gneunt opnetescr Huwnoer ez mje, 6evN2jeFKneO6et mri Ue 
scr a r pnteaceoucgeacei eUcV e. i Upnei r oeo gteRpuaKnuei aeaKne r anuRi snecReaKne 
huZ Fei r oehuy desnui w sjeFK teo ta r sa cr ei aeaKne r anuRi snescr HuwteaKi ae 
aKnune ter cecumi r seunt opneguntnr aecr eaKnesnui w se wgUi r ae atnURei r o-e 
. nube wgcuai r aUb-e r eNnaV nnr eaKnehuZ Ftei r oehuy desnui w sjeFKneNuci oe 
gni TecReaKnehuy − t mri Uei RanueY 5j0eμwewi bei u tnei tei euntpUaecRer i r capNne 
wcugKcUcmb-etpsKeaKi aei r co ser i r capNnetaupsapunteanr oeaceNneaK sTnue r e 
aKneNcaacweq3-1d-11]jeFKneongaKeo tau Npa cr ecReaK tesc r s onteV aKeaKne 
nta wi anoeUnr maKecReaKnehuZ FeUi bnuevUi bnueaK sTr ntte≤5j4eμw2ei teonanul 
w r noe. i e, PE jezpuaKnuwcun-er eaKneunmcr er o si anoei teaKner anuRi sn-eir e 
r suni tner eaKney − t mri Ueo ta r mp tKnteaKneaui r t a cr eaceaKnehuy desnui w se 
unmcr eV aK r eaKneI , jeFK tet mri Uetai N Ukntei teV newc. neRpuaKnueacV i uote 
aKneNpUTecReaKnetcUo-eV K sKeKi tei eK mKnueonr t abeaKi r eaKnehuZ FlUi bnue 
q15]je L oo a cr i UUb-e aKne tai N Uki a cr ecRe baau pwec- onet mri U-e uy −-e 
i ucpr oeaKnewni tpunwnr aea wnecReY [ 8-888etesc r s onteV aKeaKnen- gnsanoe 
o wnrt crtecReaKneI , ei ttnwNUb-ei tesi r eNnetnnr e r eaKne, Sevz mje, 72je 
zpuaKnuwcun-eaKnei acw sescr snr aui a cr eunguntnr anoei tei eRpr sa cr ecReaKne 
uy − t mri Uei acwteRpuaKnueo ta r mp tKnteaKnebaau i etai N Uknoehuy desnui w se 
RucweaKnegpunehuZ Fei r oei uner ei sscuoi r sneV aKeungcuanoeUanui apuneq14]je 

, pggUnwnr ai ube . once unUi anoe ace aK te i ua sUne si r e Nne Rcpr oe i ae 
Kaagtf//oc f[ 8j[ 8[ 0/9jcsnui wjd8d1j[ 88158e 

FKneaui r tRnuecReaKnehuZ Ftecr aceaKnemunnr eNcob-ejnj-egu cueacet r anu r me 
cReaKne wgUi r a-ewi beunopsneaKner pwNnuecReacai Uetangter nsntti ube r eaKne 
gucsnttjeFKnunRcun-eV negnuRcuwnoe, FL eir i Ubt teRcuegpun-ei wcugKcpte 
huy degcVonuevi teunRnunr sn2eir oer escwN r i a cr eV aKehuZ Ftept r mei eui a ce 
cRehuy dfehuZ Fe= df[ jeFKnuwi Uei r i Ubt tecRetpsKei escwN r ia cr ecRRnute r l 
t mKate r aceaKnegctt N UabecReon. nUcg r meI , lUTnetaupsapunte. i eNpUTle 
scwgi sa cr egucsnttnt-etpsKeaKi aeZ Fteongct anoecr eu, hegi ua sUntewi be 
Nnet r anunoeacmnaKnu-euntpUa r me r ei esnui w segunRcuweuntnwNUr meaKneI , je 
Sr ez mje4-ei egKi tneauir tRcuwi a cr e tecNtnu. noei ucpr oeY 688e◦Oei tenr s ul 
sUnoer eaKnemui gK-escuuntgcr o r meaceaKneaui r t a cr ecReaKnei wcugKcptehuZ Fe 
r eaKnehuZ Flhuy dew - eacewcr csUr setaupsapuneq10]jeL eaV cetai mnewi tteUctte 

v≤3: 2e tei UtcecNtnu. no-eV K sKewi becu mr i aneRucwescwgi sa cr ecReaKne 
gcVonub-egcucptewi anu i Ute. i eRpt cr ecReaKneNpUTegi ua sUntei r oegnuKi gte 
opneaceaKneHUUr mecRegcucpteunmcr tei ucpr oeZ FeNpr oUntegucwca r me 
scKnt cr jeBpneaceaKneguntnr snecReKbouc- on/Kbouc- bUemucpgtecr eaKne 

 

 
Tip. , . FcRl, SE , eir i Ubt teleB ngaKegucHUntecReI , @et mri Utei u t r meRucweai gneunt opntevO−2-ehuZ Fei r oehuy lsnui w sevhuy −-ey −2jee 

6 d 
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Tip. /. , FL eir i Ubt te– B, Oei r oeF; L ecRegpunehuy degcVonuei r oehuy d+ huZ Fevdf[ 2jee 

 

huZ F-eV Knr eonKboui anoeopu r meaKnuwi Ueonscwgct a cr eaKnewi anu i Ue 
pr onumcntet mr Hsi r aeV n mKaeUctteq13-16]jeL oo a cr i UUb-eaKneB F; evB nl 
u .i a . neaKnuwcmui . wnaub2espu. neong sateaKneobr i w seui anecRewi tteUctte 
opu r meaKneonscwgct a cr etai mnt-e r euni Ula wnjezpuaKnuwcun-ei eungni anoe 
Kni a r mlsccUr mlKni a r me sbsUne Vi te gnuRcuwnoe cr e aKne scwN r i a cr e 
w - apune r ecuonueacescr HuweaKi aeaKnewi 9cu abecReaKnewi tteUctteKi ggnr te 
gu cueace088e◦Oei tesi r eNnetnnr e r eonai Ue r eaKne, Sevz mje, [ 82jeFKne, FL e 
auni awnr aeKnUgteacei tsnuai r eir ei ggucgu i aneKni alauni awnr aeacenr tpune 
scwgUnan/aKcucpmKe Ucr mlanuwe i oKnt cr ecRe aKne huZ Fe HUwe cr ace aKne 
snui w seo ts-enjmj-eNbeRcus r mecpaetaui bemi ttnteRucweaKnegcucpteunmcr te 
ir oei aeaKne r anuRi sneV Knr eKni anojePttnr a i UUb-etpsKei eauni awnr ae te 
si gi NUnecResuni a r meunmcr tecReUcV egunttpuneaKi aeuntpUae r ei etpsa cr eUTne 
nRRnsaeaKi aewi beRpuaKnuei RH- eaKnehuZ Ftecr aceaKnetpNtaui anjeFK tenRRnsae te 
i sK n. noeNbeKni a r meaKneI , eRcuei eRnV ew r panteaceanwgnui apuntei ucpr oe 
Y 168e◦Oei r oe4d8e◦Oei r oeKi ggnrteacesc r s oneV aKeaKnei rr ni Ur meanwl 
gnui apunteptnoecr eaKnei r co knoehulRc UteRcuesubtai UUr negKi tneaui r tl 
Rcuwi a cr tjeFK teanwgnui apuneui r mne te r anunta r mei te aeRi UUteV aK r eaKne 
anwgnui apunegucHUneptnoeRcueaKneonlN r o r megucsnttntecRehuy desnui w se 
munnr egi uateopu r mei oo a . newi r pRi sapu r meq17-58]-e jnj-eaKneaui r tRnuecRe 
huZ Ftewi bei UtceNnescr opsanoegu cueacemunnr eNcobeaKnuwi Ueauni awnr aje 

Xi taUb-eV neV nunei NUneacetKcV eaKi aeaKneai gnlaui r tRnueansKr xpnei UUcV te 
Rcuei eRis Uneucpaneaceongct aei r co ser i r capNntecr ewi r beabgntecRetpuRi sne 
mncwnau nteir oewi anu i Ut-ei tesi r eNnetnnr er eaKne, Sevz mje,[ [ 2-eV aKcpaeaKne 
r nnoeRcuen- gnr t . ne. i sppwei tt tanoeansKr cUcmntei r oewpUa ltangemucV aKe 
wconUteRcueKbNu oeri rctsi Unescwgct antje 

 
, . 3onc(ugionBmipm(ipmtg 

 
huZ Feaui r tRnuunoeRucwei ewnai UeRc Ue. i ei eai gnlauir tRnuegucsnttei oKnun 

taucr mUbecr acehuy desnui w st-egcanr a i UUbei tei euntpUaecRenr Ki r snoetpuRi sne 
i uni ecReaKner i r capNpUi ueHUwjeFKnei teRcuwnoeKbNu oei ttnwNUbe teucNptae 
ir oetpmmntateaKnegctt N UabecReunr onu r mer i r capNpUi ueUi bnutecr acewir be 
abgntecRetpuRi sntjefl neungcuaecr ei eRis UnetcU. nr aewno i anoeaui r tRnueansKl 
r xpneaKi aei UUcV teRcuenRRnsa . neongct a cr /aui r tRnuecRer i r ctaupsapunoe 
HUwtecr aceaKneRi snecResnui w stecRe. i u cptemncwnau ntei aei wN nr aescr l 
o a cr t-ei teaKner i r ctaupsapunoeHUwetKcV te%n- NUnegucgnua nteV aKcpae 
onmui oi a cr eopu r meaKnegucsnttje 

 
4utmor contri5utiong 

 
FKnewi r ptsu gaeV i teV u aanr eaKucpmKescr au Npa cr tecRei UUei paKcutjeL UUe 

i paKcuteKi . nem. nr ei gguc. i UeaceaKneHr i Ue. nut cr ecReaKnewi r ptsu gaje 

Tundinp gourcl g 
 

FKnei paKcutei sTr cV UnomneaKneB z; e( Sd[ 07/dl[ ei r oeaKnePJ eMSL e 
Auc9nsae[ 8[ 87[ 007eZ y E L Bje 

 
6 l c(brbtion o7 coa s l tinp intl rl gt 

 
FKnei paKcuteonsUi uneaKi aeaKnbeKi . ner ceTr cVr escwgna r meHri rs i Ue 

r anuntatecuegnutcr i UeunUia cr tK gteaKi aescpUoeKi . nei ggni unoeacer %pnr sne 
aKneV cuTeungcuanoe r eaK tegi gnuje 

 
4cCnoE (l dpl a l nt 

 
FKnei paKcutei sTr cV UnomneaKneB z; e( Sd[ 07/dl[ ei r oeaKnePJ eMSL e 

Auc9nsae[ 8[ 87[ 007eZ y E L BjeFKnei paKcuteV cpUoeUTneaceaKi r TeL r ouni e 
ficur eRcueUi Ncui acubecumir kia cr -efl bsURRney g bceir oe( nr ki eFcpTi Nu e 
Rcuei tt tai r sneV aKe. onclunscuo r mtei r oeB ujeXpoV meM noUeRcueguc. o r me 
aKnegunlRcuwnoesnui w sjeAi uaecReaK teV cuTeV i tegnuRcuwnoei aeaKneE Z i ze 
, nmnr je 

 
4ssl  ndie 4. xuss (l a l ntbrS dbtb 

 
, pggUnwnr ai ubeoi ai eaceaK tei ua sUnesi r eNneRcpr oecr Ur nei aeKaagtf//oc je 

cum/[ 8j[ 8[ 0/9jcsnui wjd8d1j[ 88158je 
 

F l 7l rl ncl g 
 

q[ ] MjeGpr Tnu-eL jeB wi T t-eE jeFKcr n sT-eGjL jeGi r tnr -ePRRnsatecRewgUir aetpuRisnesci a r mte 
i r oescwgct a cr ecr eNcr ner anmui a cr fei etbtanwi a seun. nV -eOUr jey ui UeSwgUir ateMntje 
vd8872-eKaagtf//oc jcum/[ 8j[[[[/9j[ 088l848[ jd887j8[ 333j- je 

qd] Z je; cbi U-eAu bi r Ti -e( jeMi . r nna-ePRRnsaecRe. i u cpte wgUir aetpuRi sneauni awnr atecr e 
cttnc r anmui a cr elei eUanui apuneun. nV -eSr o i r eGjeB nr aje, s jevd8[ d2je 

q1] E jefiuptsK -eB je, an r w-UUnulZ naKU-efl je; cu V coi -eE jeMi ttn-eOcwgct a cr ei r oe 
wco Hsi a cr tecReonr ai Ue wgUir aetpuRisnt-eGjey ui UeSwgUir acUjevd8[ 42-eKaagtf//oc je 
cum/[ 8j[ [ 44/d8[ 4/4d35d0je 

q5] B jeXct s-e, je, wc. s-e, nURlcuonunoer i r cgcunei r oer i r capNnegUi aRcuwteRcueoupme 
onU. nubei ggUsi a cr t-eP- gnuaey g r -eB upmeB nU. jevd8872-eKaagtf//oc jcum/[ 8j[ 4[ 3/e 
[ 35d4d58781188643je 

q4] , jZ jCjeMi mKp-e( jeOKpUppr Ni r o -eE j, je( UUi r -eh uscr i eri rcapNnesci a r mteleJ Cle 
unt tai r aetpgnuKboucgKcN setpuRisnt-e, puRi snjeSr anuRi sjed0evd8d[ 2-e[ 8[ 143-eKaagtf//e 
oc jcum/[ 8j[ 8[ 0/Gj, J MzSZ jd8d[ j[ 8[ 143je 

q0] , jfijeAi anU-eZ jefii Tnu-eSjeE i uxpnt-eL jeI i wUnTKi r -eE jFjeE i aKnV -eOjeFi Tcpo t-e 
Ojezu nou sK-eOje, pTca9c-eFje, KcTpKRi u-eFuir tgi unr aeF y edeZi r capNntecr eh uscr i eRcue 
fi cwno si UeL ggUsi a cr t-ed8[ 3-eKaagtf//oc jcum/[ 8j[ 817/s3ui 81758i je 

q3] , jZ jCjeMi mKp-e; jey r bnr tc-e, jeE cKi 9nur i -eE j, je( UUi r -ezpr sa cr i Uki a cr etaui anmnte 
aceRis Uai anewpUa longaK-ewpUa lwcUnspUnewco Hsi a cr tecReri rctaupsapunoec- onteRcue 
au mmnunoeunUni tnei ggUsi a cr t-e, puRje, s je3[ 7evd8dd2-e[ dd8d5-eKaagtf//oc jcum/e 
[ 8j[ 8[ 0/9jtptsjd8ddj[ dd8d5je 
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q6] PjeL uwi mi r -eAjeQpuntK -e; jy jeSr sn-ezpr sa cr i Uer i r capNnteRcueau mmnunoeunUni tnecRe 
wcUnspUnt-eZ i r cts jeZ i r cansKr cUjeXnaaje3evd8[ 42e37–61-eKaagtf//oc jcum/[ 8j[[ 00/e 
rr Ujd8[ 4j[ 670je 

q7] ; jeE i ssi puc-eAjeMctt -eXjeMi RRi nUU-eAjezui r sntsc-eL Upw r i eir oek uscr i esnuiw seRcue 
cuaKcgi no sei r oeonr ai Ueon. snt-efi cwi anujeL ggUjeZ i rcwno s r njevd8[ [ 2-eKaagtf//e 
oc jcum/[ 8j433d/d17[ 3je 

q[ 8] BjeOKcgui -e( je; pUia -e, jeS. ir c. tT -eFcV i uotesUr si Ueaui r tUi a cr fecga w knoe 
Ri Nu si a cr ecRescr aucUUnoer i r ctaupsapuntecr e wgUir alunUn. i r aespu. noek uscr pwe 
tpuRisnt-eZ i r cwi anu i Ute[[ evd8d[ 2-eKaagtf//oc jcum/[ 8j1178/r i r c[[ 858606je 

q[[] MjeB nggu sK-eI jeh ggu sK-eE jey wwnuNcur -eOjeZ i p9cTt-eI jAjefl ntwi r r -e 
, je( i aai . cur sKi ucnr -eI jOjeXi pnu-eJ jeE nbnu-eZ jMje( -NUnu-eGjeI i r otsKnU-e 

yttnc r anmui a cr ecReh uscr i eSwgUi r ateOcwgi unoeV aKeF ai r pwfei r e r eC . ce, apob-e 
I ni oezi sneE no-ed886-eKaagtf//oc jcum/[ 8j[[ 60/[ 350l[ 08Wl5l18je 

q[ d] E jeL r oun canUU-eI jGjefl nr k-eMjGje( cKi U-eL unesnui w sewgUir atei e. i NUnei Uanur i a . neace 
a ai r pwewgUi r at-eL etbtanwi a seUanui apuneun. nV -eOUr jey ui UeSwgUi r ateMntjevd8872-e 
Kaagtf//oc jcum/[ 8j[[[[/9j[ 088l848[ jd887j8[ 364j- je 

q[ 1] AjeAi Uwnuc-eE jezcur i Ni c-eXjeE cr ai r i uc-eI jeMn. nucr -eOjePtr cpR-eGjeOKn. i Unu-e 
FcV i uoteUcr meUita r mek uscr i lNi tnoescwgct anteRcueonr ai Ue wgUir atjeAi uaeSfe 
r r c. i a . netbr aKnt t-ew suctaupsapui UesKi ui sanu ki a cr ei r oe r e. aucetai N Uab-e 

fi cwi anu i Ute48evd8[ 42e16–50-eKaagtf//oc jcum/[ 8j[8[0/9je 
N cwi anu i Utjd8[4j8[j8[ 6je 

q[ 5] XjeM wcr o r -eXjeOnuucr -eLjeOi uui tt -eAjeFcuu snUU-efii sanu i UescUcr ki a cr ecRek uscr i e 
snui w setpuRisntfeir er e. auceir oer e. . cetapobj-eSr ajeGjey ui UeE i - UUcRisjeSwgUir ate[ 3e 
vr joj2e371–6jeKaagf//VVVjr sN jr Uwjr Kjmc. /gpNwno/[ d483d16je 

q[ 4] Mjfijey twi r -eE jeCe, V i r -eL esu a si Ueun. nV ecReonr ai Ue wgUi r aewi anu i UteV aKei r e 
nwgKi t tecr ea ai r pwe. nutptek uscr i -eE i anu i Ute6evd8[ 42e71d–746-eKaagtf//oc je 
cum/[ 8j1178/wi 681871dje 

q[ 0] L je; cwnke, i r sKnk-eGjefii UUi uun-eGjOjey unUUir c-e; jeB pRRć -e, jeOnú n-e, puRisne 
wco Hsi a cr ecRek uscr pweNbeir co tia cr eitewi anu i UeRcuegnuwi r nr ae wgUir atfe r e 
. aucei r oer e. . cetapob-eGjeE i anuje, s jeE i anujeE nojed5evd8[ 12e[ 0[–[ 07-eKaagtf//oc je 
cum/[ 8j[ 883/t[ 8640l8[ dl5338l6je 

q[ 3] , jZ jeCi TiwpUUi eMi mKp-eE j, je( UUi r -efl naa r meNnKi . cuecRek uscr i eri rcapNnt-eM, Oe 
L o. je[ [ evd8d[ 2ed7464–d7467-eKaagtf//oc jcum/[ 8j[ 817/B[ ML 8534[ Pje 

q[ 6] AjeMcb-e, jefinumnu-eAje, sKwpT -eF y deri rcapNntfetbr aKnt tei roei ggUsi a cr t-eL r mnV je 
OKnwjeSr ajePoje48evd8[ [ 2ed785–d717-eKaagtf//oc jcum/[ 8j[ 88d/i r njd8[ 88[ 135je 

q[ 7] ; jeL U-eujGjeAi uT-eI jGje( w-e, jy jeOKc-ezcuwi a cr ecRetnURlcumi r knoeh usi Ucbl5ec- one 
ri rcapNnte r ecumi r se. tscptenUnsaucUbane. i eir co kia cr -eZ ir ctsi UneMntjeXnaaje7e 
vd8[ 52e441-eKaagtf//oc jcum/[ 8j[[ 60/[ 440ld30Wl7l441je 

qd8] GjeOˇb. nr n-eGjeB pocr t-ehu-ehuZ ei r oehu/L UeaK r eHUwteongct a cr ept r mei use 
n. i gcuia cr eir oeir r ni Ur m-eL sai eAKbtjeAcUje[ [ 5evd8862e307–333-eKaagtf//oc jcum/e 
[ 8j[ d071/L AKbtAcUL j[ [ 5j307je 

qd[] Z jeX p-eI jeE ui NcUmKi tnw -e( jeXnn-e, jAjeL UNp-eL jeF mK r ni r p-eE jeL Uacwi un-e 
Aje, sKwpT -eL r co seF y deri rcapNntfeocpNUneV i UUnoe. tjet r mUneV i UUno-ezi ui oi be 
B tsptte[ 05evd8[ 12e[ 83–[[0-eKaagtf//oc jcum/[ 8j[ 817/O1zB 888d8zje 

qdd] Bjezi r m-e, jeX p-ehjeXpc-eOjeWcr m-efl jeWp-ezi s UneRi Nu si a cr ecReRunntai r o r meaKucpmKle 
Kc Unehuy eder i r capNnewnwNui r nte. i eaV cltangeir co kia cr ewnaKcot-eL ggUje, puRje, s je 
d46evd8[ d2e0d[ 3–0dd1-eKaagtf//oc jcum/[ 8j[8[0/9ji gtptsjd8[ dj8dj[ 58je 
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q58] I jeWr m-efijehcp-e, jeX -eWjezp-e, apobecr etpuRisnexpi Uab-eguns t cr ei roewnsKi r si Ue 
gucgnua ntecRe1B egu r anoehuy desnui w sescwgcr nr ateNbeUi tnuetsi rr r me 
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q5d] Oje; i c-eB je( pKUwi rrlfl UtocuR-eBjBjeE i TnU-eFKneobr i w seir i Ubt tecReta sTltUge 
wca cr -efl ni ue[ 31ev[ 7752e[ –[d-eKaagtf//oc jcum/[ 8j[ 8[ 0/8851l[ 056v75278d4[ l6je 

q51] fijBjMjBjefiu mmt-eE jGjeI ni ur -eL r i Ubt tecRegcUbwnuetpuRi snteNbe, SE , e5leL etapobecRe 
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tgnsaucwnaubeRcuewnai Uescr ai w r i a cr ewcr acu r mecr e, eV i RnuetpuRisnt-e 
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q56] OjL jeE i k nuceCcUgi ac-eXj; jBjeL Uacne; i uNnUcaac-eE jeOnUtc-ezjeficr o cU-eL ggUsi a cr ecRe 
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Supporting Information 

S1. Membrane transfer 

The video shows a free-floating Zr-NT layer in an acetone bath. 

https://uni-siegen.sciebo.de/s/NYep2CnF8p65aTA 

 

Video S1. Free-floating Zr-NT layer in acetone 
 

 
S2. Stability of the HS 

S2.1 Qualitative Evaluation 

mailto:Manuela.Killian@uni-siegen.de
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The video demonstrates the real-time abrasion and rubbing of the HS assembly. The ZrNT film 

remains adhered to the ZrO2 ceramic and is not scraped off by the mechanical abrasion 

performed.[41][29] 

https://uni-siegen.sciebo.de/s/6gaRFbXN8vqC9up 
 

Video S2.1(a) Mechanical abrasion test of HS 

The video demonstrates the real-time abrasion washing of the sample with ethanol. The ZrNT 

film remains adhered to the ZrO2 ceramic and is not washed off by the repeated exposure to an 

ethanol stream. 

https://uni-siegen.sciebo.de/s/HqxUBBZwLQwc7xE 
 

Video S2.1 (b) Rinsing stability of HS 
 

 
S2.2 Quantitative evaluation 

(a) Mechanical scratch test 

Experimental description- Dynamic scratch test was performed on Universal Mechanical Tester- 

Bruker, using a high accuracy zirconia bearing ball (class- G10) i.e., Ra = 0.025 um, with a diameter 

of 2 mm. The dynamic scratch extended to a test distance of 5mm on the surface of the sample 

under a linearly increasing load (0.3N to 3N) along the path length, at a feed rate of 0.05mm/s 

under a force measurement range of 5N. 

A graph representing the relationship between coefficient of friction (CoF) with respect to the 

traversed distance is shown here as Figure S1 and S2. For both surfaces, i.e., uncoated zirconia 
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preforms (surface consisting of zirconia particles) and coated preforms (surface covered with 

ZrNTs), we see that the average CoF is in between 0.25 – 0.4, within acceptable range for most 

non-slip interactions.[27][42] It is important to mention that the preform itself had high surface 

roughness and variation within the substrate, which is why a certain degree of scatter is observed 

for the coated sample. The same is confirmed when the modified discs were subjected to 

ultrasonic cleaning and circumstances of chipping and bulk breakage at what may be resulting 

due to possible air-bubbles in the preform was observed. 
 
 

 

 
Figure S1: Characteristic behaviour of bulk-ceramic during dynamic scratch testing represented 

as the variation in CoF as a function of scracth distance under linearly increasing applied load. 

Furthermore, the indenter tip, the nanotubular coating and the preform are ‘like’ materials, i.e. 

different morphology of the same material. For the coated sample we see traits similar to the 

‘stick-slip’ motion, as a result of adhesion and deformation components.[42] This is strongly 

evident from the graph, wherein at lower loads we see an initially constant response of the CoF, 

potentially resulting from a possible compaction of the nanotubes. And at slightly higher loads 

we see a separation of the nanotubes, corresponding to the rupture. However, as the load 

increases, scattered increase in the CoF is observed. This is perhaps due to the pile-up of NTs on 

the indentation spot and also the indenter, is interpreted as a phenomenon possible only due to 

adhesion. Thereby, our original hypothesis of intrinsic adhesion between the surfaces allowing 

for a strongly adhered film onto the preform, such that no slipping off or detachment is observed 

in static conditions, is confirmed. 
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Figure S2: Characteristic behaviour of bulk-ceramic coated with ZrNT layer during dynamic 

scratch testing represented as the variation in CoF as a function of scracth distance under 

linearly increasing applied load 

It may be noted that the tailing-off in the graphs at the 3N load mark is intrinsic to the experiment, 

i.e., the sliding indenter coming to an abrupt halt. The relevance of the CoF in this context 

emphasizes the intrinsic adhesion experienced between the ZrNT layers and the ceramic such 

that upto ~1N force, the ZrNT coating remains well spread as an intact layer and at higher loads, 

bulking may be observed. Furthermore, adhesion may still become enhanced upon thermal post- 

treatments or modification with adhesive linkers. 

(b) Optical Profilometry 

In addition to this, optical profiling of the scratched surface was performed. The directional 

sliding of the indenter tip is visible from the images in Figure S3. The applied load does compact 

the NTs under the contacting indentation spots and the sliding along the path length results in a 

pile-up of nanotubes, thereby confirming the original hypothesis based on the variation on the 

CoF as described on the basis of Figure S3 and S4. 

Optical surface profilometry was carried out using a Bruker Alicona RL apparatus, which is an 

optical 3D measurement system – microscope and profiler. The structure of surfaces was 

measured by using the focus variation method. This method combines the small depth of focus 

of an optical system with vertical scanning to provide topographical and colour information from 

the variation of focus. To perform a complete detection of the surface with full depth of field, the 

optic precision is moved vertically along the optical axis while continuously capturing data from 

rupture 
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the surface. Measurements were made using an objective magnification x20 and vertical 

resolution of 150 nm. 

The critical load was determined as the point where a drastic alteration in the depth profile 

coincided with the coating detachment. The critical loads were also analyzed according to the 

scratch profile of the load–distance graph. 

 

 
Figure S3: Optical micrograph of surface after scratch 

 

Figure S4: Topographical map of surface after scratch 
 

 
On the basis of graphs and profilometric measurements, the penetration moment of the coating 

was assessed at five random spots along the scratched surface. The results are given in the table 

below and the average mean is calculated to be 1.21 N. 
 
 

 

Distance - prior to pile-up 

(cm) 

Force – prior to 

delamination (N) 

1,12 0,92496 

2,39 1,6384 

1,41 1,0896 

1,42 1,0952 

1,80 1,308 
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Table S1: Data representing the average delamination force experienced prior to pile up 

The load is assessed based on the sudden change in mechanical properties and the delamination 

force is calculated as a function of the traversed path. 

 

 
(c) Ultrasonic treatment 

Ultrasonic cleaning was performed to evaluate the stability of the adhered ZrNT films. We 

measure the effect of flaking of the ZrNT film as a difference in overall surface coverage over the 

preform. Image analysis was used to calculate the total coverage before and after ultrasonication 

and the changes are reported as % coverage. 

Description – HS samples were ultrasonicated for 1-minute intervals in distilled water and this 

process was repeated thrice. Light microscopy images of the sample were taken before and after 

ultrasonication and the stability is ascertained as % coverage. 

 
Decrease in (%) coverage 
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Figure S5. Decrease in ZrNT layer (%) coverage 

The thresholding process was done manually using ImageJ software and hence, the 

representative graph includes a standard error value that accounts for user-related measuring 

deviations, added to the standard deviation. A graphical representation of the decrease in (%) 

coverage is represented in Figure 3. ImageJ software was used to estimate the coverage fraction 

of ZrNT film before and after ultrasonication. The samples withstand an estimated loss of � 5{± 

1)% in terms of surface coverage present on the ceramic disc, in case the underlying ceramic 

stays intact during ultrasonication (type I samples). Figure 4 indicates the trend in loss as a 
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function of difference in ZrNT layer covering the ceramic, i.e., decrease in (%) coverage of the 

images before/after and thresholding. The highest loss was observed in the samples where the 

underlying ceramic experienced chipping and damage (type II samples) during ultrasonication 

(bulk ceramics, have trapped air bubbles and upon agitation in aqueous media tend to undergo 

surface and bulk erosion due to the influence of simultaneous dynamic forces). The ‘chipping’ of 

the ceramic inevitably removes a large fraction of the ZrNT coating but the coating continues to 

remain adhered to the undamaged ceramic. This indicates that the coating stability is in a range 

comparable to the intrinsic stability of the implant itself. 
 

Figure S6. Optical micrographs of the ceramic surface; (L) Before ultrasonication, (R) After 

ultrasonication 

S3. EDX analysis of HS 
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Figure S7 shows the SEM-EDX analysis of the HS structure, with the left side bearing ZrO2 ceramic 

and the ZrNT layer on the right. The presence of yttrium for the left sample side indicates that 

the pre-formed ceramic is YSZ, whereas anodization and annealing resulted in pure ZrO2-ZrNTs 

being formed from metal-foil. The compositional values are in accordance with the data in 

literature and the product data sheet of the procured ceramic implants.[35] 
 

 

Figure S7: EDX characterization of HS (as shown in Figure 3, main manuscript) - c2.1 (L) ZrO2 

pre-formed ceramic and (R) ZrNT 

S4. ToF-SIMS analysis of the HS 

(a) Surface analysis 

ToF-SIMS analysis is used to characterize the surface of ZrNTs and ZrNTs on ZrO2. To evaluate the 

presence of organic deposition from the adhesive onto ZrNT, we identified the substrate signals, 

i.e., Zr, ZrO and ZrO2 using the characteristic isotopic fragmentation pattern in the fingerprint 

region (m/z = 89 – 126) in both polarities. In figure S.10 (a), a larger signal intensity is observed 

for the unmodified substrate. This signal is greater than what is observed on the substrate after 

modification via the tape-transfer process, resulting in the signal intensity being greatly 

suppressed. In figure S.8 (b), a reverse trend to S.8 (a) is observed with a clear suppression of the 

signal intensity for the modified substrate. This confirms the presence of organic deposition from 
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the adhesive. Positive polarity was chosen to enable clear identification of the origin of organic 

depositions as they are more pronounced in the spectra. This also suggests that the adhesives do 

promote a successful lift-off of the ZrNTs from the Zr-foil. In the second step, the ZrNT membrane 

lifts-off of the backing tape when soaked in acetone. The soaking duration influences the 

effective removal of the adhesive layer from the surface of the ZrNT. Samples soaked in acetone 

for � 30 min show a thick layer of organics on the surface of the ZrNT and the underlying ZrNTs 

are hardly visible due to the excessive charging of the surface, contrary to samples soaked � 30 

min as seen in figure S.8 (c), where the nanostructured surface can be clearly recognized. The HS 

reported in the manuscript were soaked for > 30 min and hence, open tube-tops are clearly 

visible in the SEM characterization, Figure 3. Furthermore, the corresponding ToF-SIMS spectra 

of the adhesive tape (adhesive + backing layer) and that of the HS with residual adhesive are 

shown in figure S.8 (d). A lowering of the intensity of the signals of the polymeric backbone (m/z 

12 - 70) and the presence of the characteristic �-methyl (CH3
+, m/z = 15) and the absence of 

dimethylcyclopropylium (C5H9
+, m/z = 69) commonly observed only for poly-methylmethacrylate, 

confirm that the adhesive present on the backing layer of the tape is poly-methacrylate causing 

organic deposits being transferred onto the ZrNT substrate, effectively resulting from the tape- 

transferred process.[43–45] 
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Figure S8. (a) Negative and (b) Positive polarity ToF-SIMS spectra of fingerprint region of bare 

ZrNT and tape-transferred ZrNT, (c) SEM micrographs of tape-transferred ZrNTs soaked in 

acetone and (d) positive polarity ToF-SIMS spectra of fingerprint region of adhesive tape and 

tape-transferred ZrNT 

(b) Depth profiling 

ToF-SIMS analysis is used to characterize the surface of ZrNTs and ZrNTs on ZrO2. In the depth 

profile mode, the atomic concentration is represented as a function of the YO- signal (Figure S.9). 

A relative sensitivity factor is used to convert the ion signal to concentration with normalization 
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to the reference signal.[46][47] The ion signal is point by point normalized to the ZrO- reference 

signal. Herein, the significant increase of the YO- signal and the subsequent stabilization as we 

proceed into the bulk of the ZrO2 ceramic coincides with the dimensions of the speculated 

interface of the physical HS assembly reported. The at% is lower than what was measured via 

EDS analysis and this difference may be attributed to the interaction range of both these 

techniques.[7][48] 
 

Figure S.9: Tof-SIMS analysis - Depth profile of HS; signals arising from yttrium oxide (YO-) in 

the HS 

 

 
S5 Thermal analysis of ZrNTs on ZrO2 

The STA analysis as represented in the following graph, Figure S.10, was performed on a 

mixture of pure ZrO2 and ZrNT powder in a (2:1) ratio, denoted ‘M1’. The initial treatment 

involved a complete cycle starting from RT to 1100°C as represented by the curves {DSC and TGA} 

in green and is identical to the data represented in Figure 4 in the main manuscript pertaining to 

the exact same sample-type. Another sample was prepared according to the previous ratio with 

the exception of homogenous mixing in a mortar and subjected to a heat treatment up to 600°C 

and will be addressed as ‘M2’, and is represented by the curves in blue. Sample M2 was then 

evaluated by SEM and put into the STA for a second time, heated up to 1100°C and is represented 

by the curves in purple and for ease will be referred to as ‘M3’. For the discussion pertaining to 

the data in this figure, temperature range RT to 600 °C is represented as 'R1' and range, 600°C to 
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1100°C as 'R2'. It is interesting to note that M2 shows identical trends as M1 in R1 with lower 

mass loss, presumably due the difference in starting weight and also the added mortar-mixing 

step. Nevertheless, the behavior of this mix remains identical such that a two-stage mass loss is 

observed. In the case of M3 we note the absence of the R1 in the purple graphs, since the starting 

sample already underwent one dehydration/thermal cycle and hence only R2 is observed, also 

similar to M1. There is a slight shift around the tiny energy release around ~820°C, which 

previously were ascertained to possible phase transformations, since our starting mixture 

contained amorphous ZrNTs as fabricated via anodization and powdered implant. 
 

Figure S10: (a) STA Analysis ZrO2 + ZrNT (2:1) at different temperature regimes and (b) effect of 

heat treatment during STA on morphology of ZrNTs 

This contrasts by shifting to a higher temperature than in the green curve around ~720°C. A 

possibility would be that due to the prior compaction of the sample, a higher heat capacity/ an 
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increase in energy demands is observed in order to undergo phase transformation. Alternatively, 

we assume that the exothermic peaks are a result of weight loss, a physical response as shown 

in Figure S10(b) e.g., by densification of tube walls, tube filling, compaction etc. We also subject 

M3 to a whole new cycle {RT to 1100°C}, this curve confirms that the two stage mass loss results 

in all or at least a majority of the compaction process, as inferred by the volumetric reduction of 

the sample observed in the crucible. No further reactions occur, which indirectly refer to the ZrO2 

being inert. 

S6 ZrNT transfer to other surfaces 

ZrNTs were shown to stick onto plastic rods, euro coins and also along the curvature of the ZrO2 

ceramic rod (Figure S11). The image clearly indicates the successful transferability of the ZrNTs 

onto varying surfaces via the facile tape-transfer method. The coatings are most dense, 

homogeneous and with highest adhesion strength on ZrO2-base material. 
 

 

 
Figure S11: ZrNT film transferred to different surfaces. L: plastic rod and €-coin without 

{top} and with {bottom} transferred ZrNT layer. R: flat {top} and curved {bottom} surface of 

ZrO2-rod. 
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4.5. Perspective and Outlook 

 
This section aims to consolidate the findings presented within this thesis and explores possible 

outlooks to implement aspects of these research questions. It offers a description outlining the 

translation of these fundamental concepts to other types of working systems that can potentially 

combine what has previously been discussed. 

The experiments performed during the course of this work describe a facile methodology to 

synthesize ZrO2 nanotubes that are robust {repeatable and free of hazardous chemicals {for wide- 

spread applications. These nanotubes were further investigated for their volumetric capacities and 

were also determined for their transferability as independent coatings made of ZrNT layers. These 

experiments clearly lay down the foundations for extensive research on the use of nanostructured 

zirconia. The most prominent area of interest lies potentially in the biomedical field, especially 

implantology applications. In order to formulate complete functionality and workability of ZrNTs, 

they need to be investigated not just from the standpoint of an inorganic material. A holistic approach 

towards understanding material response is to combine information based on inorganic stability 

assessments along with organic response. This entails all-round characterization, such as mechanical 

response under stress, storage and naturally stability under the influence of interaction with 

organic matter. In view of this, preliminary investigations that have been performed and are 

underway, are reported in the following examples. 

 
 

 

Impact of findings on ongoing experiments for future applications... 

 
E.g. 1: Tailor-made surfaces for optimal implant-host interaction 

 
A future perspective on the design and development of multi-functional surfaces, implementing 

this type of design, would be to incorporate multiple drugs/molecules at varying depths, capable 

of potentially undergoing sequential release. Drugs can be deposited directly into the capillaries 

or indirectly by binding via linker molecules. Linkers can bind selectively, and by using 

functionalization techniques in specific sequences such as BI followed by repeated µCP of 

molecules in varying concentrations since diffusion into the bulk is concentration dependent, it 
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would be possible to mitigate the depth of penetration of each molecule of interest. Based on 

the affinity and chemistry between the linker molecule and drug, multiple drugs may be 

successfully deposited inside the capillaries either sequentially or by means of substitution 

reactions. 

 
❖ A representative example would be in the case of an implant surface coated with 

drug-loaded capped nanotubes, such that the immediate type of drug to release 

upon the degradation of the capping agent may be an anticoagulant that can 

preemptively avoid blood clotting, followed by an antibacterial compound and 

afterwards an analgesic or any bioactive therapeutic that actively promotes 

healing. The stipulated elution is expected to occur in an orderly fashion or as 

needed depending upon localized changes in the contacting surrounding. 

 

 
E.g. 2: Surface modified load bearing implants 

 
It is widely accepted that that the bulk of the implant material contributes mostly towards the 

scaffolding needed for subsequent soft/hard tissue growth, whereas it the surface that interacts with 

all aspects of tissue-response. For this purpose, metal-based biomaterials are subjected to surface 

modifications in the form of bio-mimetic coatings, roughness scaling via micro and nano-structuring, 

wettability modifications in addition to acting as therapeutic-carriers such as in the case of 

anodized metal-oxide nanotubes. For instance, as the stem material-  anodized 

zirconium-based implants can offer enhanced surface functionality due to ceramic 

nanotubular structuring in addition to targeted- drug/biomolecule release whilst being 

mechanically robust due to the underlying weight-bearing metal. 

A schematic representation of how a potential hip fixture can be modified to have patient 

specific, therapeutic eluting surfaces is depicted in Figure 1. 
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Figure 1: Schematic representation of a zirconium implant consisting of Zr metal (stem) fixture modified 
with ZrO2 metal-oxide nanotubes 

The metal itself possesses refractory-grade mechanical properties. However, it is imperative to 

investigate the strength and resistance to deformation of the micrometers-thick coatings 

consisting of nanotubular arrays. 

 
To exploit this potential idea as an implant stem, zirconium metal's surface is transformed 

into a zirconium-oxide nanotubular layer. This assembly is then investigated under the effect 

of mechanical loading similar to implantation forces by imparting normal force using loads 

proportional to 200 grams to 2kgs. The stability of ZrNT substrates was compared to compact 

oxide surfaces {ZrCO}} when subjected to compressive and torsional forces as represented 

in Figure 2. {a} Schematic of forces applied. When no load was applied to the ZrNT 

surface, the nanotube geometry remained intact as seen in Figure 2 {b}, all pores/tubes 

appear to be open and remain accessible. Upon impaction with different loads the substrate 

changed as observed in, Figure 2 {c}- 200g and 2kg, the images show the substrate surface 

being covered with tube debris and certain regions appear to be blocked by broken tube 

fragments. Larger loads resulted in greater damage and consequently, decreased access to 

available open-tube areas. Nevertheless, the relevance of this experiment lies in 

ascertaining the decreased potential for individual tubes being pulled out and separated from 

the ZrNT layer. 
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This is important to note as bulk aggregates are less prone to accumulation or alternatively, a 

decreased probability of stray interactions with organelles. 

 

 

Figure 2: (a) Schematic - Deformation modes, (b, c, d) Comparison of ZrO2 surfaces under different 
deformation loads 

In literature, zirconia nanomaterial stability and interaction for nanotubes have not yet 

been extensively investigated for their effects on biological tissues and also under 

physiological circulation. Since, this experiment results in uniform load dissipation across the 

ZrNT layers, the effects of normal and torsional loading are minimal on individual tubes. 

However, to ascertain the influence of a relatively smaller physical area under stress, ZrNT 

layers were characterized via nanoindentation. 

 
Nanoindentation is a mechanical test performed under dynamic conditions using a probe over a 

sample's surface. It is a straightforward approach in which an indenter tip {all parameters 

defined} is forced into a specified spot on the test sample. The test is performed under dynamic 

loading wherein an increasing force is applied, followed by a gradual unloading This is 

loading and unloading is continued until a required depth is achieved. Before unloading, the 

rest period is provided, which enables the material to relax. Schematic representation of 

the indention process and its effect is depicted below in Figure 3.[1] 
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Figure 3: Schematic of the difference between plastic deformation [1] 

 
The results from a nanoindentation process conducted on ZrNTs revealed the tubular layer's 

elastic modulus to be in the range of {~16-26 GPa}. A representation of the indentation profile is 

shown in Figure 4, showing the loading-unloading curves of 10 exemplary samples. 

 

 

 
Figure 4: Nanoindentation- stress vs strain curves for loading-unloading on ZrNTs 

 

 

It is in interesting to note that the difference in creep is very little and overall lower plastic 

deformation is observed. This result furthers the assessment from the bulk loading results 

that NTs are more likely to stick to one another and pile up rather than detach as standalone 

stray tubes. Furthermore, the debris appear to remain intact and well-adhered to the substrate, 
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such that no deposits or precipitates were found in the aqueous media, i.e., when stored in 

simulated body fluid {SBF} for a period of 14 days. Analysis of the remaining SBF revealed a 

constant pH of 7.4 with no discernible changes This result is well aligned with previously 

reported observations of enhanced hydrolytic stability of the ZrNT films.[2] This is further 

interesting to note as the use of anodized zirconia overcomes the meta-stability issues 

demonstrated by stabilized ZrO2 powders in aqueous environments.[3] 

 
E.g. 3: Bioactivity of ZrNTs 

 
One of the many studies that were previously conducted on titanium {Ti}-alloy based 

implants, reported  on  the  use  of  Ti-Zr alloy-based implant. This alloy was able 

to demonstrate enhanced positive tissue response when compared to pure Ti 

implants.[4] 

This report provided valuable insights because it also suggests the possibility of using Zr 

metal as implants, especially since ZrO2 {ceramic powders} have been in-circulation in dentistry 

and have not been reported for toxic host interactions.[5][6] Zirconia is a bio-inert, refractory 

grade metal-oxide that shares many of the characteristic properties that make titania implants 

favorable.[7][8] Zirconia surfaces have also reportedly, demonstrated improved adhesion to 

molecules, surrounding tissue and lower bacterial adhesion for certain adherent cell types 

whilst offering attractive aesthetics.[9][10][11] So a natural evolution to this characteristic 

response urged preliminary investigations on cellular and acellular bioactivity of ZrNT surfaces. 

Acellular activity: In order to ascertain, the biomineralization ability of ZrNTs, they were 

immersed in a setup consisting of inorganic media such as simulated body fluid {SBF} for 

a period of 14 days under physiological temperature and pH. This setup investigates the 

acellular response and is reported on showing a favorable ability towards the 

formation of hydrated calcium phosphate particles on the surfaces. The stoichiometry of 

the observed calcium {Ca} and phosphate {PO4
3- } particles is not standard to that of 

hydroxy apatite. It is even important to understand the role of the nanotubular 

capillaries, they promote an increase  in  mass  transport  through  these  tubes  owing 
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to capillary effects and consequentially an increase in reaction surfaces. This combination 

ultimately results in the formation of mineral deposits. During the course of this experiment, 

already after 3 days, the formation of CaP/ Ca5{PO4} apatite particles could be observed on 

the nanotubular samples, in contrast to flat-compact oxide samples. Furthermore, the 

formation of these deposits was more evident from day-7 onwards, where the entire 

nanotube surface appeared to be covering the plate-like nanotubular array formations as 

shown in Figure 5, as compared to freshly anodized ZrNT surface. 

 

Figure 5: Acellular bioactivity analysis, (Left)) SEM micrograph showing ZrNT surface before and after SBF 

treatment, (Right) corresponding EDX analysis 

 

 

Moreover, the surface of the ZrNT sample after the 7-day immersion period appears smoother 

and the corresponding EDX analysis, revealed the presence of Ca and P with additional traces of 

Na, Mg and F. By calculating the Ca/P ratio, it is inferred that the apatite formed is deficient in 

calcium {CaP ~ 0.5 < 1.67} and lower than the stoichiometric ratio of hydroxyapatite crystals 

{HaP}.[12] The apatite precipitates formed are lower in Ca, and somewhat immature, perhaps due 

to the shorter incubation period. A lower Ca/P ratio here is indicative of decreased hardness of 

the apatite crystals and in the current context is better suited to mimic a bio-friendly surface 

modification than acting as a coating used to enhance mechano-structural robustness. The 
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deposits were then further characterized by XRD and the corresponding peaks ascribable to 

apatite formation on nanotubular surfaces are shown in Figure 6. 

 
 
 

 

 

 
Figure 6: XRD analysis of apatite formation on Zr substrates immersed in SBF 

 

 

The characteristic peaks match the JSPD standard and the newly formed twin peaks around the 

Brags angle {31°} corresponding to diffraction planes {211} in all samples immersed in SBF 

correspond to apatite, around the monoclinic zirconia which is not discernable in the untreated 

ZrNT sample. Further, the booming peak around {35°} at {202}, is a possible superimposition of 

the P signal and consequent apatite phase around the adjacent Zr signal. Lastly, peak shift and 

broadening around the regions represented with dotted lines, are due to defective low 

crystallinity of the apatite formed. This perfectly, fits the description of the low Ca content in the 

CaP {<1.67} species formed on the ZrNT surfaces, and are less crystalline than HaP {Ca/P = 1.67}. 

This is interesting in applications using apatite-layer surface modifications, as an amorphous 

precipitate would be more readily bioresorbable.[13] The formation of apatite upon immersion in 

SBF, clearly indicates the bio-active nature of the ZrNT samples. 
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The morphological variation within the substrates demonstrate bioactivity {mineral forming 

ability} as function of surface roughness and surfaces hydroxyl groups. The pH of the residual SBF 

solutions were measured at intervals of 3, 7 and 14-days and all samples had a final pH around 

7.45 and no significant variation amongst the samples were found. 

 
Cellular activity: To further analyze the dependence on morphological characteristics, the 

aforementioned substrates were subjected to in-vitro cell tests. 

In vitro cell tests were performed on samples that were sterilized using 70% Ethanol and direct 

cell test was performed using cell-line NIH-3T3 cells {Biomedical Technology Center of the 

Medical Faculty MUnster, German}. The cells were grown, harvested and counted as reported 

previously.[14] A total of 40,000 cells were seeded on each sample and incubated for 2 days. Cell 

viability was assessed after 48 hours after the seeding by MTT-assay {Sigma Aldrich, Germany} 

and to investigate cells morphology, staining with rhodamine phalloidin and DAPI {ThermoFisher 

Scientific, Germany} was performed as previously described.[9] 

All samples, were priorly sterilized and it may be noted that, under ethanol immersion and 

subsequent drying, the amorphous ZrNT films continue to remain well adhered to the substrate. 

No flaking-off or delamination was observed as a result of rapid drying, as often observed for 

TiNT films even when annealed.[15] Another factor to consider during alternative sterilization 

techniques such as UV-disinfection is conductivity, ZrNT based substrates have reportedly shown 

UV-resistance, which may prevent the destruction of coatings on their substrates. This effect is 

contrary to what is observed for coatings on TiNT, which often undergo UV-mediated 

photocatalytic degradation.[2][16][17] 

The cell-substrate interaction is represented in Figure 7, {Left}, cells grown directly on the 

nanotubular surface NT{Zr} and in the absence of nanotexturing, as in the case of flat-compact 

oxide Zr{CO} after 48 hours of seeding when subjected to a one-way Anova {*p < 0.05}. In contrast 

to acellular activity, the flat-compact oxide surface showed the highest cellular viability of NIH- 

T3T cells grown on the surface only slightly higher than circular nanotube surfaces as in NT{Zr} 

samples. This measurement was additionally confirmed by fluorescence microscopy images in 

Figure 7, {Right} showing a dense and improved network off cells on the Zr{CO} samples. The 
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NT{Zr} samples although show similar cell viability as the Zr{CO} samples, the fluorescence images 

do not show as dense of a network formed and a lower amount of cell-spreading was detected. 

Nevertheless, an average of ~81% and ~66% of the cells survived on Zr{CO} and NT{Zr} surfaces, 

respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7: Results of direct Cellular activity: {Left} Viability of NIH-3T3 cells cultured directly in contact 

with different Zr substrates for 48 hrs. One-way analysis of variance statistical analysis denotes 
significant differences as compared to ZrCO surface. {*p < 0.5}. {Right} Fluorescence images of actin 

filaments {red} and cell nuclei {blue} of NIH-T3T cells directly seeded on different Zr substrates 
{inset}. 

In our experiments, the increased surface roughness of ZrNTs, perhaps due to the substrate's 

resemblance to more nanopit-like configuration may have limited the cell-activity.[18][19] 

Additionally, it may be noted that the directional tube-growth during anodization may be an 

influencing factor for cell-spreading. The cells appear to be stretching like spindles on NT{Zr} 

samples, along the grating axis {background streaking/lines}, it is possible that this nano- 

topography is influencing contact guidance.[18][20] Further, it would be interesting to choose a 

different cell-type to analyze full extent of this directional morphology on cellular extension. In 

conclusion it is inferred that it is possible to tune zirconia nanotubular surfaces to elicit bio- 
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activity and cellular extension as such surfaces are capable of mimicking the ECM that may 

positively maximize the cell-pinning points for improved focal adhesion. 

 

 
E.g. 4: Protein modified ZrNTs 

 
ZrNTs have accessible volumetric space, this is why nanotubes are often considered for 

applications as drug carriers. Due to this structural modification, ZrNTs are immobilized with 

protein molecules, an exemplary case would involve the use of bioactive coatings to enhance 

biomimicking effect and consequentially acceptance. It is expected that sensitive molecules may 

be shielded inside the tubes, than when they are merely being surface bound. Herein, we perform 

a repeat of the mechanical experiments as described earlier in this section as represented in 

Figure 2, on protein modified ZrNT substrates. The different substrates were modified with HRP, 

and subjected to deformation tests in order to access extent of protein-activity under mechanical 

stress. Protein activity is often used as a measure of protein intactness, and can easily be 

investigated by the use of calorimetric assays. 

In the experiments performed within the scope of this work, the presence of protein on the ZrO2 

substrates is detected by the characteristic color change in the ABTS assay and change in 

absorbance value at wavelengths, A= 405nm and A= 747nm, when analyzed using a UV-Vis photo 

spectrometer, as shown in Figure 8, {a} and was further confirmed using SEM images. In Figure 8 

{b and c}, previously clear tube-openings, appear to have a thick-dense coverage over the 

nanotubes and this is attributed to the presence of a protein-rich layer. The protein-layer appears 

to cover the entirety of the exposed tube-surface. 
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Figure 8: (a) UV-Vis absorbance spectra of HRP, (b and c) ZrNT surface, before and after protein 
modification 

 

 

Furthermore, in order to determine whether the protein molecules form stable bonds with the 

substrate rather than a superficial coverage of loosely bound molecules, ToF-SIMS 

evaluation was performed. In Figure 9, {a} The Zr-substrate signal is suppressed upon HRP- 

functionalization with and without the linker molecule, thereby confirming the presence of 

protein on the surface. Further, the intensity of the signals originating when functionalized 

with a linker is lower than that of substrate with only protein, highlighting the presence of CDI. 

The negative spectra contain fewer details on amino-acid but rather show characteristic sulfide 

bonds, such as {S2
-, m/z = 63.94 and SO2

-, m/z = 64.01} in {b} and offer information on the 

tertiary structure of proteins. CH4N+ {m/z 30.05} is a fragment characteristic for several 

amino acids when measured in positive polarity as seen in {c} and hence was used for the 

data evaluation for the positive spectra. {d} Depicts another characteristic amino-acid 

molecular fragment histidine ( C5H8N3
+, m/z = 110). 
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Figure 9: ToF-SIMS spectra on Zr samples subjected to protein (HRP) modification with and without linker 

(CDI); (a) Zr+ isotopic pattern, (b) Negative spectra containing distinct disulfide bonds (S2-, m/z = 63.94 

and SO2-, m/z = 64.01), (c)Positive spectra containing characteristic amio-acid fragment (CH4N+, m/z = 

30.03) and (d) different intensities of amino acid Histidine (C5H8N3+, m/z = 110.07) 
 

 

Evidently, from Figure 9, all the molecular fragments show larger signal intensity when bound to 

the ZrNT substrate via a carbonyldiimidazole {CDI} linker molecule and thereby, confirm the 

successful stable attachment of HRP molecules to the Zr substrate. Additionally, ZrNT substrates 

of different nominal areas {Anominal = 0.5 cm2 and Anominal = 1 cm2} were compared to flat-compact 

oxide surfaces {ZrCO} subjected to protein modification under pre/post deformation condition. 

As depicted in Figure 10, it can be confirmed that a change in surface area can increase the 

interaction volume in the nanotubular substrates. The larger the nominal area, the greater the 

absorbance value and consequently adsorption of larger protein concentrations. The protein- 

loading capacity as calculated, averages at ~40 µg/ml in the nanotubular substrate and is 

reported to show 60% efficiency after a 30-minute incubation period.[24] Proteins are complex 

molecules that are densely packed to minimize surface energy and are highly sensitive to 

stressors.[25] They tend to lose their activity as a result of chain unfolding and di-sulfide bond 

breakage.[26][27] 
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Figure 10: ABTS activity assay (UV-Vis spectroscopy) of HRP coated substrates under the action of 

different deformation loads and treatment. (left) Protein-modified, no-load, (middle) Protein modified- 

after deformation under 200g load, and (right) Protein modified- after deformation under 2kg load 

 

This essentially means that under intense mechanical stress, the recorded protein activity of a 

substrate that was modified with protein prior to deformation, is much lower than of an 

identical undeformed protein-modified substrate. Deformation elicits a greater loss of viability 

in response to  stress  by  losing  significant  'activity'.  When  compared  with 

surfaces subjected to no-deformation, nearly 50% of the proteins survived as 

recorded by the protein-activities, respectively. The overall protein activity in these cases 

are suggestive that, nanotubular surfaces offer an increased surface area, a larger 

interaction-volume and protein-modified substrates undergoing deformation can still show 

significant intactness as the nanotubes manage to protect the proteins that are attached, 

perhaps deeper into the nanotubes. 

E.g. 5: ZrNTs sensors – capable of distinguishing reducing sugars 

 
Reducing sugars are materials that can easily undergo oxidation while reducing another 

material. The most common examples of reducing sugar are maltose, lactose, gentiobiose, 

cellobiose, and melibiose while sucrose and trehalose are placed in the examples of 

non-reducing sugars. 
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The common dietary monosaccharides such as galactose, glucose and fructose are all reducing 

sugars. Contrarily, disaccharides are formed from two monosaccharides and can be classified as 

either reducing or nonreducing sugars. All monosaccharides serve as a reducing agent due to the 

presence of a free aldehyde or ketone functional groups in its molecular structure. 

Sensor assembly: ZrNT sensors are designed by immobilizing an enzyme to the nanotubular 

surface. The bioactivity of the enzyme is what allows for the detection of the presence of the 

type of sugar, i.e., in this case, distinguishing a monosaccharide from a disaccharide by means of 

an aerobic pathway. The enzyme used for this purpose is horseradish peroxidase {HRP}. It 

catalyzes the oxidation of various organic substrates by hydrogen peroxide. 

Usually enzymatic activity can be analyzed via calorimetric processes, in this case HRP metabolic 

activity can be determined by using ABTS {2,2'-azino-bis{3-ethylbenzothiazoline-6-sulfonic acid}, 

a chemical compound used in the observation of the specific reaction kinetics of certain enzymes. 

This compound is chosen because the enzyme facilitates the reaction with hydrogen peroxide, 

turning it into a dark green, soluble end-product in presence of 'active' enzymatic activity. 

Enzymatic activity is when the enzyme {HRP} can efficiently metabolize the ABTS molecule to 

ABTS radical such that the coloured absorbance can be recorded in UV-Vis at 747 nm. 

Therefore, for the purpose of using HRP immobilized ZrNT as sensors, the sensor-assembly is 

placed in an aqueous solution consisting of a monosaccharide {glucose} in the presence of the 

ABTS reagent and no oxidizing agent i.e. H2O2. This is compared to a reference setup, consisting 

of enzyme immobilized ZrNTs in the presence of ABTS and H2O2. 

Mechanism: The suggested mechanism for the enzyme {HRP} to convert ABTS molecule to 

radicle that results in a strong colour change is strongly dependent on the availability of H2O2. 

This H2O2 is the oxidizing agent which allows HRP to convert ABTS. It is widely reported that HRP 

has cysteine residues, these have thiol groups {-SH}.[28] Further reports in literature state that 

thiol undergo aerobic oxidation to form {-S-S-} bonds. We also know that in the presence of a 

reducing sugar {-S-S-} bonds can get reduced back to {-SH} thiol while itself getting oxidized and 

producing the O2 needed for the initial {-SH} to get re-oxidized to {-S-S-}, thereby sustaining a self- 

sustaining redox reaction or auto-catalytic reaction cycle.[29][30] 
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A schematic representation of the discernable reaction mechanism is depicted in Figure 11. It 

shows the lack of any transformation observed for the ZrCO substrate. 

 
 
 

Figure 11: HRP modified ZrNTs as glucose sensors 
 
 

 

The change in absorbance and physical inspection of the sample's surface shows dark green 

accumulation on the anodized part, this occurs only if the enzyme metabolizes. The same is seen 

for the sensor in the presence of the glucose solution without any H2O2 and thus, indirectly 

confirms the presence of a reducing sugar. 

 

 
Closing arguments 

 
The different scenarios explained within this outlook section, describes various approaches 

to facilitate alternative applications for ZrNTs and modified ZrNTs. The primary research in 

this dissertation thoroughly elucidates the fundamental concepts of developing robust ZrNTs 

and the translation of such ZrNTs for direct applications, while the outlook section sheds lights on 

possible avenues for further research and development. Herein, the versatility of anodic oxide 

nanostructures as standalone coatings or subsequently modified coatings show a real potential 

for ongoing and continued research. 
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Experimental of experiments described in section 4.5 

Protein adsorption and surface treatment: Horse-radish-peroxidase (HRP) (Sigma-Aldrich) was 

immobilized onto the ZrO2 substrates via CDI (Sigma-Aldrich), a bioactive linker molecule. The 

linker was coupled to the oxide surface by immersion in a 25 mmol/l solution in CHCl3, (Sigma- 

Aldrich, purity >99.8%) at room temperature (RT, 24 °C) for 24 h. Samples were rinsed with 

chloroform and dried under a nitrogen stream. The CDI-modified surfaces were immersed in a 

phosphate-buffered saline (PBS) solution {pH 6.4} with a protein concentration of 100 µg/ml for 

24 h at 4°C according to Killian. et. al.[27] A separate set of substrate-surface was treated by 

immersion in 15 ml of concentrated H3PO4 (Sigma-Aldrich, purity >99.9%) for 10 min and then 

air-dried. 

Activity Assay: The protein-coated samples were placed in a multi-well plate containing 0.75 ml 

PBS solution (pH 6.4), 0.3% H2O2, and 0.05 mol/l ABTS (Fluka). H2O2 was added as a biological 

substrate for the enzyme (HRP) and consequently oxidizes the ABTS molecule, detectable by the 

intense green color of the stable ABTS radical, having corresponding absorption maxima at A= 

405 nm and A = 747 nm.[27] The intensity of the absorption of the differently treated samples was 

measured at A = 747 nm on a UV-Vis spectrometer{ Lambda Bio XLS} after 30 min incubation time 

at room temperature covered from direct illumination. Absorption values were referenced to the 

absorption of the pure ABTS solution. Reference samples of pure ZrO2 did not show any activity 

in the ABTS assays. 

Bioactivity analysis: (a) Acellular bioactivity was evaluated by immersing the samples in SBF, 

according to the standard protocol of Kokubo et al., as reported elsewhere.[9] After 3, 7, and 14 

days, the samples were removed from the dissolution medium, and the pH of the remaining 
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medium was recorded after each time interval, (b) In vitro cell tests were performed on samples 

that were sterilized using 70% Ethanol and direct cell test was performed using cell-line NIH-3T3 

cells (Biomedical Technology Center of the Medical Faculty Münster, German). The cells were 

grown, harvested, and counted as reported previously. A total of 40,000 cells were seeded on 

each sample and incubated for 2 days. Cell viability was assessed 48 hours after the seeding by 

MTT assay (Sigma Aldrich, Germany) and to investigate cell morphology, staining with 

rhodamine-phalloidin and DAPI (ThermoFisher Scientific, Germany) was performed as previously 

described within the text. 
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Nanoindentation: Nanoindentation using a proprietary device capable of nanoindentation at 

Thomas Magnete GmbH, with a continuous stiffness measurement capability. The 

nanoindentation experiments were performed using a Berkovich tip with a radius of 20 nm and 

a force of 10 mN. The indentation was performed in a slow hardness mode and once the 

maximum prescribed depth {= 2µm) was reached, loading was stopped and the load was held 

constant for 10 s. The source of variations gathered from five test sites is within the limit for each 

sample. Indentation experiments were conducted for ten samples per processing conditions. 
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5. CONCLUSION 

This thesis primarily discusses the fabrication of zirconia nanotubular structures using 

electrochemical anodization, their subsequent surface modifications, and their applications as 

functional coatings. 

► Role of material chemistry 

 
The synthesis of zirconia {ZrO2} nanotubes involved a controlled dissolution of thick oxide films 

formed on the surface of zirconium metal in a fluoride-containing organic electrolyte during 

electrochemical passivation. The highlight of this anodization protocol remains the one-pot 

synthesis in  ambient  conditions, which  without  the  need  for  any  pre-etching in 

hazardous mineral acids, like hydrofluoric acid, successfully results in ordered homogeneous 

nanotubular arrays. A change in the anodization parameters like variation in the operating 

voltage and duration of an event can result in morphological variations in the subsequently 

formed oxide structures. To a greater extent, this dissertation focused on the synthesis of 

nanotubular  zirconia.  The  synthesized  ZrNTs  are  metal-oxides  and  this 

nanostructured  zirconia  is intrinsically  different  from  the  starting material zirconium,  a 

metal.  The  difference  in chemical  composition  and  structure  strongly influences  the 

surface characteristics of these materials. Most metals show hydrophilic behavior when in 

contact with wetting agents due to the presence of a thin oxide layer, also known as the 

native oxide film. This layer consists of surface  hydroxyl  groups  in  ambient  conditions, 

acting  as  condensation  reaction  sites.54  A  similar  response  was  observed  for 

metal-oxide surfaces synthesized via anodic oxidation, resulting in the formation of a more 

uniform and thicker oxide layer. In addition to this, the nanotubes are essentially capillaries and 

have an accessible volumetric capacity. Due to this structural property, nanotubes promote fluid 

imbibition, and consequently, liquids penetrate the capillaries and demonstrate a superior and ideal 

wetting response.57 Another factor influencing wetting is the presence of surface hydroxyl groups. 

Hydroxyl groups hold a strong relevance in light of surface modifications using organic molecules. 
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Based on the composition of the organic molecule in question, the interaction chemistry with the 

underlying substrate is affected. In the case of ZrNTs modified via octadecylphosphonic acid {OPA 

SAMs, the resulting hydrophobic modification is amplified due to the following aspects: the porous 

metal-oxide structure leading to the Cassie-Baxter effect, the hydrophilic surface chemistry offering 

many reaction sites for condensation reactions. Since, zirconium metal intrinsically has a large 

number of Lewis acid/base elemental reaction sites readily available for bond formation, the overall 

coverage and stability of any subsequent coating on ZrNTs is influenced. As a result, Zr shows 

superior stability of the modifications in comparison to the other valve metals investigated. This 

behavior is especially significant for the performance of OPA-modified ZrNTs, as investigated under 

outdoor/ambient light exposure, simulated UV exposure, and during storage in water. It is 

noteworthy to mention the intrinsic insulating behavior of Zr, which helps to preserve the 

monolayer coating and promotes the stability of the SAM for prolonged periods. The longevity of 

these SAMs is facilitated in the absence of any catalytic degradation of the organic molecules, as 

observed for TiO2. Modified ZrNTs surfaces continued to demonstrate prolonged hydrophobicity 

when used as coatings, also for outdoor applications. 

 
► Nanostructure morphology dependent functionalization extent 

 
Furthermore, the superhydrophobic response was additionally investigated concerning the 

dependency on nanotubular morphology by variation in nanotube diameters. Phosphonic acid 

aliphatic molecules demonstrate higher adsorption to both valve metal oxides, namely titania and 

zirconia, when compared to other anchoring groups such as silanes, stearic acid, and amines. When 

modified with octadecylphosphonic acid {OPA} SAMs, both titania nanotubes {TiNTs} and zirconia 

nanotubes {ZrNTs} exhibited hydrophobic behaviour, i.e., water contact angle {WCA} > 90°. 

However, the hydrophobicity for TiNTs was dependent on the nanotube diameter, such that, the 

larger the tube diameter the greater the tendency towards superhydrophobic behaviour, i.e., {WCA} 

> 140°. Interestingly, a divergence to the results of TiNTs is observed in functionalized ZrNTs, such 

that superhydrophobicity is achieved even at smaller nanotube diameters. 
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Since, WCA analysis was at the physical limit of measurement with respect to measured 

superhydrophobicity, it was hypothesized that ZrNTs were better coated. This implied 

OPA-SAMs demonstrated preferential adsorption kinetics, and a higher coverage of organic 

molecules on ZrNTs. Surface modifications of nanotubes were pivotal to this work, highlighting the 

influence of physical surface modifications, as nanostructuring- on the extent of possible changes to 

surface behavior. This observation was supplemented by investigating the role of the ZrNT oxide 

layer thickness, confirming that superhydrophobicity is independent of both; tube diameter and 

tube length. This independent relationship to tube length invariably reinforces the underlying 

mechanisms of using organic molecule modification in the form of SAMs, as truly being a surface 

phenomenon. 

 
► Multi-depth modification for drug release applications 

Within this thesis, a clear description of the role of the type of chemical modification technique was 

formulated in order to develop multi-molecule and multi-depth modification techniques. These 

techniques were conceptualized based on prevailing diffusion kinetics when functionalized using 

either bulk-immersion {BI} or micro-contact printing {µCP} technique. The effect of each technique 

used to render a chemical modification to the nanotubes was analyzed with the help of depth 

profiling using ToF-SIMS characterization. The semi-quantitative ToF-SIMS analysis provided 

information on the presence of the molecules inside the nanotubes by variation in characteristic 

signal intensities as a function of sputter depth. A clear distinction on the penetration depth of the 

hydrophobic molecules when modified using either method independently was observed. This 

information highlights the utility of using such physically stamped hydrophobic layers via µCP as 

capping agents. The µCP technique deposits molecules predominantly onto the top-most layers of 

the nanotubular openings, were proven to seal the mouth, i.e., the tube tops, such that potentially 

drug-filled capillaries can be secured-shut for conditional release. These capped capillaries may also 

be capable of selective drug elution due to the tunable degradation response of a particular type of 

nanotube capping. 
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Selective degradation of the capping agent is achievable under triggers such as; type of solvent, pH 

of the media, temperature, to name a few. Herein, ZrNTs were filled with dye molecules using the 

BI technique, followed by the deposition of OPA SAM onto nanotube openings via the µCP 

technique to perform a capping function. The assembly was subjected to wetting in different and 

appropriate media to promote the localized degradation of the capping, simulating the mechanism 

of a triggered release from an eluting surface. Thus, the design, deposition, and probing of an active 

surface capable of volumetric elution were successfully elucidated within this work. 

 
► Transferable nanotube coatings 

Considering applications in the biomedical field, biomaterials are often metals, metal-oxides, or 

compacted ceramics. Arguably in dentistry and orthopedics, it would be beneficial to design nano- 

surfaced bulk materials. A significant shift towards ceramics in implantation may provide the 

necessary starting point for hybrid functionalities. In particular, rendering such ceramics with 

micro/nanoscale functionality may be highly advantageous for developing material systems capable 

of eliciting varied therapeutic benefits to promote biological acceptance and integration while 

improving overall and patient compliance. In light of this, we exploit the flexible operational 

parameters of electrochemical anodization that make it possible to synthesize anodic layers 

that can readily detach from the underlying metal substrate. Herein, the ZrNT layers are 

weakened at the interface of the metal/metal-oxide by using particular voltage pulses that initiate 

the generation of finer pores under the already formed oxide array. This layer was then attached 

to a strip of office-tape to make way for a facile peel-off from the metal foil. The ZrNTs sticking 

on the adhesive were seamlessly released by using a favorable wetting solvent, acetone. Thus, 

the ZrNT layer was transferred from the tape in an acetone bath and directly deposited onto a 

corresponding preformed ceramic surface, successfully rendering the bulk material with 

nanostructured facets. 
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The goal was to render surfaces with ZrNT layers and investigate the transferability and 

unmediated attachment of ZrNTs onto bulk ceramics. In this work, the fabrication of such a hybrid 

material was made possible in ambient conditions without using any intermediate fabrication steps. 

Furthermore, this assembly was evaluated both qualitatively and quantitatively concerning the 

intrinsic adhesion between the bulk ceramic and the deposited ZrNT. A noteworthy mention is the 

mechanical robustness of the ZrNT layer itself, which remained intact during the transfer process 

and post-deposition. The deposited layer remains adhered to the underlying bulk surface with 

adequate friction to prevent unintentional removal. Furthermore, no sliding-off of the newly 

transferred layer during; handling, ultrasonic cleaning, and storing were detected. This stability 

was perhaps due to the inherent chemical similarity between the bulk and the nanolayer, 

resulting in a 'stick-slip' motion that may inevitably prevent the sliding-off of the ZrNT layer. 

Consequently, when subjected to mechanical abrasion, the interfacial friction resulted in a 

coefficient of friction in the range of ideal non-slip interactions, thereby confirming our original 

hypothesis on the mechanism of intrinsic adhesion of the ZrNT layer to the ceramic. 

 
In conclusion, the work performed within this dissertation reflects on several fundamental reactions 

utilized towards the design of hybrid materials for a varied set of potential applications. Protocols to 

synthesize smaller nanotube geometries {diameter �15 nm} using a one-pot synthesis and 

evaluating SAM-modified ZrNTs for non-stick/wetting or non-catalytic self-cleaning applications as a 

function of surface superhydrophobicity were successfully proposed. Experiments described in this 

manuscript were primarily performed to ascertain the merit of such modified oxide nanostructures 

made from Zr. The evaluation of the performance of such modified ZrNTs and the successfully 

modified ceramic ZrNT coatings were comparable to previously reported metal-oxide NTs of Ti, Fe, 

Mg, Nb, etc., to name a few.84,91,166,167,168 Especially, the OPA-modified ZrNTs were at par 

with commercially  employed  superhydrophobic  coatings  such  as  Polytetrafluoroethylene 

{PTFE} and perfluorodecylphosphonic acid {PFDPA}. In addition to outstanding stability, OPA is also 
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biocompatible and applied as capping agents for drug-filled ZrNTs. In light of biomedical 

applications, functionalization strategies used on ZrNTs with multi-molecule/depth modifications 

were successfully exhibited. These  assemblies advance the principle of ZrNT layers as 

coatings capable of behaving as drug-eluting  surfaces that  may  undergo  selective 

release,  especially  when  coupled  with  an appropriate capping  agent. Lastly,  a 

strategy to externally deposit such ZrNT layers on preformed bulk ceramics was made 

feasible via a facile solvent-mediated transfer strategy. This technique recognizes an alternate 

way to render nanostructure morphology to many kinds of bulk surfaces without 

additional manufacturing steps. 
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