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abstract (English)

The precise knowledge of interfacial adhesion mechanisms of both macroscopic and molecular
interactions ocuring between (poly)electrolytes and metal oxide surfaces is paramount for several
applications in research and industry such as the development of long-term stable coating materials,
corrosion protection, and adhesion-promoting thin (hybrid) films employed in, for instance, leightweight
constructions. Therefore, this cumulative dissertation analyzes the fundamental understanding of the
adhesion mechanisms of macromolecular poly(acrylic acid) (PAA) to nanostructured zinc oxide (ZnO)
films and stainless steel substrates as highly technical relevant composite materials.

A thorough understanding of the adhesion mechanisms of PAA at the molecular level can be gained by
means of single molecule force spectroscopy (SMFS) on polished stainless steel as well as on
electrochemically deposited ZnO nanostructures. Force-distance curves of PAA functionalized atomic
force microscopy (AFM) cantilevers were recorded depending on the dwell time and the ZnO structure.
The increased occurrence of high multiple rupture events in the case of ZnO nanorods compared to
platelet-like ZnO films can be explained by high-energy multi- and bidentate coordinative bonds between
the carboxylate groups and the more accessible zinc atoms located at the nonpolar sidewalls. Besides of
that, the increase in the dwell time that the carboxylate groups present in PAA chains stay in the close
vicinity of the ZnO interphase leads to an increase in the measured molecular adhesion for high-aspect
ratio ZnO nanostructues.

To further substantiate the molecular adhesion forces of ZnO/PAA composite materials, hydrothermally
deposited ZnO nanostructures on hot-dip galvanized steel (HDG) samples were immersed in dilute
aqueous PAA solutions. The macroscopic delamination forces of an epoxy-amine adhesive depending on
the ZnO nanostructuring showed a clear improvement through the short-term pretreatment with PAA,
which straightforwardly correlate with the results of SMFS showing both the high molecular and
macroscopic adhesion promoting properties of PAA/ZnO materials.

Conductive stainless steel substrates could be modified with thin PAA films by an electrochemically
initiated polymerization reaction. By means of the controlled deposition of PAA films onto stainless steel
substrates, the interfacial adhesion to model epoxy-amine adhesives was significantly improved. In this
regard, the influence of the PAA layer thickness on the bonding was assessed by peel-off testing. The best
results were obtained for thin films, indicating thus cohesive failure of thicker PAA layers.

Based on these results, PAA was tested as a possible adhesion promoter in combination with ZnO
nanostructures such as ZnO tetrapods (ZnO TP). The noticeable increase in adhesion between
poly(propylene) (PP) laminates modified with thin hybrid spray coatings of ZnO TP/PAA was
successfully demonstrated using shear strength tests. The upstream oxidative plasma pre-treatment
resulted in a hydrophilic PP surface, promoting the spreading of the aqueous PAA/ZnO TP dispersions.
The elucidation of the adhesion mechanism by shear strength tests and interfacial analysis revealed the
strong mechanical interlocking and embedding of the ZnO TP as a kind of “anchor device” between the
polymeric materials. The cohesive failure of the ZnO TP was demonstrated using FE-REM and high-
resolution TEM images after the tensile tests.




Zusammenfassung (German)

Die genaue Kenntnis der Grenzflachenadh&sionsmechanismen, sowohl die makroskopischen als auch
molekularen Wechselwirkungen zwischen Polyelektrolyten und Metalloxidoberflachen ist fir
verschiedene Anwendungen in Forschung und Industrie von grofiter Bedeutung, beispielsweise flr die
Entwicklung von langzeitstabilen Beschichtungsmaterialien, Korrosionsschutz und
Adhésionsvermittlung von dinnen (Hybrid-)Filmen, einsetzbar beispielsweise in
Leichtbaukonstruktionen. Daher analysiert diese kumulative Dissertation das grundlegende Verstandnis
der Adhasionsmechanismen von makromolekularer Poly(acrylsaure) (PAA) an nanostrukturierten
Zinkoxid (ZnO) Filmen und Edelstahlsubstraten als technisch hochrelevante Verbundwerkstoffe.

Ein vollstandiges Verstandnis der Adh&sionsmechanismen von PAA auf molekularer Ebene konnte durch
Einzelmolekil-Kraftspektroskopie (SMFS) an poliertem Edelstahl sowie an elektrochemisch
abgeschiedenen ZnO-Nanostrukturen gewonnen werden. Kraft-Abstands-Kurven von PAA-
funktionalisierten Cantilevern flr die Rasterkraftmikroskopie (AFM) wurden in Abhédngigkeit von der
Verweilzeit und der ZnO-Strukturierung aufgezeichnet. Das vermehrte Auftreten von
Mehrfachbruchereignissen bei ZnO-Nanostdben im Vergleich zu plattchenartigen ZnO-Filmen kann
durch hochenergetische mehr- und zweizdhnige koordinative Bindungen zwischen den
Carboxylatgruppen und den zugénglicheren Zinkatomen an den unpolaren Seitenwanden erklart werden.
Dartiber hinaus fuhrt die Verlangerung der Verweilzeit, in der die vorhandenen Carboxylatgruppen von
den PAA-Ketten in unmittelbarer Nahe der ZnO-Interphase verbleiben, zu einer Erhéhung der
gemessenen molekularen Adhasion flir ZnO-Nanostrukturen mit hohem Langenverhaltnis.

Um die molekularen Adhasionskréfte von ZnO/PAA-Verbundwerkstoffen weiter zu untermauern,
wurden hydrothermal abgeschiedene ZnO-Nanostrukturen auf feuerverzinkten Stahlproben (HDG) in
verdunnte, wassrige PAA-L6sungen immersiert. Die makroskopischen Enthaftungskrafte eines Epoxid-
Amin-Klebstoffs in Abhangigkeit von der ZnO-Nanostrukturierung zeigten eine deutliche Verbesserung
durch die kurzfristige Vorbehandlung mit PAA, was direkt mit den Ergebnissen der SMFS korreliert, was
sowohl die hohen molekularen, als auch die makroskopischen adh&sionsférdernden Eigenschaften von
PAA/ZnO Materialein zeigen.

Leitfahige Edelstahlsubstrate konnten durch eine elektrochemisch initiierte Polymerisationsreaktion mit
dinnen PAA-Filmen modifiziert werden. Durch die kontrollierte Abscheidung von PAA-Filmen auf
Edelstahlsubstraten wurde die Grenzflachenhaftung an Modell-Epoxid-Amin-Klebstoffen signifikant
verbessert. In dieser Hinsicht wurde der Einfluss der PAA-Schichtdicke auf die Klebung durch
Abziehversuche bewertet. Die besten Ergebnisse wurden fir diinne Filme erhalten, was auf ein koh&sives
Versagen dickerer PAA-Schichten hinweist.

Basierend auf diesen Ergebnissen wurde PAA als moglicher Haftungsvermittler in Kombination mit ZnO-
Nanostrukturen wie ZnO Tetrapoden (ZnO TP) getestet. Die merkliche Zunahme der Haftung zwischen
Poly(propylen) (PP)-Laminaten, die mit dinnen Hybridsprihbeschichtungen aus ZnO TP/PAA
modifiziert wurden, wurde erfolgreich unter Verwendung von Scherfestigkeitstests demonstriert. Die
vorgeschaltete Vorbehandlung mit oxidativem Plasma fuhrte zu einer hydrophilen PP-Oberflache, die die
Spreitung  der  wassrigen  PAA/ZnO-TP-Dispersionen  forderte.  Die  Aufklarung  des
Adhésionsmechanismus durch Scherfestigkeitstests und Grenzflachenanalysen ergab die starke
mechanische Verzahnung und Einbettung der ZnO TP als eine Art ,,Ankervorrichtung® zwischen den
Polymermaterialien. Das kohésive Versagen der ZnO TP wurde nach den Zugversuchen mit FE-REM-
und hochauflésenden TEM-Bildern demonstriert.

Vi






Preamble

This thesis is structured in a cumulative way and includes four selected peer-reviewed publications

which are available in international scientific journals:

1.

Dennis Meinderink, Alejandro Gonzalez Orive, Simon Ewertowski, Ignacio Giner, Guido
Grundmeier, Dependance of Poly(acrylic acid) Interfacial Adhesion on the Nanostructure of
Electrodeposited ZnO Films, ACS Applied Nano Mater. 2,2 (2019) 831-843

(abbreviated as 1. publication in this thesis)

D. Meinderink, C. Kielar, O. Sobol, L. Ruhm, F. Rieker, K. Nolkemper, A. G. Orive, O.
Ozcan, G. Grundmeier, Effect of PAA-induced surface etching on the adhesion properties of
ZnO nanostructured films, International Journal of Adhesion and Adhesives 106 (2021)
102812

(abbreviated as 2. publication in this thesis)

D. Meinderink, A. G. Orive, G. Grundmeier, Electrodeposition of poly(acrylic acid) on
stainless steel with enhanced adhesion properties, Surface and Interface Analysis 50 (2018)
1224-1229

(abbreviated as 3. publication in this thesis)

Dennis Meinderink, Karlo J.R. Nolkemper, Julius Birger, Alejandro G. Orive,
Jorg K.N. Lindner, Guido Grundmeier, Spray Coating of Poly(acrylic Acid)/ZnO Tetrapod
Adhesion Promoting Nanocomposite Films for Polymer Laminates, Surface & Coatings
Technology 375 (2019) 112-122

(abbreviated as 4. publication in this thesis)

The present results are mainly based on publications created during the research project period

funded by the Deutsche Forschungsgemeinschaft (DFG). The title of the project was

“Vergleichende Studien zur Adhasion von Polyacrylsdure auf ZnO-Einkristalloberflachen und

nanokristallinen ZnO-Schichten” (engl.: “Comparative Molecular Adhesion Studies of Polyacrylic

Acids on ZnO Single Crystal Surfaces and ZnO Nanocrystalline Films™) (project number: GR
1709/22-1).
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1 Introduction

1.1 Relevance of zinc oxide and polymer/zinc oxide interfaces

The range of application fields of zinc oxide (ZnQO) is enormous as demonstrated in the reviews of
Ozgirr et al. in Journal of Applied Physics?, Schmidt-Mende et al. in materialstoday?, Ellmer et al.
in Transparent Conductive Zinc Oxide® and Kotodziejczak-Radzimska et al. in materials*, only to
mention a few of them. Starting with the semiconducting properties including a wide band gap of
3.2eV,>8 it is reasonable that ZnO films, particles and nanostructures are ubiquitous in lots of
applications related to photoelectrochemical devices like solar cells.”® Their main advantages are
the extremely low costs, the physiological harmlessness and the enhanced efficiency of ZnO based
materials when used in photocatalytic applications.® Moreover, the benefit from photochemical
effects of ZnO nanoparticles in sunscreens®®, in nanocomposite films!! and the redox chemical
properties of ZnO nanoparticles*? should be highlighted. Furthermore, an overview about the gas
sensing properties is provided in the review by Zhu et al. in Sensors and Actuators A: Physical.™®
The ZnO surface is in contact with other materials or molecules in all mentioned applications.
Thus, the created interfacial region, namely the interface of these two separated phases, is
dominated by a lot of complex phenomena and processes.'* The characteristics of this interface
are heavily influenced by physical and chemical properties such as the electronic structure,
chemical compositions or (catalytic) reactions of the pure bulk phases.}*> Additionally, another
wide fields are the antibacterial and wound healing properties of ZnO materials and surfaces!®-2°
where ZnO is in contact with bacteria.’®?2 For instance, Yamamoto and Raghupathi et al.
showed that the size of ZnO particles affects the antibacterial properties of Zn0.24?

In the context of this thesis, the analysis of the polymer/zinc oxide interface is the most interesting
aspect to consider. By taking a deeper look into the molecular interfacial regions at different scales
as displayed in Figure 1, it becomes clear that the fundamental analysis of the surfaces and

resulting interfaces is essential for a major understanding of adhesion mechanisms.
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Figure 1. Hlustration of the fundamental understanding of interfacial adhesion science resembling different

macroscopic and molecular phenomena depending on the wide length scale and time scales of interfacial processes.




1 Introduction

The time scale for interfacial and interphasial processes can be in the range of some ps in the
context of electronic and atomic structures and up-scaled to some years or decades, taking the
long-term construction idea into account. A lot of superposing effects in the time scale (caused,
for instance, by the Brownian Movement) as well as in the length scale have to be taken into
account during the analysis of interfacial phenomena.?6

In recent years, a lot of investigations have been performed to understand the microstructural and
molecular mechanistic between polymer and metal oxide layers or particles.?®® The simulation
of molecular structures in the interfacial region is complex and difficult to understand due to
Brownian movement, corrosion properties, instabilities like reorganizations and the complex
driving forces of the different materials’ surfaces.?® For instance, Kandada et al. demonstrated that
the dynamics in molecular scale are important for the charge generation at the polymer/metal oxide
interface in ZnO based photovoltaic materials.®” Indeed, the understanding of the effects
influencing the adsorption of molecules on metal oxide surfaces is still a broad field of
investigations.®® In context of adsorption layers at ZnO interfaces, the studies of Torun et. al.
showed that the high water activity in high relative humidity (r.H.) could affect the adsorption of
organothiols and organosilanes like 1-octadecanethiol (ODT) and octadecyltriethoxysilane
(ODS).% Indeed, the stability of the interfacial region was shown to be higher in the case of ODT
due to the occurrence of S-Zn bonds with high binding energies and the hydrophobic character of
the nonpolar chains of the ODT molecules. In the case of ODS, the water molecules are competing
against the Si-O-Zn bonds. Indeed, it could be demonstrated that the formation of Si-OH and Zn-
OH groups occurred at higher r.H. values detected with an in-situ infrared-based method by the
increasing of typical vibration modes of —OH-groups.® The successful adsorption of molecules
with adhesion promoting properties is a key aspect in interfacial engineering. The relevance of
surface treatments with plasma followed by adsorption processes of molecules like
organophosphonic acid monolayers on engineering materials like Zn-Mg-Al/ZM alloys was
investigated by Pohl et al.®® and on ZnO wafers by Zhang et al.>® The corrosion protection behavior
and charge transfer properties exhibited by ZM substrates after successive modifications with
plasma and adsorbed molecules have been tested by XPS and cyclic voltammetry.3®

A recent study of Yang et al. proved the enhancement of the interfacial adhesion exhibited by
biocomposite fibers functionalized with ZnO nanowires.*® These natural fibers coated with ZnO
nanowires and embedded in poly(lactic acid) showed a significant increase in the interfacial shear
strength.*® The usage of ZnO nanowires as interfacial adhesion promoting films was considered
by Ma et al. in a recent study for aramid fibers in composites, too.*! In addition, functionalized

systems with ZnO materials showed an improved resistance for UV radiation.*!




1 Introduction

Only few works illustrated the molecular adsorption and adhesion properties of macromolecules
on zinc oxide surfaces, which play a key role in the context of this PhD thesis. In a recent research
work by Fockaert et al., the authors show the accurate stability of carboxylic acid groups at the
polymer-zinc/zinc oxide interface.*> Another fundamental investigation of the analysis of the
interfacial molecular adhesion mechanistic was performed on stepped polar ZnO(0001)-Zn single-
crystals in contact with PAA molecules linked to an AFM cantilever in aqueous solutions by
Valtiner et al.*® These results show that the carboxylate groups bind with high adsorption energies,
probably via coordinative bonds, to the nonpolar steps and via lower adsorption energies like
electrostatic interactions to the hydrogen stabilized polar terraces.*® Ozcan et al. found that the
macroscopic adhesion can be increased with the deposition of zinc oxide nanorods on zinc surfaces
as evidenced from peel-off testing with a model epoxy-amine resin.®* The presence of adhesion
promoting molecules like 3-aminopropylphosphonic acid (APPA) in combination with the ZnO
nanorod structures can even enhance the registered macroscopic adhesion.3* However, the
characteristics of the molecular adhesion mechanisms on such ZnO nanostructures still remains as
an open question. Therefore, this PhD thesis focuses on the fundamental investigations,
engineering applications, and molecular understanding of PAA in contact with nanostructured
ZnO films on technically relevant surfaces like stainless steel or hot-dipped galvanized steel
(HDG).

1.2 Motivation and scientific approach

The main fields in the fundamental research and industries, especially in the automotive and
aerospace, are searching for lightweight constructions that satisfy the rapidly increasing profiles
of requirements. The most highly charged topic is the reduction of the consumption levels linked
with the reduction of CO gas from combustors. Therefore, it is useful to reduce the overall mass
or weight, for instance, of vehicles and airplanes.** In their paper about the construction of super
light vehicles, Goede et al. mentioned that a reduction in weight of 100 kg leads to savings of
around 3.5 | fuel/100 km and 8.4 g CO2/km.* The idea of minimizing the total mass or, in other
words, of finding the lightest possible structure is based on the hybrid construction idea.*® From
that point of view, it is necessary to identify optimized surface treatments for materials of interest,
before these modified multi-materials can be effectively joined with long-term stable properties.
One example is the adhesion of two different materials, like metallic parts and polymers as
displayed in Figure 2. Thereby, the understanding of the chemical, mechanistical and molecular
properties, and especially of the adhesion mechanisms at material interfaces is essential for long-

term stable lightweight constructions.*’~4°
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Indeed, the field of interfacial _
technology has reached a high impact / external environments \

in research and development,> due to resin, for example e poxy-amine
the fact that the polymer/metal oxide adhesive
controlled morphology,

interfaces can be the point of failures surface chemistry and adhesion
promoting molecules

in a bonding.®*! In the context of

adhesive bonding and interfacial

substrate

chemistry, typical environments like

high humidity or even more corrosion \ /

aggressive media play a key role in

. . . Figure 2. Schematic illustration of join partners with matched
corrosion protection and adhesion _ _
surface pre-treatments (orange) and coated with a resin (green)

29,30,38,52
technology. Subsequently, the for a possible bonding to other materials.
choice of optimum matching multi-
materials, together with possible pre-treatments like the deposition of nanostructures or the
application of adhesion promoting thin films with corrosion inhibiting properties, still remains a

challenge in the lightweight construction industry and in scientific research.

Within the aims of this work, poly(acrylic acid) (PAA) was investigated regarding its potential use
as an adhesion promoter when deposited on stainless steel and nanostructured ZnO surfaces,
focusing on both the macroscopic adhesion and the binding mechanisms.

Firstly, the analysis of molecular adhesion mechanisms of hydrothermal and electrochemical
deposited nanostructured zinc oxide (ZnO) films on engineering metals and oxides in contact with
PAA is investigated by single molecule force spectroscopy (SMFS). So far, the molecular
understanding of adhesion of PAA on nanostructured ZnO films had still been an open question.
Secondly, the immersion of hot dipped galvanized steel substrates (HDG) in PAA containing
water-based solutions is implemented as an easy-to-use application method, underpinning the
highly increased macroscopic adhesion properties of ZnO nanostructured films on HDG samples.
Thirdly, evidences of the macromolecular PAA as a possible adhesion promoting molecule on
mirror polished stainless steel are presented, where the electrochemically induced polymerization
of acrylic acid (AA) was chosen as a precise controllable deposition method.

Fourthly, an industrially applicable deposition process of an ultrathin nanocomposite film of
PAA/ZnO tetrapods, carried out by spray coating, on poly(propylene) (PP) foils is presented.

In conclusion, this thesis presents a profound understanding of the PAA/ZnO interface in terms of
the deepening of molecular and macroscopic adhesion mechanisms. On top of that, the optimized

pre-treatments could be highly interesting for their potential application in industrial processes like

4



1 Introduction

an in-line spray coating step as shown for the investigated PAA/ZnO water-based solutions or the

immersion into PAA containing solutions, following the “green chemistry” principles.




2 Fundamentals

2.1 Surface chemistry of zinc oxide structures
The main process for the synthesis of ZnO is described by the following chemical reaction (taken

from literature®, page 1491):

Zn + 050, — > 7ZnO + 348.5Kk]

()

The reaction (I) shows that ZnO can be generated in high yields by oxidation with oxygen from
air. In the latter case, the vapor phase of zinc can be used for the reaction in air (“American
proceeding™).® In this regard, the oxidation of pure zinc evaporated in a tube oven has been laid
out in the 4. publication®® of this thesis (see chapter “3 Publications”).

ZnO can have two different crystal structures: cubic “zinc blende” and hexagonal “wurtzite
structure”.® In the context of this work, the latter structure is the most relevant one. For this reason,
the following considerations are limited to the wurtzite crystal structure, which is displayed in

Figure 3.
(0001) —Zn

(0001) -0

Figure 3. Schematic model of the hexagonal (indicated with blue lines and blue dashed lines) crystal wurtzite

structure (based on Noei et al.>).

The alternately ordered Zn?* and O%* atoms are growing in the c-axis direction and with a
tetrahedral coordination of the atoms in the ZnO Waurtzite crystal structure.®® In principle, the
topper parts of the ZnO wurtzite structure can exhibit two polar surfaces: (0001) — Zn terminated

and (0001) — O terminated (indicated in Figure 3). The former is resulting in a zinc




2 Fundamentals

side partially positively charged without including a stabilization mechanism, while the latter is
terminated in oxygen atoms with a partially negatively charged surface, respectively.>® The facets
surrounding the topper polar planes mentioned before can be classified as nonpolar sidewalls of
the hexagonal structure. Furthermore, the nonpolar ZnO surfaces are more stable without a
stabilization mechanism than the polar facets. For instance, it was shown by Parker et al.by means
of scanning tunneling microscopy (STM) that the (1010) nonpolar surface has a lower amount of
step sizes in comparison with the polar (0001) equivalent.>® The authors mentioned the existence
of possible stabilization mechanisms of the polar (0001) — O surface.*®

The anisotropic adsorption of different molecules on the surface is important in all mentioned
applications like in the fields of adhesion science, photocatalysis or chemical reactions on ZnO
surfaces in semiconductor devices.>* For example, the adsorption of small probe molecules like
Hz, CO, CO2, NO and HCOOH were tested by Noei et al. with vibrational spectroscopy like in
situ FTIR experiments under ultra-high vacuum conditions on different metal-covered metal oxide
surfaces including ZnO.>* For instance, the clear understanding of the adsorption of hydrogen

molecules opens the door for a more efficient hydrogenation reaction in catalysis.>

Furthermore, it becomes apparent that a lot of publications deal with the analysis of stabilization
mechanisms and the clarification of the crystal structure. Therefore, most of the studies were
performed for single crystals with different orientations.>”-% Valtiner et al. demonstrated by means
of Angle-Resolved High-Resolution X-ray Photoelectron Spectroscopy (AR-HR-XPS) that the
outer part of the ZnO(0001)-Zn surface is stabilized by hydroxide groups and that the water
molecules play the most important role in the stabilization process on such polar surface facets.5
Additionally, the electronic structures were studied by taking the Zn 3d state of polar ZnO(0001)-
Zn with HR-XPS measurements into account.%® At the zinc terminated polar (0001) orientation,
0.5 electrons are missing per zinc atom.%2%2 This can be stabilized by 0.5 monolayers of hydroxyl
groups on these surfaces, but the precise amount of adlayers is still an open question.526366
However, stabilization mechanisms like metallization, adsorption of hydroxyl groups, oxygen as
adatoms, formation of Zn vacancies or other reconstructions on the polar ZnO(0001)-Zn surface
are dependent on temperature®* and pressure, as shown by Kresse et al. through density-functional
theory calculations.®” Especially in context of gas sensing properties the mentioned electronic and
crystal structures have to be considered.®”- Even the sensitivity and selectivity of gas sensing is
dependent on the morphology and in general on the surfaces of ZnO single crystals.56°

Due to the fact that the ZnO crystal structure is stable, the growth mechanisms are discussed for
the different morphologies which could be generated under controlled synthesis conditions.

Baruah et al. summed up the most important nanostructures of ZnO like nanowires/nanorods,
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nanocombs, nanorings, nanoloops and nanohelices, nanobows, nanobelts and nanocages.> These
structures of ZnO can be classified as 1-dimensional nanostructures. If these structures are
deposited as a film, it is generally common to define these nanostructures as 2-dimensional ZnO
films. The 0-dimensional nanostructures are quantum dots or nanoparticles.’® Here the size and
aspect ratio is in the close range of one uniform crystal cell.”® The different possible structures
open the door for a wide range of applications, especially in the field of ZnO/polymer interfaces
as discussed above.

2.2 Synthesis of ZnO nanostructures
A lot of reviews deal with the growth synthesis of ZnO materials like the recent ones from
Skomska and Zarebska’®, Baruah and Dutta>®, Ahmad and Zhu'?, Zhang et al.”® and Laurenti” and
Cauda.” Most of the reviews mention that the synthesis of ZnO can be categorized by the phase
in which the synthesis takes place:

1) reaction in liquid solution

2) synthesis in gas phase

For the control of the aspect ratio, it is important to know how the growth direction of ZnO
nanorods, often named nanowires in the literature® %" proceeds under different experimental
conditions. The ZnO crystal structure is anisotropic.”® Indeed, the growth direction of ZnO
nanorods along the c-axis is caused by the dependence of the different growth velocities on the
different surface planes/crystal orientations. For example, Zhang et al. mention in their review
published in the Journal of Nanomaterials in 2012 the following order for the growth reaction
speeds of the different crystal planes: v(0001) > v(1011) > v(1010).”° Zhang et al. demonstrated
with a micelle growth reaction controlled by an amphiphilic block polymer, namely poly(ethylene
oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEQ), that the different facets of
ZnO have different growth rates.” This anisotropic property in growth is useful for the growth
control on substrates where the application needs especially precise facets like in the
photocatalysis or gas sensing, where it could be an advantage to have concrete facet orientations
on the substrate surface.”

The examples show that the crystal structure is a main feature for the optimized performance in
the different application fields. Indeed, it is necessary to consider optimized synthesis strategies
for the creation of ZnO particles, films and nanostructures. In this context, the following chapters
“2.2.1 Hydrothermal and electrochemical synthesis of ZnO nanostructures” and “2.2.2 Gas phases
synthesis of 3-dimensional ZnO structures” will be focused on the synthesis of ZnO films and of
3D oriented ZnO tetrapods (ZnO TP) from the gas phase.
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2.2.1 Hydrothermal and electrochemical synthesis of ZnO nanostructures

In principle, ZnO nanostructures can be synthesized in liquids using water-based solutions, organic
solutions or a mixture of both.”® Mainly the use of aqueous solutions opens the door for a nearly
green-chemistry with high potential for scale-up processes. Besides, the costs are lower, taking the
low possible reaction temperature (< 90 °C) in the whole process context. Due to the usage of
lower temperatures in comparison to gas phase synthesis, it is even possible to coat organic
substrates with low decomposition or melting temperatures.’ In most application cases, the seeded
metallic substrate is placed in a heated liquid solution with different precursors containing Zn®*
species for the growth of ZnO crystals.”® To ensure a homogenous growth, a seed layer can be
deposited by spray coating beforehand.”® Here, different zinc salts can be sprayed onto hot
substrates to create homogenous thin films of ZnO as a seeding layer.”” The spray coating as an
experimental approach will be described in more detail in chapter “2.6.2 Spray coating” some
chapters below.

In the context of this work, the zinc nitrate hexahydrate (Zn(NO3)2:6 H20) plays a key role in the
synthesis of ZnO nanorods. To control the morphology and at least the aspect ratio of the ZnO
wurtzite crystals, it is necessary to use, for instance, hexamethylenetetramine ((CH2)eN4) (HMTA)
which could block the nonpolar sidewalls of the ZnO hexagonal crystals in growth processes.’*
However, it is controversially discussed in the literature whether the HMTA is supplying the
hydroxyl groups for the chemical reaction and/or is chelating the nonpolar sidewalls.”
Nevertheless, it is possible to observe the following reactions (11)-(V) in the hydrothermal
deposition from a water-based solution containing zinc nitrate and HMTA (taken from Zhang,
Ram et al.”®). The HMTA decomposes by dissolving in water as solvent molecule in reaction (I1)

(adapted from literature including literature in there):"

The ammonia molecules increase the pH by supplying hydroxyl ions formulated in reaction (111):7°

NH, + H,0 ———— » NH," + OH

(1)

Controlling the concentration of the created hydroxyl ions is one important aspect in the synthesis
of ZnO structures. At higher pH values or, in other words, at higher concentrations of hydroxyl

groups, the Zn?* ions evolves to zinc hydroxide by supersaturation:®
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20H + ZzZn*" »  7Zn(OH),

(V)

The nanorods growth then occurs under higher temperature by a condensation reaction:”

Zn(OH), » ZnO + H,0

V)

The above chemical reactions underline that controlling the different concentrations is one of the
most important aspects in context of the ZnO growth, both for hydrothermal and electrochemical
depositions. Within the production of ZnO particles by increasing OH™ concentration, the
adsorption of these species is favored on the surface as nucleation points.” Indeed, the growth of
ZnO nanorods is increased by decreasing the total concentration of HTMA and OH" ions,
respectively.”® Besides, both reactants zinc nitrate salt and HMTA are well dissoluble in water.’8"®
This makes these chemicals interesting for more industrially relevant applications. However, the
stability diagrams presented in the review from Skompska and Zarebska show that the
concentration and pH play the most important role if the Zn?* ions stay in the soluble state or if a
supersaturation (displayed in reaction (IV)) is favored.”* Moreover, it is evident that the
concentration equilibrium states are dependent on the temperature of the liquid solution, which
has been published by Goux et al. for a zinc chloride water-based system.’:8

The control of the morphology based on the broad range of possible structures is a key point in the
synthesis of ZnO nanostructures. Therefore, a lot of additives, pH adjustments and concentration
screenings of Zn?* were tested for the optimized growth conditions for the different morphologies
of ZnO like ZnO nanorods or nanoplates.’*#182 One key concept in the synthesis of ZnO nanorod
films is the adsorption of molecules at the nonpolar sidewalls or even on the polar facets caused
by the anisotropic features of ZnO crystals. Different molecules like the mentioned HMTA, citric
acid or salts like potassium chloride were used to control the morphology during hydrothermal and
electrochemical synthesis.”*8 Both components block specific facets of the growing wurtzite ZnO
nanostructure to control the growth directions in the desired ways. For instance, the chloride anions
are typically used for the adsorption on the polar (0001)-Zn surface to slow down the growth into
the direction of the c-axis. Therefore, the addition of NaCl or KCI to ZnCl water-based solutions
has been proposed.”t As discussed above, HMTA can interact as a chelating molecule at the
nonpolar sidewalls of the wurtzite ZnO crystals to block the growth directions. Consequently, at
specific concentration ratios between the additive and the precursor, it is possible to control the
growth of ZnO nanorods in both directions: polar surface and nonpolar sidewalls. While blocking

the polar surface, the growth of the ZnO crystallites will end in plate-shaped ZnO nanostructures

10
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while by blocking the nonpolar sidewalls the structure growth will follow in the c-axis direction

resulting in long and small ZnO nanorods/nanowires.’

The chemical reactions (I1)-(V) are the most important during hydrothermal synthesis and can be
carried out without any electrochemically induced reactions. With consideration of the applied
precursor zinc nitrate in context of this work, two additional reactions should be mentioned for the

electrochemical deposition of ZnO nanostructures on metallic substrates:’1:84

V1) NO; + H,O + 2¢ > NO,” + 2OH"

The produced hydroxide ions from the reduction of the nitrate ions to nitrite ions can then be used
for the reaction (1V) to form zinc hydroxide. At increased temperatures from around 50 °C"* up to
200 °C0, which are typically used at the hydrothermal and electrochemical synthesis of ZnO films
from aqueous zinc nitrate solutions’, the supersaturation and the formation of ZnO can occur as
displayed in reaction (V)."

At a negative potentials, the reduction of nitrate to ammonia in water could also be considered:"

NO,- + 6H,O + 8¢ - + 9 OH"
(V“) 3 2 NH3

The scientific analysis of the optimization of an electrochemical deposition with zinc nitrate as
precursor can be found in the publication of 1zaki.®* Here, a deposition of zinc oxide particles at
higher negative potentials (-1.2 V vs Ag/AgCl) acts as a previous step before a negative potential
at-0.7 V vs. Ag/AgCl leads to the formation of hexagonal grains.”*# A lot of more studies dealing
with the screening of the parameters for the understanding of the deposition of ZnO structures
have been published.2®" An overview can be found in the review of Skompska and Zarebska in
Electrochimica Acta (2014)."
To sum up, the important reaction parameters and issues that should be taken into account are:

1) ZnO seeding layer

2) concentration of precursor

3) using an alkaline reagent

4) reaction time — growth duration

5) pH value at the starting of the reaction

6) substrate

7) temperature

11
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8) additives
9) other experimental conditions, like mechanical stirring or external electric field.”

2.2.2 Gas phases synthesis of 3-dimensional ZnO structures
In addition to the synthesis of ZnO nanostructures in liquid phases, the synthesis can also be
performed in the gas phase. The already mentioned reviews give a broad overview about all
publications.>"*"2 Based on the chemical reaction (I) for the oxidation of pure zinc, it is deducible
that closed experimental approaches with high temperature up to 1500 °C are needed.>® Baruah et
al. name several gas phase approaches, like vapor phase transport, chemical and physical vapor
deposition or the thermal oxidation of metallic zinc.>® The former one performed in a tube oven as
a gas phase transport reaction is the most relevant one in the context of this work. A lot of
publications regarding the synthesis of 3-dimensional ZnO networks/nanostructures with the
chemical vapor transport method are available.88-%
In principle, all synthesis approaches are basically performed in an oven or tube oven in which
metallic zinc can be evaporated. Besides, the introduction of gas flows is useful for the transport
of the products to the end of the tube oven for the condensation of the ZnO structures. Calestani et
al. divided the areas in the tube oven into three different sections:*

1) zinc evaporation zone (700 °C)

2) nucleation and growth zone (600-500 °C)

3) collection region

The metallic zinc is placed in the region 1), while two gas inlets (oxygen and argon) are used for
the transport of the evaporating zinc. As in zone 2) the temperature is slightly lower (600-500 °C),
the nucleation and growth of ZnO particles occurs. Within the constant flow rates of the gases, the
reacted products will be transported to the end of the tubular furnace where the ZnO nanostructure
like ZnO tetrapods (ZnO TP) can be collected on the surface of a quartz tube.®® Some experimental
details, like the technical implementation are different in the approaches, for instance:

1. the precursor (zinc pellets®, zinc foil®, zinc carbonate with graphite®®),

2. the reaction time (from 5 min®® up to 30 min®)

3. and the reactor construction® differs in some publications.

In addition, Roy could show that the different gas compositions like air, argon and nitrogen at
different humidity have an influence on the fabrication of ZnO nanostructures like tetrapod
nanorods and tetrapod nanowires.®?> Thereby, the morphology differences caused by different

experimental conditions determined their photoluminescence properties.®> Good overviews are
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available in different reviews regarding ZnO TP from the synthesis up to the applications. Newton
and Warburton in materialstoday (2007)1%, Modi in Advances in Natural Sciences: Nanoscience
and Nanotechnology (2015)*%, Yan et al. in Nanomaterials and Nanotechnology (2015)%%?, Mishra
et al. (working group of Prof. Adelung) in KONA Powder and Particle Journal (2014)'% and a
recent review from Mishra and Adelung in materialstoday (2018).%4

The broad field of applications of these highly interesting materials has opened the door for
scientists to develop low-cost and efficient synthesis processes. Mishra and Adelung summed up
the most important application fields of ZnO tetrapods or ZnO TP containing materials®. For
example, ZnO TP can be used as “anchors” for the increase of mechanical interlocking between
two un-joinable materials like PTFE and PDMS as shown by the working group of Adelung et
al.1® Probably, the broadest application fields are in optical, electronic and photonic devices due
to the high surface area of ZnO TP. Here, ZnO TP could decrease the contact areas in
nanodevices.!® Additionally, ZnO has antibacterial properties which could be improved by the
use of ZnO TP exhibiting a high surface area in composite materials.1%

All applications underline the need of a ZnO TP synthesis with high yields in short times and
therefore with low costs. Therefore, a lot of publications deal with the optimization of the synthesis
conditions. Mishra et. al. mentioned flame transport synthesis, DC thermal plasma, hydrothermal,
wet chemistry and a few more.*® In addition to that, it is even possible to synthesize ZnO TP in
water-based dispersions as shown by Lupan et al.2%” The authors used an aqueous zinc sulfate and
ammonia solution at 90-95 °C for 15 minutes without stirring at pH 10-11. The finishing was
performed in an oven at 300 °C to 850 °C for different times.’®” However, to ensure high yields
and amounts of ZnO TP powders, two main approaches could be considered: a flame-based
synthesis developed in the working group of Adelung et al.2%®% and the approach in a tubular
furnace as shown, for instance, by Calestani et al.®°

However, the growth mechanism of ZnO TP is still an open question in the field of ZnO TP, since
it is controversially discussed how the resulting crystalline structure starts growing in the
mentioned fabrication processes. Ronning et al.2® and Newton et al.!®® summed up and reviewed
the recent studies about the growth mechanisms and the crystal structure of ZnO tetrapods (ZnO
TP). As presented in the FE-SEM images in the 4. publication®® of this thesis, the ZnO TP are
constructed of four arms with a hexagonal crystalline structure connected by one core center.
While the growth mechanism of the hexagonal nanorod arms in the direction of the c-axis is clear,
there is no undisputed crystal structure and growth of the nucleus of the ZnO TP. In principle, all
publications mention a model starting with a seed nucleus.8%!® Based on the fundamental

parameter screening for the optimization of the synthesis conditions, it is evident that the
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nucleation and growth is taking place in the vapor phase.'® Rackauskas et al. could show via gas
phase synthesis that the reaction temperature and the Zn vapor pressure strongly influence the
morphology of ZnO TP.%” However, the SEM images show that the fundamental structure of the
ZnO TP remains constant: four arms connected with one center.’” Most of the authors conclude
that the growth starts in a core like the nucleation of particles and continues by growing the four
arms. 100110112 Tywwo mainly possible crystalline structures between the core and the arms of the
ZnO TP have been proposed in the literature:8%1%

1) the “tetrahedral zinc blende core” with four wurtzite hexagonal nanorod arms published

by Yu et al. in 2004*3 and for CdTe!'4, respectively
2) the “octa-twin model” of Iwanaga et al. in 1993**® and described in other publications of

Iwanaga et al 112116117

Both models start at the core center which is the most critical point according to the current
literature.®® The first model contains the nucleus theory starting with a tetrahedral zinc blende as
the core.® The facet (111) in the zinc blende could link the (0001) — O plane in the wurtzite
crystal structure of the four arms as published for the CdTe crystalline structure.!'* The second
model, firstly developed by lwanaga et al.,'*? is based on the theory of eight tetrahedral crystals in

the core center of ZnO TP forming one octahedron.!0012

2.3 Theories of adhesion mechanisms

The understanding of the molecular adhesion mechanisms at oxide interfaces is essential for the
effective and long-term joining in manufacturing engineering (DIN 8593) mentioned in the context
of lightweight constructions. The optimization of the macroscopic, microscopic, molecular and
atomic interactions between two components (bonding) like, for example, a resin (adhesive) and
a metallic substrate (adherends), is one of the most important aspects in fabrication of long-term
joinings.8

In the context of the analysis of failures in joints/bonding, it is interesting to determine the weakest
component responsible for the adhesion failure in order to find optimized pre-treatments or
materials like adhesives.!*® There are some adhesion failures which can be observed: in some
cases, typical cohesive failures in the adhesives or in the component parts occur. Another
possibility is the most complex situation, where the break of harnessed structures takes place at
the interfacial near region. In most situations, it is difficult to precisely distinguish on which
component (adhesive, adhesion promoting molecules or nanostructures) the failure takes place or
has started.!!® Therefore, it is essential to bridge between the molecular, microscopic scaled

processes and adhesion, and the macroscopic measured adhesion forces as displayed in Figure 4.
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Figure 4. Schematic demonstration of the bridging between the microscopic, molecular interfacial adhesion
processes and the macroscopic adhesion theory and praxis. Closing the gap between these two differently scaled

“worlds” is necessary for optimized long-term constructions.

However, there are a lot of complex superposing length and time scaled processes which are
implemented from macroscopic up to atomic effects. For the fundamental understanding of the
total macroscopic measurable adhesion force, the analysis of the interfacial regions is needed. In
general, there are different “classes” of adhesion mechanisms (often also called “adhesion
theories” like mentioned by Ebnesajjad et al.1!8 with corresponding literature in there) which will
be explained in the following paragraphs and chapters. This leads to lot of different classifications
and theories of adhesion science in the literature.*®12° The general classification of adhesion
mechanisms displayed in Figure 5 is based on mechanical, physical and chemical driving forces
and causes, respectively.

mechanical

interlocking

adsorption and
surface reactions

== electrostatic

adhesion

diffusion

Figure 5. Theoretical mechanism theories for adhesion (based on the text published by Ebnesajjad*).

All of the displayed adhesion mechanisms are important for the performance of the interfacial
bonding and cohesive properties and only their overall understanding lead to the best adhesive
results for of surfaces and adhesives. In addition, the wettability and the morphology play a
significant role in the field of the adsorption properties.
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The chemical and physical bases for these phenomena are related to different adsorption and

binding processes which are summarized in the Figure 6.
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Figure 6. One possible classification of basic adhesion mechanisms and binding forces

(based on literature 15119.121),
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However, in reality a strict differentiation of the adhesion mechanisms with the corresponding

interactions is difficult to predict and propose. In addition, all adhesion mechanisms have

overlapping features and properties. Consequently, a combination of different mechanisms is

present in real interfaces. All mentioned bindings forces will be explained in more detail in the

following subchapters.

2.3.1 Wetting of surfaces

In context of adhesion mechanisms and optimization of process steps including the surface

pretreatment, it is very important to understand the wetting behavior of adhesives on the chosen

substrates. The distances between the molecules of the two components is essential.?8'° The

intermolecular interactions are described with the help of the two-parameter model of Lennard-

Jones, called “Lennard-Jones potential”, illustrated in Figure 7.2
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Figure 7. “Lennard-Jones potential* (based on Kendall?).

The green curve in Figure 7 represents the sum of energies of the attractive and repulsive
interactions between two atoms dependent on the distance r with the bond energy & and the bond

length rm.2® For the Lennard-Jones potential a proposed equation from Kendall reads:?°

(1) w = 4e [— (=) + (= r)lz]

The first term in (1) represents the attractive interactions, which have a negative sign, while the

repulsive interactions are given by the positive term with 12 in the exponent.

Habenicht mentioned that a distance of 0.1 to 1.0 nm between the valence forces results in possible
interfacial chemical reactions and binding interactions.'® Thus, an affinity of the adhesive to wet
the adherend is useful for the formation of interactions with higher energetic levels.*'°

A good example for the description of wettability is a sessile drop of a liquid phase from, for
instance, the adhesive on a solid phase/substrate. While the liquid phase creates a change of surface
area dA on the solid surface of a metallic substrate, the energy dW that will be needed for this

process can be written as follows:°
(2) dW = y,dA
An important parameter within the equation (2) for liquids at constant pressure p and temperature T

is the surface energy or the surface tension y given in J/m2 or N/m.*>!22 The outer layers of

molecules in the liquid phase create a net surface tension due to the missing of their nearest
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neighbors in comparison to the bulk liquid phase.'® In more qualitative terms, the surface of the
liquid needs to reduce the total surface area to reach the lowest energetic state while the surface
tension is the operating tension.'® A quantitative summary of three tension vectors in equilibrium
state (compare chapter “2.7.5 Static water contact angle measurements”) is given by the Young’s

equation:*®

3) Yig cos(B) = Ygs — Vis

For instance, in the case of ygs > yis the right-hand of equation (3) will be negative. Therefore, the
left-hand side has to be negative as well, which implies a contact angle 6 > 90°. In this case, the
wetting of the surface is hindered or in other words, the surface wetting with the liquid is not
possible. For instance, a hydrophilic surface will create a contact angle 0 of lower than 90°.1°

With regards to the adhesion and based on the sessile drop methods (compare chapter “2.7.5 Static
water contact angle measurements”), it is possible to define the adhesion work Wa. This work is
necessary to separate two joined phases with a contact area A and is described by the Dupré-

equation:*°

(4) WA =Yg + Ygs — Vis

Here, the total adhesion work Wa could be positive or negative based on the values from the
different surface tensions: liquid-gas yig, gas-solid ygs, liquid-solid yis. The former case (Wa > 0)
means that some energy is in excess and the latter case describes the vice versa.!*® The combination

of equations (3) and (4) results in the Young-Dupré equation which reads as follows:*°
) Wy = v1(1 + cos(6))

Equation (5) underlines the importance of wetting in the context of adhesion. With a contact angle
of 6 = 0°, the surface will be completely wetted and the adhesion work results in a maximum

value:11®

(6) Wy = 2Ylg

The maximum adhesion work Wa in this case equates to the cohesive work Wc¢ of the liquid phase

spreading on the surface.'°
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2.3.2 Mechanical interlocking

Mechanical interlocking can occur at the macro- and nano-scopic scale where a mechanical
locking between two solid phases lead to an anchoring of both phases. For instance, when a cured
polymer is in contact with a metallic substrate, the polymer chains can interlock with the pores,
gaps, cracks or fractures of the metallic component. This leads to an increase of the total adhesion
force in the direction of the locking. In the context of this adhesion mechanism, it is important to
mention the measurement of the surface roughness and specific surface area which indicates the
possibility for mechanical interlocking.'>!8120 While these factors could give a hint, there could,

however, also be strong adherence even in the case of flat or smooth substrates.8

2.3.3 Electrostatic/electronic adhesion theory*!8

It is clear that all materials have an electronic structure caused by their molecular structures. Thus,
all materials have an electrostatic effect when they come into contact.!'® Consequently, there will
be an electrical double layer (EDL) in the 2-phase interface, which leads to electrostatic forces
affecting the adhesion, for instance, between a polymer and metal.1!8

2.3.4 Diffusion theory

The molecules of the two components (adhesive and adherend) affect the adhesion mechanisms
caused by the Brownian Movement.*212® The resulting concentration differences and gradients in
the interface lead to a steady state of diffusion.!?! Here, the concentration changes are independent
on time, and a fluctuation Fx can be summarized in the first Fick’s law in x-direction with the

diffusion constant D (adapted from literature including literature in there):2

™ Fy=-D(5)

A more realistic description of the diffusion includes the concentration changes with time. Due to
the unbalanced state, the second Fick’s law has to be written with all three spatial dimensions X, y

and z (adapted from literature including literature in there):1%

® )

In addition, the diffusion constant D is influenced by the “strength of the atomic bond of the solid”

82¢ = 8%c . 8%¢

=D(§+§+s?)

and by the “mechanism for diffusion” like mentioned by Lee et al. with corresponding literature

in there.!?! Glasstone, Laidler, and Eyring could show that the diffusion constant D is dependent
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on the elementary jump length A and the temperature T mentioned by Lee.'?* The following
equation (9) features further constants like Boltzmann’s constant k, Planck’s constant h, F* defined
as standard free energy of activation per mole, the free energy at the ground state F, the elementary
jump length of particles A and the activation energy per molecule at 0 K expressed as €°, which

affects the diffusion constant D (adapted from literature including literature in there):?

kT Fif

) D =25 exp(—5)

Especially in the case of two adhered polymers being in contact, the diffusion has a strong

influence on the adhesion. 118121

2.3.5 Electrostatic forces from electrostatic double-layer (EDL)*®

Due to the high dielectric constant of water (en20 = 78.4 at 25 °C)*°, the hydration of metal ions
from metals in water-based electrolytes can be favored and lead to charged metal surfaces.!® Based
on electrostatic interactions of positively and negatively charged ions and surfaces, the surfaces
adsorb ions or separate ions from the surface, creating an electric field. The adsorbed counter ions
forming different layers on the surface are summarized as “electric double layer” (EDL)."

In principle, there are different models describing the complex adsorption states and layers of the
EDL. The first adsorbed layer of counter ions was described by Helmholtz. The counter ions are
adsorbing at the counter charged positions and cannot reach a thickness higher than a molecular
layer like in a plate capacitor named the “Helmholtz layer”.* This simplest model was improved
by Gouy and Chapman by taking the thermal fluctuation of ions into account. The model was
complemented by the addition of an extended “diffuse layer” where the counter ions could also be
removed from the charged surface and move into the diffuse layer.'® Otto Stern (Nobel prize in
physics in 1943°) published a combination of both models from Helmholtz and the diffuse layer
theory into his “Stern layer” model illustrated in Figure 8. The model contains an inner layer named
Stern layer and an outer part called diffuse layer or Gouy layer from the Gouy-Chapman model.
In the latter, it is possible to express the Poisson-Boltzmann statistic for the mobile ions for the
coordinate normal to the plane x in the diffuse layer (for an infinitely extended planar surface)

(adapted from literature including literature in there):*

10) ot = e (e () —en (-502)

20



2 Fundamentals

Equation (10) contains the bulk concentration co, € as the elementary charge constant, the relative
permittivity €, the vacuum permittivity/electric constant €o, K for Boltzmann’s constant, T for the
temperature and (x), the potential dependent on the distance x from the surface
with yo = y(x = 0) defined as “surface potential”. This surface potential yo is marked in the Figure
8 as the inner Helmholtz plane (IHP) and contains the permanent adsorbed ions and water

molecules. The latter have been illustrated as circles with their dipole moments as arrows.
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Figure 8. Principal structure of the electric double layer based on the Stern model (adapted from Butt et al. including

literature in there'®).

In context of charged surfaces, the “zeta potential { is a characteristic value for the description of
interfacial processes. As illustrated in Figure 8 the EDL is a result of specific adsorbed ions which
are more or less fixed on the surface. Consequently, some adlayers on the surface lead to shear
plane with a specific distance to the surface where the ions start to be movable. At this position/

shear plane the zeta potential { is measurable and represent the hydrodynamic interfacial region.'*
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For “low” potentials in the range of e|y| << kgT (at room temperature around y <25 mV), it is

common to approximate equation (10) to (adapted from literature including literature in there):®

dz_‘l’_ﬁ.( R )~M
(11) dx2 &g 1-I_kBT 1-I_kBTi ~££0kBT kp

In the literature this expression is commonly called as the “linearized Poisson-Boltzmann

equation” which has the following solution (adapted from literature including literature in there):%°
X X
(12) P(x) =C; -exp (— E) + C, - exp (g)

The constants C; and C> can be found as C1 = yo and C> = 0 when defining the following boundary
conditions:®®
1) The potential at the surface x =0 is the surface potential yo

2) for infinitely large distances x, the potential y will be zero®®

Then, equation (12) can be written as (adapted from literature including literature in there):*®

(13) P(x) = Yo - exp (— %)

Therefore, Ap is the Debye length, which is the length at which the potential y has decreased to
1/e (e means Euler’s number in this case) and is given by the following expression (adapted from

literature including literature in there):®®

_ ’ssokBT
(14) }\D - e2]

In equation (14), the variable I is the ionic strength in particles per m3 to set the Debye length
inm.®

The fact that the adhesion force depends on the surface potential and the Debye length can be
shown by taking the example from Bultt et al. for two identical surfaces brought in contact which
are approximated as infinitely extended solids.*® The repulsive force per unit area f(x) dependent
on the distance x can be expressed in the following way (adapted from literature including

literature in there):*®
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2ggg X

(15) fG) =575 exp ( XD)

In general situations it can be said that the electrostatic double layer force is exponentially
decreasing with the quotient distance x/Debye length Ap. Furthermore, it can be used for the DLVO
(from Derjaguin, Landau, Verwey and Overbeek) theory in combination with the attractive van

der Waals forces. For more information, the reader is referred to the literature.®

2.3.6 Van der Waals interactions

Johannes Diderik van der Waals could show that all molecules, even nonpolar ones, have
electrostatic interactions.*® His first observation of condensed gases as liquids by reduced thermal
movement was that every molecule and, identified later, even two bodies have these van der Waals
forces.1>%

The simplest interaction between two charged ions or charges is the electrostatic interaction which
is called Coulomb force (D) and expressed in the following general equation in vacuum state

(adapted from literature including literature in there):®®

(16) f(D) = 232

41egyD2

Here, g1, 2 are the charges and D the distance between these two charges.

However, some molecules have no net electric charge.® For that reason, it is more interesting to
take a look at the monopole-dipole interaction. The dipole is considered fixed without any
movement (theoretical approach). By taking the thermal energy resulting in random fluctuations
of the dipole into account, one obtains the following expression for the free energy Wm.rd(D) of a

monopole-rotating dipole (m-rd) (adapted from literature including literature in there):*

17 \Y (D) = e
(17) m-rd "~ 6(amep)2kgTD*

The thermal energy is given by kgT, the distance D means the path between the middle of the
length of the dipole moment u and the charge q. With increasing temperature T, the free energy
W(D) of the charge-dipole interaction will decrease caused by random movements including

suboptimal orientations. Additionally, the free energy W(D) will reach zero at infinite thermal
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energy or distance.®™ The dipole moment p can be expressed as the integral of the total charge q

over the total volume V (adapted from literature including literature in there):%°

(18) = [q@®rdv

A more relevant interaction mentioned in this context are the Keesom interactions. These
permanent dipoles interact due to their dipole moments which are influenced by thermal
movements mentioned above for the monopole-rotating dipole.'® For this molecule interacting
situation under thermal influence, the following equation can be given for the free energy of two

rotating dipoles (rd-rd) (adapted from literature including literature in there):®

(19) Wygorg(D) = — 4kt
rd-rd 3(41eg)2kgTD3

Moreover, the interactions called Debye forces can be placed in the context of van der Waals
forces. Here, an induced dipole moment (id) is newly-created, for instance, by a charge or by a
permanent dipole moment in a polarizable molecule.™® In the first case, the Helmholtz free energy
between a monopole m with the charge g and an induced dipole moment Wing iS given by the

following equation (adapted from literature including literature in there):*®

q*a
2(4mey)2D4

(20) Win-ia(D) = —

With the polarizability o and the electric field strength E (adapted from literature with literature in

there):141°
(21) Hing = OE

In the latter case of a stabile dipole and the corresponding induced dipole, equation (20) changes

to (adapted from literature including literature in there):%°

— __wa _ G
(22) Wm—id(D) - (41e()2D6 - D6

The third category is built up by the London or Dispersion interactions which explain the

interactions between complete nonpolar molecules like, for instance, poly(propylene) in the
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context of this work. In this case, the high-frequency (for example 10%-10'® Hz®) electronic
fluctuations of the electron densities lead to a temporary induced dipole moment by the neighbored
molecules. Therefore, the calculation can only be performed by using quantum mechanical
methods which are not considered in this work.”® In general, it can be summarized that all
mentioned contingents are in total called the van der Waals forces.

In the following chapters “2.3.6.1 Van der Waals forces — Hamaker approach15” and “2.3.6.2 Van
der Waals forces — Lifshitz theory” the van der Waals interactions between molecules and solids

will be explained by fundamental approaches.

2.3.6.1 Van der Waals forces — Hamaker approach®®

The total van der Waals forces between two dipoles can be summed up by taking into account all
three mentioned dipole-dipole interactions mentioned above: Keesom, Debye and London. These
can be summarized in a constant Cag which means the summation of all constants of all three
contributions as used, for example, for the Debye interactions in equation (22) as Cing. The
Hamaker approach or microscopic approach for determining the resulted adhesion force based on
van der Waals interactions starts with the interaction between a molecule A and a solid body B,
where D is the distance from each other and x is the distance between the particles in the condensed
material of the body B to the surface of the body B. To create an overall force of the separated
body and particle, an integration of the molecular density ps over the solid B has to be performed.
It is even possible to do this for two bodies A (with molecular density pa) and B by integration
over the volumes. One assumption is that the two bodies are infinitely large and another one is that
the molecules in the two bodies are not affecting each other.'>12* “The van der Waals energy per

unit area is”'® (adapted from literature including literature in there):°

A \4 TCABPAPB (® dX TCABPAPB
23 W. =—-=— = —
(23) 2surf = 5 6 fO (D+x)3 12D2

With the Hamaker constant Ay and the force f4 per unit area the following equation for the two
flat surfaces with the distance D between them can be obtained (adapted from literature including

literature in there):*®

(24) fA — dleqsurf — AH
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This approach can also be performed for two spheres, where Ry and R> are the radii of the spheres
and D the distance between them. For the van der Waals energy the following equation (25) arises
(adapted from literature including literature in there):°

Ag RiR;
6D Ry+R,

(25) W, spheres =
Consequently, the following force law can be written as (adapted from literature including

literature in there):*®

Ag R4R;

(26) f2 spheres — — 6D2 R, +R,

An analogous procedure leads to equation (27) for the case of a flat, planar surface in contact with

a sphere of radius R, (adapted from literature including literature in there):*®

AgRyp
6D

(27) Wsurf—sphere = -

It follows for the force (adapted from literature including literature in there):%°

AgRp
6D2

(28) fsurf—sphere -

Due to the assumptions of an infinite large body, the Hamaker approach fails at non-ideal system
including roughness like step edges, holes, gaps etc. Thus, the contributions cannot be aggregated
additively. In addition, at higher and lower distances these two effects are strongly influencing this
theoretical approach of Hamaker.'>!% One popular example for high van der Waals forces is the
Gecko. He has a lot of spatulas which can fit the low roughness even on mainly flat surfaces to

increase the contact area.™®

2.3.6.2 Van der Waals forces — Lifshitz theory

Van der Waals forces are based on electric-magnetic fluctuations between contacting particles.
Furthermore, all particles in condensed materials have individual oscillators which can be
described by different optical experiments.t®128 Starting with the same approach as in the Hamaker
method, the most prominent case is the contact of two plates/slabs. For this, three different

dielectric bodies (two plates and one for the gap in-between) are useful for the description.!® This
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idea of Dzyaloshinskii and Pitaevskii was the extension of the model of Liftshitz*® and it will in
the following be referred as the Lifshitz theory. The main goal of this theory is the calculation of
the Hamaker constants and forces from optical dielectric properties.'?4126 The theory is based on
the exchange of virtual photons between the three materials. The larger the distance x between the
two plates, the longer is the path of the virtual photons.™ Consequently, at higher distances x the
interactions are hindered by the phase separation or the film in-between.’® Moreover, a total
Hamaker coefficient A2z has to be introduced in the context of the Lifshitz theory. Thereby, the
magnetic contributions can be neglected in the most cases, simplifying the equations.®

It is possible to find an approximate equation for the case of two plates in contact with a film with
a thickness I, which can be found in the literature.®™2® However, a numerical calculation of Ai23

can be formulated as (adapted from literature including literature in there):*®

3 o w [A3(iom)Azz(iwm)]®
(29) Ajpz = EkBTZm=0’Zs=1 132 0m Cas T

s3

Here, kg is Boltzmann’s constant and T is the temperature. In addition, the following equation (30)

is considered (adapted from literature including literature in there):

€j (iwm)_sj (iom)

gi(iom)+&j(jom)

(30) A=

The o are the so-called Matsubara angular frequencies®, while the London dispersion dielectric
response function e(im) can be described by the Kramers-Kronig expression (adapted from

literature including literature in there):!®

(31) e(iw) = 1+= [° 2 dw

0 w2+w?

Here, €’ is the imaginary part of the dielectric function.
Finally, to create an easier to handle expression for Aizz, it is common to reduce the sum over s in

equation (30) to its first summand (adapted from literature including literature in there):°
3 (00] ! : .
(32) Az = EkBT Ym=0 [A13(ip)Ay3(1wy,)]

Based on equation (32), the Hamaker constant depends only on the differences in the dielectric

properties of the materials 1, 2 and the layer 3 in-between.™ It is problematic that the s(io)
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functions are not available for the whole relevant frequencies iv. Consequently, some
approximations should be used to access the Hamaker constant more easily. For example, the
Tabor-Winterton approximation leads to a dielectric response function &(iw) with the refractive
index n and the plasma frequency ve around 3-10'° Hz (adapted from literature including literature

in there): 15126

1

(33) e(iw) =1+ ——1—

(2mve)?

It follows with equation (32) for the Hamaker constant A12z (adapted from literature including

literature in there):141°

_3 €1—€3) (€2—€3 3hve (nf-n$)(n3-n3)
(34) Arzz = ZkBT (s +& )(s +e ) t 82
17e3 1Tes \/nf+n§\/n§+n§<\/n§+n§+\]n§+n§>

where h is the Planck constant.
Four main approximations have to be taken into account:®
1. Ultraviolet (UV) contribution is the most significant part — other frequencies are ignored
2. UV absorption is a close band — a single oscillator model is sufficient
3. Resonance frequency is in all three materials equal to the plasma frequency ve
4

Estimation: n? = yis — refractive indices are in the range of the visible light'®

To sum up, all three materials have the same ionization frequencies. The first term of equation
(34) contains the Keesom and Debye interactions (o = 0) while the second term contains the
London dispersion interactions.*® For instance, in vacuum conditions (ns = 1) the second term can
be neglected due to its small contribution and in the case of water with a high dielectric constant

the first term will be significantly smaller than the second term in equation (34).%°

2.3.7 Hard-Soft Acid-Base (HSAB) principle!?!
Another reasonable concept of molecular interactions in context of PAA/ZnO systems of this
thesis are the acid-base or electron-donor-electron-acceptor interactions based on the principle
proposed by Lewis.'?1126 These interactions can have highly bonding energies around 80 kJ/mol**
which makes these kind of interactions very interesting for interfacial adhesion-promoting
nanotechnology.'?"1?® Basically, all molecular interactions not categorized before, like hydrogen
bridges or electrophile-nucleophile interactions can be classified as acid-base interactions.*?* In
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principle, a base with an electron pair interact with an acid having a partially positively charged
character to create an acid-base complex.*?!

Now, the question arises how these charge transfers could be realized and explained by
fundamental concepts. First, it is useful to introduce the meaning of the HOMO (highest occupied
molecule orbital) and LUMO (lowest occupied molecule orbital) from frontier orbital concept.*?
In principle, Figure 9 illustrates, on the left-hand side, the interactions between two discrete
molecules and, on the right-hand side, the interaction possibilities of orbitals of one molecule with

the surface of a metal.

=0 -0
© o @

A) B) A) Surface

Figure 9. Schematic summary of orbital interactions - left side: interactions in discrete molecules, right side:

molecule-surface orbital interactions (based on Hoffmann et al.*?® including literature in there).

The interactions of an electron-donor with an electron-acceptor are pointed out with the green lines
marked with 1 and 2 in the left-handed side in Figure 9. In charge-transfer 1, the HOMO of the
first molecule A) (electron-donor or base) is transferring charge/electrons to the LUMO of the
other molecule B) (electron-acceptor or acid) by a two-orbital — two-electron stabilizing interaction
and vice versa in 2.12° This could also lead to a molecule-surface interaction as illustrated on the
right side in Figure 9. The Fermi level marked as Er can be described as the HOMO of the metal
on top of the valence band.*??° These electrons can be transferred to the LUMO of the molecule
(green line 2 on the right side). A repulsive interaction illustrated by green line 3 in both cases
(molecule-molecule and molecule-surface interaction) means an interaction between two fully
occupied orbitals (two-orbitals, four-electron interaction), leading to destabilizing interaction
properties.'?® In comparison to 3, the green line 4 generates no energy (de-)stabilizing effect for

two interacting molecules. Interestingly, in the case of the molecule-surface interaction the LUMO
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of the molecule can be reduced by a bonding process caused by the continuum properties of the
levels in the metal.!?112% Reaching an energy level lower than the Fermi level generates a net
energy effect on the surface.!?112° All mentioned interactions are influencing the energy levels of
the metal. These primary interactions are mainly compensated by the electrons of the metal from
the bulk to open the possibility to form bindings to adsorbates on the surface. Finally, a second
different option in comparison to the molecule-molecule case is possible in the case of the
molecule-surface: interaction 5 in Figure 9. The fluctuation of electron density around the Fermi
levels open the door to shift electrons from the valence band into the conduction band.'?°

A general qualitative description based on the mentioned frontier orbital concept leads to the main
aspects of the HSAB principles (adapted from literature?! including literature in there):

1. The energy level of the LUMO of acids/electron-acceptors (hard electrophiles — mostly
positively charged) is high — for soft electrophiles (could be positively charged, but not
essential) the opposite applies with a low-energetic LUMO?*?!

2. Negatively charged hard nucleophiles (bases, electron-donors) consist of a low-energy
HOMO while soft nucleophiles have a high-energy HOMO!%

2.3.8 Hydrogen bridges

The hydrogen bridges are only possible when a characteristic structure can be found in the two
attracting molecule species as described above as donor-acceptor interactions.'?® Therefore, the
interactions are only possible when two atoms in the molecules have high differences in their
electronegativities that an interaction like A-H---B occur.*?® The most prominent atoms are N, O
and F which lead to hydrogen bridges.'?® One typical description of hydrogen bridges is the
overlapping of atom orbitals for the creation of temporary molecule orbitals. More details can be
found in the literature.’?® At least the total reduction of the energies from the molecules leads to a
generation of a hydrogen bridge.

The most well-known example for hydrogen bridges can be found in water molecules where one
O-H group is interacting with the free electron pair of an O-atom from another water molecule.
For the creation of such short-range interactions, it is necessary that both species have a short
distance. Consequently, hydrogen bridges contribute to the total adhesion, having a relatively high
binding energies of around 20 kJ/mol*Z (or 10-25 kJ/mol**%) up to 40 kJ/mol when involving
fluorine 141

However, the transfer from the model based interpretations of interfacial forces and degradation

phenomena to real buried polymer/metal oxide interfaces is still a challenge.?’
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2.4 Adhesion mechanisms at metal oxide surfaces

The previous chapter “2.3 Theories of adhesion mechanisms” demonstrated the presence of
different adhesion phenomena playing a major role in adhesion properties of materials. Indeed, in
the case of metal oxide surfaces the most of these effects strongly influence the molecular adhesion
properties.

Firstly, it could be seen that charging and electrostatic effects dominate the structure and
composition of the EDL. Here, the isoelectric point (IEP) is an important value. It is defined as the
electrolyte condition/state where the concentration(pH) of surface-potential-determining ions like
hydroxyl or hydronium ions form a total zeta potential of null ({ = 0).1* Moreover, the surface
charge o is affected by the surface groups charging the surface and can be determined under
specific conditions (low potentials, one-dimensional Poisson equation and for large distances the

potential is zero) by the Grahame equation (adapted from literature including literature in there):'4

_ €goPp
(35) o= o

In contrast to the IEP, the surface charge o given in equation (35) is zero at the “point of zero
charge” (PZC). The IEP and the PZC are highly influenced by the surface composition, defects,
homogeneities etc. In the case of metal oxides such as ZnO, TiO2 and Al>O3 the surface groups
are able to dissociate: ion release and take up.'* For instance, a polar ZnO(0001)-Zn surface has a

stabilization mechanism with an adlayer of hydroxyl groups like shown in following Figure 10.

Zn*
T T S I z o
33 53 I pd
alkaline pH values pH=PZC acidic pH values

Figure 10. Schematic illustration of equilibrium reactions at different pH values ranging from alkaline values to

acidic pH values for an ideal polar ZnO(0001)-Zn surface (based on Valtiner et al.?762-64),

With regard to the molecular adhesion, the PZC and IEP under defined experimental conditions
(chemical surface composition, surrounding media/electrolyte components, morphology, etc.)
determine the surface charging and hydroxylation. Both would strongly affect the molecule-
surface interactions, as previously explained in chapter “2.3 Theories of adhesion mechanisms”.
For instance, a highly hydroxylated surface like polar ZnO(0001)-Zn under alkaline conditions
offer the possibility of hydrogen bridges, while at the PZC a neutral surface charge would slow
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down the affinity for the adsorption of charged molecules (compare electrostatic
interactions/coulomb interactions above). In the case of a mainly hydroxylated stainless steel
surface (FeOOH) and a D-Ala-D-Ala peptide used by Landoulsi et al., hydrogen bonds and van
der Waals are favored.**

The latter dispersive interactions in the particle level depend on the electronical properties of the
interacting materials and the medium in-between like demonstrated above in equation (32) for the
determination of the Hamaker constant. Therefore, the calculation/determination of the Hamaker
constants of the pairing (media 1, 2 and 3) based on the different dielectric functions is essential
for the fundamental understanding of van der Waals interactions at metal oxide surfaces. For
instance, with the use of the Hamaker constant, the calculation of the presented forces in chapter
“2.3.6 Van der Waals interactions” can be performed and compared with experimental data.
Moreover, the electron acceptor and electron donor properties (acid-base interactions) (see chapter
“2.3.7 Hard-Soft Acid-Base (HSAB) principle121”) like chloride are involved in the corrosive and
adhesive interfacial interactions and can lead to the collapse of metal oxide—polymer
interactions.!31132 A prominent example is the amine-Al,Oj3 interaction where the electron pair of
the amine can interact as the electron donor while the partial positively polarized aluminum atom
of the metal oxide surface is the electron acceptor. This “Lewis-like mechanism” can also be
described in the case of Al-OH---N-interactions. In the case of organic contaminations, typical
“monodentate and bidentate metal-bond surface complexes” can be formed.!3 For instance, the
interfacial bonding mechanisms also influence the interphase formation and are very interesting
for epoxy-amine resins like used in this PhD thesis.!3*

Indeed, the chemical and electronical surface chemistry is an essential factor for the performance
and properties of the interfacial adhesion. However, in the context of surface engineering the most
common adhesion mechanism is based on mechanical interlocking on defined grown oxide layers
and (nano-)structures resulting in a higher contact surface area while reaching an improved
macroscopic adhesion performance. With this aim, a lot of methods for pretreatment of metal
alloys and oxides have been established like mechanical (e.g., blasting with alumina grit or with
glass beads™®, ultrasonication***13") and chemical treatments'®.13® For instance, the deposition of
ZnO nanorods on zinc substrates for adhesion enhancement®* and the growth of nanotubes on Ti
surfaces for influencing the bone cell-material interaction*® and cell adhesion!*! are available in
the literature.

Moreover, in context of macroscopic adhesion of metal oxides in light weight constructions and
adhesive bonding, aluminum materials with defined oxide surfaces are essential 3814
Consequently, a lot of pretreatments for aluminum alloys have been developed and reviewed.*’

For instance, Johnsen et al. have demonstrated that the different anodization parameters of the Al
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alloy AA6060-T6 like several acid concentrations, current densities and bath temperatures, to
mention only a few, strongly influence the bonding performances of the XD4600 epoxy adhesive
under different relative humidities.*® TEM cross-sections showed the interfacial thick oxide layers
in contact with the epoxy adhesive. Moreover, the work of Dillingham et al. showed the analysis

of the interfacial structure of Al-epoxy adhesive joints for the improvement of structural bonds.'*3

2.5 Poly(acrylic acid)-ZnO interfaces in advanced materials

2.5.1 Examples of PAA-ZnO interface dominated materials

Macromolecular PAA has broad fields of applications like in medicine, pharmacy (drug delivery),
nanotechnology and material science.}*+%¢ The most popular application of poly(acrylic acid)
materials is based on their superabsorbent properties. For instance, Zhao et al. studied the
superabsorbent capabilities for ethanol of PAA synthesized via radical polymerization and Zn?
ions as a cross-linking component.*#® The authors showed that a concentration of 83.2 mmol/l of
Zn?* ions leads to the highest absorption capacity of around 160 g ethanol per g PAA salt.!*° Many
publications where zinc ions are in contact with PAA are available.®®1% For instance, Abzaeva
et al. have focused their study on the zinc carboxylate (defined as ziacryl) of the PAA salt as a
drug for pharmacological properties due to its antimicrobial, hemostatic and wound-healing
properties.’>® The authors checked the healing process of skin burns and aseptic skin wounds in
mice.’® In addition, tests involving different microorganism species in contact with different
ziarcryl concentrations were carried out.® Another broad field of PAA/zinc applications is
associated with cements containing different PAA/ZnO-apatite mixtures for dental
applications.1>41%

Consequently, many fundamental studies dealing with ZnO particles in contact with PAA can be
found, some works even deal with composites of ZnO and PAA.?%%157 Padilla et al. have tested a
cured ZnO/PAA mixture without water.*>” For different ZnO/PAA ratios and curing times they
analyzed mechanical properties such as compressive strength and fracture strength.*®’

Another interesting study of the production of a zinc-PAA based material was published by Chen
et al. in Crystal Growth and Design in 2009.°® The authors were able to use PAA-assisted
electrospinning for the synthesis of polycrystalline zinc-oxide nanotubes.'>® Zn?* ions stabilized
the polyanion in aqueous solution to prepare nanofibers in the first step. At higher temperatures
the calcination, degradation of the polymer matrix, and the formation of ZnO in the outer layers
occur. Due to the decomposition of the polymer at higher temperatures, the nanofibers starts to

become hollow.>8
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The work by Brostow et al. opens the door for polymer coatings fabricated from aqueous solutions
to create PAA/zinc diacetate hybrid composites.!® The as-produced materials can be used as

coatings with “high durability and low friction”*® properties.

2.5.2 Interactions and molecular adhesion studies of poly(acrylic acid) on ZnO surfaces

A fundamental study on the adsorption of PAA for different oxidized metals including Si, Ti, Fe,
Al, Cu and Ni was performed by Leadley and Watts.*®® PAA shows different bonding mechanisms
from hydrogen bonding, weak basic interactions via the carboxylate anion state, and a strong base
interaction via an acyl nucleophilic attack.'®® Yan et al. demonstrated that PAA-Zn/ZnO films
strongly improve the anti-corrosion properties on iron substrates in NaCl solutions.®®* The
adsorption of pure PAA on iron leads to a weak anti-corrosion performance while the
complexation of the Fe-PAA films with solutions containing Zn?* show the highest anti-corrosion
properties in impedance spectra.'®

In the context of this thesis, the adsorption mechanisms of PAA on ZnO-surfaces are of high
relevance. In a first approximation, the complexation properties of zinc in solution of PAA
molecules are considered. Here, the work of Tomida et al. should be mentioned.*! They found
that with divalent zinc ions the following complexations are possible in aqueous solutions: LZn",
LoZn, LoZn(HL)2, (L denotes the ligand here PAA with carboxylate groups) depending on the pH
of the solution and the ratio of the concentrations of zinc ions and PAA.**! Further fundamental
studies, including the kinetic analysis of the reaction between zinc oxide and PAA, has been carried
out by Wu et al. with infrared spectroscopy.6%62 Based on these results, a binding state of a mono-
and bivalent behavior between zinc and PAA was proposed.'®* However, it has to be noted that
these situations are fundamental approaches for the analysis of binding states in liquid and
occuring between free metal ions, and, consequently, may vary at ZnO surfaces.

In a more surface-related study, Degen et al. performed a fundamental analysis of the adsorption
of poly(acrylic acid) on ZnO powders.'®® The positive surface charge of the ZnO particles has a
strong influence on the adsorption capabilities of the dispersant. In addition to that, Dang et al.
showed the ZnO particle dissolution with sodium PAA salt suspensions at pH 7.1%4

Another relevant publication with regard to the adhesion properties of PAA coatings on metal
oxides like zinc phosphate hydrate has been reported by Sugama et al. in the Journal of Materials
Science in 1984.1% This work indicates that the PAA macromolecules change their conformation
in order to carry out acid-base interaction on the hydroxyl rich metallic surface. The COOH groups
are able to perform chemisorption on the polar OH groups of the metallic surfaces.'®® The authors
could find a shoulder in infrared data in the case of zinc phosphate hydrate coated on iron samples

at 1550 cm™ assigned to COO" groups performing the acid-base surface interaction.'®® The acid

34



2 Fundamentals

COOH groups could hypothetically realize a divalent metallic crosslinking reaction by forming
Zn?*-00C- interactions.’®® Due to the high hydrophilicity of PAA, the coating with PAA to
metallic surfaces could have excellent adhesion properties supported by a good spreading on
hydroxyl group rich metal surfaces which even exhibit a good penetration of microstructures for
high mechanical interlocking.'%

An atomic force microscopy (AFM) based approach for the adsorption study of PAA on stepped
polar ZnO(0001)-Zn and nonpolar (10-10) surfaces of single crystals was done by Kunze et al.®
The authors mentioned a “diffusion and trapping mechanism”*%® where the low adsorption energies
on the hydroxyl-stabilized polar ZnO(0001)-Zn caused by low Van der Waals interactions and
hydrogen bridges lead to a relative mobility for the PAA chains.!®® Electrostatic interactions
through the solid-liquid interface were proposed as the major driving force for the deposition of
PAA (macro-)molecules from the surrounding liquid medium. After this step, the diffusion of the
chains to the edges of the nonpolar step edges takes place based on stronger binding
mechanisms.'®® Here, high energetic interactions by coordinative bindings are suggested.'® The
specific adsorption at the nonpolar edges underline the results from Valtiner et al. who measured
the molecular adhesion of PAA to edged polar ZnO(0001)-Zn single crystal surfaces.** Both
results support the idea that the adsorption of PAA occurs especially with high adsorption energies
at nonpolar facets of hexagonal ZnO crystals. However, the results obtained from these
fundamental approaches dealing with the assessment of the molecular adhesion properties of PAA
on single crystalline surfaces cannot be straightforwardly extrapolated to industrially relevant
materials. On these technically relevant surfaces, additional parameters such as the roughness or
systematically nanostructuring have to be taken into account as well. Therefore, the 1. publication

of this PhD thesis investigates the molecular adhesion on real nanostructured surfaces.'®’

2.6 Deposition of poly(acrylic acid) films

2.6.1 Electropolymerisation and electrografting of poly(acrylic acid)

The electrochemical approach for the coating of conductive materials with polymers has reached
high scientific attention. The coating with grafted polymers produced by electrochemical induced
polymerization has a lot of possible applications making this technigue very interesting for future
investigations.'®® One broad field of applications would be the corrosion protection based on the
hindering and blocking properties of polymer layers on metallic parts with complex geometries. 6%
173 For instance, the group of Sabbatini could demonstrate that poly(acrylic acid) films were
successfully deposited via electropolymerisation on titanium substrates which opens the door for
physiological coatings with anti-corrosion and bioactive properties.!”* Another advantage of using

electropolymerisation, is, in general, the precise control of the film thicknesses'”>'® and
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compositions by controlling the electrochemical parameters (e.g.: potential, time, current density)
and electrolyte compositions (e.g.: different concentrations, simultaneous use of different
monomers, pH, solvent).1’”-17° Indeed, electropolymerisation is an optimum tool for the precise
and controlled deposition of polymer films like PAA on gold substrates from Zn' based solutions
demonstrated by Wang et al.1’

The interfacial regions have an immense influence on the electropolymerisation process and vice
versa. Hung et al. increased the mechanical properties, especially the interfacial adhesion, of
carbon fibers coated with the result of the electropolymerization of phenol, m-phenylenediamine
and acrylic acid as monomers in epoxy resin composites.’® Indeed, the enhancement in adhesion
was also demonstrated by Bauer et al. on carbon fiber reinforced plastics by coating with PAA
exhibiting different film thicknesses.’®® In addition, Subramanian et al. showed that the
electropolymerisation on graphite fibers is successfully working for different copolymers
including carboxyl functions.'®:-18 However, the usage of electropolymerisation with acrylic acid
for the deposition of adhesion promoting thin coatings is still an open field. Furthermore, it is
important to distinguish how the deposited coating interacts with the outer layers of the metallic
oxide, which is strongly depending on the deposition method/conditions. The following Figure 11
presents polymer-surface interactions. Two different binding mechanisms of the polymer in the
surface can be distinguished: i) physisorption and ii) covalent grafting of the polymers to the
surface. Depending on the polymer and its deposition, different structures of the resulting polymer
layer are formed. For instance, a physisorbed diblock copolymer has two different blocks with
different functional groups (illustrated in orange and blue lines in image 1) in Figure 11. The blue
polymer block called “block A” has a strong affinity to interact with the surface and it could be
poorly soluble in the solvent. The second block, named “block B”, in this “A-B” diblock
copolymer would be very soluble in the solvent. The “Brush” structure leads to a high density of
the polymer and interacts with higher affinity to the solvent. Here, the radius of gyration of the

polymer is an important feature which can be found in the literature in more detail.*°
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Figure 11. Schematic demonstration of deposited polymers on metallic substrates. The images in A) show
physisorbed polymers: 1) diblock copolymer where one block strongly adsorbs on the passive layer, 2)
homopolymer interacting with the passive layer. The grafted polymers in the images in B) show the “mushroom”
like state in 3) and in 4) the “brush” state is illustrated. Both situations in B) could be generated via a “direct
coupling reaction” or a “graft polymerization” with monomers (images adapted from and based on Butt et al.' and

from Uyama et al.*3* including literature in there).

In the case of a homopolymer, weak interactions with both the solvent and the surface (compare
image 2) in Figure 11 can be observed. Then, only van der Waals, electrostatic interactions or
hydrogen bridges can lead to low adsorption on the surface (compare chapter “2.3 Theories of
adhesion mechanisms ). It is also possible to have polyelectrolytes under specific conditions,
which opens the door for more complex adsorption processes due to electrostatic intra- and
interactions.!84

The grafting of polymers on surfaces is illustrated in the Figure 11 B). The polymer density on the
surface dependent on e.g. the polymer length is affecting the two different states of the grafted
polymers: “mushroom” like deposition and “brush” state explained one paragraph before for the
physisorbed polymers. Another interesting aspect is the growth mechanism of grafted polymers.
In principle, two different mechanisms are possible: the direct coupling reaction of two functional
groups (marked with “y” and “z” in image BS5) in Figure 11) or the polymerization directly starting
at the surface containing some starting points or “nucleation” points. To mention one example for
grafting of poly(acrylic acid) on an oxide surface, Barroso-Bujans et al. investigated the grafting
of PAA on aluminum with the free radical polymerization and chemical vapor deposition of acrylic

acid with thermal polymerization.!8®
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Electrochemically initiated polymerization is based on a transfer reaction by means of polarization
of the working electrode being in the most cases the metal substrate. The electropolymerisation of
AA is possible due to the high chemical reactivity of the commonly used monomers. For example,

the initiation of AA could even be started by the use of metallic centers like zinc cations'®®

or
copper cations.'®"18 |n general, there are two different possible ways to generate reactive species
on the surface of the working electrodes (compare image B6) in Figure 11: the transfer of electrons
to form a radical-anionic or an anionic species of the AA monomer.*®® Therefore, it is necessary
to have an initiator molecule or cations like zinc cations which could be solved in the liquid phase
of the electropolymerisation. Some authors are proposing that these Zn?* cations could be
adsorbed, reduced, and transfer electrons to the monomer molecules.!>8%189 A radical-anionic
monomer-zinc species could then start the polymerization which is conventionally known as chain
polymerization.'® Anionic species are very instable regarding the reaction with other molecules
like water or acids. In addition, the radicals can even react with oxygen (biradical character) and
form stable species. So, to prevent the stop of the reaction, it is necessary to create oxygen free
conditions.1>18 However, the exact reaction mechanisms, especially the initiation of the reaction
at the interface, are still open questions and they are strongly depending on the complete system
and experimental conditions, especially on the employed monomers.1**-1%2 Indeed, it is difficult to
differentiate between the grafted polymerization and the polymerization with strongly physisorbed
polymers created by electrochemically initiated polymerization. Both show highly adhesion
promoting properties in the case of acrylic acid.1’>180

2.6.2 Spray coating

2.6.2.1 Basics

A deposition method, simpler than the electropolymerization, for the coating of samples with
defined film thicknesses would be the spray coating process. The probably broadest field of
application is the automatic painting process in commercial production where a lot of patents can
be found.®® Thus, a spray nozzle/jet is connected to two tubes: the first one is used for the transport
of a gas phase into the nozzle, while the second one is connected to a storage vessel filled with the

spray coating solution. A schematic setup is displayed in the Figure 12.
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Figure 12. Basic illustration of an experimental spray-coating setup.

A lot of parameters influence the spray coating process, including the pressure and volume speeds
of the liquid and gas phases, the motor speed of the nozzle or the sample, the nozzle/substrate
distance and the substrate/fluid temperature.
Firstly, the injection system is important for the controlled pumping of the fluids.*** Pawlowski
mentioned three different general systems:1%

1. Liquid jet injection

2. Injection with atomizer

3. Penetration of liquid into jet

The first case describes the escaping liquid jet directly from a tube system. The geometry of the
jet can be controlled by the tube itself. The second case contains, for example, a pneumatic nozzle
with the use of two fluids. The external energy could be generated by controlled pressure or
centrifugal forces as mentioned by Pawlowski.!* The last case includes all experimental setups
where a jet will be penetrated by the liquid. For that, a flame or a plasma phase could be entered

by a liquid phase containing the coating material or precursors.*%

2.6.2.2 Different setup modifications and classes of spray coating methods
Caused by the complexity of the generally simple spray coating process, a lot of different groups
or classifications of spray coating processes could be found in the literature, for example:
1) Cold spray coating/cold spraying®>-%
2) Thermal spray coating/thermal spraying!®®*® including flame spray coating and plasma
spray coating/plasma spraying?%%-20t

3) Spray pyrolysis®%?
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4) Ultrasonic spray coating®032%4

5) Electrostatic spray coating?*>2%

6) Layer-by-Layer (LbL) spray process*"*%®
7) Airbrushing®®

These classes are distinguished by their particular spray setup or by the materials used. For
instance, the cold spraying, including powder spray coating, apply a solid powder (metals, ceramic,
composites or polymers) by using a “de Laval” nozzle. With this convergent-divergent geometry,
the particles could reach high speeds around 300 to 1200 m/s.!®” This differs from thermal
spraying, where the particles do not reach the melting temperature in the gas stream.%®% In
context of thermal spraying, the material is directly melted inside the spraying system before it
hits the surface of the substrate. This is typically used in industry sectors.1%819

Plasma spray coating is linked to the flame spray coating process, in which a plasma jet could be
generated between a cathode and an anode realizing an electric field. A plasma gas inlet can control
the gas stream while a powder injection can be installed in front of the anode.?1°

Moreover, thermal energy can also be applied to the substrate resulting in a tempered surface with
a fixed temperature. A hot plate in the setup illustrated in Figure 12 can also be used. By spraying
asalt or precursor solution onto the sample surface, the decomposition of the salt can be realized.?%?
For instance, a zinc nitrate solution can be used for the deposition of ZnO films on basically every
substrate.?1:212

An extra tool that generates ultrasonic vibrations in the spray nozzle open the door for ultrasonic
assisted spray coating processes.?03204211 For example, Tait et al. could precisely control the
donor/acceptor ratio and thickness of ultrasonic spray coatings for organic solar cells.?* The
experimental setup consists of two concurrent and coaxially pumped solutions containing donor
and acceptor components to the ultrasonic nozzle.?%

Furthermore, the electrostatic spray coating is a spraying process where an electrostatic atomizer
is used.?% Here, the solution can be charged with a high voltage resulting in a net charge in the
droplets. Due to repulsive interactions, the control of the droplets is improved.?%® For instance,
Kim et al. used electrostatic spraying for the deposition of silver nanowires on poly(carbonate)
substrates.?*® Actually, the different setups and configurations can be combined to improve their
effectiveness. For instance, the electrostatic spraying can be coupled with the ultrasonic spray
pyrolysis as shown by Chang et al.?%*

The Layer-by-Layer (LbL) process, typically carried out by dip coating, can also be performed by
spraying methods.?®” Alternating spray solutions (polycation solution — rinsing - polyanion

solution - rinsing) can be used as spray cycles for the deposition of multilayered coatings.?%”2%
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In context of the 4. publication of this thesis, regarding the spray coating of poly(propylene) foils
with ZnO tetrapod/PAA dispersions, the Layer-by-Layer (LbL) technique of ZnO nanoparticles/
PAA on glass substrates from Eita has to be mentioned.?*> Their 120 nm thick layers (20-bilayers)
show a high porosity and surface roughness, resulting in superhydrophilic properties.?*® Based on
the UV resistance and hindering properties of ZnO particles, these transparent films exhibit even
UV-blocking and antireflective behavior with PAA in the visible range.?!® The adhesion properties
of these films have not been analyzed. The combination of the work of Abzaeva et al.*>® and Eita
et al.?!® could lead to excellent sun-protecting films for human skins with even antimicrobial,
hemostatic and wound-healing properties. In addition to that, Shaik et al. have shown that modified
PAA-zinc composites have anti-microbial properties against various pathogens?!®, which supports
the broad field of applications for PAA-Zn materials already shown above. However, the
stabilization of dispersions remains quite a challenge. Thus, the composition of the
dispersions/suspensions containing ZnO and PAA for spray coating or LbL processes in particular
have to be clear before usage. Kislenko et al. have analyzed the effect of the zinc ion concentration
of PAA/ZnO dispersions?!’ and the adsorption of PAA on ZnO particles.?!8 It has to be noted that
these experiments were performed under accumulation in a centrifuge setup. The complex
adsorption procedure of PAA on ZnO particles is overlapped with a lot of other processes:
formation of aggregates, flocculation, formation of salts and desorption from formed salts.?!’ In
addition, Rabie et al. proved the temperature dependence of the reaction of PAA with ZnO, for
example.?!® The initiated complexation creating carboxylate salts is very fast and is based on ionic
character.?!® Interestingly, the reaction of ZnO with PAA could be increased by choosing low
temperatures.?'® However, Radyum et al. underlined that the PAA containing solutions are able to
stabilize ZnO dispersions.?%

According to this PhD thesis in context of the 4. publication, airbrushing/spray coating without
advanced experimental configurations has to be mentioned. Here, a similar construction based on
a carrier gas and liquid inlet displayed in Figure 12 combined with a fine nozzle can be used.??
Even a hotplate can support the deposition process as shown by Li et al. for the fabrication of
carbon nanotube films by airbrushing on glass plates.??? In general, airbrushing is a simple and
low-cost process, and can be automatized.

With regard to the modification of surfaces with of adhesive films based on poly(acrylic acid)/ZnO
dispersion, to the best of our knowledge, there are no publications available that consider its
deposition via spray coating/airbrushing processes. However, the deposition of different coatings
with airbrushing is a common method,??%-226 which underlines the contribution to the scientific

field regarding spray coating achieved by the 4. publication of this PhD thesis.

41



2 Fundamentals

2.7 Analytical methods for surface and interface analysis

2.7.1 X-ray photoelectron spectroscopy (XPS)

The surface analysis with X-ray photoelectron spectroscopy (XPS) based on the emission on
photoelectrons caused by the photoelectric effect leads to information about the elementary
chemical surface composition, the oxidation states of each element, and binding states.??"??8
Therefore, this method is essential in material science and nanotechnology.

With the use of high energetic electromagnetic and monochromatic radiation generated by an X-
ray source, the excitation of core near electrons can be realized as illustrated in Figure 13.
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Figure 13. Schematic illustration of the photo effect releasing one photoelectron from inner core shell 2s excited by

X-ray radiation (based on Sabbatini et al.??” including literature in there).

The emitted photoelectrons have a specific kinetic energy Exin, Which can be summarized in the

following equation (36):2%

(36) Ekin:h'v_EBE_f_K

The energy balance contains the following symbols: h denotes Planck’s constant, v denotes the
frequency of the electromagnetic radiation, Ege is the binding energy of the electron of the
corresponding element in the specific orbital, f is the work function of the spectrometer and K is a
correction term.??” The latter is crucial in the case of charging of the sample as underlined by the

following reaction, where M denotes the metal/element and e is the emitted photoelectron:??°

(V1) M+hy ————=M* +¢
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Especially in the case of isolators such as polymers, the neutralization of the sample with an
electron beam is beneficial. It is also evident that one element/atom can also emit more than one
photoelectron simultaneously due to the fact of exhibiting several orbitals (compare Figure 13)
and oxidation states.

With the knowledge of the primary source energy of the X-ray radiation (hv) and the spectrometer
parameters for the work function f, the calculation of the binding energy and the kinetic energy is
possible, which is characteristic for each element depending on the chemical surrounding.
Thereby, attached atoms or molecules results in shifting of the binding energy. It is common to
record a spectrum where the counts per second versus the kinetic or binding energy in eV can be
plotted. The higher the electrostatic attraction of the atom and the corresponding electrons, the
lower the corresponding kinetic energy of the emitted photoelectrons. A energetic separation of
the photoelectrons can be realized with a hemispherical electron energy analyzer under different
pass energies, for instance.??’

In this PhD thesis, the angle-resolved high-resolution XPS (AR-HR-XPS) setup was also used to
check the surface state after a preconditioning treatment of a mirror polished stainless-steel
substrate. The information depth, depending on the take-off angle 6 of the photoelectrons, gives
hints about the different chemical concentrations in the inner and outer part of the sample surface.
The following Figure 14 illustrates the geometrical paths of the X-radiation and photoelectrons in
AR-HR-XPS measurements.

Figure 14. Illustration of the geometrical pathway of the X-radiation and the emitted photoelectrons from a metallic

substrate (based on Bluhm?¥° and Sabbatini et al.??” including literature in there).

Here, hv is the energy of incident X-rays, d the information depth, A the inelastic mean free paths
(IMFP) of the photoelectrons and 6 the take-off angle. Typically, the length at which electrons
escape is estimated to be 31.232%2 |n these publications the angle with respect to the surface chosen

is obviously 90°-0. It becomes clear that the information depth d depends on the take-off angle.
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With this technique it is possible to measure depth profiles and to detect, for instance, low surface
concentrations in the outer regions like an adsorbed hydroxide layer on polar ZnO(0001)-Zn single
crystals.®? Valtiner et al. could demonstrate with AR-HR-XPS that the total hydroxide surface
concentration, determined from the O 1s peak, increase with increasing take-off angle 6, which
leads to the interpretation of a hydroxide stabilized polar ZnO(0001)-Zn surface.®? In more general
words, Watts et al. mentioned a “bulk angle” where metallic components are more intense and a

“surface angle” where the oxide peak of the native metal oxide has a relatively higher intensity.?%

2.7.2 Vibrational spectroscopy

Vibration spectroscopy comprises a vas set of helpful techniques for the identification and
characterization of molecules in material science and chemistry. Based on the excitation of
vibration modes of rotations and oscillations (symmetric/asymmetric, valence and deformation
vibration modes) with electromagnetic radiation, the principle of the harmonic oscillator can be
applied, as mentioned in the literature.1?3228234 The absorption takes place due to the precise
energetic level of the irradiation like in the infrared region and the corresponding energy levels of
the vibration modes. For instance, wavelengths in the infrared range are located between around
700 nm until 1 mm. Further, this region is separated in the “far infrared” region between around
10 pm until 1 mm and the “near infrared” region from around 10 um to 700 nm in the literature.*?®
At higher wave lengths, the microwave range starts, where the rotation modes are the most
prominent ones. In the other direction to lower wavelengths > 700 nm electron excitations can
start,123

In principle, the absorption of electromagnetic radiation with an energy hv leads to an induced
dipole moment or a change in the dipole moment of the molecule during the vibration (selection
rule: infrared-active). According to the law of Einstein, the energy difference AE between two

different states can be formulated based on the energy balance like:'%3
(37) AE=h-v=h-§

Here, v denotes the frequency of the electromagnetic radiation and h is Planck’s constant.
Typically, the energy is expressed in wave numbers ¥ which are proportional to the energy
difference. The absorbed radiation will change to thermal energy within the vibration of the
molecule. Each functional group exhibits different vibration modes with respective resonance
frequencies which opens the door for the identification of molecules.?28234235

In the following two infrared techniques used in this thesis are outlined.
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2.7.2.1 Fourier-transformed infrared reflection absorption spectroscopy (FT-IRRAS)

Infrared spectroscopy has reached high applicability in material science and chemistry caused by
the invention of the Michelson interferometer. The principle construction is displayed in Figure
15. The general idea is based on the movable mirror with a path way x and a semi-permeable

mirror to create constructive interferences from the wave lengths at the end of the interferometer.?®

mirror

Source

J0.LITUI d[qRAOW

to the sample
and detector

Figure 15. Basically construction of a conventional Michelson interferometer (based on Giinzler, Gremlich?*®

including literature in there).

The polychromatic radiation in the wave length range of far and near infrared hit a semi-permeable
mirror which leads to a splitting of the complete radiation to two half path ways with a length
difference of 2x within the recombination on the semi-permeable mirror.2® The precise movement
of the mirror can be used to control the position of constructive and destructive interferences,
resulting in that every position x of the mirror equals to a wave number ¥.%° This modified infrared
radiation can interact with the sample and hit a detector connected to a computer. In this PhD
thesis, the infrared reflection absorption spectroscopy (IRRAS) was used where the radiation from
the interferometer hits the sample (compare following Figure 16) and the reflected photons are
detected by the detector.
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Figure 16. Schematic illustration of the application of infrared reflection absorption spectroscopy (IRRAS) on a

metallic sample with a coating (based on Grundmeier et al.?% including literature in there).

The interferogram (intensity versus position x of the movable mirror) can be transformed to a
single channel spectrum (SCS) by means of Fourier-Transformation (FT). By measuring a
reference sample without any chemical or physical changes, the SCS of the sample can be divided
with the reference SCS to finally generate an infrared spectrum (transmission or absorbance versus
wave number in cm™). The main advantage is the short measuring time depending on the chosen
resolution of the device, while drawbacks are the measurement of a reference and roughness effects
of the sample’s surface. Here, the resolution R is limited by the maximum possible way length x

of the movable mirror like:23®
(38) R=—

For a resolution of 4 cm™, which was commonly used in all publications of this PhD thesis, a
pathway of 0.125 cm was sufficient. The movement speed of the mirror can be controlled to high
values. Consequently, the fabrication of an infrared spectrum is possible within some

seconds.2342%

2.7.2.2 Polarization-modulated Fourier-transformed infrared reflection absorption
spectroscopy (PM-FT-IRRAS)

The surface characterization of ultra-thin layers or coatings could be performed with the PM-FT-

IRRAS measurements. The decomposition of the electric field vector of the electromagnetic wave

of the infrared radiation and its polarization (parallel (p) or perpendicular (s) to the plane of

incidence) play important roles. This has been illustrated in the following Figure 17.
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Figure 17. Schematic illustration of reflected infrared radiation with decomposition of the electric field vector (based

on Grundmeier et al.?% including literature in there).

It becomes clear that the electric field component ET, (p denotes p-polarization) is similar to the
sample normal for high angle of incidence 6, which is increasing the surface sensitivity by a factor
of around 25.%%" In fact, the principle of the polarization of dipoles oscillating on the surface has
been described by Grundmeier et al. for PM-IRRAS experiments.?*® The dipole moments can be
divided into two different groups: dipole moments from the surface of the metal (so called image
dipoles) and dipole moments from the adsorbates on the surface. Both groups compensate their
dipole moments each other due to electrostatic interactions and can be orientated parallel to each
other and perpendicular to the surface plane which enhance the surface sensitivity as mentioned
above for high angle of incidence. The other case where both groups are parallel to the surface
plane and parallel to each other leads to the “compensation of the infrared active transition dipole
moment.”?*® This fact can be used by changing the polarization of the infrared radiation: the
surface information from s- and p-polarized IR light is different caused by the independence of the
s-polarized IR light from the angle of incidence while the p-polarization of the IR-light is
enhanced. In PM-IRRAS experiments, both polarizations could be measured simultaneously for
the IR light coming from the Michelson interferometer (compare Figure 15) by using a photoelastic
modulator (PEM) made of zinc selenite (ZnS) after the polarizer unit.®® The main advantage of
the resulting differential reflectance spectrum is that no reference has to measured and the
atmosphere has been automatically removed. Further mathematical details are available in the

literature.234-237

2.7.2.3 Raman spectroscopy
Similar to IR spectroscopy, Raman Spectroscopy enables the detection of rotation or vibration

modes of inorganic and organic molecules and oxide surfaces, leading to the identification and
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characterization of unknown substances. The mutual exclusion rule for Raman spectroscopy is the
change in the polarizability o of a molecular structure during its rotation or vibration of the
functional group, respectively,1232%

An excitation of the material can be realized by a laser beam, that is, by monochromatic
electromagnetic radiation. Consequently, Raman and Rayleigh elastic scattering can be
observed.'?® The electric dipoles of the molecules interact with the photons, which results in
vibration modes of the analyzed material. The induced dipole moment p satisfies a linear equation

involving the electromagnetic field E and the polarizability a:

(39) u=oa-E

The inelastic interaction of the source radiation’s energy is transferred to the sample. The most
intense peak in the detected spectrum is the Rayleigh-peak of the initial radiation. It can be
eliminated by a Rayleigh filter at this wavelength. Inelastic scattering can be noticed as Stokes
lines and anti-Stokes lines. Here, an energy shift AE between the incident photons and the emitted
photons can be detected with a charge-coupled device (CCD) detector (compare chapter “2.7.2
Vibrational spectroscopy”).2342%

Some advantages can be mentioned of this measurement technique: microscopy is optional caused
by the usage of a coupled microscope, confocal measurements, easy operations, measurements in
water and so on.?®

In this PhD thesis the Raman spectroscopy was used for the additional identification and
characterization of zinc oxide structures generated in the mentioned tubal furnace setup (compare

4. publication in chapter “3 Publications”).

2.7.3 Electron microscopy: scanning electron microscope (SEM) and transmission electron
microscopy (TEM)

The exploration of the morphologies of materials with SEM and TEM techniques is essential in

material science and nanotechnology. Here, a focused electron beam generated, for instance, with

a field-emission (FE) electron gun, can be used for a scanning electron microscope (SEM). This

primary electron (PE) beam can be focused with condenser lenses and scan coils control the

scanning of a material (compare following Figure 18).
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Figure 18. Schematic construction of the main elements in a typical scanning electron microscope (based on Egerton

et al.?* including literature in there).

The PE interact with the material of the sample and produce various phenomena (only the most
important ones in context of this PhD thesis are mentioned):

1) secondary electrons (SE): elastic scattering, low energy

2) back scattered electrons (BSE): elastic scattering, high energy

3) transmitted, diffracted electrons (TE): penetrating the material

4) photoelectrons: based on the Auger-effect

5) high energetic radiations: like X-ray with characteristic energies, useful for energy disperse

microscopy X-ray spectroscopy (EDX)?*

The type of interaction and the intensity strongly depend on the energetic level of the PE. The
higher the energy, the higher the penetration depth of PE (“potential bulb” displayed in Zhou et
al.?*Y). For this PhD thesis, the SE are detected by a secondary electron detector and an in
lens/InLens detector. The former collects the electrons scattered to the side of the sample while
the latter detects the electrons coming directly from the direction of the surface normal. In
transmission electron microscopy, the electron completely penetrating the sample can be detected.

More details can be found in the literature. 240241
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2.7.4 Time-of-flight secondary ion mass spectroscopy (ToF-SIMS)

Precise identifications of chemical surface compositions can be realized with the use of ToF-SIMS,
for instance. The principle of secondary ion mass spectroscopy is based on the bombardment of a
substrate using a primary particle beam consisting of Ar*, Bis*, Ga* ions and other ones.?*? A

schematic image can be found in the following Figure 19.
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Figure 19. Schematic illustration of secondary ions fabricated by collisional process with primary particle (based on

Vickerman and Briggs?#? including literature in there).

Most of the secondary particles are electrically neutral, while charged particles ionized by the
primary particles from a liquid metal source can be analyzed by the typical mass spectroscopy via
the m/z ratios of the generated fragments.??8242 The fragments of the first few nanometers of the
surface are ramped up in an electric field which has the following energy balance (based on

228

literature??® including literature in there):??8

(40) zUg = %mv2

Here, the potential electric energy of the particles with the corresponding charge z and the
acceleration potential Ug is transformed into kinetic energy (m is the mass of the corresponding
particle and v the velocity).??® After this acceleration step, all secondary particles have the same
Kinetic energy Exin and reach a drift segment with length | without any present field. Based on the
different m/z ratios of the fragments, heavy low charged secondary ions need a longer time to
traverse the drift path.22242 With the help of equation (40) and the simple “length 1 -time t

13W”228'242

(41) t=-

the following separation of the particles regarding their m/z ratios is possible:228242
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m ZUBtZ
z 12

(42)
2.7.5 Static water contact angle measurements

An experimental approach to prove the wettability (hydrophilic and hydrophobic properties of the
surface in contact with water) is the measurement of the contact angle (compare chapter “2.3.1
Wetting of surfaces”). This fact becomes clearer by taking a look at a basic thermodynamic view

of a sessile drop of liquid (I) on a solid surface (s) in gas phase (g) as illustrated in Figure 20.

DY

Figure 20. Schematic illustration of surface tension and contact angle (adapted from Habenicht'® and Butt et al.*®

including literature in there).

Here, the surface tension of the liquid is given as yig (=y1), the surface tension of the substrate ygs
and the surface tension between the liquid and the solid phase yis are in thermodynamic equilibrium
by creation of the contact angle 0.1'° This angle indicates whether the surface is hydrophilic or
hydrophobic in the case of water: the lower the contact angle 0, the higher the wettability of the
substrate. The three-phase contact line is often called the wetting line.X> However, the definition
of wetting depends on the definition and the literature. For example, Habennicht defines a surface
with a contact angle of > 90° as “incomplete wetting”'® while Butt et al. and with the literature in

there are referring to a liquid which “is said not to wet the solid”.®

2.7.6 Atomic force microscope (AFM)

2.7.6.1 Basic experimental setup and measurement principles

The experimental setup of an AFM is displayed in Figure 21. A laser beam is focused on a
cantilever with a tip (diameter in the range of 5-50 nm*) movable by a piezo-actuator. In some
apparatus it is even possible to move the sample instead of the cantilever-tip by a piezo.™ The

piezo effect opens the door for a precise movement in all three dimensions in the nanometer range.
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Figure 21. Schematic image of the experimental setup of an atomic force microscopy (AFM) (based on the poster

presentation at the ICAS conference in Pisa in 2019 and on Butt et al.*® including literature in there).

While measuring the reflected deflection of the bended cantilever in contact with the surface with
a photodiode and scanning the substrate, it is possible to have an electric signal from the
photodiode dependent on the 3D-position. Thus, a calibration of the cantilever is necessary to
convert the electronic values into forces and distances.?*® For the precise determination of the
spring constant K¢, which is essential for the calibration process, several methods are summarized
by Butt et al.® Thereby, the error of the cantilever calibration is estimated to be within the range

of 5 % according to Bouchiat et al.?*

2.7.6.2 Different measurement modes with AFM
AFM offers the possibility to obtain a tridimensional representation/image of the topography of a
substrate’s surface. This can be performed in liquid under atmospheric conditions and in a gas
phase under atmospheric conditions or in vacuum. In principle, three different cantilever-substrate
interactions can be used to scan the surface:

1) Contact mode

2) Intermittent contact mode

3) Non-contact mode

Thereby, only the first two modes were used in the context of this PhD thesis. In the first mode the
scanning cantilever is directly in contact with the surface?*®, which can be used, for instance, for
the investigation of tribological properties.?*® The resulting bending of the cantilever can then be
transferred from an electronic signal into a length via the mentioned calibration step of the
cantilever. After the successful calibration of the tip, the applied force to approach the tip in contact
with the surface can be set (on a scale of smaller than nN). However, it is possible to destroy the
cantilever or the sample by applying too much force. This depends strongly on the properties of

the cantilever such as its geometry and its material. For example, by using silicon cantilevers
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incorporating pyramidal geometries and a sharp diamond-like tip, a huger variety of loading forces
can be applied to the sample and high-resolutions are obtainable as well.2*

In the intermittent contact mode, the cantilever tip is not constantly in contact with the surface: it
is oscillating at its maximum resonant frequency with a defined amplitude in the nanometer range.
The cantilever-sample distance is controlled by keeping the amplitude of the oscillating
cantilever using an electronic feedback. As a major advantage, the suppression of the lateral
forces occurring in the contact mode (when tip and sample are in close mechanical contact)
allows to obtain, in general, better lateral resolution in the intermittent contact mode. As a
consequence of the tip-surface interaction, a phase lag between the external excitation of the
cantilever and the electronic signal registered at the detector, i.e. a phase shift (contrast), is
related to the occurrence of (nano)domains on the surface exhibiting differential
physicochemical properties. A brief overview about dynamic atomic force microscopy methods

can be taken from the review publication by Garcia et al.?*’

2.8  Singe molecule force spectroscopy (SMFS)
2.8.1 Basic explanations and literature review
The measurement of molecular adhesion forces is a difficult topic. Several experimental
approaches can be found in the literatures.™ For instance, the surface force apparatus (SFA),
atomic force microscopy (AFM)-based setups, optical tweezers, total internal reflection
microscopy, and magnetic tweezers are mentioned by Butt et al.®® and Roy.?*® However, in context
of this PhD thesis the atomic force microscope (AFM)-based force distance spectroscopy,
especially with single molecules, is the main advanced experimental approach considered herein.
The measurement of the surface force comes with two main difficulties:

1. Short lengths/distances with forces in the range of pN up to nN and

2. Control of sensitive detection under highly challenging rough surfaces with possible

contaminations®®

Both requirements can be solved with an AFM-based equipment invented and published by
Binning et al. in 1986 in Physical review letters®*® that enables atomic resolutions and
sensitivities, 249250
Several experimental approaches are conceivable depending on the modification of the cantilever
250251 and the usage of theoretical models for surfaces forces.'® Three main classes can be
mentioned in this context of adhesion forces measured with AFM based concepts:

1. chemical force microscopy (CFM)/spectroscopy?%>-2%

2. colloidal force spectroscopy (CFS)/microscopy?®2%4
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3. single molecule force spectroscopy (SMFS)?265-269

All three mentioned approaches are based on the modification of the tip, either the surface (CFM),
by attaching molecules (SMFS) or colloids (CFS). Obviously, it is still possible to perform
microscopy imaging with the modified cantilevers, but it is influenced by the attached species.
However, all three classes can also be used for the measurement of force-distance curves, which
implies the forces occurring between the tip and substrate surface.

It is possible to chemically modify a cantilever with a self-assembled monolayer (SAM) and
measure the interactions between this SAM and a well-defined surface. This method is called
“chemical force microscopy” (CFM).2*%%3 Frisbie et al. published a fundamental analysis of the
interactions of different functional groups with CFM.?* The authors can found a molecular force
of 8.7 nN for -COOH/-COOH interactions, while the —CHa/-CHz interaction is much lower at
2.7 nN because it is limited to van der Waals forces.? Interestingly, the authors derived from the
Johnson-Kendall-Roberts (JKR) model that the contact area between surface and tip has been
10 nm?, which means that around 50 functional groups are simultaneous in contact.?>® Another
comparative work for the adhesive force analysis of several functional group pairings was
performed by Clear et al.>>’ In addition to that, Noy et al. could show that the ionic strength of the
medium affects the electrostatic interactions of “COO7/NHs* tip/surface”.?®® Therefore, 11-
mercaptoundecanoic acid was attached by thiol-gold chemistry while the silicon surface was
modified with 3-aminopropyltriethoxysilane.? With increasing salt concentration (NaCl) at pH
6.5, a decrease in the measured forces could be observed. The decreasing Debye length Ap with
increasing salt concentration lead to a higher shielding of the functional groups by ions, resulting
in lower charge-charge interactions.?>> Moreover, the pH dependence at high and low values
showed lower adhesion forces than at neutral pH. Thus, the hypothesis of charge-charge
interactions at neutral pH has been proven.?®> Another example for the usage of CFM is the
analysis of single live cells as shown by Dague et al.?®® The authors modified the cantilever tip
with —CHs-terminated alkanethiols via gold-thiol chemistry.2® These results showed an rise in the
adhesion force obtained for increased surface fractions containing —CHz groups caused by a boost
in the hydrophobicity.?®

The modification by the attachment of colloids to the cantilever tip can be categorized by “colloidal
force microscopy” and “colloidal force spectroscopy”.?%! Ducker et al. published a fundamental
study of the use of an AFM to measure the forces between a planar surface and a colloid attached
to the tip.?®* A classic example was published by Biggs et al. who attached a poly(styrene) sphere
to a cantilever tip.2’® Based on that, Wong et al. could develop the covalent modification of single-

walled carbon nanotubes (SWNTSs) as microscopy tips.2’* The advantage of this approach is the
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high tip-surface distance resulting in a higher lateral resolution of the force-distance curves and
imaging microscopy. Besides, the authors could attach different functional terminations such as
carboxylic acid groups to the SWNTs.2" In a further study, the authors demonstrated the high-
resolution imaging with carbon nanotube modified tips applied to biological probes such as
amyloid-p 1-40 (AP40) fibrils.?’?> Additionally, a broad field is the measurement of particle-
particle interactions performed by modified AFM tips with different colloids.28260262-264 Fqr
instance, the review of Harrison et al. summarizes the colloidal force microcopy as a measurement
tool for the understanding of capillary forces in nanoparticle adhesion.?®* In addition, the review
of Kappl and Butt?%? showed a brief overview of the most important parameters to take into account
regarding the measurement of colloidal probe techniques by AFM like the calibration of spring
constants, applied load and contact time, humidity, and surface roughness.?®? In this context, Fuji
et al. showed that the surface geometry structure of silica particles influences the adhesion force.?”®
The presence of capillary bridges up to capillary condensation leads to an adhesion force measured
by AFM.27

However, for both CFM and CFS single adsorption events are not accessible. In this regard, single
molecule force spectroscopy (SMFS) is an interesting experimental approach where the key point
is the modification of the cantilevers with long molecules like in the case of macromolecular
polymer chains.?*%'" A fundamental study of this kind of adhesion force measurement was
published by Noy et al.?®” Figure 22 summarizes the transfer from the electronic signal collected
in V into a force in the range of nN dependent on the piezo displacement. The repulsive linear part
in a typical force-distance curve can be fitted to the Hook’s law to obtain the sensitivity of the
cantilever from the slope in nm/V (piezo-displacement versus photodetector signal). The
combination with the spring constant K¢ given in N/m obtained, for example, from the thermal
tune calibration method due to thermal fluctuations, leads to a force in nN. In principle, the spring
constant K¢ of a rectangular cantilever could be calculated with equation (43) (taken from

literature™ including literature in there):°

Ewd3
413

(43) K. =

Here, E denotes the Young modulus, w the width of the tip, d the thickness of the tip and L the
length of the cantilever.'® Besides, the geometry of the tip on the cantilever plays an important role

in the quantitative and reproducible analysis with AFM experiments based on force-distance
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mappings.2’® Ferreira et al. demonstrated with milled tips produced with a focused ion beam (FIB)

that a significant difference in the adhesion forces was found.?’®

Slope linear part Thermal tune with Hook's law
= Sensitivity (nm/V) = Spring constant (N/m) F =-k-Ax
Fori?’ N === Approach curves

— Retraction curves

Rupture event
Plateau event

» Distance/ um

Figure 22. Combination of sensitivity and spring constant with law of Hook for the generation of final units. The
result is a force in nN versus distance in um curves, for example (based on the own poster presentation at the ICAS

conference in Pisa in 2019).

When the tip is brought into contact with the surface, the polymer chains and their functionalities
interact with the surface functional groups such as hydroxyl groups. When the tip is withdrawn
afterwards, this interaction has to be broken. Thus, the force-distance curves collected for the
desorption, namely retraction curves, of the polymer chains attached to the cantilever tip depend
both in shape and total force values on these interactions. Geisler et al. stated that the SMFS
approach is similar to a “nano-peel test”.2%8 In the literature there are mainly two different kinds
of events in the force distance curves: (multiple) rupture events and plateau events/plateaus as
displayed in Figure 22 as red and blue colored curves, respectively.?’

In the latter case, the desorption is in an equilibrium state where all bindings are based on weak
interactions such as electrostatic or van der Waals interactions, thus breaking successively in a
row.2’® Thereby, no extension/stretching of the polymer chains is present and all polymer functions
interact (simultaneously) with the surface. Thus, no specific adsorption could be detected.?®

The reason for (multiple) rupture events could be (a) specific interaction(s) between (several) two
functional groups. The functionalized cantilever marked by an “x” in Figure 23 approaches to the
surface in the steps 1) and 2) until the molecules and the cantilever tip reach the interfacial region
and finally touch the surface in the contact mode with a fixed force, for instance, 4 nN. This

complete curve is defined as the “approach curve” and drawn as a dashed line in Figure 23.
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Figure 23. Schematic illustration of the explanation of rupture events in force distance curves in single molecules

force spectroscopy (based on Lee et al.?® and Bizzarri et al.?®! including literature in there).

After the approaching step, the molecules can interact with the surface layer of the substrate and
can specifically bind to a functional group marked as “y” of the surface (point 3) in Figure 23).
The dwell time until the retraction should start can be set in the software of the AFM. This opens
the door for kinetic studies, leading to a fundamental understanding of the processes of bindings.
The retraction curve (solid black and red line) starts at 3) with the nonspecific interaction/force of
the cantilever tip till position 4) in Figure 23. This force results from the interaction of the
cantilever tip with the surface.?® The further retraction leads to the extension/stretching of the
interacting molecules/polymer chain resulting in a “x-y” interaction displayed in position 5) in
Figure 23. Afterwards, a maximum (point 6)) can be detected in the retraction curve. This specific
unbinding force/molecular adhesion force/desorption force represents the interaction between the
surface and the attached molecules at the cantilever.?°

To sum up the most important interpretations of SMFS events: plateau events are caused by mobile
polymer chains, where the interactions are reversible caused by equilibrium state forces and the
interactions are relatively weak (van der Waals, electrostatic and hydrogen bridging). Rupture
events are specific, irreversible interactions caused by immobilized chains with strong interactions
like covalent, coordinative or chelate bindings.?*282

A lot of publications in the field of SMFS can be mentioned, especially of the working group of
Gaub.?8328 |n addition to the usage of polymers attached to the cantilevers, it is even possible to
link biomolecules such as proteins, peptides and deoxyribonucleic acid (DNA) molecules to the
cantilever tip. The analysis of protein/DNA-surface interactions via SMFS represents a broad field

in the biochemistry sector.?>28 For instance, Geisler et al. used a spider silk protein.?® Gilbert et
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al. used an antibiotic-modified tip to measure possible ligands on living bacteria.?®’ Bouchiat et al.
were able to show the successful fitting of the worm-like chain (WLC) model to force distance
curves of extended DNA molecules.?*

Besides adsorption, different systems can be investigated as well. For instance, Hugel et al.
investigated the elasticity of polymer chains of poly(vinylamine).?”®> Another example was
established by Sonnenberg and co-workers of the working group of Gaub who investigated the
quantification of SMFS of poly(L-glutamic acid) (PLE) and calcite crystals.?3® Anisotropic
interactions of different facets of the calcite under pH control and the calcium concentration lead
to a helpful correction for the polypeptide-mineral system by the polymer-controlled
crystallization.?® For a better overview, the reader is referred to the publication of Friedsam, Seitz
and Gaub about SMFS.2"

2.8.2 Cantilever functionalization

The functionalities can easily be controlled to study the interactions of interest. In the context of
this work and in most of the published SMFS reports, a prior cantilever modification performed
with thiol-gold chemistry was done to attach in a second linking step a polymer to the first
molecule layer. Here, the already mentioned SAM’s are useful for the first modification step of
the cantilever: the molecules in the SAM have on one end a thiol/H-S-functionality to give rise to
an Au-S-bond with the gold-coated AFM tip. The other end of the linear molecule in the SAM has
a chemical function (e.g. —NH., -OH), which acts as an anchoring/ linking group for known
coupling reactions. The functionalization with PAA chains, relevant for this work, has been
summarized by Friedsam et al.?’® After a gold coating of the cantilevers and successive cleaning
steps, the adsorption of 11-mercaptoundecan-1-ol was done in ethanoic solution.?”® The coupling
reaction to link the PAA chains to the alcoholic functionality was performed with ethylenediamine
(EDA), N-Hydroxysulfonosuccinimide sodium salt (S-NHS) and N-(3-(dimethylamino)propyl)-
N'-ethylcarbodiimide hydrochloride (EDC hydrochloride).?”® The prepared cantilevers showed
very long-term stable properties and can be used for different samples with various
polyelectrolytes, for example, PAA on ammonium-functionalized silicon, as shown by Friedsam
et al.2®

A key aspect becomes clear at this point: the intramolecular bonds based on covalently interactions
have to be much stronger than the irreversible binding process at the surface to prevent the
destruction of the polymer structure.?® This is a typical limitation of SMFS. As described above,
most of the cantilever modifications are based on the Au-S-binding. Therefore, a lot of studies
analyzed the Au-S-bond which is stated to be the weakest bonding in the majority of cases.?%02%

However, the unbinding force for the Au-S is necessarily higher than the unbinding interactions
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measured between the PAA and the ZnO surface.**1%” For instance, Xue et al. (in Nature
Communications) quantified the thiol-gold interactions under different influences such as pH and
oxidized Au.?®® They mentioned a binding force of around 1.5-2.2 nN?% while other authors
mentioned an Au-S-force between 1.2 and 1.7 nN.*32%2 A clear proof for the fact that the molecules
attached to the cantilever are still stable is the comparison of the collected curves at the beginning
and at the end of all measurements. With regard to our manuscript (publication 2.), it should be
noted that, even after obtaining desorption values in the range of up to 1.7 nN, similar multiple
rupture force profiles were subsequently registered, indicating that the integrity of the as-prepared
PAA layers has not been significantly affected. Moreover, the dwell-time dependence of the
measured forces further indicates that the desorption of carboxylates at the ZnOf/electrolyte
interface dominate the obtained data.’®” Moreover, Friedsam et al. showed that a SAM including
a thiol-gold binding linked to PAA is long-term stable.?®® Although their force values were lower
than 300 pN, it underlined the excellent advantage of SMFS: rebinding events after every force-

distance curve.?°

2.8.3 Data interpretation of multiple rupture events and surface roughness

In some cases, it is even possible to have multiple rupture events in one force-distance curve. In
this case, more than one molecule interacts with the surface and create an overlapping of the
events.?®* Moreover, more than one functional group of one molecule can bind to several
positions/functional groups on the surface. For instance, Li et al. and Liu et al. studied the
interactions of a single crystal TiO. (rutile) surface and a 3,4-dihydroxyphenylalanine (DOPA)
modified cantilever with SMFS.?°>2% Based on the knowledge of the high adhesion properties of
DOPA to wet surfaces, the authors found different binding mechanisms explaining the wide range
of adherence.?®® The binding forces are ranging from 40-800 pN, underlining the wide adhesion
possibilities.?® The results showed multiple rupture events depending on the crystal orientation of
the TiO2 surface. The hydroxyl groups of DOPA could interact via hydrogen and coordinative
bonds to the different TiO> facets. Furthermore, the results illustrated as typical histograms of the
number of events versus the corresponding molecular adhesion force, showed two possible
Gaussian fits.?8° The multiple rupture events and the double fittings could be explained by two
coordinative bindings on (110) and (100) surfaces of Ti02.%°

Regarding the effect of a higher roughness of a surface in terms of more accessible surface points
to adhere for polymers in comparison to the smoother single crystals mentioned before, Geisler et
al. demonstrated that the morphology does not affect the SMFS values, as highlighted by molecular
dynamic simulations.?®® The authors explained that the adsorption energies per molecule are

similar on rough surfaces.?®® To the best of our knowledge, especially the measurement via SMFS
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on nanostructured surfaces has not been investigated in detail, but can be found in the 2.
publication of this PhD thesis.

2.8.4 Bell-Evans theory: Kinetic and thermodynamic values from SMFS

At this point it is useful to mention the Bell-Evans theory?®”2% for the determination of kinetic
and thermodynamic parameters of the bonding process as in receptor-ligand interactions measured
by SMFS. The Bell-Evans theory was developed for cell-cell adhesion phenomena.2%7:2%:300 The
typical analysis based on the Bell-Evans theory is the variation of the loading rate r at different
retraction rates v. With the spring constant Kc of the cantilever, it is possible to calculate the

loading rate r from equation (44):2%°
(44) r=v-K

According to the Bell-Evans theory a dependence on the mean rupture forces F and the logarithmic

loading rate r is found to be (based on literature®°2% including literature in there):30%:302

(45) F(r) = kXLBT ‘In (krA)

offkBT

It can also be formulated as:

(46) T=

The following Table 1 summarizes the physical interpretations of the parameters used in the
equations (45) and (46).

Table 1. Summary of the parameters containing in the Bell-Evans theory.

symbol of the parameter meaning units
ks Boltzmann’s constant m2-kg-s 2K
T temperature K
distance between the bound state and transition
o state; height of the energy barriert30.298:302 b
Koff thermal off rate; dissociation rate at equilibrium?3® st
T lifetime of the complex; bound-state lifetime®°* S
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It becomes clear that important parameters could be extracted from SMFS experiments by plotting
the mean rupture force F from Gaussian fits of corresponding histograms against the logarithmic
loading rate r. The intercept gives the information of xg, while the slope with the value of yg lead
to the thermal off rate Kosf Which is itself inverse to the lifetime t of the bound state. Moreover, it
is even possible based on the transition state theory with the use of kot to calculate the total free
energy AG where h is Planck’s constant (based on the literature?®83013%3 including literature in

therE):298'301'303

47) AG = —k5TIn (%)
B

It has to be noted that this model only fits rupture events and not plateau events due to equilibrium

processes like plateaus being independent of the retraction rate.

2.9 ldentification of macroscopic adhesion performance

2.9.1 90°-peel-test

Not only the molecular adhesion based on the applied AFM based methods are interesting for the
analysis of adhesion mechanism. In fact, the macroscopic adhesion force measured by 90°-peel-
tests opens the possibility for a comparative and quantitative measurement of macroscopic peel-
off forces. Within this experimental approach, model adhesive films like an epoxy-amine resin
could be applied and cured on metallic samples without or with adhesive films (compare following
Figure 24).304

peel-off
force F/
load p

adhesion promoting film
(i.e. poly(acrylic acid)

Figure 24. Schematic image of the measurement principle of a peel-test (based on Crocombe and Adams3%*

including literature in there).
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The needed peel-off force can easily be measured by a force meter and gives a hint of the adhesion
performance of joins. The load p or force F depends on the peel angle B.3% The latter one is fixed
to 90° in all experiments. The peel-off forces are applied continuously on an adhesive film in a
short time segment. To gain comparable results, the peel-off forces in N have to be normalized to
the width of the detached film resulting in typically N/mm units. An advantage compared to the
SMFS is that the free-standing surfaces can be analyzed by different surface analytics to

investigate the adhesion mechanism and failure.

2.9.2 Shear test of two parallel connected specimens

A simple shear test was used in the 4. publication for the analysis of the interfacial forces due to
the spray coating with water-based solutions containing ZnO tetrapods and poly(acrylic acid). The
shearing of two specimens with a shear testing machine is well-known and could be performed in
a straightforward way as displayed in Figure 25.3% Even the analysis of adhesion failures of small

structures can be performed with the usage of simple shear test setups as shown by Schammler et
a|_3O7

applied
force F

applied
force F

fixing
tools

transverse
slider

longitudinal
slider

sample 1

fixing

tools sample I

Transferred to the
used experimental
approach

sample 11
spray
coating

Figure 25. Schematic image of a simple shear test (left side, based on G’Sell et al.* including literature in there)
and the used approach in the 3. publication®? of this thesis (right side).

A standard hydraulic tensile machine can apply the force to the longitudinal slider which is
connected to sample I. With a transverse slide the sample side Il is mounted. Here, a normal force
can also be applied to stabilize the mounted construct (not shown in Figure 25). Further

information can be found in the literature.3%
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For this PhD thesis, the experimental setup of the peel-test was used to apply the force F to a
sample slide I which is fixed to the force meter and which is connected via a spray coating to a
fixed sample 1l (right side illustrated in Figure 25 — compare 4. publication of this PhD thesis).
The complete laminates were exposed to high humidity for a constant time. Consequently, the
adhesive hybrid coating of the spray process loses its adhesive performance due to the migration
of water at the interface. Indeed, the experimental results in the 4. publication showed an interfacial
breakage.>® Therefore, this setup could be used for the comparative investigation and proof of the
different spray coatings. The forces were normalized to the joining area of the two samples to get

N/cmz, respectively.
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3 Publications

For this cumulative dissertation the following four first-author publications peer-reviewed in

international journals were selected:

1. Dennis Meinderink, Alejandro Gonzalez Orive, Simon Ewertowski, Ignacio Giner, Guido
Grundmeier, Dependance of Poly(acrylic acid) Interfacial Adhesion on the Nanostructure of
Electrodeposited ZnO Films, ACS Applied Nano Mater. 2,2 (2019) 831-843
(abbreviated as 1. publication in this thesis)

2. D. Meinderink, C. Kielar, O. Sobol, L. Ruhm, F. Rieker, K. Nolkemper, A. G. Orive, O.
Ozcan, G. Grundmeier, Effect of PAA-induced surface etching on the adhesion properties of
ZnO nanostructured films, International Journal of Adhesion and Adhesives 106 (2021)
102812
(abbreviated as 2. publication in this thesis)

3. D. Meinderink, A. G. Orive, G. Grundmeier, Electrodeposition of poly(acrylic acid) on
stainless steel with enhanced adhesion properties, Surface and Interface Analysis 50 (2018)
1224-1229
(abbreviated as 3. publication in this thesis)

4. Dennis Meinderink, Karlo J.R. Nolkemper, Julius Birger, Alejandro G. Orive,
Jorg K.N. Lindner, Guido Grundmeier, Spray Coating of Poly(acrylic Acid)/ZnO Tetrapod
Adhesion Promoting Nanocomposite Films for Polymer Laminates, Surface & Coatings
Technology 375 (2019) 112-122

(abbreviated as 4. publication in this thesis)

The scientific understanding of the molecular adhesion mechanism of poly(acrylic acid) (PAA)
molecules on technically relevant substrates such as zinc oxide (ZnO) surfaces had still been an
open question. Single molecule force spectroscopy (SMFS) with poly(acrylic acid) was performed
on preconditioned stainless steel and nanostructured ZnO films electrochemically deposited on
stainless steel to understand the molecular adhesion mechanisms like coordinative interactions to
nonpolar ZnO surfaces (1. publication).

This established molecular adhesion model was used to tentatively transfer the adhesion promoting
properties of PAA/ZnO materials to steel. The latter was done by means of the immersion of
industrially relevant hot dipped galvanized steel (HDG) modified with ZnO nanostructured
surfaces in dilute aqueous PAA solution including the proof of the macroscopic adhesion
properties (2. publication). This work completed the understanding and evidence of the molecular

adhesion properties by measuring the macroscopic adhesion via a model epoxy amine resin. These
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results are in full agreement with the conclusions obtained from SMFS experiences. So, the
molecular adhesion model could be extended to macroscopic systems.

Based on the results generated from Bauer, Meinderink et al. via electropolymerization of acrylic
acid on carbon fiber reinforced plastics'®, the adhesion promoting properties of poly(acrylic acid)
were tested on stainless steel substrates to prove the applicability as a macromolecule for the
subsequent experimental approaches (3. publication). These results showed a significant
enhancement in the macroscopic adhesion forces by variable PAA thicknesses controlled via the
electrochemical conditions (here: constant current density with different deposition times). A
possible interfacial failure in the PAA layer has been proposed.

The strong binding mechanisms such as coordinative bonds between the ZnO nanostructures and
deprotonated PAA molecules established via SMFS and immersion/macromolecular adhesion
experiments were combined in the development of a technically interesting spray coating process
of ZnO tetrapod/PAA nanocomposite films on poly(propylene) (PP) foils (4. publication). Here,
the cohesive failure in the core crystal structure of ZnO tetrapods (ZnO TP) and the adhesion
promoting properties were demonstrated.

All in all, the total work of the selected four publications complete the understanding of the
macroscopic and molecular adhesion mechanisms of PAA on technically and industrially relevant
surfaces including stainless steel, ZnO nanostructured films and poly(polypropylene) foils. The
generated benefits and knowledge open the door for the application of PAA/ZnO systems as

adhesion promoting composite layers.
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3.1 Dependance of Poly(acrylic acid) Interfacial Adhesion on the Nanostructure of
Electrodeposited ZnO Films

The publication (1. publication of this PhD thesis) presented below and written by D. Meinderink,
A. G. Orive, S. Ewertowski, I. Giner and G. Grundmeier with the title “Dependance of Poly(acrylic
acid) Interfacial Adhesion on the Nanostructure of Electrodeposited ZnO Films” was reused with
permission from American Chemical Society (ACS) Appl. Nano Mater. 2019, 2, 831-843.
Copyright 2019 American Chemical Society.

https://pubs.acs.org/doi/10.1021/acsanm.8b02091

Zinc oxide nanostructures have reached a high level of interest due to their broad field of
applications like photochemistry®2®, gas sensors® and adhesion promoting properties®* as already
discussed in the introduction of this PhD thesis. However, the molecular mechanisms of
nanostructured ZnO films causes behind these adhesion promoting properties are still an open
question. Based on the enhancement of the macroscopic adhesion of poly(acrylic acid) shown in
the 3. publication below, the following 1. publication combined the adhesion properties of both
the zinc oxide nanostructures and poly(acrylic acid) to quantify the real molecular adhesion
mechanisms by means of single molecule force spectroscopy (SMFS) based on atomic force
microscopy (AFM). Gold cantilevers were modified with PEG via thiol-gold chemistry to first
covalently bind an inert polymer chain as a distance holder between the tip of the cantilever and
the end of the chain. Then, the distal amine groups in the PEG chains were used for the subsequent
amide condensation with carboxylate groups present in the PAA chains, which remain thus
attached to the gold-coated AFM tip. The dependence of the ratio of nonpolar sidewalls and polar
topper parts of the ZnO wurtzite nanocrystals on the molecular adhesion with different dwell times
was investigated. The results clearly demonstrated the increased interfacial molecular adhesion via

+l1

coordinative and chelate bonds by having a higher amount of more accessible Zn*™" atoms in the
outer part of the nonpolar sidewalls realized by ZnO nanorods. In comparison to that the platelet-
like ZnO films showed lower molecular adhesion forces visible as rupture events in the
corresponding force distance curves and plateau events occurred with increasing dwell time caused
by lower molecular adhesion mechanisms based on electrostatic interactions and hydrogen
bridging. This 1. publication underlines that the adhesion promoting of ZnO nanostructures is not
only affected by the mechanical interlocking but also based on the interfacial chemistry controlled

by deposition methodology.

The input of the total work corresponding to the different Co-authors is summarized in the

following Table 2. The first results were collected in the master thesis of S.E. We could reproduce
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the results and use his work as a starting point for this publication. All produced results and figures

are based on new work and ideas from D.M.

Table 2. Summary of the author contributions involved in the publication “Dependance of Poly(acrylic acid)

Interfacial Adhesion on the Nanostructure of Electrodeposited ZnO Films”.

e involved
author contributions

persons

validation, writing, coordination, investigation, conceptualization, original

draft, visualization, sample preparation, experimental executions, analytical

measurements, evaluations, data curation, formal analysis, scientific oM
discussion, review & editing
scientific discussion, support, mentoring, interpretation of data revisions of
the manuscript, review & editing AGO.
conceptualization, investigation, scientific discussion, content checking, S.E,
review & editing I.G.

project administration, funding acquisition, resources, conceptualization,
scientific discussion, supervision, mentoring, interpretation of data, revisions | G.G.

of the manuscript, review & editing
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Dependance of Poly(acrylic acid) Interfacial Adhesion on the
Nanostructure of Electrodeposited ZnO Films

Dennis Meinderink,” Alejandro Gonzalez Orive, Simon Ewertowski,"' Ignacio Giner,
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© Supporting Information

ABSTRACT: Understanding the impact of the intricate

morphology and surface chemistry of ZnO nanorod arrays on

their interactions with polyelectrolyte polymers is crucial for the
development of nascent ZnO-based adhesion-promoting materi-

als. AFM-based single molecule force spectroscopy was applied
for the analysis of the adsorption of poly(acrylic acid) (PAA) on

zinc oxide (ZnO) film covered stainless steel substrates in
aqueous electrolytes at pH 7. Based on the electrodeposition

process, the morphology of zinc oxide films could be varied
ranging from platelet-like crystals to nanorods. This approach

allowed for the morphology dependent analysis of macromolecular adsorption processes on complex ZnO nanostructures which
have diverse applications in the field of adhesion-promoting thin films. The surface chemical composition, as determined by X-
ray photoelectron spectroscopy, could be correlated to the AFM-based desorption studies. Only equilibrium desorption events
(plateaus), centered at 42 pN, were observed on mirror polished, preconditioned stainless steel. However, for platelet-like ZnO
films, the poly(acrylic acid) desorption showed a mixture of rupture events (mean rupture forces of about 350 pN) and
equilibrium desorption, while ZnO nanorod structures showed solely rupture events with mean rupture forces of about 1300
pN. These results indicate that simultaneous multiple ruptures of carboxylate—zinc bonds occur due to the macromolecular
coordination of poly(acrylic acid) to the ZnO nanorods. The analysis of the interfacial adhesion processes is further supported

by the dwell time dependence of desorption processes.

KEYWORDS: electrochemical deposition, zinc oxide (ZnO), stainless steel, single molecule force spectroscopy (SMFS),
molecular adhesion, poly(acrylic acid), adsorption free energy, worm-like chain (WLC) model

1. INTRODUCTION

Fundamental and applied studies on both the optical,
physicochemical, and electronic features and also the interfacial
adhesion properties to polymers and macromolecules exhibited
by crystalline zinc oxide-based surfaces (ZnO) have received
considerable attention from the research community. ZnO
nanostructures have been studied intensively in recent years.
They find application in many fields, such as photodiodes,
photocatalysts, light emitting diodes, photodetectors, solar
cells, varistors, and gas sensors.' ' The wide application range
of ZnO nanostructures can be attributed to the inherent
characteristics of ZnO and its ability to create diverse
morphological structures both in solution and at solid
substrates. In addition, their physicochemical surface area
reactivity can be monitored by varying their aspect ratio.”
Both the crystal structure of ZnO surfaces and their growth
mechanisms have been thoroughly investigated over the past
few years.® Recent reviews provide a comprehensive overview
over the different deposition methodologigs aimed at the
controlled growth of ZnO nanostructures.””* In this regard,
deposition methods based on aqueous solutions have been
proved to be an efficient and low-cost methodology to grow
one-dimensional ZnO nanostructures even on substrates with a

< ACS Publications  © 2019 American Chemical Society
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large surface area under mild conditions. Deposition
parameters such as temperature, concentration of the precursor
molecules, deposition time, and the addition of growth-
affecting organic‘) or inorganic additives, strongly influence the
growth behavior of the as-obtained structures and the
parameters of the s?rnthesis were optimized over the most
recent decades.'’”"* The deposition of ZnO nanorod
structures on conductive materials can be easily achieved by
electrodeposition from aqueous precursor solutions. In this
procedure the application of a potential across the interface
allows for an accurate control of the deposition process as
shown in a recent review by Skomska and Zarebska.” As an
example, Liu et al. and Wong et al. used this methodology to
precipitate ZnO nanorods onto %old substrates and poly-
crystalline Zn foils, respectively.' ™"

The design of nascent polymer—metal oxide interfaces based
on nanostructured crystalline ZnO surfaces is of great interest
for many different applications.'>'® In particular, the
modification of substrates with ZnO nanorods would offer
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significant advances related to their inherent adhesion-
promoting capabilities.'” Ozcan et al. have proved that
significant adhesion enhancement between a metal substrate
and an adhesive polymer can be achieved by modifying the
substrate with ZnO nanorod films most likely due to the
enhanced interfacial surface area together with the differential
surface energy at ZnO adsorption sites.” However, the
fundamental mechanisms leading to such macroscopically
very stable interfaces have not been reported yet. Here we will
explore the enhancement in the interfacial adhesion to a model
polyelectrolyte, namely, poly(acrylic acid) (PAA), experienced
by stainless steel substrates modified with ZnO nanorod films
by means of AFM-based single molecule force spectroscopy
(SMES). SMFS allows one to quantify interfacial binding
properties of single molecules and macromolecules (covalently
attached to an AFM tip) to a specific surface.'” In a typical
SMES experiment, the force experienced by a molecular
interaction with a specific site on the substrate increases
gradually as the AFM tip is withdrawn from the sample until its
subsequent rupture. These adhesion forces can be straightfor-
wardly estimated from the peaks/plateaus arising in the force—
distance curve. Extensive reviews of this measurement
technique was published by Butt et al,'® Kim et al,'” and
Anselmetti et al.”’ The crystalline surfaces present in individual
nanorods are the ZnO(0001)—Zn oriented top surface and
ZnO(1010)—Zn facets parallel to the c-axis arranged in
hexagonal prisms. Under atmospheric conditions, the Zn-
terminated polar ZnO(0001) surfaces are stabilized via
adsorption of hydroxyl groups, which cancel the intrinsic
dipole moment present at the Zn atoms.'“*"** The sidewall
surfaces, where Zn and O atoms are exposed, exhibit higher
chemical reactivity to form coordinative bonds with various
functional groups such as carboxylic and phosphonic acids. In
this regard, fundamental adsorption studies carried out by
Valtiner and Grundmeier on single-crystalline ZnO(0001)—Zn
surfaces by means of SMFS clearly demonstrated that
carboxylic acid functionalities present in PAA molecules
adsorb weakly to hydroxyl-stabilized polar ZnO(0001)—Zn
surfaces (equilibrium peel-off plateau forces), whereas they
strongly bind to the separating step edges, namely, at nonpolar
Zn0(1010)—Zn domains, between the polar terraces, most
probably via coordinative bonds (nonlinear non-equilibrium
rupture forces).'®

Based on the latter results primarily obtained by Valtiner and
Grundmeier'® and Ozcan et al,'® and in order to elucidate
some important issues regarding the mechanisms for the
interfacial adsorption of polyelectrolyte polymers, namely,
PAA, onto ZnO nanorods, but both at a single-molecule level
and on the nanoscale, SMFS measurements have been carried
out within this work. PAA polyelectrolyte (macro)molecules
are used here as a suitable sensor for characterizing the
adhesive properties of surfaces of interest in the nanoscopic
level.'®**~*” SMFS not only represents an outstanding tool for
probing these local interfacial adhesion interactions on zinc
oxide crystalline surfaces, but also allows for the unveiling and
quantification of (possible) unfolding, shear, and interlocking
events”® occurring on randomly oriented and densely packed
electrodeposited ZnO nanorod arrays. Presumably, an
enhanced proportion of nonpolar sidewall surfaces exposed
to the interface in these ZnO nanorod films should lead to
enhanced unbinding values for the detachment of PAA
molecules. In order to clearly demonstrate (and quantify)
this assumption, ZnO nanostructured films exhibiting different
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aspect ratios were consequently prepared on stainless steel
substrates: ZnO nanorod and platelet-like ZnO films. Thus, the
dependence between the shape/profile and the magnitude of
rupture force and plateaus present in the force—distance curves
obtained for cycles of adsorption/desorption of PAA (macro)-
molecules onto ZnO nanorod films with the specific
morphology of the samples and the dwell time are investigated.
To further illustrate the enhanced adhesion promotion exerted
by these two ZnO surfaces, the SMFES results were compared
to those exhibited by preconditioned bare stainless steel
samples. To the best of our knowledge, very few reports have
dealt so far with the characterization of the adhesive
capabilities exhibited by nanostructured or nanoroughened
metal oxide crystalline surfaces such as those exhibited by ZnO
nanorods of high aspect ratio.”” Finally, here we show that
PAA adsorption can be dramatically favored by the precise
control of ZnO-film morphology.

2. EXPERIMENTAL SECTION

2.1. Materials and Chemicals. 2.1.1. Preconditioning of
Stainless Steel Samples for SMFS Measurements. Mirror polished
stainless steel foil (type 1.4301, XSCrNil8-10) was cut into 2 X 2 cm?
pieces. The samples were consecutively rinsed for 15 min in
tetrahydrofuran (THF; p.a. grade, stabilized), isopropanol (p.a.
grade), and ethanol (p.a. grade) in an ultrasonic bath. Afterward,
the samples were dried in a nitrogen stream. In addition, a plasma
cleaning step (Plasma Surface Technology, Diener electronic GmbH,
Germany) was carried out by treating the samples in a pure oxygen
plasma (p < 0.4 mbar, >40 1/h) for 1 min to remove any organic
contamination. Finally, the cleaned stainless steel substrates were
exposed to the aqueous electrolyte (2 mM NaClO,, pH adjusted to 7
by adding drops of 0.1 M NaOH) for 72 h to create a hydroxyl-rich
surface according to the work of Landoulsi and Dupres.”

2.1.2. ZnO-Film Deposition. ZnO nanorod films were deposited by
cathodic electrodeposition on the mirror polished stainless steel after
the solvent cleaning steps mentioned before. The cathodic electro-
deposition was performed in equimolar 0.01 M hexamethylenetetr-
amine (HMTA) and 0.1 M/0.01 M Zn(NO,),-6H,O-containing
aqueous solution at 80 °C for 900 s, using a three-electrode setup. By
using a Reference 600 potentiostat (Gamry Instruments), a constant
current density of —0.5 mA/cm?* was applied to the steel samples. The
surface area of the working electrode (WE) was confined by isolating
the sample with aid of an inert adhesive tape to have a final surface
area of 2 X 2 cm®. A potassium chloride-saturated Ag/AgCl electrode
was used as reference electrode (RE). This was connected to the
heated solution (T = 80 + 3 °C) by means of a salt bridge (filled with
0.1 M NaNO; aqueous solution) in order to avoid potential
differences due to the thermal treatment. A cylindrical tube made
of stainless steel, which allows one to obtain a homogeneous electrical
field distribution, was chosen as counter electrode (CE). After each
deposition time, the samples were rinsed with ultrapure water (0.055
uS/cm, Ultra Clear TWF, SG water, Hamburg, Germany) and a
successive drying step with a gentle nitrogen flux was carried out as
described above.

2.2. AFM-Tip Preparation. Gold-coated Si cantilevers
(HQ:CSC17/Cr-Au, MikroMash, 10—17 kHz, 0.2 N/m) were used
as delivered without further cleaning. The functionalization of the
cantilevers was done via thiol—gold chemistry. PAA functionalization
was carried out with help of an amide coupling of PAA chains to the
previously modified NH,—PEG-functionalized cantilevers according
to Valtiner and Grundmeier.'® First, the cantilevers were immersed
for 525 h in an aqueous solution of a-mercapto-w-amino PEG
hydrochloride (HS-PEG-NH, X HC], 0.025 g, 0.0S mmol; PEG MW:
10000 Da; Rapp Polymere GmbH) in purified milli-Q water (50
mL). N-Hydroxysulfonosuccinimide sodium salt (S-NHS; 28 mg, 26
mmol; Sigma-Aldrich) and N-(3-(dimethylamino)propyl)-N’-ethyl-
carbodiimide hydrochloride (EDC hydrochloride; >98%, 75 mg, 96
mmol; Sigma-Aldrich) were solved in S mL of an aqueous solution of
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4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer (HEPES,
high-purity grade, Amresco, USA; 10 mM; pH tuned to 7.1 with
NaOH solution). A 100 uL aliquot of that stock solution was added
to 10 mL of a solution of PAA (S g/L; MW: 450 000; Sigma-Aldrich)
in 10 mM HEPES buffer solution. The as-prepared solution was
shaken shortly, and the NH,—PEG-functionalized cantilevers were
immersed into the latter for 90 min. Afterward, the resulting PAA-
modified cantilevers were stored in 1 mM EDTA-containing aqueous
solution for 12 h and then for an additional 6 h in pure milli-Q water.
The storage of the loaded cantilevers was performed in 100 mM
EDTA solution. The cantilevers were used directly in order to avoid a
condensation of the PAA chains after dipping three times in ultrapure
water.

Together with the preparation of the cantilevers, 200 nm of PVD
gold-coated Si wafers were added to the solutions at each step of the
functionalization process with the aim to monitor the chemical surface
structure modification of the as-prepared cantilevers. The confirma-
tion of a successful modification of the cantilevers with PAA was
performed by means of PM-IRRAS and XPS experiments. Details of
these measurements are thoroughly explained in the Supporting
Information (SI).

2.3. Analytical Methods. 2.3.1. Electron Microscopy. The
morphological characterization of the produced ZnO nanorod and
platelet-like ZnO films was carried out with the help of a field-
emission scanning electron microscope (FE-SEM). A NEON 40 FE-
SEM (Carl Zeiss SMT AG) was used to acquire high-resolution SEM
images.

2.3.2. Analysis of the Chemical Surface Composition. Chemical
analysis of the prepared cantilevers was performed by means of
polarization modulation infrared reflection absorption spectroscopy
(PM-IRRAS) using a Bruker Vertex 70 (Bruker Optics, Germany).
The samples were analyzed with a resolution of 4 cm™" at an angle of
80°. A ZnSe photo-elastic-modulator (PMASO0, Bruker, Germany) was
used to apply a 50 kHz modulation to an aluminum wire grid in order
to receive p-polarized light. The light reflected by the sample was
focused by a ZnSe lens on the entrance of a liquid nitrogen cooled
mercury cadmium telluride (LN-MCT) detector.

Furthermore, angle resolved X-ray photoemission spectroscopy
(AR-XPS) measurements were done in an ESCA+ setup (Omicron
NanoTechnology, Germany) at a base pressure better than 5.0 X
107! mbar. Monochromatic Al-Ka irradiation (1486.7 eV) was used
under an angle of 60° with respect to the surface plane in the cases of
the ZnO films and the gold samples for the cantilever modification as
well. Angles of 20° and 80° with respect to the surface plane were
used in the case of the polished and preconditioned stainless steel. A
multichannel plate detector (Omicron Argus, Germany) was used to
collect the photoelectrons. No neutralization was applied. The
resulting spectra were calibrated according to the C 1s peak position
at 285.0 eV as an internal reference. CASA-XPS software was used for
peak fitting and data analysis. Peaks were integrated with respect to
the corresponding relative sensitivity factor (RSF) values. A Gauss—
Lorentzian peak shape and a Shirley type background correction were
used.

2.3.3. Single Molecule Force Spectroscopy. The force—distance
measurements were performed with a JPK Nano-Wizard III AFM
(JPK Instruments, Germany) in the force-mapping contact mode. An
electrochemistry cell (JPK Instruments) was used to measure within
an aqueous electrolyte solution under reproducible experimental
conditions. The electrolyte consisted of an aqueous solution of 2 mM
NaClO, (98+%, Sigma-Aldrich). NaClO, was used as electrolyte since
it can be considered an inert salt which does not adsorb sEeciﬁcally on
metal oxide surfaces as stated by Gerischer and Sorg.’' A NaOH
solution (0.1 M, ultrapure, Sigma-Aldrich) was used to tune the pH of
all electrolytes to a value around 7.0. All force measurements were
carried out at 298 K. Under these conditions, ZnO nanorod surfaces
should remain stable during the typical SMFS measurement time, as
shown for ZnO(0001)—Zn single-crystal substrates by Valtiner and
Grundmeier.'® Small ionic concentrations were applied to avoid a
screening effect toward the polymeric chains. In addition to that, the
ionic strength and pH were kept constant so that the Debye length
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and the electrostatic double layer of the corresponding interfaces
should be nearly the same. To avoid concentration changes caused by
evaporation of the electrolyte, a constant flow of around 0.52 mL/min
was chosen. The initial filling of the cell before a measurement was
done by a flow rate of 2.24 mL/min.

The approaching and retracting speed of the cantilever was set to a
constant value of 0.5 #m/s in the z-direction. The primary deflection
set point during the first cantilever approach in dry conditions was set
to 100 mV (around 2.0 nN after calibration). Then the cantilever was
retracted again 100 um from the surface and approached with a set
point of 200 mV (around 4.0 nN after calibration). Prior to every
measurement, the deflection of the cantilever was converted from a
voltage into a force by using the deflection sensitivity of the cantilever,
given by the slope of the deflection (unit V)-piezo height
displacement curve in the contact regime. Furthermore, the required
spring constant k. of the cantilever was determined by the thermal
contact-free method in water at 28 °C with the specific parameters of
the cantilever (HQ: CSC17/Cr-Au). Afterward, the deflection set
point was fixed to a constant value of 4 nN in all map measurements.

In every measurement 256 force—distance curves were recorded
using a 2 X 2 um? area on a patterned grid with 16 X 16 pixels on
three different positions from distinct but equivalent samples. JPK
data-processing software was used to analyze the recorded force—
distance curves after baseline correction and to determine the rupture
and plateau forces curve by curve.

3. RESULTS AND DISCUSSION

A graphical scheme that summarizes the key steps involved in
the present work is shown in Figure 1.
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Figure 1. Schematic illustration of the step by step fabrication of the
three different surfaces. Single molecule force spectroscopy (SMFS)
was performed with deprotonated poly(acrylic acid) functionalities
(PAA) connected to a gold cantilever with a poly(ethylene glycol)
(PEG) chain on (A) ZnO nanorods, (B) platelet-like ZnO, and (C)
preconditioned, polished stainless steel substrates.

&
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The latter includes the following: preconditioning bare
stainless steel samples (i), the fabrication of ZnO-based
nanostructured films exhibiting different aspect ratios onto
stainless steel substrates, namely, platelet-like ZnO and ZnO
nanorod films (ii), the modification of gold-coated AFM tips
via thiol chemistry for the covalent attachment of PAA chains
(iii), and the subsequent characterization of the adhesion-
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promoting properties of the as-prepared ZnO-based surfaces to
a model polyelectrolyte such as PAA by means of SMFS (iv).

3.1. Electrochemical Deposition of Platelet-like ZnO
and ZnO Nanorod Films on Mirror Polished Stainless
Steel. Two different ZnO morphologies (platelet-like ZnO
and ZnO nanorod films) with different aspect ratios, were
prepared by cathodic electrodeposition from zinc nitrate
precursor-containing solutions onto mirror polished stainless
steel substrates such as those described above.

Typical potential versus time curves for the deposition of
ZnO nanorods and platelet-like ZnO films on the stainless steel
samples are illustrated in Figure S1 of the Supporting
Information. The chronopotentiometric curves exhibit a
characteristic profile, consisting of a potential minimum at
low deposition times followed by a monotonic shift to more
negative potentials for higher deposition times. As can be
observed in Figure S1, the registered potential values are larger
for the higher Zn(NO;),/HMTA ratio, i.e., platelet-like ZnO
film. The measured values were in the same range as the
potentials described in literature for the deposition of ZnO
nanorods.”” Regarding the constant slope of both curves, the
deposition seems to be very stable although it was carried out
upon thermal convection at 80 °C bath temperature. The FE-
SEM images of the polished preconditioned stainless steel, the
ZnO nanorods, and platelet-like ZnO films are depicted in
Figure 2.

Figure 2. FE-SEM images of (A, B) mirror polished stainless steel
substrate after cleaning steps; (C—F) mirror polished stainless steel
after cathodic electrodeposition (i = —0.5 mA/ cm?, t=900s, T = 80
°C without stirring) of ZnO nanorods with (C, D) 10 mM
Zn(NO;),-6H,0/10 mM HMTA and of platelet-like ZnO (E, F)
100 mM Zn(NO,),"6H,0/10 mM HMTA.

The FE-SEM images indicated in Figure 2C,D show
hexagonal rods with comparable sizes exhibiting diameters in
the regime of 100 nm. Their length was estimated to be around
500 nm. The rods are narrower when approaching their end
faces, which exhibit a certain roughness. Furthermore, the rod
orientation is not homogeneous. Indeed, some of them are
oriented perpendicular to the substrate, while others grow in a
wide range of tilt angles with respect to the substrate normal.
This inhomogeneity ensures a good accessibility for the PAA
molecules bound to the tip of the AFM cantilever. In general,
the mechanical interlocking and/or the mechanical adhesion of
these surfaces should be higher than in the case of polished
stainless steel and platelet-like ZnO surfaces.

The influence of different parameters on the growth
morphology such as the concentration of precursors (specially
Zn** and OH™), the pH, and structural modifiers are well-
known and discussed in further detail in the reviewed

literature.” Typically, precursors such as zinc nitrate offer the

advantage of being very soluble in water. The proposed
mechanisms and chemical reactions under reductive electro-
chemical conditions are reported elsewhere.’ Especially the
effect of using additives to control the morphology is a nice
tool to create well-defined ZnO films on different substrates.’
In general, the modifiers should specifically block the nonpolar
wall sides, as stated in the literature for Cl~ ions.* Nicholas
et al. had figured out that the use of citrate and ethylenedi-
amine are also possible options to control the aspect ratio of
ZnO crystals.34 In this context, HMT (for hexamine), also
named HMTA (for hexamethylenetretramine), has been
suggested as a OH™ source’ and, additionally, it has been
proposed by Sugunan et al. that these HMTA molecules might
act as a chelating agent which could specifically block the
nonpolar areas, i.e, (1010) and (1011), as well.>'" Then, the
transport of Zn>* ions for the crystal structure growth is
consequently hindered and the platelet-like ZnO films, shown
in the FE-SEM images in Figure 2E,F, were subsequently
obtained. In this case, the top hexagonal facets show a larger
size than in the case of the nanorods. Consequently, the polar/
nonpolar crystalline face ratio is higher than that obtained for
the ZnO nanorods. We have used HMTA for both deposition
processes since HMTA is unquestionably a good OH™ source,
but interestingly only with the change in the ratio of zinc
nitrate precursor to HMTA, i.e,, from 1:1 (for ZnO nanorods)
to 10:1 (for platelet-like ZnO), is enough to monitor the
proposed growth mechanism, as suggested in the literature.”

A scheme with the crystallographic facet distribution, valid
for the two different ZnO films, is shown in Figure S2 of the
Supporting Information according to the widely discussed data
obtained from the biblography.” The difference in the aspect
ratios becomes thus clear and would imply an enhanced
proportion of nonpolar sidewall surfaces exposed to the
interface for the case of ZnO nanorod films. The description of
ZnO single crystals was used to explain the surface chemistry
and crystalline structure of ZnO nanorods, which is
subsequently extrapolated to platelet-like ZnO films. The
polar (001)-planes should be OH™ stabilized, as previously
stated by Valtiner et al, while the lateral wall sides are
essentially nonpolar.”' Accordingly, by increasing the nonpolar
area ratio, it should be possible to obtain more coordinative
binding sites for ions and adhesion-promoting molecules such
as PAA.

3.1.1. XPS Results of the Electrodeposited ZnO Films. As
expected, the XPS survey spectra of the electrodeposited ZnO
nanorod films and platelet-like ZnO films show the presence of
Zn, O, and C. These spectra were measured at an angle of 60°
with respect to the surface and are displayed in the Figure S3
of the Supporting Information. By evaluating the core level
spectra, surface concentrations of 40.9 at. % for oxygen, 36.1 at.
% for zinc, and 23.0 at. % for carbon are obtained in the case of
ZnO nanorods, as can be seen in Table 1.

Table 1. XPS Data of the ZnO Nanorod and Platelet-like
ZnO Surfaces

ZnO nanorods platelet-like ZnO

binding energy/eV at. % binding energy/eV at. %

0 1s 5303 40.9 530.3 422
Zn 2p3) 1021.5 36.1 1021.6 31.6
Cls 285.0 23.0 285.0 26.2
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corresponding zoom-ins. Plateaus and rupture events are marked.

The ratio of oxygen to zinc in the case of the ZnO nanorod
films is about 1.1:1, while for the platelet-like ZnO films, it is
about 1.3:1. Pure ZnO without any stabilization with hydroxyl
groups should lead to a ratio of 1:1. However, taking into
account the adsorbed water for the stabilization mechanism of
the polar planes and the adsorbed carbon contaminations, the
measured ratio is in a reasonable range. It is indeed in a very
good agreement with the current literature for ZnO films.***’
For example, Mutel et al. found a ratio of 1.1—1.2 and
explained it in terms of a small excess of oxygen as OH groups
at the surface.”” In our measurements, the carbon contami-
nation is around 10—15% higher. This can be attributed to the
enhanced total surface area in comparison to smooth pure
crystalline ZnO films. Furthermore, our results show that a
high amount of oxygen is present at the surface, which could
be due to specific oxygen species such as surface hydroxyl
groups in the form of Zn(OH),, adsorbed water and oxygen,
and/or carbonates.>*™*° In addition, it was also shown by
Valtiner et al. and other authors that the Zn(0001)-plane is
strongly stabilized by hydroxyl species, as mentioned
before.”*'™* Regarding the identification of the different
components, a tentative peak fitting is provided in Figure S4 in
the Supporting Information for the high-resolution XPS
spectra of O 1s, C Is, and Zn 2p;), for the ZnO nanorod
films and for the platelet-like ZnO films. The peak positions
and concentrations are summarized in Table S1. No nitrogen
contributions could be detected in the XPS measurements of
the platelet-like ZnO and ZnO nanorod films. Consequently,
no molecules bearing N-containing functional groups such as
HMTA remain adsorbed on the ZnO-based surfaces after the
ZnO synthesis and the subsequent rinsing processes of the
ZnO-modified stainless steel substrates. All further results are
discussed and quoted in the SI

3.2. SMFS of Poly(acrylic acid) on Preconditioned
Stainless Steel Surfaces, ZnO Nanorod, and Platelet-like
ZnO Films. 3.2.1. Qualitative Comparison of Desorption

Reprinted with permission from American Chemical Soci
Meinderink, A. G. Orive, S. Ewertowski, 1. Giner and

Curves. As previously stated, SMFS has been proven to be a
valuable tool to unveil and quantify interfacial adhesion forces
occurring between molecules or macromolecules covalently
attached to an AFM tip and specific sites in metal oxide
surfaces and, in particular, on ZnQO crystalline substrates.'®

AFM tips were functionalized by gold—thiol chemistry and
were characterized by PM-IRRAS and XPS (Figure SS, Table
S2, and Figure S6 in the Supporting Information). The infrared
data show the characteristic peaks expected for the PEG chain
such as the vibration mode for the aliphatic part -C—H at
around 2870 cm™" and the carbonyl (-C=0) stretching mode
at around 1738 cm™". Further detailed discussion can be found
in the Supporting Information.

After an equilibration time of 15 min with a pumping speed
of 0.5 mL/min, force—distance curves were collected. For all
measurements considered, equivalent cantilevers prepared in
similar conditions were used. Within this work, we have only
considered unbinding events corresponding to both plateau
and rupture forces, those which exhibit desorption values
higher than 10 pN (versus the corrected baseline at 0 pN).
Additionally, different spots from distinct but equivalent
samples were analyzed by means of SMFS at neutral pH.
Sonnenberg et al. had discussed the influence of the pH on the
PAA conformation and the charging effects.”* Regarding the
conformation of the PAA chains, the proposed experimental
conditions should provide a good compromise between
shrinking of the coils and the completely unfolded poly-
electrolyte chains situations, as previously discussed by Kunze
et al.** The carboxylic functionalities of the poly(acrylic acid)
chains at neutral pH in a 2 mM NaClO, aqueous solution
should be negatively charged since the pK, of acrylic acid
monomers has been mentioned to be around 5.5 by
Sonnenberg et al. (pH < pK,) and 6.0 for PAA chains, as
reported by Valtiner et al.'®** In this regard, Palacio et al.
provided a pK, value for PAA of 4.7 and showed SMES
measurements of negatively charged PAA chains present on
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polymers by using protein-functionalized AFM tips at pH 7.4
and pH 6.2.%

Such negatively charged PAA functionalities are used in our
approach to probe the molecular adhesion capabilities of the
three substrates: mirror polished and preconditioned stainless
steel, ZnO nanorod, and platelet-like ZnO films deposited on
stainless steel. Typical force—distance curves obtained for the
three investigated surfaces are shown in Figure 3.

The plots displayed in Figure 3A,D show typical force—
distance curves measured for stainless steel; curves B and E
have been obtained for ZnO nanorods and curves C and F for
stainless steel covered with platelet-like ZnO films. By
comparing the three different force—distance profiles shown
in Figure 3A—C, it can be observed that surface morphology
and surface chemistry have a strong influence on the
desorption curve profiles which reflect the adsorbed macro-
molecules. Some little deviations from perfect linearity can be
identified in the baseline of the F—D profiles displayed in
Figure 3. The latter can be attributed to some optical
interferences getting to the photodiode coming from light
scattering (stray light) originated in the sample surface
(especially when the substrates are also highly reflective as in
our case) or in the different interfaces appearing when the
system is operating in the liquid cell fulfilled with electrolyte.*’
Nevertheless, for the quantification of the magnitude of both
rupture and plateau forces, a careful selection of the suitable
sections and subsequent correction of the baseline slope have
been carried out with the aim of avoiding any misinterpretation
of the as-registered desorption data.

For passive film covered stainless steel, solely equilibrium
desorption curves with step heights of about 40 pN, typically
observed for physisorbed macromolecules at electrolyte/oxide
interfaces, were observed (Figure 3A,D). The detailed
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evaluation of the XPS data of the polished, preconditioned
stainless steel is illustrated in Figure S7 (XPS surveys measured
at 80° and 20° with respect to the surface), and Figure S8
(high-resolution XPS spectra of O 1s and C 1s). The
quantifications of the corresponding components are displayed
in Tables S3—S5. The histograms for the dwell times of 2.0 and
5.0 s are plotted in Figure S9, while their quantifications are
presented in Table S6 of the Supporting Information. Nanorod
films showed solely non-equilibrium rupture events as shown
in Figure 3B,E. However, both equilibrium and non-
equilibrium events were observed for the platelet-like ZnO
films with rupture forces (see Figure 3C,F) exhibiting an
average value of 370 pN as deduced from statistic evaluation
(see below). Such results are in agreement with recent studies
of macromolecular desorption of a spider silk protein and
poly(allylamine)*” on stainless steel and PAA on ZnO single-
crystal surfaces.'®

Nonlinear force—extension profiles resembling non-equili-
brium desorption events, most probably due to PAA
irreversibly bound Zn atoms present in nonpolar crystalline
side facets of nanorod ZnO films, are observed, as displayed in
Figure 3B,E. In the case of the platelet-like ZnO structure,
which is rather dominated by the polar crystal orientation, such
coordinative bonds are less likely. Second, plateau desorption
forces are indicative of equilibrium desorption processes
related to weaker interactions via reversible hydrogen bridging
and electrostatic interactions of PAA at polar hydroxyl-
stabilized top surfaces. The latter has already been shown for
ZnO single crystals by Valtiner and Grundmeier.'® However,
the following considerations should be taken into account
before discussing SMFS experimental data. The first peak
appearing in the withdrawal/retract regime of the force—
distance curves, which represents the unspecific interactions of
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the gold tip with the surface, is neglected. Occasionally, it
slightly overlaps with the beginning of the PAA chains
interactions, as can be seen in Figure 3C,F. In order to
exclude possible interactions from the uncovered tips,
additional experiments were carried out using non-PAA-
modified cantilevers. Such bare tips showed only the
aforementioned unspecific interaction of the AFM tip with
the surface. To avoid a strong interaction and overlapping of
the adhesion forces in the force—distance curves of the pure tip
interaction with the surfaces, the mentioned PEG chain is
linked between the tip and the PAA chain, as thoroughly
explained by Geisler et al.*” The latter was found for all three
different surfaces. Conversely, the characteristic force—distance
curves depicted in Figure 3 were observed only when modified
cantilevers were used. The rupture event starts initially close to
the baseline level. During the detachment of the cantilever
away from the surface, the force rises until the interacting bond
between the PAA chain and the surface breaks. The successive
force drop would ideally end at the baseline level of force at 0
pN. However, for the ZnO-coated substrates, the cantilever is
not able to bend back to its starting position. Either another
segment of the same PAA chain or another PAA molecule is
detached from the surface and leads to a subsequent rebinding
of the cantilever. Thus, the rupture events tend to overlap and
sometimes cannot be effectively separated. The characteristic
profile exhibited by these F—D curves, namely, overlapping
multiple rupture force events, could be originating from the
simultaneous desorption of different carboxylate moieties
present in the same PAA molecule but also from the
concomitant rupturing bonds from different PAA chains
attached to the same AFM tip.”® The corresponding effect
was considered in the evaluation of the data. Therefore,
strongly overlapping events are not evaluated within this work
but should be kept in mind in further discussion.

3.2.2. Evaluation of SMFS Data on ZnO Nanorod Films.
SMES performed on the ZnO nanorod films showed mainly
only rupture events, as can be seen in Figure 3 and in Figure
4A,C. The form of multiple rupture events is typical for
multimolecular adhesion modes and parallel interactions
thoroughly described by Li et al.”® A characteristic rupture
event has a curved increasing of the force until a maximum is
reached. This mechanical extension is mentioned elsewhere in
the literature.'® After that point, the force drops to the baseline
and the binding is ruptured. Our results show only multiple
rupture events in most of the curves. Therefore, the evaluation
of the data with the often used freely jointed chain (FJC)
model”® or the worm-like chain (WLC) model'®*® is rather
complicated due to the overlapping of events. However, some
selected curves could be fitted to the latter model with the JPK
Data Processing Software (JPK Instruments AG in Berlin,
Germany), but it is clear that a collection of sensible statistic
data is challenging. The WLC model in the software is based
on the work from Bustamante et al,*’ where the estimated
maximum error is around 10%. We chose a temperature of 298
K and corrected the contact position and baseline offset for the
selected curves, if necessary. Some tentative examples for the
fitting of force—distance curves are shown in Figure S10 in the
Supporting Information for the two different dwell times (2.0
and 5.0 s) on the ZnO nanorod films. Although the creation of
a representative statistic could not be done, the maximum
distance where rupture events occurred has been taken into
account and is presented in Figure S11 in the Supporting
Information. The calculated parameters based on the WLC
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model embedded in the JPK software, for example the contour
lengths and the persistence lengths, are summarized in Table 2.

Table 2. Summary of the Fitting Results with the WLC
Model for the ZnO Nanorods for the Two Dwell Times

5.0 s dwell time

312 + 31
212 + 21

2.0 s dwell time
L/nm“
lP/ pm"

100 £ 10
189 + 18

“L = contour length. bl}, = persistence length.

The contour length increases by a factor of around 3.1 as can
be seen from Table 2. This result is in a very good agreement
with the diffusion of the PAA chains into the pores (ZnO
nanorod interspace). Further coordination with the accessible
Zn** atoms in the nonpolar surfaces of the wurtzite structure
can be assumed. The overall decrease of the surface energy is
proposed as the driving force for the increased contour length
with increasing dwell time. As expected, the persistence length
is consistently constant for increasing dwell times since it
resembles the length of each segment/monomer in the
polymer.

Panels B and D of Figure 4 show the histograms
corresponding to the normalized distribution obtained for
the maximum of the registered rupture forces for every force—
distance curve for the two investigated dwell times, 2.0 and 5.0
s.

The PZC of the ZnO(1010) planes, which are chemically
equal to other nonpolar surfaces of the wurtzite structure, has
been measured under comparable conditions by Kunze et al.
and resulting in a pH of 10.2 + 02.* Accordingly, at pH 7 the
nonpolar side walls should be positively charged, while the
PAA chains are mainly negatively charged. Consequently, the
PAA chains are preferably coordinated to the nonpolar side
walls of the ZnO crystalline structures. In this case, non-
equilibrium rupture forces related to PAA molecules
irreversibly bound are detected in the retract force—distance
curve, as can be seen in Figure 4A,C. Kunze et al.** were able
to show that PAA molecules/carboxylate groups are specifically
adsorbed at the edges of the accessible Zn atoms present at
nonpolar side walls, via coordinative bonds, under nearly the
same experimental conditions (pH = 7.4 in aqueous NaClO,/
NaOH). Furthermore, they concluded that these strong
interactions induced the unfolding and specific PAA
adsorption at sides/steps of the ZnO structures which are
also favorable from the point of view of the binding enthalpy to
optimize the overall interface energy. It is worth noting that
our results indicate that the dwell time has a strong influence
on the maximum rupture force distribution. Figure 4 illustrates
that an increased dwell time is also accompanied by a boost in
the average rupture force. Indeed, a second Gaussian fit is
possible in the case of 5.0 s dwell time. Hence, the system, i.e.,
PAA chains, had enough time to diffuse into the gaps of the
ZnO nanorods interspace and give thus rise to the coordinative
binding with the Zn atoms present at nonpolar sides as
described by Kunze et al.** The simultaneous rupture event of
multiple coordinative bindings is well-known in SMFS. For
example, Wong et al. explained this peak separation for
breaking of two biotin—streptavidin pairs at the same moment
in their carbon nanotube AFM studies.’® In our case, more
than one functionality of the PAA chains are detached at the
same time. Indeed, the second fitting (1288 pN) is two times
higher than the first one (632 pN) (summarized in Table S7 in
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the Supporting Information). We measured more multiple
rupture events at 5.0 s dwell time (35.9% of all measured
curves), and simultaneous binding breaks might occur because
of the higher amount of coordinative binding at steps edges.
The latter is in ferfect agreement with the ex situ results shown
by Kunze et al."* In addition, Li et al. could also show a similar
behavior for their system of catechol—iron coordination
bonds.”' The values of the maximum of the Gaussian fittings
and the percentage of the curves exhibiting plateaus and
rupture events are summarized in Table S7 in the Supporting
Information.

In a seminal contribution, Hugel and co-workers elegantly
demonstrated that multiple rupture force profiles exhibiting
enhanced adhesion values can be obtained when either a single
(multi)branched polyelectrolyte chain or several polymer
molecules attached to the AFM tips are used in SMEFS
measurements.”” Indeed, more multiple rupture events were
detected for the ZnO nanorods when the dwell time was
increased to 5.0 s, ie., when the (relatively coiled) PAA
chain(s) were provided with enough time to diffuse through
the interspace between adjacent ZnO nanorods. Consequently,
more coordinative PAA—Zn" bonds are expected to be formed
at the nonpolar side walls, which can be further detached, more
or less simultaneously, when the PAA-modified tip is pulled off
from the surface. Additionally, conformational (unfolding)
changes in PAA chains related to shear and geometrical
interlock events occurring when the polyelectrolyte is desorbed
from the ZnO nanorod films might also play a role. The
intricate nanostructured/nanocrystalline morphology exhibited
mostly by the tightly packed ZnO nanorods (randomly tilted
versus the surface normal), leaving nanosized gaps in between,
might account for shear and interlock-based breakages
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occurring when the polymer is detached and disentangled
from the ZnO nanorod matrix. These effects might be also
increased for growing dwell times which allowed PAA chains
to diffuse through the ZnO nanorod mesh.”” These related two
facts would be most likely responsible for the arising of this
second adhesion distribution value peak centered at 1288 pN
(nearly a 2-fold increase in adhesion force regarding the first
one). Finally, the as-obtained values are, in any case, lower
than those belonging to the covalent regime. For instance, Si—
C, C=C, or Au—S bonds would be in the range of 1.7-2.3,
2.0—13, and 1.5-2.2 nN, respectively.'*>*~>°

The occurrence of only some equilibria plateau peel-off force
events is attributed to the presence of some spots of pristine
steel, which were not properly modified with ZnO nanorods or
to PAA molecules reversibly bound to the polar OH™-
stabilized upper facets of ZnO nanorods as well. Although
for the ZnO nanorods and according to FE-SEM images
displayed in Figure 2, the latter upper facets appear not to be
very well terminated and defined, the reversible PAA
adsorption via van der Waals interactions, hydrogen bonding,
or electrostatic interactions cannot be completely ruled out.
Especially on those tightly packed ZnO nanorods areas where
the diffusion of PAA chains toward the Zn atoms at the
nonpolar side walls is highly hindered. The statistical results of
the force—distance curves on ZnO nanorod films presented in
Table S7 indicate that both the number of curves exhibiting
rupture events and the magnitude of the rupture strength is
increasing when the dwell time is risen. This effect is
schematically shown in the Figure 7. The longer the dwell
time, the more possible coordinative bindings can be formed.
Consequently, a lot of multiple rupture events could be
observed in the case of 5.0 s dwell time.

DOI: 10.1021/acsanm.8b02091
ACS Appl. Nano Mater. 2019, 2, 831—843

Reprinted with permission from American Chemical Society (ACS) Appl. Nano Mater. 2019, 2, 831-843, authors: D.
Meinderink, A. G. Orive, S. Ewertowski, 1. Giner and G. Grundmeier, title: “Dependance of Poly(acrylic acid)
Interfacial Adhesion on the Nanostructure of Electrodeposited ZnO Films”. Copyright 2019 American Chemical

Society.

75



3 Publications

ACS Applied Nano Materials

A ., B)
34
{2
ol
24 g
z
[ ) 8
R 0.00 0.05 0.10 015
g Zoomin _ Distance/ um ‘“!’
Yo } s
' £
[ — 5
A4 2z
24 Extend
Retract
0.0 0.2 0.4

Distance/ pm

1.0 4

o
L

»
M

0.24

0.0+

40

60 80 100 120
Height of the plateaus/ pN

140

Figure 6. Force—distance curves on the platelet-like ZnO films for 5.0 s dwell time in (A) and the normalized SMFS statistic results of plateaus for

the dwell time of 2.0 s in (B).

XPS characterization of the ZnO nanorod samples (spectra
shown in Figures S3 and S4 and Table S1) shows the presence
of organic components rich in carboxylate groups, probably
adsorbed adventitious carbon. This is typical for ZnO films,
because the organic components could easily remain adsorbed
in pores and at the nonpolar sides of the ZnO. The same
organic contaminations could be found in studies where ZnO
films were also characterized by means of XPS.*%*
Consequently, these organic species already block the active
adsorption sites at ZnO surfaces of the nanostructures. Then, a
significant decrease in the overall amount of the events takes
place in any case. Although the measurements were done in an
electrolyte medium, the adsorption of these organic molecules
cannot be completely excluded as it would definitely occur in
ultrahigh-vacuum (UHV) conditions.

3.2.3. Evaluation of SMFS on Platelet-like ZnO Films. Both
rupture events and plateaus could be detected in the case of
platelet-like ZnO films deposited on stainless steel samples
(see Figure 3, Figure S, and the magnification in Figure 6). The
characteristic plots of the normalized counts versus the
maximal rupture forces in nN are shown as histograms for
the two different dwell times in Figure SB,D. In the case of a
dwell time of 5.0 s, a higher number of equilibrium plateaus
could be evaluated in comparison to ZnO nanorods. Here, the
Gaussian fittings are broader than in the other cases. This
means that the maximum rupture force is not centered on a
specific value such as in the other cases. Additionally, the
heights of the maximum rupture forces are lower in
comparison to the ZnO nanorods on stainless steel. Regarding
the morphology, the ratio of the polar to nonpolar surface
areas of the hexagonal structure is higher than in the case of
the ZnO nanorods, as can be seen in Figure 2 and in Figure S2
in the Supporting Information. As a consequence, the
accessibility of PAA molecules to free surface Zn atoms of
the side walls is noticeably reduced and, consequently, the
number of coordination bonds should drop drastically. This
can be seen in Figure S, where the height of the rupture events
is much lower in the case of the platelet-like ZnO films than in
the case of the ZnO nanorods, also shown in Figure 6. This is
in good agreement with the maximum of the rupture events of
all events from the Gaussian fits summarized in the Table S6 in
the Supporting Information.

It could be estimated from the FE-SEM images that the
overall content of the ZnO(0001)—Zn plane is much higher
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than the nonpolar surfaces such as the ZnO(1010) surface (see
Figure 2 and Figure S2 for comparison purposes). Based on
this, we propose a PZC of 9.3'° calculated by Valtiner et al.
under mainly the same experimental conditions while the
literature cited a PZC value of 8.7 + 0.2°* for the case of
ZnO(0001)—Zn surfaces, which should be rather similar to
our platelet-like ZnO films. Thus, the nanostructured surface is
positively charged in this case while the PAA chains are
essentially negatively charged, as already discussed before.

The plateaus are the result of electrostatic interactions and
hydrogen bridges of the hydroxyl-stabilized ZnO(0001)—Zn
surfaces which are the larger parts in the case of the platelet-
like ZnO films. Nevertheless, the FE-SEM images show also
some edges which are equal to the nonpolar sides. Here, the
PAA molecules could coordinate, as explained before for the
case of the ZnO nanorods.

The two nanostructure possibilities are the reason for the
measurement of both, plateaus and rupture events in the case
of the platelet-like ZnO films. In other words, it is a
combination of the chemical state of the hydroxyl-rich stainless
steel surface and the nonpolar side walls in the case of the ZnO
nanorods regarding the state of the hydroxyl groups.
Additionally, we calculated adsorption free energies of the
plateaus of 17 + 4 k, T/nm for the platelet-like ZnO films. This
clarifies the increasing of chemical adhesion as a consequence
of the presence of the nanostructured film of platelet-like ZnO,
since this energy value is around 1.7 times higher than the
measured adsorption free energy for the case of the bare
preconditioned stainless steel. As a matter of comparison, and
in order to illustrate the increase in the interfacial adhesion
after the modification with ZnO-based thin films, the analysis
of SMES force—distance curves, histograms of plateaus
measured at dwell times of £ = 2.0 and 5.0 s, and the calculus
of adsorption free energies registered for preconditioned bare
stainless steel substrates are displayed in the Supporting
Information.

It is worth noting that our SMFS results (see Tables S7 and
S8) indicate that, even when a significantly enhanced
proportion of ZnO(0001)—Zn facets is prepared, i.., in
platelet-like ZnO films, surprisingly, only a reduced ratio of
equilibrium peel-off plateau forces (~15%) can be obtained.
The results obtained by Kunze et al. for the adsorption of PAA
molecules onto single-crystalline ZnO(0001)—Zn substrates
would support the idea that some/most of those PAA
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molecules, or at least some parts/sections of them, initially
adsorbed (weakly) on the highly preponderant polar hydroxyl-
stabilized c(0001) facets, might subsequently diffuse to the
borders in order to acquire the advantageous coordination
state with the minimized energy at (short) nonpolar crystalline
sidewalls.

The observed slight changes in the maximum rupture forces
for the ZnO platelet-like films for t = 2.0 and 5.0 s dwell time
can be considered as statistically insignificant, ie., no
noticeable dependence with the dwell time can be observed.
However, this slight increase of the maximum rupture force
could then be attributed to the occurrence of more
coordinative PAA-Zn" bonds expected to be formed at the
nonpolar side walls when PAA chain are provided with more
time to diffuse between close ZnO platelets. The interfacial
adhesion figures displayed in Figures S and 6 are in very good
agreement with the desorption values registered for rupture
forces and plateaus on ZnO(0001)—Zn single-crystalline
substrates with PAA chains under nearly the same
experimental conditions by Valtiner and Grundmeier.'® Here,
the terraces are approximately between 150 and 300 nm in
diameter, so that edge effects are expected to play a larger role
than in the case of the larger 1 um big terraces reported in the
publication of Valtiner and Grundmeier.'® Especially the
binding enthalpy effect on the coordination of PAA chains at
the nonpolar sides mentioned by Kunze et al. takes place
here.* Additionally, the same blockage of the ZnO surface
could happen like in the ZnO nanorod film case because of the
organic contaminations shown by XPS analysis in Table S1 and
in Figure S4 in the Supporting Information.

Our results indicate that the polished and preconditioned
stainless steel shows an averaged desorption force of around 42
pN (see the Supporting Information). For platelet-like ZnO
substrates, the plateau forces are in the same order of
magnitude, although they show higher values (average
desorption force of about 62 pN). The molecular adhesion
mechanism on both surfaces is based on van der Waals forces,
electrostatic interactions, and hydrogen bonding.

The lower surface coverage of nonpolar side walls in the
interphase of the platelet-like ZnO films in comparison to ZnO
nanorods leads to occasional rupture events. However, the
measured rupture forces were observed to be a factor of 1.9
lower than those observed for the ZnO nanorods.

Moreover, force histograms for ZnO nanorods show a
second peak at around 1288 pN when the dwell time is
increased. The mechanistic understanding of PAA macro-
molecular adsorption for both ZnO nanostructures is
illustrated in Figure 7. Based on the observed dwell time
dependence of both systems, we propose three different
explanations of the interfacial bond formation in agreement
with the work of Lu et al.:*

1. multidentate and/or chelate bindings57_59 to more

accessible Zn"" atoms present in nonpolar side walls as
suggested by Valtiner and Grundmeier;'®

2. differential coordination of edge atoms versus those
present in terraces of the nonpolar ZnO crystalline side
walls (see below—part of the platelet-like ZnO
surfaces);

3. diffusion through the interspace between nanorods,
allowing for multiple coordinative binding of PAA chains
to several adjacent nanorods which would also imply
changes in their conformation.”®*>
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Figure 7. Schematic illustration of the correlation of the ZnO
nanorods morphology, dwell time, and the adsorption/coordination
of poly(acrylic acid) molecules connected to an AFM gold tip on the
ZnO nanorods coated stainless steel in aqueous 2 mM NaClO,. ZnO
nanorods with (A) 2.0 s dwell time and (B) 5.0 s dwell time; platelet-
like ZnO with (C) 2.0 s dwell time and (D) 5.0 s dwell time.

During the first few seconds the PAA chains coordinate to
the Zn atoms present at the nonpolar side walls, but not to the
same extent as for ZnO nanorods based on the increased
nonpolar surface area of ZnO nanorods. The second peak at
1288 pN observed for ZnO nanorods can be attributed to the
diffusion of the PAA chains in the space between the ZnO
nanorod structures (mechanical adhesion). The latter would
significantly enhance the number of coordinative bonds (from
one-single or several PAA chains) which are simultaneously
unbound.

4. CONCLUSIONS

The morphology-dependent SMFS analysis of poly(acrylic
acid) desorption at electrolyte/ZnO interfaces in combination
with the surface analysis of such films allowed for the analysis
of the contributions of acid—base interactions at Zn sites and
macromolecular coordination leading to multiple rupture
events. While passive film covered stainless steel substrates
show solely equilibrium desorption as expected for a hydroxyl-
rich smooth oxide surface, ZnO films induced, however, non-
equilibrium desorption events with high rupture forces. As
supported by SMES and XPS analysis, we concluded that
carboxylic acid groups form strong acid—base interactions with
Zn surface atoms at nonpolar ZnO surfaces, while the hydroxyl
surface coverage of polar surfaces rather prevents the strong
binding of carboxylic acid groups. Observed multiple rupture
events could be assigned to the macromolecular coordination
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on ZnO nanorods characterized by a high fraction of adsorbed
monomers. However, force histograms display a broad
distribution of rupture forces, which is explained by the
complex ZnO nanorod film structure, comprised of polar and
nonpolar surfaces and rods of different tilting angles and
interspace distances. The time-dependent process of diffusion
and adsorption of PAA within the ZnO nanorod layers is
characterized by the dwell time dependence of the observed
force histograms. This time dependence was specifically
observed for the nanorod films, however, not for platelet-like
ZnO films which did not show multiple rupture events. The
here presented results indicate that the macromolecular
adsorption of PAA and resulting adhesion on ZnO
nanostructures can be tuned by the control of thin film
morphology.
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1 Electrochemical deposition of ZnO nanostructures on stainless steel
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Figure S1. Potential versus time curves at constant current densities (-0.5 mA/cm?) for the
two different deposition parameters: black line for ZnO nanorods films with 10 mM Zn(NO3),
10 mM HMTA and red line for platelet-like ZnO films with 100 mM Zn(NOs), 10 mM

HMTA.

Typical deposition parameters such as a temperature of around 80 °C, a precursor concentration

of 5 mM zinc nitrate and a potential range of -0.8 V till -1.0 V vs. Ag/AgCl were used according

to Seipel et al. and Sheini et al.'?
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Figure S2. Schematic illustration of the ZnO crystalline wurtzite architecture in the case of A)

ZnO nanorods and B) platelet-like ZnO.
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2 Characterization of electrodeposited ZnO films with XPS
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Figure S3. XPS surveys of ZnO nanorod films deposited on stainless steel with cathodic
electrodeposition (900 s with -0.5 mA/cm?): black) 10 mM Zn(NO3)2 and 10 mM HMTA,

red) 100 mM Zn(NOs); and 10 mM HMTA.

Both survey spectra in Figure S3 show the core level peaks of different atoms as well as the
Auger peaks. The black line corresponds to the ZnO film deposited for 900 s in 10 mM aqueous
Zn(NO3); and 10 mM HMTA for 900 s with -0.5 mA/cm? at 80 °C and the red line to the one
obtained under the same conditions but with 100 mM Zn(NOs3): in the electrolyte. As can be seen,
only peaks corresponding to zinc oxide species are present. The C 1s peak at 285.0 eV is associated
to adventitious carbon. No iron signal is observed, indicating a dense layer of ZnO nanorods on

the substrate which is in agreement with the FE-SEM images in the main text.
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Figure S4. XPS core level peak of O 1s for A) ZnO nanorods and B) platelet-like ZnO, of

C 1s for C) ZnO nanorods and D) platelet-like ZnO and of Zn 2p 3/2 for E) ZnO nanorods and

F) platelet-like ZnO.
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The O 1s peak showed three components in Figure S4. The first one at around 530.2 eV is
attributed to inorganic oxygen O like in the wurtzite structure for ZnO as stated elsewhere.’ The
second peak is attributed to OH™ groups present on the surface of ZnO, as mentioned in the main
text.>° A third peak around 532.8 eV is associated to adsorbed water, oxygen and carbonates which
is typical for ZnO surfaces, mentioned by various authors like Majumder et al. and Al-Kuhaili et
a] 346

The component of the C 1s peak at a binding energy of 285.0 eV is attributed to aliphatic carbon
species, while the component at 286.5 eV could be functional groups like C-COO" linked to Zn"
atoms of the wurtzite structure, which correlates with the 532.8 eV component in the O 1s peak.
The third component in the C 1s peak, at 288.9 eV, is interpreted as carboxylate groups adsorbed
to the Zn'" atoms and as adsorbed carbonates —COs from the air.>*¢

The Zn 2p 3/2 peak appeared at a binding energy of 1021.5 eV for the ZnO nanorods and 1021.6
eV for the platelet-like ZnO films. Al-Kuhaili et al. mentioned a range for ZnO films of 1021.5-

1022.4 eV for ZnO.?
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Table S1. Summary of the component fittings of the O 1s, C 1s and Zn 2p 3/2 high resolution

XPS peaks of the ZnO nanorod and ZnO platelet-like films.

Zn0O nanorod film Platelet-like ZnO film

O1s bindin bindin
energy /iV s energy /iV At
o+ 530.2 54.4 5303 58.2
Zn"OH 531.5 313 531.6 30.2
-COO, -COs, Oz, H2O(ads) 532.8 14.3 5325 11.6

Cls
C-(C.H) 285.0 74.9 285.0 81.6
C-COO Zn" 286.5 14.1 286.5 8.4
-COO" Zn", -CO; 288.9 11.0 288.8 10.0
Zn 2p 3/2
A(Zn 2p 1/2)-(Zn 2p 3/2) 23.0eV 23.0eV
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3 Characterisation of the prepared cantilevers by means of PM-IRRAS and
XPS

Gold-coated Si wafers were prepared in the same solutions than the SMFS cantilevers with the

aim to obtain larger samples for the PM-IRRAS analysis.

Au-S-PEG-NH, (5.25 h)
0.030 4—— Au-S-PEG-NH-CO-PAA (5.25 h)

-C:O
0.025 - -C-0
-CH, (PEG)

S 0.020- -CH,
> -c-0
£ 0.015- (-COOH)
o
(]
£ 0.010-

0.005 -

0.000
4000 3500 3000 1500

Wavenumber/ cm-1

(a T
1000

Figure S5. PM-IRRAS spectra of PVD gold coated silicon wafers: black) after Au-S-PEG-

NHo; functionalizing and blue) after Au-S-PEG-NH-CO-PAA functionalizing.

Figure S5 shows the PM-IRRAS spectra after two different modification steps: the black line
after the functionalization with only without the PEG coupling SAM and the blue line after the
final functionalization with PAA. Intense signals in the CHy-stretching (2870 cm™) and the C-O-
stretching (1121 cm™) regions indicate the presence of the PEG-chains. Furthermore, the signals
in the region between 1200 and 1550 cm™ are attributed to the methylene oxide chain of the PEG.

An intense peak at 1665 cm™ is attributed to amide groups and water-bridged carboxylates. The
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signals at 1738 cm™ and 1250 cm™ are assigned to COOH vibrations of the carboxylic acid groups.

" The band positions and assignments are summarized in Table S2.

Table S2. Summary of PM-IRRAS results with wavenumbers in cm™.

Literature PEG-PAA
OH-stretch/ NH-stretch 3200-3600’ 3305
CHa-stretch (PEG) 2800-30007 2870
C=0 stretch (COOH) 1680-1750% 1738

C=0 (amid) and water

b(ri dge(; GO0 1660-1680° 1665

C-H-def. (PEG + Impurities) 1240-1480° 1240-1545
C-O stretch (COOH) 1240%/ 1248° 1250
C-O-stretch (PEG) 1119% 1121

The cantilever modification steps were also characterized by XPS, as illustrated in Figure S6.
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Figure S6. XPS spectra after the two modification steps on PVD gold coated silicon wafers

measured at take-oftf angle of 60° with respect to the surface plane.

The results match the conclusions obtained from the PM-IRRAS analysis. Only gold from the
substrate and elements present within the PEG chains and the PAA chains (namely nitrogen,
carbon, and oxygen) were detected. After the first modification step, it could also be observed
around 1.1 % nitrogen of the amine group of the thiol poly(ethylene glycol) amine chains. 0.7 %
of sulfur from the thiol binding to the gold is measured after the coupling with the poly(acrylic
acid) molecules. The percentage values for gold decreased from 28.0 at% to 13.5 at% after the two

modification steps. The latter is associated with the increasing surface coverage of PAA.
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4 Characterization of preconditioned stainless steel with angle-resolved X-

ray photoelectron spectroscopy (AR-XPS)

The polished stainless steel after the mentioned preconditioning step was characterized by XPS
at two different take-off angles. The following Figure S7 shows the two survey spectra at an angle

of 80° and 20° with respect to the surface plane.

both preconditioned stainless steel:l

— 80° with respect to the surface
— 20° with respect to the surface

4x10° 1

3x105 -

CPS

2x10° 1

1x10° 1

1200 1000 800 600 400 200 O
Binding Energy/ eV

Figure S7. XPS surveys of mirror polished stainless steel after solvent and oxygen plasma

cleaning at two different take-off angles.

The corresponding core level peaks of O 1s and C 1s are shown in the Figure S8.
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Figure S8. High resolution XPS spectra of O 1s and C 1s for preconditioned stainless steel at two

different angles with respect to the surface: A) O 1s 80° B) O 1s 20° and C) C 1s 80° D) C 1s 20°.

A typical three peak fitting in the case of the O 1s peak and a four peak fitting in the case of the

C 1s peak were done like mentioned by Landoulsi et al.' for the two different measuring angles.

The ratios of these fittings and the corresponding chemical functionalities are illustrated in Table

S3 and Table S4 and are in a good agreement with the peak positions of Landoulsi et al. '
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Table S3. XPS O 1s data of the polished preconditioned stainless steel measured at 20 © and

80° with respect to the surface.

O 1s-20° O 1s-80°
O1ls binding il binding g
energy/ eV energy / eV
inorganic oxygen 530.0 271 530.0 372
C=0, carboxylate,-OH 531.6 69.5 531.5 58.4
C-OH, C-0-C 533.7 34 533.2 4.4

Table S4. XPS C 1s data of the polished preconditioned stainless steel measured at 20 ° and

80° with respect to the surface.

C1s-20° C1s-80°
Cls bindin bindin,
energy /iV BERE energy / iV ahA
C-(C,H) 285.0 74.8 285.0 73.0
C-0 286.2 10.7 285.9 11.0
C=0, 0-C-O 287.2 5.1 286.8 7.2
(C=0)-0-R, 0-(C=0)-0 288.9 94 288.9 8.8

The survey XPS spectra and the O 1s and C 1s core level peaks of the preconditioned stainless
steel surfaces measured at two different angles are illustrated in the Figure S8. The peaks show
that a hydroxyl group-rich surface was reached. The evaluation of the XPS data was done in a
similar way to that proposed by Landoulsi et al. due to the similarities between the employed
stainless steel substrates and surface modification procedures.'® The overall atomic composition,

summarized in Table S5, is typical of a stainless steel surface.'’"'?
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NaClOs, analogue to the process proposed by Landoulsi et a

steel surfaces at two different measuring angles with respect to the surface.

20° with respect to the 80° with respect to the
surface surface
binding energy binding energy
at.-% at.-%
/eV /eV

O1s 530.2 48.8 530.1 58.5
Cls 285.0 429 285.0 26.3

Fe 2p3.2 711.0 5.5 710.7 9.5

Cr 2p32 576.6 2.5 576.8 49

Mn 2p3.2 640.7 0.3 640.5 0.8

1.10

Table S5. XPS data of the high-resolution spectra of the polished, preconditioned stainless

After intensive cleaning and a preconditioning process consisting of 72 h-immersion in 2 mM

, only a contamination of carbon

species could be found (compare the results illustrated in the Figure S7 and Table S5).'%"* As can

be seen, the compositions of the carbon species do not change at all.

More hydroxyl functionalities can be found in the outer sphere (20° with respect to the surface)

of the preconditioned stainless steel than in the inner sphere (80° with respect to the surface), which

is in a good agreement with the mentioned results by Landoulsi et al.'” Indeed, they concluded that

the passive film after an immersion time of 72 h, under similar conditions, consists mostly of iron

oxyhydroxides (FeEOOH) species and that a steady state may be reached, as monitored via open

circuit potential (OCP) measurements and XPS.'*-3
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5 Evaluation of SMFS data for passive film covered stainless steel

Many applications demand significant covalent and/or noncovalent bonding of polymers or
(macro) molecules to metal oxide substrates'* and in particular to steel.'> However, to the best of
our knowledge, only few reports have been devoted to the study of the adhesive properties exerted
by iron-based surfaces to adhesion-promoting molecules or biomolecules. For instance, Francius
and co-workers thoroughly studied the adhesive properties exhibited by the combination of iron-
containing green rust nanoparticles and bacteria exopolymeric substances (EPS) by means of
Chemical Force Microscopy (CFM) and SMFS measurements.'>'® For the latter, AFM tips
modified with 11-mercaptoundecanoic acid were employed. Regarding stainless steel (SS), in
particular SS 316 L, Geisler et al. published a seminal contribution showing the bonding
capabilities exhibited by the latter to a mimic spider silk-like polymer covalently grafted to the
AFM tip."” More recently, Dupres and co-workers have reported SMFS experiences carried out
with peptide chains grafted to the AFM tip onto passivated SS 316 L surfaces."?

The survey spectra showed the expected chemical composition consisting of mainly iron,
chromium and manganese. Also, some little contaminations from adsorbed organic components

10-12 Eyaluation of the Ols core

(adventitious carbon) cannot be avoided as mentioned elsewhere.
level peak shows three components at binding energy of 530.0 eV (associated to metal oxide),
531.6 eV (associated to C=0, carboxylates, and/or -OH) and 533.7 eV (C-OH, C-O-C).
Measurements carried out at different take-off angles (see Figure S8 and Table S5) show an
enrichment of the carboxylate component at the near-surface region. Consequently, it should be
expected that the interactions between the mostly deprotonated PAA chains (R-COQ"), as

explained before (pKa = 6.0*° < pH = 7.0), and the FeOOH-terminated steel surface will be

essentially based either on short range electrostatic interactions or van-der-Waals interactions and
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hydrogen bridging. In the dilute electrolyte concentrations used in this work, namely 2 mM
NaClOs, the Debye length of the dilute background electrolyte should be high, so that the
electrostatic double layer is expected to have a strong influence on the electrostatic interactions in
the liquid medium.

Our experiments showed that in the case of the hydroxyl-rich stainless steel surface, terraces of
constant peel-off force are obtained. Examples of the latter were displayed in Figure 3 A) and D)
in the main text. Dupres et al. have mentioned a point of zero charge of 8.0 for iron hydroxide and
iron oxyhydroxide.'> Consequently, the carboxylate groups are negatively charged while the
stainless steel surface is positively charged in our experimental conditions, i.e. pH 7 (pH <PZCss).
Thus, the reversible adsorption of PAA molecules, via van der Waals, hydrogen bridging or
electrostatic interactions, lead to weak interactions at the hydroxyl-rich steel surface, giving rise
thus to equilibrium peel-off force plateaus during the desorption process. Because of the slight
positively charged surface and the presence of negatively charged carboxylate moieties in the PAA
chains, electrostatic interactions might be mostly favored.

1.7 calculated the adsorption free energies for plateaus, similar to the events found in

Geisler et a
our experiments (Figure 3 D in the main text). The averaged values for stainless steel are typically
given in kyT/nm. For the case of 2.0 s of dwell time on stainless steel, we have approximately 11
+ 2 kpT/nm, and 10 £ 3 kyT/nm for 5.0 s dwell time. These values underline that the equilibrium
desorption events are mostly independent of the dwell time since a steady state is reached in the
both cases. In addition to that, the magnitude of this values are also in a good agreement with the

].l‘)

adsorption free energies reported by Geisler et al.” For example, these authors could find a value

of 7.8 kT for the case of polished steel 316L with poly(allylamine) functionalized AFM

cantilevers in PBS at 36.5 °C.
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The magnitude of the observed plateau forces for two different dwell times, namely 2.0 s and
5.0 s, is presented as histograms in Figure S9.
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Figure S9. Normalized SMFS statistic results of the heights of the plateau forces on polished,

preconditioned stainless steel for different dwell times: 2.0 s (A) and 5.0 s (B).

The blue lines displayed in Figure S9 correspond to the Gaussian fittings of the plateau force
distributions and are accompanied by the correspondent errors by means of the typical R2. The
distributions in both cases are quite narrow, indicating neither overlapping nor other molecular
adhesion forces. The averaged peel-off forces are summarized in Table S6. It can be easily
concluded from the latter that many curves show no events, even at high dwell times, while some

curves exhibit measurement artifacts or little rupture forces (4.2 % till 7.6 %).
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As previously stated, Table S6 underlines that a dwell time of 2.0 s is already enough to provide
the system with enough time to reach the equilibration state. Mosebach et al. used basically the
same cantilever modification chemistry and showed that only a small percentage of the registered
curves exhibit desorption events.?! The latter statement is indeed in a good agreement with our
results. In addition to that, the magnitude of the desorption forces obtained by plateaus is in the
same order than that found by Valtiner et al. for the ZnO single crystal surfaces?® or for other
substrates.’>?* In this context, Geisler et al. also explored in a seminal contribution the adhesion
properties exhibited by some peptide units (the amino acids units are expected to be responsible
for the bonding processes) of a mimic spider-silk-like polymer covalently attached to an AFM tip
with a stainless steel 316 L surface, at neutral pH in a dilute electrolyte solution, by means of
SMFS. The magnitude of the plateau forces shown by them perfectly matches with our results

depicted in Table S6.

Table S6. Summary of the peel-off forces and ratios of the amount of different events on

stainless steel of the two different dwell times.

20s 5.0s

dwell time | dwell time

Maximum of the peel-off force of all plateaus/ pN 42 43
Percentage of curves without any event/ % 66.8 76.2
Percentage of curves with plateaus/ % 29.0 18.2
Percentage of curves with rupture events/ % 42 5.6
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The presented values are in the same order than those obtained by Dupres et al. for the SMFS of
a peptide-based chain-modified AFM tip, namely a D-Ala-D-Ala-terminated tip, on a similarly
preconditioned stainless steel in a buffer solution at pH 8.'° They could find adhesion plateau
forces of around 72 pN + 12 pN." In addition to that, they could also find only a 18 % of all

measured curves showing molecular adhesion events'®, which matches our results.
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6 Evaluation examples of the SMFS on the ZnO coated stainless steel
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Figure S10. Force-distance curves for PAA on the ZnO nanorod coated stainless steel

tentatively fitted to WLC model (green) for A) a dwell time of 2.0 s and B) for a dwell time of

5.0s.
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Figure S11. Histograms obtained for the measured maxima distance, where rupture events
could be observed for the ZnO nanorod films on stainless steel for different dwell times: A)
2.0 s and B) 5.0 s. The data based on three different measurements with a size of 16 x 16

points per map which means 768 measured F-D-curves.
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Table S7. Summary of the peel-off forces and ratios of the number of different events on ZnO

nanorod coated stainless steel of the two different dwell times.

2.0 s dwell 5.0 s dwell
time time
632 (blue fit)
Max. of the rupture event of all events/ pN 708
1288 (green fit)
Percentage of curves without any event/ % 67.0 62.0
Percentage of curves with plateaus/ % 1.6 2.1
Percentage of curves with rupture events/ % 314 35.9

Table S8. Summary of the desorption forces and ratios of the number of different events on

platelet-like ZnO films for the two different dwell times.

20s 5.0s
dwell time | dwell time
Max. of the rupture event of all events/ pN 347 370
Max. of the plateaus of all events/ pN - 62
Percentage of curves without any event/ % 57.6 71.2
Percentage of curves with plateaus/ % 0.0 13.4
Percentage of curves with rupture events/ % 42.4 15.4
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3.2 Effect of PAA-induced surface etching on the adhesion properties of ZnO
nanostructured films

The following publication (2. publication of this PhD thesis) was reused from:

D. Meinderink, C. Kielar, O. Sobol, L. Ruhm, F. Rieker, K. Nolkemper, A. G. Orive, O. Ozcan,

Guido Grundmeier, International Journal of Adhesion and Adhesives 106 (2021) 102812

(Copyright Elsevier 2021) with permission from Elsevier for reuse and embedding the article in

this PhD thesis.

https://doi.org/10.1016/j.ijadhadh.2021.102812

The molecular adhesion properties of ZnO nanostructures and PAA was investigated by means of
SMEFS in the 1. publication. However, the macroscopic adhesion performance and the influence
of PAA pre-treatment by immersion into water-based solution containing dilute PAA
concentrations had still been an open question at this point. This 2. publication investigated the
macroscopic adhesion properties of i) ZnO nanostructures including nanorods and nanocrystalline
films where the latter ones are comparable to the previous platelet-like ZnO films on stainless steel
and ii) the influence of the immersion of the ZnO nanostructures into an aqueous 3.64 UM PAA
(250.000 g/mol) solution at pH 7 on the peel-off forces of an epoxy-amine model adhesive similar
to the used in the 3. publication below. Hot-dipped galvanized steel (HDG) was used as an
industrially relevant substrate for the deposition of hydrothermal grown ZnO nanostructures.
Indeed, the immersion into a dilute PAA solution for 10 min confirmed an increase in the adhesion
measured by peel-tests. The comparison with the immersion into ultra-pure water showed that the
presence of PAA is needed to reach a significant enhancement in the adhesion performance.
Furthermore, additional immersion experiments at higher PAA concentrations indicate a
nanoetching effect of the ZnO crystals leading to a higher mechanical interlocking. A molecular-
microscopic adhesion and nanoetching process could be developed and proposed. In fact, these
results could be correlated with the investigations performed by SMFS and open the door for the
usage of PAA in industrial applications like following within the next publications 3. and 4.

The following Table 3 sums up the involved persons with their work inputs.
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Table 3. Summary of the author contributions involved in the publication “Effect of PAA-induced surface etching on

the adhesion properties of ZnO nanostructured films”.
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ARTICLE INFO ABSTRACT

Keywords:

ZnO nanorods

Nanocrystalline ZnO films

Adhesion by mechanical interlocking
Poly(acrylic acid)

Morphology control

Interfacial stability

Zinc oxide - polymer interfaces are known to exhibit interesting properties regarding molecular adhesion. This
work is aimed at the investigation of the effect of the morphology and surface chemistry on the macroscopic
adhesion of a model epoxy-based adhesive to nanorod (ZnO NR) and nanocrystalline (ZnO NC) ZnO-modified
surfaces. Both ZnO films have been prepared using hydrothermal synthesis on hot-dip galvanized steel (HDG)
surfaces by varying the precursor chemistry in order to control the film morphology. Poly (acrylic acid) (PAA)
was used to improve the interfacial adhesion by modifying the morphology and surface chemistry of ZnO

nanostructured films. The strong interaction of PAA from a dilute and neutral aqueous solution with the ZnO
nanocrystallites was shown to significantly improve the interfacial adhesion by means of a nanoetching process.
It was shown that the wet peel-forces correlate well with the considered morphology and surface chemistry.

1. Introduction

In the last decades, adhesive bonding of similar or dissimilar mate-
rials has gained scientific and technical significance, especially in
automotive and aircraft assembly as well as in microelectronics and
construction industry [1-3]. Adhesive joining of metal structures pre-
sents numerous advantages including the reduction of weight and an
improved crash resistance [4]. From the perspective of light-weight
construction, adhesive joining is applied to join metallic parts, such as
steel, alloy coated steel, aluminium and magnesium alloys, with other
metallic, polymeric or composite materials [5,6]. In all cases, the overall
joint performance is dictated by the strength of the adhesive — metal/-
metal oxide interface, where the knowledge of the surface chemistry of
metal/metal oxides of industrial relevance, such as hot dipped galva-
nized steel (HDG), plays a crucial role for the latter [5,7-9].

A lot of publications about adhesive bonding with epoxy adhesive
formulations with different amines and the corresponding analysis of the
adhesion mechanisms and failure modes on HDG can be found in the
literature [10-15]. For example, Calvez et al. studied the interfacial
degradation of epoxy adhesive on galvanized steel focusing on the
durability of the joints [10]. In this context, the strong interactions of

* Corresponding author.
E-mail address: g.grundmeier@tc.uni-paderborn.de (G. Grundmeier).

amines with the HDG/zinc surfaces have been reported by Gaillard et al.
[16]. The created interface of epoxy-amine adhesives exhibiting
different chemical and physical properties and metal oxide substrates,
depending on their surface chemistry and morphology, is probably the
most important and critical point in joined metal-polymer systems [1,
10,15].

Moreover, while a technically acceptable initial adhesion strength is
rather easy to achieve, the long-term stability of adhesive joints under
exposure to various environmental conditions still presents a challenge
to be overcome via an interdisciplinary approach [17]. Consequently,
the synthesis of ZnO films as coating hybrid materials with different
morphologies has attracted the scientific interest [18-20]. For example,
Trino et al. showed an enhanced corrosion resistance of titanium im-
plants after the surface functionalisation with zinc oxide [21]. In addi-
tion, Jin et al. demonstrated that the presence of 3-dimensional ZnO
tetrapods promoted an enhanced adhesion between two polymeric
films, namely poly (tetrafluoroethylene) (PTFE) and poly (dimethylsi-
lane) (PDMS)) [22].

ZnO deposition methods such as electrodeposition, hydrothermal
synthesis, sol-gel chemistry or for example from vapour phase on silicon
and glass substrates are well-known and published elsewhere [19,20,

1 Institute of Resource Ecology, Helmholtz-Zentrum Dresden-Rossendorf, Bautzner Landstrape 400, 01328, Dresden, Germany.
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23-32]. Indeed, it is possible to prepare anisotropic ZnO crystalline films
[19,20,30-35]. For instance, the hydrothermal synthesis of nano-
crystalline ZnO films results in the deposition of densely packed
columnar crystallites with a hexagonal cross-section [19,20,32,33,36,
37]. The top and side surfaces of the individual ZnO nanorods exhibit the
(0001) and (10-10) crystalline orientations, respectively [38]. The po-
tential beneficial effect of these unique morphologies on the interfacial
adhesion strength was only recently shown [36,39-41]. For instance,
Ehlert et al. showed that the deposition of ZnO nanowires on carbon
fibers leads to hybrid composites with strong adhesion properties [40].

Furthermore, it has already been published that carboxylate groups
could induce nanoetching processes of ZnO nanostructures [42,43]. Ryu
et al. demonstrated that isotropic nanoetching of ZnO nanorods leads to
nanocactus structures after a thermochemical reaction [43]. In addition
to that, Han et al. reported a selective wet-chemical etching of ZnO
nanostructures like ZnO nanorods [42]. Their work clearly exhibits the
possible etching with carboxylate groups (here based on oleic acid) at
the nonpolar sidewalls of ZnO nanorods [42]. Moreover, the dissolution
of ZnO nanocrystalline surfaces with octadecylphosphonic acid (ODPA)
has been demonstrated by Pomorska et al. [44]. This effect could be
prevented by the control of Zn** ions in the solution [44].

With regards to the understanding of the adhesion-promoting prop-
erties of ZnO and PAA, molecular adhesion studies by means of single
molecule force spectroscopy (SMFS) have demonstrated the role of the
crystalline orientation on the adhesion of PAA molecules on single
crystalline ZnO surfaces [45] and ZnO nanorod and nanocrystalline
films [29]. Valtiner et al. have reported that PAA molecules can form
coordination bonds at the non-polar step edges of the hydroxyl covered
polar ZnO (0001)-Zn surfaces [45], while Meinderink et al. have shown
the dependence on the molecular adhesion forces with the nano-
architecture of electrodeposited ZnO films exhibiting different aspect
ratios [29]. Formation of strong coordinative bonds to the nonpolar
sidewalls were observed in the form of multiple rupture events [29].
Furthermore, the surface diffusion of PAA molecules to non-polar steps
in ZnO (0001)-Zn single crystalline surfaces reported by Kunze et al.
[46] is in good agreement with the mentioned SMFS studies. On top of
that, thin PAA films deposited by electropolymerisation on stainless
steel were shown to exhibit enhanced adhesion promoting properties
[471.

To the best of our knowledge, no publication is showing the
macroscopic adhesion promoting properties of ZnO structures with the
prior treatment with dilute PAA solution for the interfacial adhesion
control on technically relevant HDG substrates. Accordingly, the aim of
this work is to investigate the effect of the ZnO film morphology on the
adhesion to a polymeric film as well as to study the adhesion promotion
effect of PAA as a function of the ZnO nanocrystal aspect ratio. The
formation of highly stable coordinative bonds between PAA molecules
in solution and Zn" atoms coming from ZnO crystalline surfaces [29]
promotes a selective etching/dissolution of these structures, with the
subsequent modification of their morphology and the arising of new
active anchoring sites for the bonding of polymeric layers. This process
is consequently translated in an enhanced interfacial adhesion to a
model epoxy-amine resin.

2. Materials and methods
2.1. Sample preparation and chemicals

Skin passed hot-dip galvanized steel substrates (supplied by Chem-
etall GmbH, Frankfurt, Germany) were cut to 2.0 cm x 4.5 cm size and
subsequently cleaned in tetrahydrofuran (THF) (Merck, Darmstadt,
Germany), isopropanol (IsOH) (Merck, Darmstadt, Germany) and
ethanol (EtOH) (UN 1170 ethanol provided by Martin und Werner
Mundo oHG, Mainz-Kostheim, Germany) for 15 min in an ultrasonic
bath to remove the protective oil. The solvent cleaned samples (SC) were
then immersed in an alkaline cleaning solution (30 g/1 Gardoclean

and Adh

International Journal of Adhesi 106 (2021) 102812

§5176 and 5 g/l Additive H7376/1; provided by Chemetall GmbH,
Frankfurt, Germany) under stirring at 55 °C for 1 min. For all experi-
ments in this work, de-ionized water (<0.075 pS/cm conductivity, Ultra
Clear TWF, SG Water, Hamburg, Germany) was used.

ZnO nanorod (ZnO NR) growth was performed by immersing the
substrates in an aqueous solution of 25 mM zinc nitrate, Zn(NO3)»-6H,0
(zinc nitrate hexahydrate, 98% extra pure, ACROS Organics) and 25 mM
hexamethylenetetramine CgHj2N4 (HMTA, AnalaR NORMAPUR®),
VWR Chemicals) for 30 min at 90 °C (£5 °C) followed by directly rinsing
with de-ionized water. The continuous ZnO nanocrystalline morphology
(ZnO NC) was achieved by addition of 0.12 mM sodium citrate (sodium
citrate dehydrate, ACS, 99.0%, ABCR GmbH & Co. KG, Karlsruhe, Ger-
many) to an aqueous deposition bath consisting of 50 mM Zn
(NO3)2+6H0 and 43 mM HMTA in this case. The deposition time was
also 30 min at 90 °C (£5 °C).

PAA adsorption was carried out by immersion of the substrates for
10 min in an aqueous 2.6 g/l PAA solution (poly (acrylic acid);
M,,~250.000, 35 wt % in H,0, Sigma Aldrich, Germany) with a final
concentration of 3.64 pM PAA solution at 23 °C (£+2 °C) with a pH 7
(adjusted with solid NaOH) without stirring, followed by rinsing with
milli-pure water and drying in a stream of nitrogen. At this pH value the
PAA chains should be deprotonated (pK, = 4.7) [29,45,48] in the so-
lution and mainly carboxylate groups (-COO’) of the weak acid are
present.

2.2. 90°-peel-tests

A hot-curing two component epoxy-amine resin (11.19 g epoxy resin,
a diglycidyl ether of bisphenol A (D.E.R 331, DOW Chemicals, USA) and
6.78 g amine hardener (poly (propylene glycol) bis(2-aminopropyl
ether), Sigma-Aldrich)) was employed as model adhesive and applied
on the substrates after mixing and degassing as described elsewhere
[47]. To control the thickness of the adhesive films the samples were
coated with 4 commercial adhesive tapes (1 layer of Scotch Magic™
Tape, supplied by 3 M, Germany, and 3 layers of Tesafilm, supplied by
tesafilm®, Germany). An aluminium foil was used to form the sandwich
geometry, which was removed after the hardening step to obtain an
open polymer film. Before the application of the liquid adhesive the
samples were stored in a glove box (filled with a mixture of dry air and
nitrogen) with controlled relative humidity (6.0% =+ 3.0%) at room
temperature (21.5 °C + 1.0 °C) for 15 min (5 min) to remove the most
adsorbed water layers from the atmosphere. The completed sandwich
geometry was kept under these conditions for 15 min (+5min) to be sure
that all pores are filled with liquid adhesive before curing step (120 °C
for 75 min). To investigate the wet de-adhesion process the samples
were exposed to humid atmosphere (>95% r.h.) at 40 °C for 24 h (+1 h)
before the peel-test measurements [47,49].

Peel-tests have been performed at a constant perpendicular angle to
the sample surface with 1 mm/min velocity using a force gauge (model
ZP-5, Imada, Tokyo, Japan) and a motorized peel-tester (MV-220
Motorized Test Stand, Imada, Tokyo, Japan) at 95% relative humidity at
room temperature (21.5 £ 2.0 °C) [39,47,49]. At least 3 different
samples prepared under equal experimental conditions with 3-4
released adhesive stripes per sample gives a sufficient statistic accuracy
with at least 11 stripes under each condition used for the evaluation of
the adhesion properties after the different surface treatments.

The film thicknesses of the applied model adhesives were measured
with a DUALSCOPE® FMP20 (magnetoinductive and eddy current
method, Helmut Fischer GmbH, Germany) at five different positions on
five different coated samples. Before the measurements the equipment
was calibrated with defined foils provided by the supplier of the mea-
surement equipment. The resulted mean averaged value of the total
epoxy-amine adhesive films is 150 pm (£19 pm).

This article was published in: “International Journal of Adhesives and Adhesion” Vol. 106, D. Meinderink, C. Kielar,
O. Sobol, L. Ruhm, F. Rieker, K. Nolkemper, A. G. Orive, O. Ozcan, Guido Grundmeier, “Effect of PAA-induced
surface etching on the adhesion properties of ZnO nanostructured films”, 102812, Copyright Elsevier 2021, reused

with permission from Elsevier.
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2.3. Field-emission scanning electron microscopy (FE-SEM)

Morphological characterization of ZnO films and peeled adhesive
surfaces was performed by means of a field-emission scanning electron
microscope (NEON® 40 FE-SEM, Carl Zeiss SMT AG, Germany) using an
InLens detector. Some samples were milled with a focused ion beam
(FIB) system (NEON® 40 FE-SEM, Carl Zeiss SMT AG, Germany) with a
Ga liquid ion source (LMIS). In all FIB procedures a current of 50 pA and
a beam of 30 keV were used. Prior to the measurements of polymeric
films, 3 nm Au/Pd (80 wt% Au, 20 wt% Pd) thick sputter coatings were
deposited [39].

2.4. Diffuse reflection infrared fourier transform spectroscopy (DRIFTS)

For the identification of adsorbed PAA on SC, ZnO NR and ZnO NC
films DRIFT measurements were done with a Vertex 70 spectrometer
(Bruker Optics, Germany). A gold sample (300 nm gold deposited via
PVD on silicon wafer (100)) was measured as a reference. A resolution of
4 cm™ !, 512 scans for each sample, and a LN-MCT detector were used.

2.5. X-ray photoelectron spectroscopy (XPS)

X-ray photoemission spectroscopy (XPS) was performed in an
ESCA+ setup (Omicron NanoTechnology, Germany). A monochromatic
Al-Ka irradiation source (1486.7 eV) and an angle of 30° with respect to
the surface plane were used for all measurements. The base pressure was
lower than 3.0 x 107'° mbar and neutralization in the case of the
polymer films after peel-tests was used. For the detection, a multi-
channel plate detector (Omicron Argus, Germany) was used. A convo-
lution of a Gauss (30%) and Lorentzian (70%) shape was chosen (Shirley
background) in the CASA-XPS software (Casa Software Ltd., Teigmouth,
UK) for peak fittings and the C 1s peak at position 285.0 eV was set as
internal calibration [39].

2.6. Time-of-flight secondary ion mass spectrometry (ToF-SIMS)

Time-of-Flight secondary ion mass spectrometry (ToF-SIMS) mea-
surements were performed using a ToF-SIMS IV (IONTOF GmbH,
Miinster, Germany) equipped with a 25 keV BiMn liquid metal ion gun
(LMIG). Due to a better contribution with a negative polarity for the
identification of PAA [50], spectra were acquired in the negative po-
larity. All measurements were performed using the spectrometry mode
(high current bunched mode - HCBU) to enable good mass resolution, on
aregion of 100 pm x 100 pm. Analyses were conducted in the interlaced
mode, allowing to couple the analysis process with a sputter process
within the acquisition cycle. Sputtering was done using a 1 kV Ar beam
and a sputtered area of a 300 pm x 300 pm (where the analyzed area is
in the centre of the sputtered area). Ar was selected as a sputter species
to remove surface contaminations without obtaining a significant in-
fluence on the secondary ion yield.

As control, SC and ZnO NC samples were spray-coated with the same
PAA solution (3.64 pM PAA (250.000 g/mol) in water at pH 7 adjusted
with solid NaOH) and analyzed via ToF-SIMS. The spray coating process
of aqueous PAA solutions has been described elsewhere [39]. A com-
mercial spray coater (ND-SP 11/4 Precision Spray Coater, Nadetech
Innovations S.L., Spain) with an installed hot-plate was used. The motor
speed was fixed at 1200 mm/min. A volume speed of 200 ml/h, a nozzle
distance to the substrate surface of 12 cm, an operating temperature of
75 °C and 4.0 bar pressure of nitrogen were selected in the equipment.

3. Results and discussion

3.1. Characterization of zinc oxide morphologies synthesised via
hydrothermal growth

The growth of ZnO nanorods (ZnO NR) and nanocrystalline ZnO
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films (ZnO NC) was carried out by a hydrothermal methodology on
alkaline cleaned HDG substrates. The latter resulted in homogeneously
and densely packed films as can be deduced form the FE-SEM images
displayed in Fig. 1.

The FE-SEM images of the solvent cleaned (SC) substrate, taken as a
reference (without any treatment) and displayed in Fig. 1a) and b), show
relatively smooth areas disrupted by scratches and grain boundaries.
The thickness of the zinc layer could be estimated between 200 nm and
600 nm from the FIB cross-section shown in Fig. 1 ¢).

The hydrothermal synthesis of the two different ZnO morphologies,
i.e. ZnO nanorods (ZnO NR) and nanocrystalline ZnO films (ZnO NC),
gives rise to the expected well-defined hexagonal crystallites which can
be observed in Fig. 1d)-i). Ozcan et al. could already show the hydro-
thermal growth of ZnO NR on polished zinc sheets with the use of zinc
nitrate hexahydrate as the precursor salt and hexamethylenetetramine
(HMTA) [20,36]. HMTA and citrate anions are commonly used in most
of the deposition methods of ZnO films and particles described in the
literature [29,51,52], and it has been proposed that HMTA controls the
growth mechanisms by blocking the nonpolar side walls of the ZnO
crystallites via chelating mechanisms [29,52]. Here, we could deposit
ZnO NC by adding a low concentration of citrate anions as mentioned by
Baruah et al. Ozcan, and Engelkemeier et al. [20,25,51] which leads to
well-defined ZnO NC films as those observed in Fig. 1. On top of that, itis
important to have a seed layer of passivated zinc which acts as nucle-
ation points for the following growth step [36,51]. In this regard, HDG
steel surfaces possess a thick zinc oxide surface which leads to a suc-
cessful deposition of crystalline zinc oxide structures (see XPS section).
These ZnO films are homogeneously deposited on the zinc layer of the
HDG samples and no defects or pinholes allowing identification of the
bare substrate underneath could be found. As deduced from the FE-SEM
images, the crystallites are randomly oriented. The diameters measured
for ZnO NR and the ZnO NC are around 150 nm and 250 nm, respec-
tively. Furthermore, FE-SEM imaging of FIB cross-sections of these films
have been performed to analyse the length of the as-prepared ZnO
crystallites, see Fig. 1 f), i). Here, the ZnO NR have a total length of
around 400 nm, while the ZnO NC exhibit estimated length of 150 nm.

The characterization of the chemical composition of the surfaces (SC,
ZnO NR and ZnO NC) with XPS will be discussed later on.

3.2. Peel-test results and surface analysis

For the characterization of the adhesion promoting properties of the
as-modified surfaces vs. a model epoxy-amine resin [47,49], peel-tests
were carried out on the three HDG substrates without and with im-
mersion into PAA containing solution. The results are displayed in Fig. 2.

A representative peel-off force vs. distance curve is provided in
Fig. S1 in the Supporting Information (SI). All curves are showing
characteristic plateaus which were used to evaluate the peel-off forces
without the influence of the elastic behavior of the used model adhesive
[47,49]. For a clear demonstration of the (etching)effect of PAA on
adhesion enhancement, all three samples (SC, ZnO NR, ZnO NC) were
immersed into ultra-pure water for the same time of 10 min and rinsed
with ultra-pure water.

The SC samples show peel-off forces in the same range than those
already published by Knust et al. [7] for similar samples. All the water
and PAA-immersed samples show a significant improvement in the
macroscopic adhesion as illustrated in Fig. 2. The peel-off force for the
ZnO NR is in a good agreement with the results for similarly prepared
ZnO NR on zinc substrates reported by Ozcan et al. [36]. Both deposited
nanostructures confirm a significant enhancement in the adhesion
caused by the highly increased mechanical interlocking (see Fig. 1). In
this regard, an enhancement of the adhesion by a factor of (at least) 1.3
could be reached after the deposition of ZnO NR on HDG in comparison
to the SC samples without further treatments. Here, the maximum and
minimum values extracted from the dispersion of the measured data are
taken into account. For instance, the highest peel-off force for the SC is
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Fig. 1. FE-SEM images at different magnifications of HDG steel after ZnO synthesis with FE-SEM images of cross sections. FE-SEM images a)-c) show the solvent
cleaned (SC), d)-f) ZnO nanocrystalline film (NC) and g)-i) ZnO nanorods (NR) samples.
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Fig. 2. Measured peel-off forces of the epoxy-amine resin from SC, ZnO NR and
ZnO NC surfaces after exposure to high humidity for one day: no surface
treatment (on the left in red), surfaces immersed into milli-pure water for 10
min (in the middle in blue); surfaces immersed into aqueous 3.64 pM PAA
solution (pH 7 adjusted with NaOH) (on the right in green). (For interpretation
of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

0.26 N/mm, while the minimum peel-off force registered for the ZnO NR
reaches 0.33 N/mm.

Strong interactions between ZnO and amines (here from the epoxy-
amine resin) are already known and mentioned in literature [53].
Bach et al. proposed covalent bonds between ZnO surfaces and amines
[53] while Ballerini et al. suggested Lewis acid/base interactions be-
tween zinc cations and 1,2-diaminoethane under UHV conditions [54].
Stable chelating complexes of zinc oxides with bidentate

ligand-ethylenediamine could also be found in the literature [55]. In our
case, the non-reacted amine (-NH) functionalities from poly (propylene
glycol) bis(2-aminopropyl ether), could interact with these ZnO surfaces
via the already mentioned binding mechanisms.

The samples immersed into ultra-pure water show an adhesion
enhancement by a factor of (at least) 1.9 by considering the peel-off
force corresponding to the maximum of the error bars of SC before
(0.26 N/mm) and the minimum value measured after immersion into
ultra-pure water. This can be explained by a possible hydroxylation of
the surfaces due to a stronger interaction behavior between the latter
and adhesive film based on epoxy and amine groups. This interaction
has been reported in the literature for different substrates. Especially,
the amine groups could strongly interact with the hydroxylate groups of
the metal oxide surfaces shown by several publications [53-55].

The peel forces of the ZnO NR and the ZnO NR after immersion into
PAA containing solutions are increased by a factor of (at least) 1.4 (0.9
N/mm as the minimum of the error bar of ZnO NR after immersion into
dilute PAA and 0.63 N/mm as the maximum of the error bar of the ZnO
NR) which is indicative of a highly interfacial adhesion promotion be-
tween the ZnO NR and the adhesive film. In fact, the high adhesion
forces of PAA to ZnO measured with SMFS by Valtiner et al. and
Meinderink et al. [29,45] are supporting these macroscopic peel-off
measurements. Interestingly, even in the case of the ZnO NC, after im-
mersion in PAA solution, high adhesion promoting properties could be
reached. This higher enhancement factor of around 2.1 in comparison to
the ZnO NR films before and after PAA immersions (1.4) can be
explained by the overall increased mechanical interlocking due to the
PAA treatment. In the case of ZnO NC even slightly nanoetching effects
results in a significant improvement in the adhesion peel-off force.
However, in the case of ZnO NR the high surface area due to the
high-aspect ratio of the nanorods can be only slightly improved through
the PAA treatment, but not in such a significant way like for the ZnO NC
which exhibit lower mechanical interlocking sites for the 2 component
adhesive (compare Fig. 1 ¢) and h)). Here, a slight nanoetching effect
increases the overall mechanical interlocking much more effectively
when compared to the ZnO NR. The coordinative binding mechanism to

This article was published in: “International Journal of Adhesives and Adhesion” Vol. 106, D. Meinderink, C. Kielar,
O. Sobol, L. Ruhm, F. Rieker, K. Nolkemper, A. G. Orive, O. Ozcan, Guido Grundmeier, “Effect of PAA-induced
surface etching on the adhesion properties of ZnO nanostructured films”, 102812, Copyright Elsevier 2021, reused

with permission from Elsevier.

111



3 Publications

D. Meinderink et al.

the nonpolar sidewalls and/or nanoetching could be proposed as a
reasonable explanation for this phenomenon. By introducing accessible
nonpolar sidewalls with the deposition of ZnO NC and, especially, in the
case of ZnO NR, the carboxylate groups of PAA chains could give rise to
strong interactions with the crystalline ZnO nanostructures [29]. Strong
acid-base interactions of the carboxylate groups with the acidic ZnO,
chelating or coordinative binding mechanisms are also proposed in the
literature [29,47,49,56] which could explain the highly improved
adhesion by adding PAA molecules to the zinc oxide surfaces and/or a
nanoetching process. The high peel-off forces are indicating strong
interfacial interactions between the cured epoxy-amine resin [6,16], the
nanoetched ZnO nanostructures, and the eventually adsorbed PAA
molecules. The typical curing reaction of epoxy-amine resins are pub-
lished elsewhere [6,57]. A possible adhesion mechanism would include
carboxylate groups from the deprotonated PAA layer linked to ZnO
surface strongly interacting with the applied epoxy-amine resin. It could
be proposed that diamine groups, in excess in the epoxy resin, could bind
to these carboxylate groups, giving rise to different possible reaction
products, for example via ring opening reaction or polycondensation
[57-61]. The zinc carboxylate and/or the amine could probably act as
catalysts as reported by Blank et al. for different epoxy resins and cat-
alysts combinations [58]. Finally, there exists the possibility of a
cross-linking process to create a dense interfacial network by the clas-
sical curing epoxy-amine reaction [10,57].

However, the adhesion promoting effect due to adsorbed PAA and/or
nanoetching is a still open question which will be clarified in the
following section by means of analytical surface investigations such as
DRIFTS, XPS and ToF-SIMS.

3.3. Characterization of adsorbed PAA on the modified zinc coated steel
after immersion in aqueous 3.64 uM PAA solutions (pH = 7)

The substantial enhancement in the adhesion leads to the question
whether the PAA molecules are in between the ZnO films and the epoxy-
amine adhesive films as adhesion promoting molecules or if the
carboxylate groups from the PAA are responsible for the well-known
nanoetching process at the ZnO crystallites [42,43]. In addition, Dang
et al. showed for sodium poly (acrylic acid) in contact with ZnO particles
in a suspension at pH 7 that the PAA form complexes with dissolved zinc
ions [62].

For that reason, DRIFT spectroscopy measurements were carried out
to confirm the adsorption of PAA on the three different substrates,
namely, solvent cleaned sample (SC), zinc oxide nanorod film (ZnO NR)
and nanocrystalline ZnO film (ZnO NC) with PAA molecules. The
collected spectra (after atmospheric and baseline subtraction) are
depicted in Fig. 3.

A broad band of the O-H vibration between 3700 and 3100 cm ! and
centered at 3381 cm ! were interpreted as adsorbed or embedded water
molecules from the water-based adsorption process [47,63-65]. Vibra-
tion modes of carbonates could be found in the range from 1200 cm ! to
1700 em™! published by Hlaing Oo et al. via infrared spectroscopy on
ZnO particles [66]. The characteristic peaks attributed to carboxylate
groups, adventitious carbon species and oxidized ones could be detec-
ted. Obviously, the peaks for adsorbed carbonates from the atmosphere
and impurities would consequently overlap with most of the bands
attributed to PAA. For example, the vibration modes of the C-H
stretching of the backbone from the PAA and adventitious carbon are
visible at ~2965 cm™!, ~2928 cm™! and ~2856 ecm ™! [29,47,63,67,
68]. A broad band of the carboxylate groups at a centered position at
~1582 em ™! [47,68,69] which could be assigned to the deprotonated
groups from the used PAA or oxidized species from the atmosphere. The
latter is followed by a small peak accounting for the carbonyl vibration
mode (C=0) at ~1711 em ! [63,64], while deformation vibration
modes from C-H and C-O (from carboxylate ion (COO™) appear at
~1474 cm ! and ~1404 cm ! [29,47,63,64,68-70]. A shoulder at
~1620-1640 cm ™! could result from adsorbed water layers [71] and the
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Fig. 3. DRIFT spectra from the solvent cleaned HDG substrate (SC; black), the
ZnO nanorod (NR; blue) and the ZnO nanocrystalline (NC; red) films after the
adsorption of PAA from water-based solutions. The spectra were shifted by a
constant factor of 0.15 arb. Units. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)

peak at ~1240-1260 cm ! could be related to the C-O stretching mode
[63,64,69,72]. However, it is difficult to clearly distinguish between
carbonates adsorbed from the atmosphere exhibiting analogue vibration
modes like deprotonated PAA molecules. For instance, Noei et al.
showed by the fundamental analysis with infrared studies of ZnO single
crystals that the adsorption of CO; leads to tridentate carbonate species
at a maximum peak at 1581 cm ™! with two adjacent peaks at 1621 cm ™!
and 1543 cm ™! [73]. Especially the nonpolar sidewalls with the orien-
tation ZnO (1010) are showing highly reactive properties regarding the
adsorption of CO2 [73]. Furthermore, the presented DRIFT spectra
analysis shows that the adsorption of adsorbed species (carbonate con-
taminations and/or PAA) is reduced in the case of the ZnO NC films even
in comparison to the solvent cleaned ones. This could be explained by
the mentioned bonding mechanisms where the non-polar sidewalls are
the preferred sites to have strong interactions, i.e. coordinative binding,
of the carboxylate groups with the (more accessible) zinc atoms, while
mainly electrostatic interactions and hydrogen bringing is occurring at
polar facets of the ZnO hexagonal crystals. Additionally, nanostructured
surfaces have a higher amount of adsorption positions for molecules.
Furthermore, Gao, Teplyakov et al. showed the highly selective
adsorption of carboxylate groups to sidewalls by studying the formation
of bidentate carboxylate linkages to ZnO nanorods from propiolic acid
molecules adsorbed from the gas phase [74]. The trend of the OH-peak is
also reasonable: in the case of the ZnO NR, the pores and gaps in be-
tween adjacent rods open the door for the increased adsorption of water
molecules from the immersion bath during the PAA adsorption step
which are probably partly embedded in the PAA films or adsorbed at the
highly rough surface of the zinc oxide.

The (possible) adsorption of PAA on the SC, ZnO NC and ZnO NR
surfaces is also investigated by means of XPS measurements by
comparing the chemical surface composition before and after the PAA
adsorption step. The quantitative analysis of the high-resolution spectra
from the XPS measurements is summarized in Table 1.

The XPS data show the deposition of a dense layer of ZnO hexagonal
crystals in all cases (compare Table 1). The total surface concentration of
zinc in at.-% from the zinc 2p;/» peak could be increased from around 7
at.-% (SC sample) to ~29 at.-% in the case of the ZnO NR. In addition to
that, the Al 2p signal contribution, coming from the bare substrate,
could not be detected at all in the case of the ZnO NC films. However, a
very low surface concentration of Al remains barely distinguishable in
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Table 1
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Quantitative evaluation of the XPS data from high-resolution spectra of solvent cleaned (SC), ZnO nanorod (ZnO NR) film, ZnO nanocrystalline (ZnO NC) film and all

three samples after immersion in 3.64 pM PAA for 10 min.

At.-% from HR-XPS Solvent cleaned (SC) SC/3.64 M PAA Nanocrystalline films (NC) NC/3.64 M PAA Nanorod films (NR) NR/3.64 uM PAA
Cls 40.2 41.2 32.0 35.4 27.2 28.9

O1s 36.6 35.4 40.5 37.9 41.7 40.7

Na 1s - 0.6 - 0.4 - 0.4

Zn 2ps s 6.9 5.7 27.5 26.4 29.3 30.1

Al 2p 15.4 17.2 - - 1.8 -

Ca 2p 0.9 = = - = -

the case of the ZnO NR. In this last case probably the gaps between the
ZnO NR still allows to detect the pristine surface of the hot dipped
galvanized steel underneath.

On top of that, the XPS results are in a good agreement with the
DRIFTS. The minor differences registered in the at.-% of the C 1s peaks
(shown in Fig. S2 and Table S1 in the SI) and the Na 1s peak (from
neutralization of the polymeric acid with NaOH) before and after im-
mersion in PAA could be assigned to the adsorption of the deprotonated
acrylic acid polymer. But it is even possible that these little differences
(<3.4 at.-%) in the C 1s could be attributed to minor differences in the
amount of adsorbed species for impurities of the atmosphere mentioned
for ZnO films analyzed by XPS (no sputtering was executed before the
XPS measurements) [75-80]. The shape and peak positions of the C 1s
peaks are similar before and after the immersion into PAA solution
(compare Fig. S2 in the SI). Consequently, in our case it is not possible to
distinguish between adventitious carbon covered zinc carbonate con-
taining surfaces which is typical for crystalline ZnO films and particles
[29,39,75-79] and PAA molecules from the immersion step [81,82] by
XPS. For instance, Al-Kuhaili et al. mentioned on magnetron sputtered
ZnO films a contamination of carbonates detected with XPS [76].
Adsorbed -CO3, water and molecular oxygen were even found for ZnO
films in the contribution published by Chen et al. [77].

In order to validate and identify the absorbance of PAA molecules,
four types of samples were analyzed by ToF-SIMS, namely the solvent
cleaned (SC) sample, SC samples after immersion into aqueous 3.64 pM
PAA solution (pH 7, adjusted with NaOH), ZnO nanocrystalline (NC)
films-coated samples and NC samples after immersion under similar
conditions. The ZnO nanorod (NR) films-coated sample was not
analyzed by ToF-SIMS due to the strong influence of the topography on
the secondary ionization yield (i.e. matrix/topography effects) as it was
shown by Seah [83]. ToF-SIMS results for the SC samples before and
after the immersion into aqueous PAA solution are displayed in Fig. 4.
The spectra show no significant differences at fragments with higher
m/z.

In this context, Lépez et al. have measured spin-casted PAA films on
clean glass disks with ToF-SIMS [50]. The authors mentioned prominent
peaks in the negative mode for PAA at m/z 111, 125, 143, and 171. Shi
et al. have analyzed polymerized acrylic acid films on ZnO particles by
ToF-SIMS [84]. The authors were able to detect differences at higher
m/z values which were attributed to the dimers of acrylic acid like at
position m/z 143 (acrylic acid dimer), m/z 185 acrylic acid dimer +
CoH4 and m/z 199 acrylic acid dimer + C4Hg [84]. These peaks were not
detected in all samples immersed into the aqueous PAA solution in the
present case. Unlike the given literature for PAA films [50,83-86], no
significant differences before and after the immersion into the PAA
containing solution were obtained. It can be assumed that only a small
portion of the PAA was attached to the surface and was fragmented by
the bismuth primary ions leading to an intensive fragmentation during
the analysis. Therefore, higher m/z were not detected.

In addition to the SC and ZnO NC sample before and after immersion
into PAA solution, spray coated samples (i.e. “reference samples” with
PAA) were analyzed via ToF-SIMS. All ToF-SIMS spectra for the SC and
ZnO NC cases (before and after immersion into PAA solution and spray
coated samples) are displayed in Fig. S3 and Fig. 54, respectively, in the
Supporting Information. The results indicate that there are major
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Fig. 4. ToF-SIMS spectra acquired in the negative mode of a) solvent cleaned
substrate (SC), b) SC after immersion in aqueous 3.64 pM PAA solution (pH 7).
Both spectra are given in the range from 50 m/z to 180 m/z for a better
clearance in the regions of higher m/z.

differences between the spray coated samples and the immersed sam-
ples. Since the lower m/z values (<m/z 60) show minor differences, it is
difficult to distinguish between the mentioned adsorbed species and
contaminations such as carbonates or carboxylates with short chain
lengths. Consequently, only the higher m/z values (>m/z 130) give a
clear indication of PAA chains. Moreover, in the reference spectra
mentioned before as the most useful one, reported by Alexander et al.
[85], similar typical high fragments for PAA mentioned by Lopez et al.
[50], O’Toole et al. [86] and Alexander et al. [85] could be detected as
well. Especially the higher dimer fragments were obtained as published
by Shi et al. (m/z 143, m/185 and m/z 199) [84]. Finally, it can be
concluded that no PAA was deposited after the immersion into
water-based PAA solution (3.64 pM at pH 7) in the case of SC and ZnO
NC films as observed by ToF-SIMS.
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With regards to the adhesion promoting properties and the proof of
no adsorption of PAA, a possible nanoetching of the adsorbed films of
PAA is an advantage, since it would still allow for mechanical inter-
locking of ZnO NR, while it would avoid problems related to further PAA
cohesive failure like shown by Meinderink et al. for thick electro-
deposited PAA films on stainless steel [47]. The works of Ryu et al. [43]
and of Han et al. [42] regarding nanoetching of ZnO NR by carboxylate
groups could be the explanation for the adhesion enhancement after the
immersion into the PAA containing solution. No significant differences
in the morphology of the ZnO films could be observed in the FE-SEM
images for the ZnO NC and ZnO NR after being exposed to the 3.64
1M PAA-based aqueous solutions when compared to the base substrates.
The latter is in very good agreement with the data extracted from XPS
measurements which indicated no major increases in the C/Zn ratio of
the ZnO surfaces after modification with PAA. It is clear that this
nanoetching effect must necessarily be less significant than, for instance,
the nanoetching carried out by means of a thermochemical reaction
applying high temperatures and higher concentrations [42,43]. For that
reason, at this point, significant changes in the morphology are not
clearly detectable via FE-SEM under the mentioned immersion param-
eters (3.64 pM PAA (250.000 g/mol) for 10 min at room temperature).
However, the occurrence of a nanoetching/dissolution process due to
PAA molecules was confirmed by FE-SEM with the images displayed in
Fig. S5 in the SI registered at a higher immersion time of 60 min in a
0.085 mM PAA solution (pH 7 adjusted with NaOH) under similar
experimental conditions to those used before. Blue arrows in Fig. S7
show some positions as examples of nanoetching/dissolution points
which could be found especially at the nonpolar sidewalls in Figure S5
c)-f) for the ZnO nanostructured films.

Some conclusions could be drawn from the FE-SEM and XPS results:
(i) these anisotropic ZnO nanostructures exhibit great stability, since no
significant dissolution/pitting could be detected by FE-SEM (or signifi-
cant alterations in the XPS spectra) after immersion for t = 10 min in the
aqueous 3.64 tM PAA-containing solution, and (ii) the nanoetching ef-
fect of the as-obtained ZnO films are consequently nanometer sized (not
clearly detectable in the FE-SEM images displayed in Fig. 6 and Fig. 7
after peel-test [after immersion in 3.64 pM PAA solution for 10 min]).
Moreover, the high-resolution FE-SEM images displayed in Fig. S5 in the
SI, registered after exposure to a more concentrated PAA solution, un-
veiled noticeable changes in the morphology of ZnO nanostructures.
These can be summarized in a significant increase in the distance in
between adjacent nanorods, together with the arising of defects and
pinholes on the formerly smooth nonpolar sidewalls (blue arrows in the
FE-SEM images displayed in Fig. S5). While the former increases the
occurrence of mechanical interlocking, the latter would quantitatively
raise the effective surface area of anchoring sites for a polymeric layer.
These two effects combined, both of them resulting as a consequence of
the described nanoetching process, are proposed to be responsible for
the significant enhancement of the interfacial adhesion registered in the
peel-off tests with the model epoxy-amine resin showed in Fig. 2.
However, a compromise between the occurrence of these two related
phenomena, i.e. the increase in the distance between adjacent nanorods
and the occurrence of defects in the polar sidewalls, due to the nano-
etching reaction induced by the strong interaction of PAA with Zn" in
the crystalline facets, and a massive dissolution of the unmodified as-
prepared ZnO nanostructures (occurring for higher PAA concentra-
tions) had to be achieved in order to reach the optimum bonding
experimental conditions.

A similar nanoetching process mentioned by Han et al. [42] and Ryu
et al. [43] can be proposed for the ZnO nanostructures in this work by
considering the SMFS results of Valtiner et al. [45] and Meinderink et al.
[29]. These works could demonstrate that the coordinative binding
processes of deprotonated PAA chains occur especially at stepped
single-crystals [45] and the nonpolar sidewalls of ZnO crystals [29]. We
can then propose the following nanoetching mechanism, including the
strong interaction between zinc atoms and the deprotonated carboxylic
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acid groups, as displayed in Fig. 5.

The dashed lines in Fig. 5 between the carboxylate groups and the
zinc atoms (Zn") which are more accessible in the nonpolar sidewalls
caused by the stabilization mechanisms of the polar surface (0001)-
planes via hydroxyl groups [29,87] are illustrating the strong adsorption
and interaction between the Zn' atoms at the surfaces of the ZnO
crystals. After the rinsing step with ultra-pure water, the
zinc-carboxylate complexes could be removed and the ZnO crystallites
show dissolved edges, especially at the nonpolar sidewalls and crystal
edges, as illustrated by blue arrows in Fig. S5 in the S This nanoetching
effect probably leads to a higher surface coverage of anchoring sites for
the used epoxy-amine resin, producing thus higher peel-off force values
as shown in Fig. 2.

With the aim to confirm the proposed mechanism, a detailed analysis
and identification of the failure mechanism in the detachment process
have been carried out. The metallic substrates were measured with FE-
SEM after the peel-tests. The corresponding FE-SEM images are illus-
trated in Fig. 6.

Here, the FE-SEM images detected by the InLens detector show
mainly the same morphology registered before the peel-tests (see Fig. 2)
for the cases of the SC + PAA and ZnO NC + PAA substrates. The SC
samples (Fig. 6 a)-¢)) show the presence of some randomly distributed
patches from organic components (identified by blue arrows in the
corresponding FE-SEM images). It is reasonable that some polymeric
residues from the adhesive films could be left on the metallic parts. This
could be assigned to an interfacial near breakage of the adhesive film
caused by low interaction forces between the different materials (Zn/Al,
adhesive). In comparison to that, the ZnO NC morphology is completely
intact and the surface show no transfer of components such as organic
molecules or defects/pinholes in the nanocrystalline film. In the case of
the ZnO NR shown in Fig. 6g) and h), many more darker parts, indicative
of the presence of organic molecule deposits, could be found. Addi-
tionally, it could be detected that some ZnO NR were detached from the
metallic counterpart (Fig. 6 f)), which is further confirmed by measuring
the peeled epoxy strips via FE-SEM. These images, displayed in Fig. 7d)-
f), show that the interfacial failure is most likely occurring at the
interphase Zinc/ZnO coating-steel in the cases of the ZnO NR and the
ZnO NC films.

It is clear that the negative images of the topography of the ZnO
substrates are visible in all the three cases (SC, ZnO NR and ZnO NC).
However, some transfer of zinc oxide to the polymeric (epoxy) coun-
terpart in the case of ZnO NC could be seen in Fig. 7d)-f), j) identified by
blue arrows in the FE-SEM images. The interfacial breakage of the zinc
coating from the steel substrate is barely taking place in this case. In
comparison, the FE-SEM analysis of the samples without immersion into
PAA containing water-based solution (displayed in Fig. S6 and Fig. S7 in
the Supporting Information (SI)), i.e. ZnO NC without PAA, show no
transfer of zinc. This indicates that the nanoetching with PAA molecules
increases the adhesion between the ZnO NC and the adhesive in some
defined positions. In the case of the ZnO NR with and without immersion
step in PAA solution, see Fig. 6 g)/h) and Figure S6 g)-i), respectively,
the transfer of organic components is increased when the PAA film is
present (see blue arrows in the corresponding FE-SEM images in Fig. 6).
According to that, it could be assumed that the intensity of the bonding
process between the adhesive-nanoetched-ZnO NR is noticeably higher.

The characterizations of the chemical compositions of the surfaces of
the peeled-off adhesive film strips by means XPS is provided in Table 2.

A high surface concentration of carbon and oxidizes species (for
example, ether groups and hydroxyl groups) can be found in all poly-
meric strips after the peel-tests identified by C 1s and O 1s from XPS
survey spectra. According to the estimated chemical composition
extracted from the bulk phase of the epoxy-amine resin (compare
experimental part), an averaged concentration of around 2 at.-% of ni-
trogen has been detected. Indeed, this could be explained by the amine
functionalities and the cross-linked polymer consisting of new C-N
bonds from the polycondensation reaction at the curing step [57].
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Fig. 5. Schematic summary of the
possible nanoetching process. Left: ZnO
crystallite immersed in an aqueous 3.64

R 1M PAA (250.000 g/mol) solution at pH

7 (adjusted with NaOH). Carboxylate

groups of PAA could coordinately bind

to the Zn atoms (Zn"). Right: the rinsing
with water leads to the removal of zinc
0o carboxylate from the ZnO crystallites
er based on the strong interactions be-
tween the carboxylate groups and Zn"

and the high solubility of PAA in water

(based on the publications from Ryu

et al. [43] and Han et al. [42]).

Fig. 6. FE-SEM images of the metallic substrates prior modified with 3.64 tM PAA solution for 10 min after peel-test measurements. The FE-SEM images show a)-c)
SC sample, d)-f) ZnO NC and g)-i) ZnO NR all at three different magnifications. Blue arrows point to organic breaks. (For interpretation of the references to colour in

this figure legend, the reader is referred to the Web version of this article.)

Furthermore, the XPS results after peel-tests support the FE-SEM images
in Fig. 7, Fig. S6 and Fig. S7. The transfer of zinc could be detected in all
measured polymer films after the peel-tests. Some metallic parts could
be seen in the mentioned FE-SEM images, for example in Fig. 7 g—j for
the case of the ZnO NR and in low concentrations in the case of ZnO NC
(Fig. 7 ). Interestingly, even in the case of the SC sample the transfer of
zinc from the metallic part to the polymer film strip could be found by
XPS, even when they could not be detected in the measured FE-SEM
images. The overall transferred zinc amount in the case of the ZnO NC
is much lower (0.2 at.-%) than in the case of the ZnO NR (0.8 at.-%)
which can be translated into a higher mechanical and chemical adhesion
in the interfacial zones as already explained before in the section of the
peel-test results. The influence of the nanoetching with PAA as adhesion
enhancing step between the ZnO and the epoxy-amine resin is also
observable in the XPS data. Here, an increase of the total transferred zinc
concentration to the polymeric film strips is indicating a highly

improved interaction between the ZnO as already shown by the peel-test
results in Fig. 2 and the FE-SEM images in Fig. 7, Fig. S6 and Fig. S7.
Moreover, in all cases of samples after the immersion step in aqueous
PAA solution, a transfer of sodium from the metallic part to the poly-
meric counterpart can be found too (as can be deduced form the com-
parison with the XPS results after immersion step in aqueous PAA
solution presented in Table 1). As already mentioned before, the sodium
ions are originated in the step of the adjustment of the pH-value of the
aqueous PAA solution (see experimental section). As expected, the so-
dium ions are adsorbed on the ZnO surfaces. Consequently, they could
be accessible for the epoxy-amine molecules and be adsorbed/-
transferred to the polymeric strips. In addition, a minor transfer of
aluminum from the metallic parts of the SC sample without and with the
immersion step in aqueous PAA solution could be identified by XPS
which is indicating a strong interaction between the aluminum species
of the HDG and the polymeric moieties. The results are in a good
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Fig. 7. FE-SEM images of the resin strips in contact with PAA-modified (with 3.64 pM PAA solution for 10 min) substrates after peel-test measurement. The FE-SEM
images show a)-c) SC sample, d)-f) ZnO NC and g)-i) ZnO NR all at three different magnifications. Blue arrows point to transferred zinc oxide. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 2
XPS analysis of the polymeric strips after the peel-test.

At.-% Solvent Sc/ Nanocrystalline NC/ Nanorod NR/

from cleaned 3.64 films (NC) 3.64 films 3.64
surveys (SC) M M (NR) M
PAA PAA PAA
Cls 78.5 76.7 78.8 77.2 77.8 75.7
O1ls 18.9 20.1 18.5 19.8 19.3 20.8
Nals - 0.3 - 0.2 - 0.1
Zn 2ps, 0.1 0.5 0.2 0.5 0.8 1.5
0y
Al 2p 0.2 0.3 = = = =
cl2p 0.2 = 0.1 0.1 = =
N1s 21 21 24 2.2 2.1 1.9

agreement with the XPS results before the peel-tests in Table 1. Here,
aluminum could already be detected in high amount from the surfaces of
the SC samples and a minor Al concentration (1.8 at.-% - from Table 1)
in the case of ZnO NR after the hydrothermal synthesis of the ZnO films.

4. Conclusions

The growth of well-defined hexagonal ZnO structures like ZnO
nanorods (ZnO NR) and nanocrystalline ZnO (ZnO NC) films was carried
out by means of a hydrothermal growth methodology, while the surface
characterization was performed by FE-SEM and XPS. The peel-off forces
registered for these ZnO-based surfaces versus a model adhesive, based
on an epoxy-amine resin, showed a significant improvement in adhesion
in comparison to the solvent-cleaned HDG substrate. The usage of a
nanoetching step promoted by strongly interacting PAA molecules, in
combination with the zinc oxide nanorod morphology, increased the
peel-off force by a factor of around 9. Indeed, the immersion into an
aqueous 3.64 mM PAA solution led, in all cases (solvent cleaned, ZnO NC
and ZnO NR), to an increasing interfacial adhesion. The identification of
deprotonated PAA chains was performed with DRIFT spectroscopy, XPS

and ToF-SIMS measurements. The infrared and XPS data showed typical
peaks for carbonate groups and aliphatic hydrocarbon from adsorbed
molecules from the atmosphere which is typical for zinc oxide surfaces
[76,78] or the PAA molecules [81,82]. However, it is not possible to
distinguish between adventitious carbon species on all samples with
DRIFTS and XPS. Therefore, ToF-SIMS measurements on the SC and ZnO
NC were carried out and compared with a PAA spray coated reference
sample. Here, it could be unambiguously demonstrated that no irre-
versible PAA adsorption is taking place during the immersion step.
FE-SEM images showed the nanoetching of ZnO nanostructures after the
immersion into PAA containing water-based solution. This procedure
slightly increased the distance between adjacent nanorods and increased
the effective surface area of anchoring sites for the epoxy adhesive,
resulting thus in the rise of the interfacial adhesion due to the promotion
of mechanical interlocking and polymer-surface binding interaction,
respectively. An interfacial failure of the zinc coating on the steel sub-
strates of the ZnO NR/PAA and ZnO NC/PAA systems could be shown.
This is supporting the strong interactions between the epoxy-amine resin
and the ZnO NC and especially the ZnO NR with probably increased
mechanical interlocking performed with previous nanoetching step with
mostly deprotonated PAA molecules.
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from the solvent cleaned (SC) sample.

2 XPS results of SC, ZnO NR and ZnO NC films before and after immersion into
PAA containing solution
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Figure S2. High-resolution C 1s spectra of a) SC, b) SC with PAA, ¢) ZnO NR, d) ZnO NR
with PAA, e) ZnO NC and f) ZnO NC with PAA.
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Table S1. Quantitative evaluation of the C 1s HR-XPS spectra of solvent cleaned (SC), ZnO
nanorod (ZnO NR) film, ZnO nanocrystalline (ZnO NC) film and all three samples after
immersion in 3.64 uM PAA for 10 min.

'1;.(:::::1%"1? Solvent SC/ Nanocrystalline NC/ Nanorod NR/
HR-spectra cleaned 3.64 uM PAA films (NC) 3.64 uM PAA  films (NR) 3.64 uM PAA
C-C, C-H 26.8 26.1 204 25.1 18.1 20.2
C-0 7.5 9.2 75 6.3 5.9 5.0
C=0 59 59 4.1 4.0 3.2 3.7
Sum 40.2 41.2 32.0 354 27.2 28.9
3
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3 Additional ToF-SIMS results of SC and ZnO NC films before and after immersion
into aqueous 3.64 uM PAA
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Figure S3. Negative ToF-SIMS spectra of a) solvent cleaned sample (SC), b) SC with spray
coated PAA and c) SC after immersion in aqueous 3.64 uM PAA solution (pH 7) for 10 min.
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Figure S4. Negative ToF-SIMS spectra of a) nanocrystalline ZnO films (NC), b) NC with
spray coated PAA and c) NC after immersion in aqueous 3.64 uM PAA solution (pH 7) for

10 min.
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Figure S5. FE-SEM images of all samples after immersion in aqueous 0.085 mM PAA
(250.000 g/mol) solution for 60 min. The FE-SEM images show a)-b) SC sample, c¢)-d) ZnO
NC and e)-f) ZnO NR all at two different magnifications.
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Figure S6. FE-SEM images of the metallic substrates without immersion in aqueous PAA
solution after peel-tests. The FE-SEM images show a)-c) SC sample, d)-f) ZnO NC and g)-i)

ZnO NR all at three different magnifications.

— = e

Figure S7. FE-SEM images of the polymeric parts without immersion in aqueous PAA
solution after peel-tests. The FE-SEM images show a)-c) SC sample, d)-f) ZnO NC and g)-i)
ZnO NR all at three different magnifications.

7

This article was published in: “International Journal of Adhesives and Adhesion” Vol. 106, D. Meinderink, C. Kielar,
O. Sobol, L. Ruhm, F. Rieker, K. Nolkemper, A. G. Orive, O. Ozcan, Guido Grundmeier, “Effect of PAA-induced
surface etching on the adhesion properties of ZnO nanostructured films”, 102812, Copyright Elsevier 2021, reused

with permission from Elsevier.

125



3 Publications

3.3 Electrodeposition of poly(acrylic acid) on stainless steel with enhanced adhesion
properties

The following publication (3. publication of this PhD thesis) from D. Meinderink, A. G. Orive,

G. Grundmeier was reused from “Surface and Interface Analysis”, Volume 50, pages 1224-1229

(Copyright Wiley & Sons, Ltd. 2018) with permission from Wiley & Sons, Ltd. (License Numbers

4731840123016, 4987720158233).

https://doi.org/10.1002/sia.6440

The deposition of polymers on metal oxide surfaces like technically relevant iron and iron-based
alloys is a key application in surface treatments for corrosion protection and adhesion promoting.
Thus, the modification of stainless steel with adhesion promoting polymers such as poly(acrylic
acid) steel indicated by SMFS in the 1. publication is an interesting and necessary investment for
long-term stable joining in automotive and aerospace business. In the work below, an investigation
of the adhesion promoting properties of poly(acrylic acid) dependent on the deposition time of the
electrochemically initiated polymerization of acrylic acid was performed. The obtained results led
to the prediction of an interfacial failure in the PAA layer influenced by the layer thickness and
opened the door for the application of PAA coatings as adhesion promoting thin films for joining.
The input of the total work corresponding to the different Co-authors is summarized in the

following Table 4.

Table 4. Summary of the author contributions involved in the publication “Electrodeposition of poly(acrylic acid) on

stainless steel with enhanced adhesion properties”.

e involved
author contributions

persons

validation, writing, coordination, investigation, conceptualization, original

draft, visualization, sample preparation, experimental executions,

evaluations, data curation, formal analysis, scientific discussion, review & oM
editing
AFM measurements including evaluations, scientific discussion, support,
mentoring, interpretation of data revisions of the manuscript, review & A.G.O.

editing
project administration, funding acquisition, resources, conceptualization,
scientific discussion, supervision, mentoring, interpretation of data, revisions  G.G.
of the manuscript, review & editing
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1 | INTRODUCTION

The modification of surfaces with polymer films has been reported to
have promising applications in areas such as corrosion protection,
adhesion promoting, and nanocomposite bioadhesion.! Permanently
adhering organic coatings onto inorganic surfaces is long-last challeng-
ing.?2 Many strategies such plasma coating technologies, polymer
grafting, and polymer adsorption have been developed.®> Among the
high research activity in the area of surface modification,
electrografting technique is a powerful coating method which has
received comparatively little attention.* This approach leads to the for-
mation of a covalent bond between the surface and the polymer. How-
ever, promising results were obtained only in limited conditions, ie,
water and air-free solutions, highly potentials, and pure monomers.
Therefore, the introduction of an electrochemical initiator allows
working in milder environments opening thus the door to a wide range
of demanding technological applications.’

Iron and iron-based alloys are most widely used in the industry.
Prior to its application, they need to be modified by organic coatings
to improve their adhesion properties and to reduce their corrosion
attack.” Consequently, acrylic polymer derivatives have gained much
attention as adhesion promoter and corrosion inhibitors of engineering
metal.® The coating polymer act as a bridge between engineering
metals end resins, where the bonding formation between the —COOH
functionality and epoxy resin groups enhances the strength stability of
the metal/polymer interface. The molecular adsorption of the carbox-
ylic moiety onto the metal surface inhibits the metal dissolution

A facile electrochemical methodology to prepare poly(acrylic acid) (PAA) thin films in
mildly acid aqueous solutions onto stainless steel is presented. Together with the
PAA, the codeposition of Zn species is observed. The latter can be further removed
by rinsing with dilute HCl aqueous solutions. These PAA-modified steel samples have
been characterized by infrared reflection absorption spectroscopy and atomic force
microscopy and exhibit good adhesion-promoting capabilities.

forming a compact barrier film.” The control of the polymer architec-
ture plays a key role on the tuning of the final polymer properties.*°

Electropolymerization of acrylic acid (AA) results a promising alter-
native for coating iron-based alloys with improved properties regard-
ing the adhesion strength and the development of a barrier film.
Over the plasma treatment, electropolymerization has the advantage
to allow the precise control of the chemical composition of the poly-
mer film. A high adhesion between metal and polymer occurs because
the monomers wet the metal surface easily than polymers do and can
thus induce polymerization within the edges and corners. Because the
difficulty to reduce/oxidize the AA monomer itself in aqueous solu-
tions, water-based catalysts were introduced to facilitate the polymer-
ization reaction. In this sense, persulfate salts and zinc ions have been
used as electroinitiators for these reactions.”*! The polymerization
reaction is driven by the reduction of the electroinitiator at the surface,
and then, the electron excess is transferred to an acrylic monomer.*
This kind of electroinitiator requires that the monomer is situated
in the vicinity of the metal/electrolyte interface initiating the
electropolymerization.?

To provide a good control of the polymer growth, a simple electro-
chemical deposition process is applied within this paper. The
electropolymerization of AA on stainless steel is performed by
cathodic deposition at pH 6 from an aqueous solution containing
Zn?" ions as electroinitiators and bisacrylamide as cross-linker.? This
process leads to reproducible deposition of thin films the coating of
steel surfaces in a controlled way with improved properties regarding
the adhesion strength as adhesion promoting interfacial layers.

1224 I © 2018 John Wiley & Sons, Ltd.

wileyonlinelibrary.com/journal/sia

Surf Interface Anal. 2018;50:1224-1229.

Reprinted from ,,Surface and Interface Analysis“, Volume 50, Authors: D. Meinderink, A. G. Orive, G. Grundmeier,
pages 1224-1229, (Copyright Wiley & Sons, Ltd 2018), with permission from Wiley & Sons, Ltd. (License Number

4987720158233).
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2 | EXPERIMENTAL

21 |

Polished stainless steel substrates (ASIS 316L, Goodfellow GmbH) of
3.0 x 4.5 cm size for all experiments were used as working materials.

Materials and chemicals

To remove all organic contaminations, 3 successive cleaning steps with
tetrahydrofurane, isopropyl alcohol, and ethanol for 15 minutes of
each solvent in an ultrasonic bath were carried out. Afterwards, the
substrates were dried in a nitrogen stream.

The chemicals and solvents used in this work were of p.a. grade
quality. Deionized water for the electrolyte preparation (0.055 uS cm
-1, Ultra Clear TWF, SG water, Hamburg, Germany) was used.

2.2 | Electrochemical deposition and cleaning steps

A typical 3-electrode setup with a potassium chloride saturated silver/
silver chloride as reference electrode, the stainless steel substrates as
working electrode (6.0 cm? front side, backside was taped), and a
closely coiled platinum wire (219.9 cm?) in a lugging filled with an
aqueous 0.025 M H,SO4 solution, was used. The 75 mL water-based
electrolyte for each deposition experiment consisted of 2.0 M acrylic
acid (monomer) with methoxyphenone (inhibitor) (Sigma-Aldrich),
0.2 M zinc chloride (initiator) (Merck KGaA), and 0.04 M N,N’-
methylenebisacrylamide (cross-linker) (Sigma-Aldrich). The pH of the
resulting solution is raised to 6.0 by adding solid NaOH. Before every
deposition, the electrolyte was purged with nitrogen for 15 minutes
to create oxygen-free conditions. Otherwise, the reaction will be
stopped as a consequence of the biradical character of oxygen because
it reacts with the radical AA breaking off the electropolymerization.
The atmosphere was purged during the reaction time.

A potentiostat Reference 600™ (Gamry Instruments) was used to
reach a constant potential of -1.15 V vs Ag/AgCl. In this regard,
chronocoulometry measurements were performed to apply a well-
defined bias voltage at the working electrode for 75, 100, 150, 225,
and 300 seconds at room temperature.

After the electrodeposition, samples were cleaned for 4 minutes in
100 mL of pure water and analyzed with Fourier transformed infrared
reflection absorption spectroscopy (FT-IRRAS) and atomic force
microscopy (AFM). To remove all zinc species embedded in the poly-
mer, the modified stainless steel substrates were dipped in 100 mL
of an aqueous 0.1 M HCI solution for 4 minutes. This step was
followed by the characterization with PM-IRRAS and AFM
measurements.

2.3 | Analytical methods
2.3.1 | Characterization with IRRAS

To identify and characterize the chemical composition of the deposited
poly(acrylic acid) films after rinsing with water, FT-IRRAS was per-
formed with an FT-IR microscope of type Hyperion 1000 connected
to a Vertex 70 spectrometer (both Bruker Optics, Germany). The thin
poly(acrylic acid) (PAA) films after the rinsing step with 0.1 M HCl were
analyzed with PM-IRRAS using a Vertex 70 (Bruker Optics, Germany)
and a ZnSe photoelastic modulator for the p-polarization (Bruker,

S an
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Germany). LN-MCT detectors were used in both measurement
devices. Five hundred twelve scans per spectrum were detected, and
a gold mirror was measured as the reference in the case of FT-IRRAS.
The resolutions were 4 cm™.

232 | AFM

Atomic force microscopy imaging was carried out using a MFP-3D-SA
(Asylum Research) equipped with an antivibration table and an acous-
tic enclosure in intermittent contact mode operating in ambient air
conditions at a scan rate of 0.5 to 1.2 Hz. To this end, HQ:NSC15/AIBS
(325 kHz and 40 N m™%, nominal radius of 8 nm) and HQ:NSC18/AIBS
tips (75 kHz and 28 N m~%, nominal radius of 8 nm), purchased
from Mikromasch, were used. Root mean square (RMS) roughness
measurements, R, from at least 3 10 x 10 um? AFM images taken
from different but equivalent sample areas for every deposition time
have been collected and averaged.

2.3.3 | Application of a model adhesive and peel test
experiments

A 2-component epoxy amine adhesive consists of 11.19 g epoxy
resin (D.E.R. 331, DOW Chemicals, Midland/USA) and 6.78 g of the
amine (poly(propylene glycol)bis(2-aminopropyl ether), Sigma-Aldrich).
After mixing the 2 components, the polymer mix was degassed in
vacuum (<1.0 x 1072 mbar) for 1 hour. To remove all bubbles, the
mixture was treated in ultrasonic bath for 15 minutes followed by
another hour in vacuum for additional degassing. The poly(acrylic
acid)-coated samples and untreated stainless steel samples taken as
references were covered with 6 commercial adhesive tapes of around
300-um thickness to create well-defined spacers for the application
of the epoxy amine mix between the tapes. The coating step was
carried out in a dry nitrogen atmosphere (7.0% + 2.0% r.h.) at
19°C + 1°C. The samples were put on Polytetrafluoroethylene blocks
coated with aluminum foil and fixed with a constant pressure with
clamps. This was followed by the hardening step at 120°C for
75 minutes in the oven. Then, the samples were subsequently
exposed for 72 hours at 40°C to humid air (>95% RH). The free-
standing model adhesive films were cut into stripes, and the 90°
pull-off forces (force gauge of type Model ZP-5, Imada) were
recorded from each stripe. To maintain the peel-off angle, a motor-
ized peel tester (MV-220Motorized Test Stand, Imada) with a con-
stant haul-off speed of 1 mm second™* was used.

3 | RESULTS AND DISCUSSION

3.1 | Synthesis of PAA films on stainless steel

Figure 1A shows the chronocoulometric curves obtained for the
different deposition times. The charge density exhibits a characteristic
linear behavior indicating a constant polymerization rate. The
registered charge density results from the reduction of the initiator
onto the stainless steel surface. It has been stated that the
electropolymerization of AA implies the formation in solution of a
complex Zn?*-acrylate.® A cathodic potential of -1.15 V vs Ag/AgCl
was set for the reduction of Zn?* to Zn® because this value exhibited
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(A) Charge density curves vs time registered for stainless steel substrates for different deposition times. (B) FT-IRRAS spectra of

different PAA films on polished stainless steel electrodeposited at -1.15 V (vs Ag/AgCl) for deposition times after cleaning in pure water. (C)

Subsequent cleaning in 0.1 M aqueous HCI

the best performance within a complete set of previous experiences.
Briefly, more positive values produced negligible reduction of Zn?* to
Zn°, being the essential step for initiating the PAA deposition. Conse-
quently, no trace of AA polymerization was detected either by AFM or
FT-IRRAS. On the other hand, getting into more negative values gave
rise to massive Zn deposition (difficult to completely dissolve by rinsing
in 0.1 M HCl or by applying positive potentials) together with certain
degree of overlapping with the hydrogen evolution reaction. These
facts have been frequently related to the formation of cracks and
porous and highly defective PAA films, which could have a negative
impact on the adhesion properties of the as-prepared polymer. In this
context, Katz et al reported analog potential deposition values for a
similar pH window range and electrolyte composition.” In any case,

at this cathodic potential, the Zn?* complexed ions are reduced on
the stainless steel surface, and subsequently, some electrons are
transferred to the vinyl monomers, generating a radical and starting
thus the polymerization reaction. In parallel, the reduction of Zn?* ions
also takes place giving rise to Zn-based deposits embedded into the
polymer.*?*3 The mechanism for which the electrons are transferred
to the vinyl monomers is not well understood but tentatively proposed
in literature.®1*

Figure 1B shows the FT-IRRAS spectra of the corresponding
stainless steel samples after the different deposition times and after
the cleaning with pure water for 4 minutes and Figure 1C after the
cleaning with aqueous 0.1 M HCI for 4 minutes. The spectra were
normalized to the most intense peak. Typical characteristic bands
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arising from the electrodeposited PAA films are observed. The broad
band between 3600 and 3000 cm™! is attributed to the hydroxide
stretching mode and the —NH stretching mode, whereas the peaks
located between 3000 and 2800 cm™? are attributed to the stretching
mode of the C—H hydrocarbon bone.? The peak located at 1740 and
1720 cm™! is associated to the carbonyl group.!® The peak at
1540 cm™* is attributed to the presence of carboxylate groups which
are created by the reaction with zinc species and other metallic cat-
ions.® The peaks at 1457, 1420, and 1250 cm™? are associated to the
deformation band of the polymer backbone and stretching modes of
the C—O bond, respectively.’® The trend of the increasing of the

s an
WILEY-] AL

characteristic vibration modes like the —OH peaks and the —COO "/
C=0— peaks in dependence on the deposition time is in a good agree-
ment with the literature.'® It could be shown that the deposition time
has to be higher than around 150 seconds to show a linear polymer
growth.!?

In the absence of Zn?*, after rinsing in diluted HCI, only the bands
resulting from the organic part are observed (Figure 1C). Consequently,
those peaks attributed to the —COO™—Zn?" species are significantly
decreased. All intensities are lower after the second cleaning step
which is a direct consequence of the good solubility of poly(acrylic
acid) in the water.

400nm 400nm
SR [T
0.0 nm
50 T . 50 50 ,
40 RMS =5.36 £ 1.09 nm 40 RMS=7.11%2.52 nm AD RMS =7.32+3.70 nm
E £ £
£ 30 £ 30 £ 30 ]
£ S =
> 20 > 20 2 20 J
[ (V] %
= 5 "’/W T 10 10
0 . . . 0 v 0 v v
00 05 10 15 20 00 05 15 20 00 05 10 15 20

Distance (um)

Distance (um)

Distance (um)
50.0 nm

400nm
|
0.0 nm
50 . . 50
40 RMS = 12.39 £4.35 nm 0 RMS = 15.28 £ 5.21 nm 40 RMS =13.22+4.17 nm
3 3 3
£ 30 1. 30 1£. 3o .
E £ =
D 20 {® 20 {© 20
()] [T (]
- - 1T 10 = 10
0 . . . 0 . 0 e ’ s
00 05 10 15 20 00 05 15 20 00 05 10 15 20

Distance (um)

Distance (um)

Distance (um)

FIGURE 2 AFM images (2.0 x 2.0 um?) registered for the stainless steel substrate before (A) and after the electrochemical modification with
ZnO/PAA for 75 seconds (B), 100 seconds (C), 150 seconds (D), 225 seconds (E), and 300 seconds (F), after rinsing with 0.01 M HCI, upper
panels. Representative cross-sectional profiles showing the dimensions of the corresponding PAA deposits and RMS roughness values are depicted
in the lower panels. The inset in Figure 2E (10 x 10 pm?) shows the presence of Zn/ZnO particles before rinsing in 0.1 M HCI
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Atomic force microscopy measurements were carried out to character-
ize the topography of the stainless steel samples before and after
applying a pulse of -1.15 V (vs Ag/AgCl) in the Zn?'/AA containing
solution for growing deposition times and subsequent cleaning in a
dilute HCI aqueous solution. Thus, Figure 2A shows the characteristic
topographic features of a bare stainless steel where parallel polishing
lines and scratches can be distinguished.

Atomic force microscopy images show for lower deposition times
the formation of a PAA-based granular electrodeposit consisting of
small particles, ie, 3 to 8 nm high and 18 to 35 nm wide (after correc-
tion by the tip convolution), which gradually covers the steel substrate;
see Figure 2A to C. Accordingly, the RMS roughness increased from
5.4 nm (bare steel) to 7.3 nm. Then, these grain particles start to aggre-
gate progressively giving rise to the growth of PAA pancake-like struc-
tures as can be observed in Figure 2C, D, around 7 to 10 nm high. From
t = 150 seconds and later, these PAA islands finally collapse forming
smooth globular-like polymer structures (~20-30 nm thick) which
nearly cover the whole substrate (Figure 2E, F) but still leaving some
polymer-free steel areas in between. The latter can be tentatively
attributed to the dissolution of previously deposited Zn/ZnO particles
when the electrodeposited ZnO/PAA composite film is exposed to a
dilute HCl aqueous solution. In this regard, the inset in Figure 2E shows
the presence of Zn/ZnO crystalline structures (~300 nm high) before
the sample was thoroughly rinsed in 0.1 M HCI. As a consequence,
the RMS value still increased up to t = 225 seconds, namely 15.3 nm,
reaching then a steady value for higher deposition times, ie, 13.2 nm
for t = 300 seconds.

3.3 | Peel test

The influence of the deposition time on the wet adhesion has been
assessed, and these results are presented in Figure 3. The PAA films

3.0 2.7
2.5
2.0

1.5

Peel force/ N'mm

1.0 1

0.5+

0.0-

Reference
75 sec
100 sec
150 sec
225 sec
300

FIGURE 3 Peel forces: polished stainless steel after solvent cleaning
and stainless steel after applying -1.15 V (vs Ag/AgCl) for 75, 100,
150, 225, and 300 seconds after rinsing with 0.1 M HCl aqueous
solution

are expected to promote the adhesion between the stainless steel sub-
strate and the epoxy-amine adhesive film.!* Peel-off forces of 1.54
and 2.74 N mm™* were registered for the reference and 100-second
PAA-coated samples, respectively.

Our results show that the adhesion is improved, ie, by a factor of
nearly 1.8, in the case of 100 seconds. However, for 300 seconds,
the adhesion experiences show no significant enhancement in compar-
ison to that exhibited by the bare stainless steel surface. Interestingly,
rather, a decrease of peel forces could be observed for deposition
times higher than 100 seconds. This finding could be correlated with
the morphology of the PAA films. Briefly, when PAA grain particles
(see Figure 2B, C), start to aggregate to form 3D pancake-like struc-
tures (see Figure 2D-F), the macroscopic adhesion values decrease.
This observation can be tentatively attributed to a cohesive failure of
the as-prepared PAA layer at a critical film thickness. It can be con-
cluded that a PAA thin film of only some few nanometer thickness is
beneficial for interfacial adhesion promotion. In this regard, coordina-
tive bond formation between the iron oxide containing passive film
and the carboxylic acid groups of the PAA and or are likely.**

4 | CONCLUSIONS

Poly(acrylic acid) thin films can be prepared onto stainless steel by
electrochemical polarization at cathodic potentials in a Zn?*/AA con-
taining aqueous solution at slightly acidic pH. Zn species can be
removed from the as-obtained Zn-PAA-based composite by rinsing
with a dilute HCl solution. The resulting surfaces have been thoroughly
characterized by AFM and FT-IRRAS confirming the successful modifi-
cation of the steel samples with the polymer. These PAA-modified
steel samples exhibit enhanced adhesion properties to a model
epoxy/amine resin in comparison to that exhibited by the bare stain-
less steel surface.
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3.4 Spray coating of poly(acrylic acid)/ZnO tetrapod adhesion promoting nanocomposite
films for polymer laminates

The following 4. publication was reused from the publication:

Dennis Meinderink, Karlo J.R. Nolkemper, Julius Birger, Alejandro G. Orive, Jorg K.N. Lindner,

Guido Grundmeier, Surface and Coatings Technology 375 (2019) 112-122. (Copyright Elsevier

2019) with permission from Elsevier for reuse and embedding the article in this PhD thesis.

https://doi.org/10.1016/j.surfcoat.2019.06.083

The joining of nonpolar polymers like poly(propylene) foils to laminates is limited by the van der
Waals forces in the interfacial region of the system. The publications before already showed the
molecular and macroscopic adhesion properties of ZnO nanostructures and poly(acrylic acid).
Within this 4. publication of this PhD thesis, a novel ultrathin hybrid film containing of ZnO
tetrapods and poly(acrylic acid) was developed to transfer the knowledge of the fundamental
adhesion properties of PAA/ZnO materials to a technical relevant and easy application tool. Spray
coating as a highly industrial relevant application method was chosen to deposit the aqueous
dispersion on nonpolar poly(propylene) foils to increase their interfacial adhesion mechanisms.
Indeed, the shear strength tests showed that the shear strengths increase with increasing ZnO
tetrapod surface concentration. Furthermore, the results demonstrated the cohesive adhesion
failure mainly in the centers of the ZnO tetrapod crystals.

The following Table 5 sums up the involved persons with their work inputs.
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Table 5. Summary of the author contributions involved in the publication “Spray coating of poly(acrylic acid)/ZnO

tetrapod adhesion promoting nanocomposite films for polymer laminates™.
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revisions of the manuscript, review & editing
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ARTICLE INFO ABSTRACT

Zinc oxide tetrapods (ZnO TP) have reached a high level of interest in the last years due to their broad fields of
applications. Here, the combination of the adhesion promoting properties of both ZnO TP and poly(acrylic acid)
(PAA) is demonstrated. A very rapid spray coating of water-based dispersions has been used to deposit homo-
genous thin nanocomposite films on poly(propylene) (PP) foils considered as model system. The characterization
of ZnO TPs has been carried out by field-emission scanning electron microscopy (FE-SEM), high-resolution X-ray
photoelectron spectroscopy (XPS) and transmission electron microscopy (TEM). The increased shear strength
values exhibited by PP/PP laminates with interfacial ZnO TP/PAA films could be attributed to mechanical
interlocking of ZnO TP and the macromolecular adhesion promotion by PAA. FE-SEM imaging after shear tests
indicated a failure in the core of the ZnO TP. The fast application method via plasma activation of the PP foils
and spray coating of the composite films with low concentrations of 0.085 mM PAA and 8 mg/ml ZnO TP makes
this technique rather interesting for industrial applications.

Keywords:

ZnO tetrapods (ZnO TP)
Spray coating

Dispersions

Poly(acrylic acid) (PAA)
Nanocomposite

Adhesion promoting films

1. Introduction

The application of ZnO tetrapods (ZnO TP) in different fields such as
gas sensing [1,2], humidity sensing [3], UV sensing [4], electron [5] or
photoluminescence devices [6], photocatalytic properties [7], for self-
reporting materials with stress sensitive photoluminescence like in ZnO
tetrapods/poly(dimethylsiloxane) (PDMS) composites [8] or for ther-
mally and electrically conductive epoxy composites with graphene-
coated ZnO TP [9], coated with gold particles for surface-enhanced
Raman spectroscopy (SERS) [10] and adhesion promoting [11] has
been considered in the last years. For example, the optical and dielectric
properties of ZnO TP were thoroughly studied by Han et al. [12]. ZnO
TP also show a high potential for dye-sensitized solar cells as published
by Hsu et al. [13]. The reviews of Newton and Warburton [14], Modi
[15], Mishra [16,17] and Yan et al. [18] provide a good overview about
the synthesis, characterizations, and applications of ZnO TP. The use of
ZnO TP as template materials for composites was recently shown by
Yang et al. [19]. A good summary about the different synthesis proce-
dures is given in the seminal contribution by Mishra et al. [16]. Fab-
rication methods of ZnO TP are well established. Mishra et al. devel-
oped a simple flame transport approach for obtaining different ZnO

* Corresponding author.
E-mail address: g.grundmeier@tc.uni-paderborn.de (G. Grundmeier).

https://doi.org/10.1016/j.surfcoat.2019.06.083

morphologies [20,21]. A muffle oven-based synthesis with poly(vi-
nylbutyral) (PVB), zinc microparticles and ethanol has been employed
for this purpose. Another possibility to fabricate ZnO TP is the thermal
evaporation in a tube oven [2]. Zinc powder or even zinc plates can be
used as precursors with the inlet of nitrogen as transport gas and
oxygen for the oxidation of vaporous zinc. The impact of the experi-
mental conditions has been thoroughly explored in the last years
[2,22-29]. For example, the feed rates, the temperature, the amount of
zinc and the relative position in the tube are important parameters to be
controlled during the synthesis [30].

Different deposition processes of ZnO TP have been considered over
the last few years. For example, homogenous films with dispersions of
ZnO TP were achieved by means of spin coating onto indium tin oxide
(ITO) glasses [13]. A coating from liquid polymer by directly spreading
onto the substrates was demonstrated by Holken et al. [31]. Another
way to produce coatings with ZnO TP using an automatic film coating
apparatus for the deposition of ultrasonicated ZnO TP/poly(urethane
acrylate) (PUA) composites on glass plates followed by UV curing was
shown by Kim et al. [32].

Spray coating is a well-known tool based on ultrasonic spraying
useful to create thin films of metal oxides by means of pyrolysis from a
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sprayed aerosol [33-35]. Metal oxides like SnO, or ZnO were synthe-
sized by using their organometallic or mineral salts as precursors
[33,34]. Another way to deposit metal oxides onto surfaces is the direct
use of dispersions or suspensions of oxide particles. A homogenous and
stable dispersion is the basis of metal oxide source materials for the
spray coating process [36,37]. In this regard, the electrostatic and steric
stabilization in the chosen dispersant play an important role [37].
Process development has to consider the control of the liquid jet via
pumps or pneumatic systems, the droplet size, the nozzle, the distance
to the substrate surface, pressure of the carrier gas and the substrate
temperature [34,37]. Arca et al. showed the dependence of the pre-
cursors on the properties of the deposited ZnO coatings [34], while
Pawlowski summed up all details regarding the spray coating process
[37]. To the best of our knowledge, ZnO TP have not been dispersed in
water-based polymer solution and spray coated with a polymer com-
ponent like PAA so far [17]. PAA has been typically casted by spray
coating for preparing layer-by-layer (LbL) films [38]. Li et al. have
carried out the spraying of aqueous PAA solutions with additional
polymers to generate superhydrophobic coatings [39].

The optimized dispersion of metal oxide nanoparticles is still a
challenge and has to be optimized for every individual case [37,40]. For
the generation of a stable particle dispersion without sedimentation, the
repulsive electrostatic interactions play an important role [41,42]. ZnO
particles can be dispersed in different suspensions based on methanol
[12,23,43], dichloromethane with n-hexyltrichlorosilane [6], iso-
propanol [2] or ethanol [5]. The adsorption of poly(ethylene glycol)
(PEG) on zinc oxide nanoparticle surfaces was analyzed by Liufu et al.
[44]. However, for a wider industrial application of ZnO particle-based
dispersions and a “green chemistry” approach, an ethylene glycol-water
[45,46] stable suspension, or even dispersions in pure water [47]
should be considered [48]. ZnO TP could be mixed in a 0.25M zinc
acetate/ethanol solution as demonstrated by Hsu et al. [13] or in
aqueous AgNO3/PEG solutions as published by Wang et al. [25]. The
high potential of the adhesion promoting properties of ZnO TP was
shown by Adelung and his working group for the joining of poly(tet-
rafluorethylene) (PTFE) and PDMS [11]. They could demonstrate that
ZnO TP are increasing the mechanical interlocking between the cured
PTFE and PDMS polymer films via ZnO TP deposited with a sieve.
However, the interface preparation was quite complex and not suitable
for technical processes.

In the present work, we show the spray coating of a novel composite
film in combination with plasma activation of substrates for a time-
efficient surface processing. Poly(propylene) is used as a model polymer
which is difficult to laminate. Plasma activation of PP foils was carried
out as proposed by Gross et al. [49], Morent et al. [50] and Occhiello
et al. [51] in oxygen containing atmosphere. Plasma activated poly
(propylene) foils were then spray coated with different water-based
PAA dispersions containing ZnO TP and homogenous spray coated films
of PAA and ZnO TP/PAA composites could be achieved. To quantify the
adhesion promoting capabilities of ZnO TP and PAA films, two joined
PP foils were subjected to shear tests under high humidity. The opti-
mized performance of the nascent ZnO TP/PAA composite films is here
attributed to mechanical interlocking by ZnO TP combined with the
adhesion-promoting properties exhibited by PAA films, which has been
largely stated in several studies [38,52-57]. Furthermore, PAA was
chosen to slow down the sedimentation of the ZnO TP in the dispersion.

2. Experimental

The ZnO TP synthesis was addressed according to a well-known
procedure commonly known as “vapor phase growth processes”
[1,2,23]. A schematic illustration of the tube oven setup can be found in
the work of Calestani et al. [2]. Briefly, ZnO TP were synthesized in a
quartz tube of 1200 mm length with an outer diameter of 34 mm. In our
synthesis, no extra tubes for the inlet of the gases (N, and O,) were
used. The principal setup is displayed in Fig. S1 in the Supporting
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information (SI). For an easy collection of the ZnO TP, a conical SiO,
tube (28 mm and 5 mm inner diameters) marked as area 3 and 4 in Fig.
S1 was inserted with a second smaller quartz tube in the tube oven,
according to the publication of Wang et al. [28] and Delaunay et al.
[26]. Before starting the synthesis, the tube oven was heated up to
900 °C and purged for 10 min with pure nitrogen (volume speed 16 1/h)
to avoid any water contaminations. Zinc powder (1.6 g, Riedel-de Haén,
fine powder, for analysis) in an aluminum oxide vessel was positioned
in the middle of the tube oven under nitrogen flow. Then the oxygen
flow was set to 1.61/h ( + 0.51/h) while the nitrogen flow was de-
creased to 6.01/h ( = 0.51/h). After a reaction time of 30 min, the
oxygen/nitrogen flow and the heating of the oven were stopped. The
cooling down to room temperature was done overnight under nitrogen
atmosphere. ZnO TP as colorless fluffy powder in area 4 (Fig. S1) were
collected from the inserted short quartz tube by picking up with a
spatula from the inner walls.

Poly(propylene) foil (PP) (thickness 0.1 mm, homopolymer,
Goodfellow, England) was cut into 1 cm X 4 cm pieces with a scalpel
and used as substrate. In order to remove all pollutants from laboratory
atmosphere the films were cleaned with ethanol in an ultrasonic bath
and dried under nitrogen steam. To reach higher hydrophilicity, a
plasma activation for poly(propylene) films (PP) was done in a Plasma
Cleaner Setup (Plasma Surface Technology, Diener electronic GmbH,
Germany) under pure oxygen with constant pressure controlled by the
volume flux of oxygen. The oxygen pressure was set to 0.34 mbar. A
deviation of = 0.04 mbar caused by flux instabilities has been esti-
mated. All plasma activations were carried out for 1 min and the sam-
ples were directly used for spray coating followed by the analytical
steps.

For the spray coating process, a conventional spray coater (ND-SP
11/4 Precision Spray Coater, Nadetech Innovations S.L., Spain) with
vertical configuration and integrated hotplate was used. A mixture of
nitrogen and the water-based dispersion was sprayed with a high
viscosity liquid atomization spray nozzle (mini-atomized nozzle
MMAE/MMA type, Nadetech Innovations S.L., Spain) made of 316 L
stainless steel. Here, the following parameters were chosen at the spray
coater: a hotplate temperature of 75°C ( = 3°C), a volume speed of
100 ml/min, a distance between the nozzle and the substrate surface of
12 cm, a movement speed of the nozzle of 1200 mm/min (i.e. 1s for
spray coating time on 1cm? PP foil), a system pressure higher than
6.0 bar of pure nitrogen and a pressure at the nozzle of 3.50 bar. Before
each spray coating experiment, the whole system was cleaned with at
least 20ml of ultrapure water (0.055pS/cm, Ultra Clear TWF, SG
water, Hamburg, Germany). Additionally, a stabilization time of 2s to
create a stable spray coating mist was set in the software (Nadetech
Innovations S.L., Spain).

In all experiments aqueous dispersions with a pH value of 7 ( + 0.1)
adjusted with solid NaOH pellets (Merck Millipore, Germany) were
used. For a stable dispersion for around 20min (= 10min), a
0.085mM poly(acrylic acid) (PAA) (250.000 g/mol, 35wt% in H,O,
Sigma Aldrich) solution in ultrapure water (0.055uS/cm, Ultra Clear
TWF, SG water, Hamburg, Germany) was used. The dependence of the
ZnO tetrapod (ZnO TP) concentration on the spray coating homo-
geneity and adhesion was checked for different ZnO TP concentrations.
For this purpose, ZnO TP were added to the previously prepared
0.085mM PAA aqueous solution (pH 7) to get concentrations of 8 mg/
ml and 16 mg/ml. The new measured pH values are 8.8 ( = 0.2) for the
8 mg/ml ZnO TP dispersion and 8.6 ( + 0.2) for the 16 mg/ml ZnO TP
dispersion with 0.085 mM PAA (pH 7). To reach a high homogeneity,
the dispersions (a volume of 50 ml) were stirred at 150 rpm for 10 min.
After homogenization the dispersions were loaded in the syringes of the
spray coater and were shaken softly before the spray coating process.
Some photographical images of the spray coated PP foils can be found
in the Fig. S2 in the SI

All spray coated samples were stored for at least 24 h in a desiccator
filled with silica particles at a pressure of 30 mbar. The joining of two
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Fig. 1. FE-SEM images of the ZnO tetrapod powder supported on a carbon pad.

overlapping PP foils with 1.0 cm? joining area was carried out by using
a laboratory hydraulic press (CY-PCH-600D) with two heating plates
(CYKY, China). A schematic illustration of the setup is shown in Fig. S3
in the SI. The temperature of the hotplates was set to 65°C ( = 0.5 °C)
and a constant hydraulic pressure of 0.5 MPa (with an estimated var-
iation of *+ 0.4 MPa) was applied for 30 s with 7 samples (total over-
lapping area is then 7 cm?). Mirror polished stainless steel coated with
poly(tetrafluorethene) (PTFE) foils (0.1 mm thickness) were used to
achieve flat surfaces and to get an easy removal of the jointed foils. Two
joined samples illustrated via photographical images can be seen in the
Fig. S2 in the SI.

A field-emission scanning electron microscope (NEON® 40 FE-SEM,
Carl Zeiss SMT AG, Germany) with a SE2 and an InLens detector was
used for the generation of high-resolution SEM images of the ZnO TP
and PP surfaces. A focused ion beam (FIB) system (NEON® 40 FIB, Carl
Zeiss SMT AG, Germany) with a Ga liquid metal ion source (LMIS) was
used for milling some of the samples. A beam of 30keV Ga™ ions was
used for all FIB processes at currents of 50 pA and 5nA. The samples
were sputter coated with 3 nm Au/Pd (80 wt% Au, 20 wt% Pd) prior to
all FIB measurements.

Investigations on the joining parts of the ZnO TP branches were
performed on a probe-side C,-corrected JEOL JEM-ARM200F at an ac-
celeration voltage of 200 kV. For TEM analysis a droplet of ZnO TP
dispersed in isopropyl alcohol was placed on a carbon coated grid and
dried. To analyze cracking behavior, a ZnO TP holding grid was first
covered by a second grid (carbon side on top of carbon side). In a
second step ZnO TP were ground by displacing the covering grid which
leads to cracking of TPs (as shown in Fig. S4 in SI).

The surface chemical composition of ZnO TP and spray coatings was
studied by X-ray photoelectron spectroscopy (XPS) using an Omicron
ESCA + equipment (Omicron NanoTechnology, Germany) at a pressure
of < 5-107 ' mbar. For all measurements monochromatic Al-Ka X-ray
radiation (1486.7 eV), a spot diameter of 600 pum, a take-off angle of 30°
and a hemispheric analyzer were used. The C 1s peak at 285.0 eV was
set as internal energy reference and no neutralization was applied in all
measurements. The software CasaXPS (Casa Software Ltd., Teigmouth,
UK) was used for peak fitting with the corresponding relative sensitivity
factors (RSF) for the peak integration. Here, a convolution of a Gauss
(30%) and Lorentzian (70%) shape and a Shirley background was se-
lected.

Raman Spectroscopy was used for the additional chemical and
morphological characterization of the synthesized ZnO tetrapods. For
this, an InVia Renishaw Raman microscope (Renishaw, Germany) with
a CCD detector, two lasers (532nm and 785nm) with corresponding
gratings and filter and mirror systems was employed. A YAG-Laser
(532 nm, 55mW max. power) and a 50 X objective were used for all
measurements. The precise power with this configuration was
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measured with a calibrated USB photodiode (DIN EN ISO 9001, THO-
RLABS, Germany) and was 6.16 mW. A silicon wafer was used for in-
ternal calibration of the position of wave number 520.0cm ™'
(+£0.5ecm™h).

Static water contact angle measurements via sessile drop method
were done for the characterization of the wettability properties before
and after plasma treatments on the PP foils. A contact angle system
(OCA 15 plus, DataPhysics, Filderstadt, Germany) with the SCA20
Software (DataPhysics Instruments GmbH, Filderstadt, Germany) was
used to evaluate the drops and calculate the contact angles by the
Young-Laplace method.

After the joining step, the samples were exposed to 40 °C ( = 2°C) at
high humidities (r.H. is higher than 95%) in a closed box for 48h to
reach a water saturation of the polymers. For the analysis of the ad-
hesion at high r.H., shear tests of the jointed PP foils were done in a box
with constantly humid atmosphere (r.H. > 95%, 24°C + 2°C). The
recording of the force vs. time was performed with a ZP recorder (force
gauge of type Model ZP-5, Imada) with a movement speed of 1 mm/s.
For the evaluation of the force-time curves the maximum shear strength
values were selected.

3. Results and discussion
3.1. Characterization of ZnO tetrapods synthesized in a tube oven

The morphology and geometry assessment was carried out by FE-
SEM. Some particles of the cotton-like and colorless ZnO TP product
were carefully spread onto carbon pads. FE-SEM images in Fig. 1 show
ZnO tetrapods exhibiting their characteristic four arms. These ZnO arms
(nanorods) have an estimated length of 8-10 pm. A diameter of around
600-800 nm could be deduced from FE-SEM images at higher magni-
fications (data not shown).

In general, ZnO TP belonging to different synthesis batches showed
different sizes. It can be concluded from the analysis of FE-SEM images
that the length of nanorod-shaped arms ranges from 1 pm up to 15 pm
and their diameter varies between 200 nm and 1 pm.

To form a tetrapod, the joining part has a high number of planar
defects (mainly twin boundaries), as already reported by Fuiji et al.
[58]. However, the discussion regarding the formation mechanisms of
ZnO TP is still going on [14,18,59]. In Fig. 2a) the center of the four
joining arms of a ZnO TP is displayed in a TEM bright-field image.

Due to high specimen thickness of 380 nm, electron transparency is
low and defects have little contrast. However, TEM dark-field (Fig. 2b))
images show planar defects at coinciding planes of two arms. In addi-
tion, a structure of the inner core, driving the ZnO TP formation can be
observed, exhibiting rough interfaces towards the ZnO arms. This core
structure is not visible in all of the TPs. High-resolution imaging was
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Fig. 2. a) TEM bright-field image of the center of a ZnO TP. b) TEM dark-field image of the same TP, revealing planar defects and the inner structure of the TP core.
Inset ¢) shows characteristic fringe contrast of two-dimensional defects at the interface of two tetrapod arms.

not possible due to high specimen thickness, though a TEM bright-field
image at higher magnification (Fig. 2¢)) showed fringes typical for
planar defects.

The chemical characterization was addressed via Raman spectro-
scopy as shown in Fig. S5. A detailed analysis of all the expected peaks
for ZnO TP is provided by Lupan et al. [60]. The most intense peak at
437cm™! (E; mode) indicates the Wurtzite structure [4,21,61]. For
example, the peaks measured at 380 cm ' and 409 cm ™' are in good
agreement with the positions of the A; and E; mode of ZnO TP
[4,21,60,62]. The microscopic image displayed in Fig. S5B) underlines
the 3D bundles of the ZnO TP and is in agreement with the FE-SEM and
TEM images.

In addition to that, XPS measurements of ZnO TP supported on
carbon pads were carried out and shown in Fig. 3. To the best of our
knowledge, very few publications dealing with a detailed XPS analysis
of ZnO TP are available [60], namely with the quantification of the
core-level spectra of C 1s and O 1s. The quantification of the high-re-
solution spectra of the peaks of zinc, oxygen and adventitious carbon
showed the typical peak positions and overall composition expected for
ZnO nanostructures [62,63].

No silicon signal could be found. Consequently, the carbon pad,
which typically shows silicon in the surface (data not shown), is not
influencing the measurement. The quantitative summary of the eva-
luation of the XPS survey spectra of ZnO tetrapod powder shows a
content of Zn 2p3,, with 27.2 at.-%, O 1s with 37.5at.-% and 35.3 at.-%
of C 1s. The latter, i.e. the adsorption of different oxidized carbon
species from the atmosphere, is characteristic of such ZnO nanos-
tructures with high surface area as it has been previously discussed in
the literature for the case of ZnO nanorods deposited on stainless steel
[63].

A tentative peak fitting was carried out and displayed in Fig. 3B)
and C) for high-resolution XPS spectra of C 1s and O 1s. The con-
tribution in the case of the C 1s shows an intense peak at the position of
285.0 eV with 70.1 at.-% assigned to C—C and C—H, a second peak at
285.6 eV with 22.6 at.-% and a third peak at 288.9 eV with 7.3 at.-%.
The latter two peaks could be interpreted as adsorbed oxidized carbon
species like carboxylates/COO ™~ and carbonates/-CO3°~ [63]. The Ols
peak can be separated in two components: the most intense one at-
tributed to zinc oxide at 530.3 eV with 59.3 at.-% and the second one at
531.9 eV with 40.7 at.-%. The last one is assigned to adsorbed species
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containing oxygen like the mentioned oxidized carbon species, mole-
cular oxygen, hydroxyl groups, or adsorbed water [63]. The XPS results
underline the successful synthesis of ZnO TP already shown by FE-SEM
and TEM measurements.

3.2. Characterization of poly(propylene) foils before and after plasma
activation

Water contact angle and high-resolution XPS measurements were
done to prove the increase in hydrophilicity and the subsequent en-
richment of oxidized carbon groups on the surface of the PP foil as a
consequence of the plasma treatment in oxygen atmosphere. The results
before and after the plasma activation are illustrated in Fig. 4.

The solvent cleaned PP foils show a water contact angle of 97.8°
( £+ 1.0°) (Fig. 4A)) and exhibit a 99.4 at.-% C 1s and a 0.6 at.-% O 1s
peak (from survey, see Fig. S6 in the Supporting information). This is in
very good agreement with other XPS and contact angle measurements
reported for untreated PP foils in the literature [49-51,64]. Plasma
activation resulted in an average water contact angle of 16.4° ( + 4.3°)
(Fig. 4C)). For more meaningful statistics of the contact angle assess-
ment, 78 measurements were done to avoid the effect of the unstable
oxygen flow mentioned in the experimental part on the plasma acti-
vation. Although the peak fitting of plasma activated polymer films is
challenging [65], four peaks were chosen for a reasonable fitting
(Fig. 4D)), as published elsewhere [49,50,66]. Table 1 sums up the total
surface composition according to the XPS survey analysis of the un-
treated and plasma activated PP foils.

The increase of the oxygen content in the surface after plasma ac-
tivation by a factor of around 40 is explainable and the goal of this
treatment. The XPS results of plasma modified PP foils as shown in
Fig. 4 reveal the incorporation of polar C—O, C=0 and O-C=0 groups
in concentrations which are typical for such plasma treatments
[49-51,67]. The reported functional groups lead to increased Keesom
interactions and specifically strong hydrogen bonds with the aqueous
phase [67]. As a consequence, the wettablility is strongly increased
after plasma treatment. The peak fitting of the C 1s depicted in Fig. 4D)
and the corresponding quantifications show clearly the growth of
oxygen groups bound to carbon atoms like C—O groups (14.1 at.-%),
carbonyl functionalities/C=0 (12.4 at.-%) and 16.3 at.-% of carboxylic
groups/O-C= 0 on the PP surface. All values from XPS quantifications
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Fig. 3. XPS measurement results of the ZnO tetrapod powder supported on a carbon pad. A) survey spectrum and corresponding high-resolution spectrum of C 1s in

B), O 1s in C) and Zn 2p3,, in D).

are in a good agreement with other plasma activations of PP foils
[49-51,67,68]. The thereby improved wettability is a prerequisite for
the following spray coating step. Without this plasma activation step,
the spray coatings showed droplets on the PP surface even for water
with only 0.085mM PAA (pH7) (data not shown). Minor contamina-
tions like Si (1.2 at.-%) and N (0.4 at.-%) are probably coming from the
environment. In addition, Gross et al. could also find such impurities in
a similar plasma process [49], while Morent et al. detected nitrogen
after the plasma treatment of PP foils with air as well [50]. Both authors
found similar compositions via high-resolution XPS spectra of the C 1s
peak.

3.3. Characterization of spray coatings

FE-SEM images displayed in Fig. S7A) in the SI showed the surface
features expected for ethanol cleaned PP foils after plasma activation.
After the spray coating step with aqueous 0.085 mM PAA (pH 7), the
surface is homogenously coated (thickness is around 100-200 nm, see
below), and the natural scratches of the PP foil are filled with PAA (Fig.
S7B) in the SI). This is similar to what has been observed for PAA
coatings via Electrohydrodynamic Atomization (EHDA) on poly(ethy-
lene) foils by Tatoulian et al. [54].

By adding the as-prepared ZnO TP to the 0.085 mM PAA aqueous
solutions and spray coating with the same parameters on PP foils, the
FE-SEM images displayed in Fig. 5 were analyzed. Two different con-
centrations of ZnO TP in the aqueous PAA solution were tested: 8 mg/
ml and 16 mg/ml.

The FE-SEM images showed still intact ZnO TP deposited on the PP
foil. In most of the cases the ZnO TP are standing with three nanorod
shaped arms leaning on the PAA coating/PP substrate while the fourth
arm is oriented parallel to the substrate surface normal (see Fig. 5C) and
D)). Furthermore, some ZnO TP nanorods show a mainly complete
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coating with PAA, even on the ZnO nanorods oriented perpendicularly
to the surface (Fig. 5D)). Meinderink et al. already showed by means of
Single Molecule Force Spectroscopy (SMFS) the specific adsorption of
carboxylate groups of PAA chains on the nonpolar sidewalls of ZnO
nanorods [63].

By doubling the concentration, higher ZnO TP surface coverages
could be achieved as shown by the comparison of images A) and B)
depicted in Fig. 5.

3.4. Characterization of spray coatings after shear tests

To quantify the interfacial adhesion properties of the PAA/ZnO TP
spray coated PP surfaces, foils with different surface chemistry were
joined to purely plasma activated PP foils in a hydraulic press with
hotplates. Our hypothesis, consisting of the increase in the interfacial
adhesion due to mechanical interlocking, is based on the results pre-
viously published by Adelung and co-workers for the joining between
PTFE and PDMS films [11]. They could show a significant improvement
of the adhesion by adding ZnO TP between the cured polymeric phases.

The incorporation of the ZnO TP in the interphases of the PP foil/
PAA films should then lead to a significant interlocking between the
joined PP foils, increasing thus the shear strength required to separate
the specimens during a shear test. A photographic image of the shear
test with two joined PP foils is given in Fig. S8. Based on Hook's law the
shear test also probes the elastic behaviour of the specimens. For this
reason, we chose the maxima of the force-time/force-distance curves
(some representative ones are displayed in Fig. S9 in the SI). The as-
obtained averaged values are presented in Fig. 6.

An enhancement of the interfacial adhesion via different spray
coatings could be achieved. The solvent cleaned samples showed a
mean averaged shear strength of 8.8 N/cm? while the spray coating
with 16 mg/ml ZnO TP in 0.085 mM PAA dispersion shows a value of
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Table 1
Summary of the quantitative analysis of XPS survey spectra of the untreated and
plasma treated PP foils.

Surface state At.-% C 1s At-% O 1s At.-% Si 2p At-% N 1s
Plasma activated PP 74.7 23.7 1.2 0.4
Untreated PP 99.4 0.6 0.0 0.0

19.0 N/em?. The pure PAA coating with 0.085 mM PAA already led to a
1.6-fold increase in shear strength by considering the mean averaged
values depicted in Fig. 6. Indeed, PAA has shown interesting adhesion-
promoting properties on different surfaces, prepared, for example, via
electropolymerisation [52,53,63,69]. The high shear strength regis-
tered for the PAA spray coating films without ZnO TP indicates strong
interactions due to carboxylate groups present in the deprotonated PAA
at pH7. PAA has been shown to exhibit coordinative bindings to ZnO
nanorod surfaces as demonstrated in [53] via Single Molecule Spec-
troscopy (SMFS). Thus, a strong interaction between the deprotonated
PAA functionalities and the ZnO TP can be expected. In addition to that,
PAA should form hydrogen bonds or even covalent bonds with the
oxidized functional groups present in the surface of plasma activated PP
foils. Wettmarshausen et al. reported ester bond formation between
PAA and plasma-oxidized carbon fibers, which would further explain
the increase in the interfacial shear strength tests registered for PAA
coatings [56,69]. The surface concentration of reactive groups could be
increased with plasma activation (compare XPS results in Fig. 4 and
Table 1). Consequently, PAA could react with these groups to form
interfacial covalent bonds as proposed by Tatoulian et al. [54]. The
interfacial adhesion strength of specimens with interfacial ZnO TP/PAA
composite films seems to be even higher than the cohesive strength of
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the pure PP foil (compare Fig. S9 in SI). To sum up, noticeable adhe-
sion-promoting properties to plasma-activated PP foils due to me-
chanical interlocking (mechanical adhesion) and surface chemistry
(chemical adhesion) related to ZnO TP and PAA, respectively, present
in the as-prepared spray coated films, are demonstrated.

The hypothesis for the adhesion promoting capabilities of ZnO TP in
this case is confirmed by the FE-SEM and FIB images of tested foils as
shown in Figs. 7 and 8. In general, the images show ZnO TP embedded
in the polymeric phases of PAA and PP, which provides interfacial in-
terlocking and the bridging between the two polymer foils. Moreover, a
transfer of tetrapods from the spray coated PP foil to the plasma acti-
vated PP foil could be observed (Fig. 7).

The FE-SEM image in Fig. 7A) showed cavities and delaminated
composite films on the PP foil. The cavities are partly filled with parts of
ZnO TP (Fig. 7B)-E)) or present imprints of the ZnO TP (Fig. 7F)).
Furthermore, it is possible to detect a significant number of spots at
which the perpendicular nanorod of the ZnO TP from the coated PP foil
has been transferred to the plasma activated side (Fig. 7G)). The FIB
cuts in Fig. 7D) and H) confirm the embedding the ZnO TP into the
polymeric phases of the PAA and PP. The temperature and the high
pressure in the joining process increases the mobility of the poly(pro-
pylene) chains. Thus, the ZnO TP particles could be easily pressed into
the polymeric phases. No significant differences between the two con-
centrations of the ZnO TP could be observed. However, in the case of
the lower concentration of 8 mg/ml ZnO TP, the number of holes,
transferred ZnO TP, and the contribution of ZnO particles is lower, as
expected.

Fig. 8 shows selected FE-SEM images and FIB cross sections of the
spray coated PP foils after shear test. The FE-SEM images showed also
some holes from the transferred ZnO TP (A) and E) in Fig. 8), broken
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Fig. 5. FE-SEM images of PP foils coated with two different concentrations of ZnO tetrapods in an aqueous 0.085mM PAA dispersion at pH7 at two different
magnifications: A), C) 8 mg/ml ZnO tetrapods and B), D) 16 mg/ml ZnO tetrapods. The spray coating parameters were the same for the two cases: 75 °C, 12 cm nozzle

distance, 100 ml/min volume speed and 1200 mm/min motor speed.
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Fig. 6. Averaged shear test results of the PP foils with different spray coatings.
For the solvent cleaned samples, the counter PP foil was also only solvent
cleaned. The counter PP foil in all other cases was a purely plasma activated PP
foil.

ZnO TP (Fig. 8B), C), G)), delamination of PP/PAA films (A), B), E) and
F) in Fig. 8) and areas without PAA coating (dark areas in A) and E) in
Fig. 8 for example). Interestingly, most ZnO TP break at the core of
connection of the four nanorod arms (compare Fig. 8B), C) and G)).
FIB FE-SEM cross sections displayed in Fig. 8D) and H) showed an
average PAA film thickness of around 40 nm on the ZnO TP while the
film thickness on the PP foil was typically 100-200 nm (see Fig. S10).
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For a better comparison, and especially for the interpretation of the
transfer of PAA films and interfacial fracture modes, the FE-SEM images
of the uncoated samples and those modified with only PAA, collected
after shear tests, are displayed in Figs. S11 and S12. The FE-SEM images
of the solvent cleaned and joined PP foils after shear test in Fig.
S11A)-C) indicate no significant fracture of the PP films. Obviously, the
joining process at elevated temperatures did not cause melting of the
polymeric phases. Thus, the presented tests characterize the stability of
the formed interface. The same behavior was observed for plasma ac-
tivated and PAA coated PP foils depicted in Figs. S11D)-F) and
S12A)-F). The FE-SEM image in Fig. S12 indicates that a PAA layer is
located in between the ZnO TP and the PP because of the differences in
the material contrasts (InLens detector used in this case).

A TEM analysis of fractured ZnO TP is shown in Fig. 9.

As shown in Fig. 9, ZnO TP tend to fracture along planar defects.
This finding supports the FE-SEM investigations after shear testing. The
cracked TPs in Fig. 9a) and b) have two arms left. In Fig. 9a) smooth
cleaving edges are visible, while in Fig. 9b) a rough three-dimensional
fracture morphology can be observed. This difference may be due to
different load directions during the fracture experiments. In both cases,
however, the fracture has occurred at those positions where planar
defects could be observed in non-fractured TPs. The cleavage planes are
inclined to the polar (0001) planes perpendicular to the [0001] arm
axis. It is therefore likely that cleavage planes are non-polar, facilitating
fracture.

The combined information of shear testing and electron microscopy
shows that both the macromolecular adhesion promotion and the me-
chanical interlocking influence the overall interface stability.

XPS analysis was carried out on the PP foils spray coated with 8 mg/
ml ZnO TP and 16 mg/ml ZnO TP in aqueous 0.085 mM PAA (Table S1).
The spray coatings showed the expected chemical major composition of
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Fig. 7. A)-C), E)-G) Selected FE-SEM images of plasma activated PP foils after shear test. The samples were joined with ZnO TP/PAA spray coated PP foils. D), H)
SEM images after FIB cut with embedded ZnO TP arms in PP/transferred PAA material.

C, O, Zn and Na (coming from the pH neutralization with NaOH). In the
case of 8mg/ml ZnO TP only 1.2at.-% Zn (0.7 at-% in the case of
16 mg/ml ZnO TP) could be quantified from the Zn 2p3,, high-resolu-
tion peak. Only some parts of the ZnO TP seems to be uncoated

(polymer free), so that only small zinc contributions could be detected.
Consequently, these XPS results confirm that ZnO TP are mostly coated
with PAA, corroborating the FE-SEM images depicted in Fig. S10 which
showed a 20-60 nm thick PAA coating on the ZnO TP.
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Fig. 8. A)-C), E)-G) Selected FE-SEM images of PP foils spray coated with ZnO TP/PAA after shear test. D), H) SEM images after FIB profiles with embedded ZnO TP
arms in PP/transferred PAA material. The FE-SEM images taken after FIB cross-sectioning D) and H) with measurement of the PAA layers can be found in the
Supporting information (SI) (Fig. $10).
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Fig. 9. TEM bright-field images (a, b) of two intentionally cracked tetrapods. The position as well as the sharp edges of cleavage planes lead to the assumption that

cracking of the TP is preferred at the planar defects in the TP core.

4. Conclusions

Well-defined and regularly shaped ZnO TP were synthesized via
vapor phase growth and characterized by FE-SEM, XPS, Raman and
TEM measurements for further usage in a spray coating process. FE-
SEM images of the spray coatings based on aqueous dispersions of PAA/
ZnO TP indicated the formation of homogenous films incorporating
ZnO TP on plasma activated poly(propylene) (PP) foils. The tetrapods
are typically orientated in the deposited composite film. The XPS and
FE-SEM results confirmed that ZnO TP surfaces are mainly fully covered
with PAA. FIB FE-SEM cross sections showed the embedding of such
PAA-modified arms into the PP material after the lamination at elevated
temperature. Mechanical testing of laminated foils showed a significant
improvement of the interfacial adhesion due to mechanical interlocking
and chemical functionalization of the ZnO TP/PAA coatings. The crack
surfaces displayed ZnO TP fractured in the center of the four connected
nanorod-shaped arms as demonstrated by FE-SEM and TEM images.
The TEM analysis showed that the mechanical stability of the ZnO TP is
limited by planar defects at the TP joints.
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1 Synthesis and characterisation of ZnO tetrapods and poly(propylene)

foils
The vapour growth of the ZnO TP was done in a commercial tube oven. The main setup is

=
N, and O, Zn powder b
feed streams
1 1 A )

A
| | | |

Areal Area2 Area3 Aread

shown in the Figure S1.

Figure S1. Schematic illustration of the configuration of the tube oven for the gas phase
synthesis of ZnO tetrapods with metallic zinc as precursor and oxygen and nitrogen gas

streams.
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2 Joining tool for the poly(propylene) foils after spray coating processes

The spray coatings gave rise to homogenous composite films on poly(propylene) foils as

illustrated in Figure S2.

Figure S2. Photographical images of some joined specimens (the ones on the left) and only
spray coated samples (the ones on the right) with 16 mg/ml ZnO TP in aqueous 0.085 mM
PAA.

The joining was carried out by using a hydraulic pressure equipment with two hotplates. The

foils were overlapped an area of 1.0 cm?. A schematic image of the joining process is shown in

Figure S3.

Tempered steel plate from
the joining machine

g_

Polished
stainless steel
with PTFE foil

Poly(propylene)
foils

Figure S3. Schematic illustration of the hydraulic pressure equipment with hotplates and

substrate positions.
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ZnO TPs

ZnO TPs i i i ﬁ ai /.\ ;i

Figure S4. Schematic depiction of intentional cracking of zinc oxide tetrapods. ZnO TPs
dispersed on a carbon grid are cracked by placing another carbon grid on top (carbon side on

carbon side) and displacing the top grid with tweezers.
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3 Characterisation of ZnO tetrapods and poly(propylene) foils
Additional characterization of ZnO TP was performed with Raman measurements. The details

and results of the measurement are depicted in Figure SS5.
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Figure S5. Raman measurement of ZnO tetrapod powder on gold coated silicon wafer. A)
The Raman measurement was done with a green 532 nm laser (50 % power, 6.16 mW), 1800

I/mm grid and 6x10 s acquisition. B) The microscope image was done with an 50x objective.
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Figure S6. XPS survey spectra of poly(propylene) foil (black line) and poly(propylene) foil

after oxygen plasma treatment at 0.34 mbar. Both samples were ethanol cleaned.
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Figure S7. FE-SEM images of A) ethanol cleaned poly(propylene) foil and B) of ethanol
cleaned poly(propylene) foil after spray coating of PAA film (aqueous 0.085 mM poly(acrylic
acid), pH 7).

Table S1. XPS quantification results from surveys of spray coated PP foils with
0.085 mM PAA added with 8 mg/ml and 16 mg/ml ZnO TPs.

8 mg/ml ZnO TP with | 16 mg/ml ZnO TP with

0.085 mM PAA/ At.-% | 0.085 mM PAA/ At.-%
Cls 56.8 62.4
Ols 31.2 24.5
Na 1s 10.8 5.0
Zn 2p 3/2 1.2 0.7
Si2p - 4.3
Fls - 2.7
N Is - 0.4
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4 Shear test of jointed poly(propylene) foils without and with spray

coatings
The shear tests were carried out in a modified peel test approach. Here, we fixed the plate under

the clamp for the adjustment of the second PP foil. This is illustrated in Figure S8.

Clip for fixing the first foil l

Uncoated PP foil }

Joining area (here 1 cm?) ‘

(Un)coated PP foil l

Adjustment for countering
the second PP foil

Figure S8. Experimental setup of the shear tests with solvent cleaned and jointed PP foils.
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—— Solvent cleaned - solvent cleaned

—— Plasma treated - plasma treated
30 7—— PAA spray coated - plasma treated
28 {—— 8 mg/ml ZnO TP in 0.085 mM PAA - plasma treated
26 {- -~ 8 mg/ml ZnO TP in 0.085 mM PAA - plasma treated
24 {—— 16 mg/ml ZnO TP in 0.085 mM PAA - plasma treated

Shear strength/ N/cm?

8

Time/ s

Figure S9. Tentative curves of the force-time/ force-distance plots of the shear tests.

All measurements were taken into account although some samples show some cohesive breaks
in the PP foils like in the cases of the 8 mg/ml and 16 mg/ml ZnO TP in 0.085 mM PAA which
underlines the high adhesion enhancement of the laminates with spray coatings. One example

of these cohesive failures has been plotted in Figure S8.
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5 Additional SEM images of the poly(propylene) foils after shear tests
Additional FIB profiles of the nanorods of the ZnO TP which are directly on the PP foil after
spray coating were carried out. The corresponding FE-SEM images at two different positions

are shown in Figure S10.

Figure S10. SEM images with FIB profiles of spray coatings with ZnO TP/ PAA on PP foil

after shear test with measurements of the PAA layers.
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3 Publications

To test the surfaces of the PP foils without spray coatings the blanc substrates were joined under

similar conditions. After shear tests, the free surfaces were analysed with FE-SEM and the
A) »)
| 400 pm | 400 pm |
B) 3
| 80 um 80 pm |
C) ) ,

results are displayed in Figure S11.

F

Figure S11. SEM images of PP foils after shear test. A)-C) solvent cleaned with three
different magnifications and D)-F) both sides were plasma activated. The counter parts look

similar (data not shown).
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3 Publications

The behavior of the pure PAA spray coatings after shear tests are shown in the FE-SEM images

in Figure S12.

A) D)

Figure S12. SEM images after shear test of the backsides of the PP foils. A)-C) spray coated

with PAA and D)-F) only plasma activated counter part of the joining.
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4 OQverall discussion and conclusions

The fundamental understanding of interfacial reactions and bonding processes for long-term stable
joints based on hybrid constructions are of significant importance in different sectors such as
automotive or aerospace industry.3® Consequently, the scientific investigations regarding
adhesion mechanisms for different industrially relevant materials like stainless steel, ZnO coatings
and nanostructured HDG steel in combination with a low-cost, physiologically harmless and
adhesion promoting polymer like PAA is of high interest for many technical and engineering
applications. Therefore, this cumulative dissertation intensely contributes with the following four
publications peer-reviewed in international journals to the adhesion science and engineering
community with promising potential to be transferred to technical applications:

1. Dennis Meinderink, Alejandro Gonzalez Orive, Simon Ewertowski, Ignacio Giner, Guido
Grundmeier, Dependance of Poly(acrylic acid) Interfacial Adhesion on the Nanostructure of
Electrodeposited ZnO Films, ACS Applied Nano Mater. 2,2 (2019) 831-843
(abbreviated as 1. publication in this thesis)

2. D. Meinderink, C. Kielar, O. Sobol, L. Ruhm, F. Rieker, K. Nolkemper, A. G. Orive, O.
Ozcan, G. Grundmeier, Effect of PAA-induced surface etching on the adhesion properties of
ZnO nanostructured films, International Journal of Adhesion and Adhesives 106 (2021)
102812
(abbreviated as 2. publication in this thesis)

3. D. Meinderink, A. G. Orive, G. Grundmeier, Electrodeposition of poly(acrylic acid) on
stainless steel with enhanced adhesion properties, Surface and Interface Analysis 50 (2018)
1224-1229
(abbreviated as 3. publication in this thesis)

4. Dennis Meinderink, Karlo J.R. Nolkemper, Julius Birger, Alejandro G. Orive,
Jorg K.N. Lindner, Guido Grundmeier, Spray Coating of Poly(acrylic Acid)/ZnO Tetrapod
Adhesion Promoting Nanocomposite Films for Polymer Laminates, Surface & Coatings
Technology 375 (2019) 112-122

(abbreviated as 4. publication in this thesis)

Within the 1. publication of this PhD thesis, the focus was set on the molecular understanding of
the adhesion mechanisms of PAA on stainless steel and different ZnO nanostructured surfaces.
Interestingly, the single molecule force spectroscopy measurements on stainless steel showed only
weak equilibrium desorption forces as plateaus in the corresponding force distance curves.
Consequently, the carboxylate functions are basically physisorbed on the stainless steel surface in

the aqueous solution. These results seem to be in contrast to the measured macroscopic desorption
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forces in the 3. publication, indicating strong interactions based on, for instance, acid-base
behavior.

However, it has to be noted that the PAA chains are protonated in the 3. publication caused by an
additional cleaning step with hydrochloric acid (HCI) and the SMFS studies were performed in
liquid solutions under deprotonating conditions. In addition, in the case of electropolymerisation
the films were grown from acrylic acid monomers, while in the SMFS long PAA chains
(450.000 g/mol) were attached to the cantilevers. Therefore, it is difficult to fully compare these
two studies. Nevertheless, it can be seen that PAA has high potential to promote the adhesion
between the epoxy-amine mode resin and the chosen stainless steel alloy in the 3. publication. In
addition, the SMFS results are reasonable when takin the preconditioning of the stainless steel by
the enrichment of hydroxyl groups on the surface stated out in 1. publication into account. Here,
only weak adhesion interactions based on van der Waals and hydrogen bridges could be expected.
Indeed, these fundamental studies were performed under model and precisely controlled
conditions (pH, concentration, temperature, pre-treatments, etc). This fact underpins the need of
surface pre-treatments to generate high adhesion performances. Nevertheless, the high work output
leads to an overall understanding of the interfacial structure and bonding character of stainless
steel and PAA which opens the door for further applications. Indeed, no further surface pre-
treatments are necessary in the case of electropolymerisation demonstrated in the 3. publication
to reach high adhesion promoting effects.

Moreover, the SMFS were extended to the analysis of PAA on two different ZnO nanostructures
deposited on stainless steel: ZnO nanorods and nanocrystalline ZnO films. As demonstrated in the
graphical abstract of the 1. publication, the molecular adhesion mechanisms could be proposed.
In fact, the ZnO nanorods with a higher aspect ratio and therefore a higher amount of nonpolar
surface areas exhibits a lot of accessible Zn'' atoms as reviewed in the introduction regarding the
surface chemistry of ZnO crystals with wurtzite structure. The ZnO nanostructure and dwell time
dependence of the molecular adhesion as evidenced by this SMFS work leads to a better
understanding of the interfacial bond formation.'® Intense multiple rupture events in the case of
the ZnO nanorods and less multiple rupture events with low force levels and even with plateaus
under increasing dwell times underline the effectivity of deprotonated PAA chains to efficiently
bind to ZnO nanostructures.*®” Within this work, the SMFS shows the controllable measurement
of molecular forces in the range to pN on technically interesting ZnO nanostructured surfaces on
stainless steel. The combination of precise electrochemical deposition setups and the surface
analysis by different methods like infrared based spectroscopy, X-ray photoelectron spectroscopy,
and field-emission scanning electron microscopy lead to an accurate prediction of molecular

forces.
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4 Overall discussion and conclusions

Moreover, the 2. publication highlights the increased understanding of the adhesion properties of
ZnO nanostructures deposited via hydrothermal growth on hot-dipped galvanized steel as
technically and industrially relevant substrates with the use of PAA containing solutions. These
investigations underline the strong interactions between ZnO wurtzite crystals and carboxylate
groups of the used PAA. The adhesion promoting after an immersion into dilute PAA aqueous
solutions depends on the ZnO nanostructure (nanorods and platelet-like/nanocrystalline films). In
other words, the aspect ratio of ZnO wurtzite crystals influences the effectivity of the enhancement
of the adhesion with the immersion into PAA containing water-based solutions at neutral pH
values. Discussing the molecular adhesion mechanisms in the 1. publication, the results of the 2.
publication underline the macroscopic adhesion measured with the use of a model epoxy-amine
adhesive which is additionally interesting for industrial applications. However, this work also
demonstrates the difficulty in the identification of low surface concentrations of PAA, for example,
with similar chemical functionalities such as adsorbed carbonates from the atmosphere, which is
typical for metal oxide surfaces like ZnO. The building of the bridge between the molecular and
macroscopic adhesion properties of poly(acrylic acid) and ZnO nanostructured films deposited via
electrochemical and hydrothermal methods on technically relevant samples has been completed
within this PhD work (combination of the 1. publication and 2. publication).

In the course of this scientific work, the macroscopic substantial adhesion promoting properties
associated with the coating of stainless steel with a thin PAA layer were shown in the 3.
publication in figure 3. The surface chemical composition measured with infrared spectroscopy
after different deposition times performed with precisely controllable electroinitiated
polymerization (compare 3. publication, figure 11°) evidences the deposition of a thin layer of
PAA. In addition, AFM measurements supported the successful modification with PAA layers of
different thicknesses underpinning the precise deposition achieved by electropolymerisation.
However, the peel-test results depending on the PAA layer thicknesses indicated an interfacial

failure in the PAA films after a deposition time of around 150 s as displayed in Figure 26.

peel-off
force

interfacial
E==——— preakage

Figure 26. Schematic illustration of interfacial breakage in the PAA layer by reaching a critical PAA thickness.
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4 Overall discussion and conclusions

Here, the backside analysis of the detached epoxy-amine films could give a hint of the adhesion
failure by measuring, for instance, the surface concentration of transferred elements such as iron
to the polymer side or nitrogen from the epoxy-amine resin to the metallic part. The need of an
oxygen free electrolyte provides a difficult transfer to technical processes in industrial
applications. However, it could be seen that even at low depositions times like 75 s the measured
adhesion of the epoxy-amine adhesive on stainless steel is promoted by a factor of around 1.5.
Therefore, the coating of metals with thin PAA layers by means of electrodeposition could lead to
highly interesting pre-treatments. A main question is whether it is necessary to build up the PAA
layer from monomers by polymerization to reach a grafted polymer film or if it is even better to
deposit macromolecular PAA directly onto stainless steel by other deposition methods such as
short-times spray coating. On the one hand, the stepwise monomer growth might lead to a higher
coverage of PAA molecules caused by the lower steric hindering for the monomers to diffuse into
poorly accessible edges and pores. On the other hand, the control of a radical-anionic
polymerization comes with a lot of difficulties like the already mentioned oxygen free conditions
and the electrochemical setup limiting the range of applications.

However, the application of these nanostructures to industrially relevant substrates like hot-dipped
galvanized steel or polymer foils as mentioned in the introduction of this thesis is not as prominent
as expected. To the best of our knowledge, no publications concerning the application of
poly(acrylic acid) in combination with ZnO nanostructured dispersed in water-based solutions are
available so far. Therefore, the 4. publication contributes to a novel fast adhesion promoting
application by spray coating with dilute aqueous ZnO TP/PAA dispersions supporting the “green
chemistry” idea. Figure 27 summarizes the composition of the generated thin hybrid films on
poly(propylene) foils after joining to sandwich structures.

nQ thin PAA Plasma oxidized
tetrapods  spray coating outer sphere  _ _ _ _ _ _ _ _ _ _ _ _ _ ____

poly(propyler e) foil

poly(propylene) foil

Figure 27. lllustration of the interfacial region of the poly(propylene)-poly(propylene) foil sandwich. Both foils were

oxidized in an oxygen plasma and one of them was spray coated with a ZnO tetrapod/PAA dispersion.
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4 Overall discussion and conclusions

The shear strength tests of PP-PP laminates without and with hybrid composite films showed a
significant improvement in the adhesion. Even the coating with pure PAA films increased the shear
strength by a factor of around 1.6. The proposed adhesion mechanisms could be summarized as
mechanical interlocking by means of ZnO tetrapod structures embedded in the polymeric materials
and chemical adhesion based on strong interactions between the oxidized surfaces of the
poly(propylene) foils and the PAA molecules. These interactions could be based on electrostatic
interactions, hydrogen bridges and a diffusive penetration of all materials where the latter one
could increase even the total mechanical interlocking. The increasing of the hydrophilicity checked
with water contact angle measurements before and after plasma oxidation could be taken into
account by discussing the high wetting of the water-based dispersions by means of spray coating.
Indeed, this fact could additionally explain the high adhesion performances.

All in all, all four publications contribute to the scientific understanding of molecular and
macroscopic adhesion of PAA and ZnO nanostructures. The investigations support the possibility
of using ZnO nanostructures in technical and industrial applications. On the one hand, the
fundamental analysis with SMFS in the 1. publication explained the high macroscopic adhesion
performances after the treatment with PAA containing solutions from the 2. publication. On the
other hand, the application in industrial line processes of the spray coating (4. publication) and
pre-treatment with PAA containing solutions (2. publication) could be discussed. Indeed, the
experimental approaches both by means of SMFS and of macroscopic adhesion measurements in
combination with surface analytics are building the bridge between the understanding of molecular
and microscopic interfacial formation of interactions (see Figure 1 and Figure 4 in the
introduction). Furthermore, in all experiments the depositions and pre-treatments were performed
with dilute water-based solutions, which supports the green chemistry rules and underlines the

appeal of using these approaches in applicated technologies.
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5 Outlook

The fundamental investigations of the molecular adhesion mechanisms measured by SMFS
depending on the deposited ZnO nanostructure in the 1. publication led to the prediction of
macroscopic adhesion promoting performances as shown in the 2. publication. Therefore, this
approach can be applied to other highly adhesion promoting systems in future experiments. For
example, the work of Mosebach et al. showed that the molecular adhesion forces between non-
polar Al203(11-20) single-crystals and -NH2/-OH functionalized cantilevers are based on acid-
base interactions.3% This is in good agreement with the results of the works of Barthés-Labrousse
investigating the model (amino-alcohol) molecules on pre-treated aluminum surfaces.3103!
However, these approaches can be extended to nanostructured aluminum samples prepared by the
hydrothermal growth method as shown by Mattia et al.®'? Furthermore, the understanding of
molecular interactions of phosphonic acids as used by Thissen et al. on aluminum single-crystals®'®
could be used in further SMFS experiments.

The principle of SMFS can be applied to the investigations of biologically relevant systems such
as adhesins.3'43% The understanding of the interfacial interaction properties of these adhesion
dominating proteins could give hints about the adsorption and colonization behavior of several
bacteria on metal surfaces. Thus, the prediction, especially the optimization of implants and, in
general, the development of materials with antibacterial adsorption performances lead to the
reduction of infections of implants. Here, a manuscript is already in preparation.

The nanoetching effect of PAA on ZnO films demonstrated especially in the 2. publication can
be extended to in-situ experiments. With an in-situ Quartz Crystal Microbalance (QCM) and an
ex-situ IRRAS and FE-SEM approach, the understanding of the nanoetching effect could be
increased even further. Here, the deposition of ZnO nanostructured films on QCM crystals can be
used for model systems comparable to the already used ZnO films. Then, the adsorption of PAA
molecules can be followed with the QCM results. In addition, the ex-situ experiments could show
the selective etching of the ZnO films and possible adsorptions of PAA chains. Indeed, results of
previous experiments performed during this PhD work showed the dissolution of the ZnO crystals.
Therefore, the exploration of the corrosion science of such ZnO films could also be helpful and
necessary.

The precise deposition of poly(acrylic acid) by means of electropolymerisation and spray coating
methods was successfully performed on stainless steel and poly(propylene) foils (3. publication
and 4. publication). However, the fundamental analysis and increased understanding of the
adhesion mechanisms lead to further possible investigations based on these methods. Both
methods could be extended to more industrially relevant substrates like the HDG substrate and
aluminum and magnesium alloys. Moreover, the analysis of the difference between spray coated

and electropolymerized substrates could be interesting regarding the adhesion failure.
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5 Outlook

For instance, the hypothesis could be that the electropolymerisation starting from small monomer
molecules which are able to diffuse into pores and gaps of the substrate leads to a better adhesion
performance than the spray coated substrates. In the latter case, the spray coated long polymer
chains are probably not capable of diffusing into rough surface areas, which would result in lower
adhesion forces. However, the spray coating method has the advantage that it can be used for up-
scaled processes, while the same is difficult to achieve in the case of the electropolymerisation due
to the need of removing oxygen from the electrolyte. Influencing parameters for the
electropolymerisation such as the concentrations of initiator and monomer, applied current
density/potential and solvent could have interesting effects. Indeed, in the case of the deposition
of poly(acrylic acid) on stainless steel, the understanding of the adhesion promoting effect could
be improved with the surface analysis of the detached films after peel-tests. Especially the
identification of the transfer of zinc species from the stainless steel and the adhesive films should
give a deeper understanding on: i) electrochemically initiated deposition in early deposition times
of < 5 s and ii) adhesion promoting mechanisms. Here, a manuscript is already in preparation.
Moreover, the pH-dependence on the deposition of the different samples could be useful for

finding optimized adhesion promoting performances.
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Zn0O

PP

HDG
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OoDS

-OH
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FTIR
AR-HR-XPS
PEO-PPO-PEO
ZnO TP
HMTA
LbL

EDL

IHP

OHP

IEP

PzC
DLVO
m-rd

rd-rd

id

m-id

surf

HSAB
HOMO
LUMO
D-Ala-D-Ala
uv

AFM

XPS
FT-IRRAS

poly(acrylic acid)

acrylic acid

zinc oxide

poly(propylene)

hot dipped galvanized steel
1-octadecanethiol
octadecyltriethoxysilane
hydroxyl group
3-aminopropylphosphonic acid

Fourier-transformed infrared spectroscopy

Angle-Resolved High-Resolution X-ray Photoelectron Spectroscopy
poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide)

zinc oxide tetrapods
hexamethylenetetramine
Layer-by-Layer

electric double layer

inner Helmholtz plane

outer Helmholtz plane

isoelectric point

Point of zero charge

from Derjaguin, Landau, Verwey, Overbeek
monopole-rotating dipole

two rotating dipoles

induced dipole
monopole-induced

surface

Hard-Soft Acid-Base principle
highest occupied molecule orbital
lowest occupied molecule orbital
D-alanyl-D-alanine

ultraviolet

atomic force microscopy

X-ray photoelectron spectroscopy

Fourier-transformed infrared reflection absorption spectroscopy
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IRRAS

sCS

FT
PM-FT-IRRAS

IR
PEM
ZnS
CCD
SEM
FIB
TEM
FE

PE

SE

BSE
TE
EDX
ToF-SIMS
SFA
CFM
CFS
SMFS
SAM
SWNTs
AP40
FIB
EDA
S-NHS
EDC hydrochloride
PLE
DOPA
DNA
WLC

infrared reflection absorption spectroscopy
single channel spectrum
Fourier-Transformation
Polarization-modulated Fourier-transformed infrared reflection
absorption spectroscopy

infrared

photoelastic modulator

zinc selenite

charge-coupled device

scanning electron microscope

focused ion beam

transmission electron microscopy
field-emission

primary electron

secondary electrons

back scattered electrons

transmitted, diffracted electrons

energy disperse microscopy X-ray spectroscopy
time-of-flight secondary ion mass spectroscopy
surface force apparatus

chemical force microscopy

colloidal force spectroscopy

single molecule force spectroscopy
self-assembled monolayer

single-walled carbon nanotubes

amyloid-f 1-40 fibrils

focused ion beam

ethylenediamine
N-Hydroxysulfonosuccinimide sodium salt
N-(3-(dimethylamino)propyl)-N'-ethylcarbodiimide
poly(L-glutamic acid)
3,4-dihydroxyphenylalanine

deoxyribonucleic acid

worm-like chain
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8.4 Documentation of experimental details and approaches

According to the requirements for a cumulative PhD thesis at the Paderborn University

(Department of Science), this chapter lists all experimental details, analytical methods and

advanced approaches used and mentioned in the selected four peer-reviewed publications in this

PhD thesis:

1. D. Meinderink, A. G. Orive, S. Ewertowski, I. Giner and G. Grundmeier, Dependance of
Poly(acrylic acid) Interfacial Adhesion on the Nanostructure of Electrodeposited ZnO Films
with permission from American Chemical Society (ACS) Appl. Nano Mater. 2019, 2, 831-843
(Copyright 2019 American Chemical Society) with permission from American Chemical
Society.
https://pubs.acs.org/doi/10.1021/acsanm.8b02091

2. D. Meinderink, C. Kielar, O. Sobol, L. Ruhm, F. Rieker, K. Nolkemper, A. G. Orive, O. Ozcan,
Guido Grundmeier, Effect of PAA-induced surface etching on the adhesion properties of ZnO
nanostructured films, International Journal of Adhesion and Adhesives 106 (2021) 102812

(Copyright Elsevier 2021) with permission from Elsevier.
https://doi.org/10.1016/j.ijadhadh.2021.102812
3. D. Meinderink, A. G. Orive, G. Grundmeier, Electrodeposition of poly(acrylic acid) on

stainless steel with enhanced adhesion properties from Surface and Interface Analysis,
Volume 50 (2018) on pages 1224-1229 (Copyright Wiley & Sons, Ltd. 2018) with permission
from Wiley & Sons, Ltd. (License Numbers 4731840123016, 4987720158233)
https://doi.org/10.1002/sia.6440

4. Dennis Meinderink, Karlo J.R. Nolkemper, Julius Burger, Alejandro G. Orive, Jorg K.N.

Lindner, Guido Grundmeier, Spray coating of poly(acrylic acid)/ZnO tetrapod adhesion
promoting nanocomposite films for polymer laminates in Surface and Coatings Technology
375 (2019) 112-122. (Copyright Elsevier 2019) with permission from Elsevier.
https://doi.org/10.1016/j.surfcoat.2019.06.083

8.4.1 Dependance of Poly(acrylic acid) Interfacial Adhesion on the Nanostructure of
Electrodeposited ZnO Films

The text elements presented below are available in the publication (embedded as 1. Publication
in this PhD thesis): D. Meinderink, A. G. Orive, S. Ewertowski, I. Giner and G. Grundmeier with
the title “Dependance of Poly(acrylic acid) Interfacial Adhesion on the Nanostructure of
Electrodeposited ZnO Films” Appl. Nano Mater. 2019, 2, 831-843 (Copyright 2019 American
Chemical Society) reused with permission from American Chemical Society (ACS). We
acknowledge the American Chemical Society for the permission of reusing and embedding this
publication in this PhD thesis: https://pubs.acs.org/doi/10.1021/acsanm.8b02091
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Materials, chemicals and sample preparations (based on 1. publication of this PhD thesis):

e Preconditioning of stainless steel samples for SMFS measurements:

©)

mirror polished stainless steel foil (type 1.4301, X5CrNil18-10, supplied by Thyssen
Krupp SE)

coated with Al foil before cutting with guillotine shears into 2 x 2 cm? pieces
consecutively solvent cleaning steps in ultrasonic bath for 15 min for each step:
tetrahydrofuran (p.a. grade, stabilized, supplied by Merck KGaA, Darmstadt,
Germany), isopropanol (p.a. grade, supplied by Merck KGaA, Darmstadt, Germany)
and ethanol (p.a. grade, supplied by Merck KGaA, Darmstadt, Germany) and dried in
a nitrogen stream (99.999 %, supplied by Linde Gas AG, Germany)

plasma cleaning for removing organic contaminations: in pure oxygen (99.999 %,
supplied by Linde Gas AG, Germany) atmosphere for 1 min at a pressure lower than
0.4 mbar with a volume speed of oxygen higher than 40 I/h

immersion into aqueous 2 mM NaClOs (98+%, Sigma-Aldrich, pH 7 adjusted with 0.1
M NaOH) for 72 h, rinsed with water and dried in a nitrogen stream before usage in

SMFS experiments

e electrochemical deposition of ZnO films:

o

o

o

samples after solvent cleaning (without plasma cleaning)

cathodic deposition in aqueous 0.01 M HMTA and 0.01 M Zn(NO3)2-6 H20 at 80 °C
+ 3 °C for 900 s at -0.5 mA/cm? using a Reference 600 potentiostat (Gamry
Instruments) (zinc nitrate precursor and HMTA solutions were freshly merged before

usage in the three electrode setup)

electrodes:
= reference: Ag/AgCI (saturated with KCI) connected to a salt bridge (filled with
aqueous 0.1 M NaNOs solution) with a glass frit (model GO300 4 mm,
AMETEK GmbH, Meerbusch, Germany)
= working: 2 x 6 cm? cut stainless steel type 1.4301, X5CrNi18-10, supplied by
Thyssen Krupp SE) samples, coated with isolating tape to form a total area of
2x2cm?
= counter electrode: cylindrical tube made of stainless steel (type 1.4301,
supplied by Ullner u. Ullner GmbH, Paderborn, Germany)
after deposition, the samples were rinsed with ultrapure water (0.055 pS/cm, Ultra

Clear TWF, SG water, Hamburg, Germany) and dried in nitrogen stream

e AFM tip preparation:

o

used cantilevers: gold-coated Si cantilevers (HQ:CSC17/Cr-Au, MikroMash, 10-17
kHz, 0.2 N/m) without further cleaning steps
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o 1. functionalization step: immersion into aqueous 0.05 mmol HS-PEG-NH, x HCI
(10.000 Da, Rapp Polymere GmbH, Germany) for 5.25 h at room temperature without
stirring in ultrapure water (0.055 pS/cm, Ultra Clear TWF, SG water, Hamburg,
Germany)

o dipping 3 times in ultrapure water before switching into the next solution

o 2. functionalization step:

= stock solution: solving 26 mmol N-Hydroxysulfonosuccinimide sodium salt (S-
NHS, Sigma-Aldrich) with 96 mmol N-(3-(dimethylamino)propyl)-N'"-
ethylcarbodiimide hydrochloride (EDC hydrochloride; >98%, 75 mg, 96 mmol;
Sigma-Aldrich) in 5 ml of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
buffer (HEPES, high-purity grade, Amresco, USA; 10 mM; pH tuned to 7.1
with NaOH solution)

= 100 pl of the stock solution were added to an aqueous 10 ml PAA solution (5
g/l, 450.000 g/mol, Sigma-Aldrich) in 10 mM HEPES buffer solution — shaken
gently for 1 min

» -NH»-functionalized cantilevers were immersed into the latter solution for
90 min at room temperature without stirring

o cleaning and storage: dipping 3 times in ultrapure water before immersing into aqueous
1 mM EDTA solution overnight (~ 12 h), then in ultrapure water for ~6 h followed by
the storage in aqueous 100 mM EDTA solution

o Si wafers cut into 1 cm x 1 cm pieces coated with around 200 nm - 300 nm gold
deposited via PVD (rinsed with EtOH and dried in nitrogen stream) were used for

analytical characterizations after the two functionalization steps

Analytical methods (based on 1. publication of this PhD thesis):

1. FE-SEM (NEON 40 FE-SEM, Carl Zeiss SMT AG, Germany) for high-resolution SEM
images (base pressure lower than 10.0-10° mbar, InLens and SE2 detectors, tilt angle 0 °, EHT
2.00 kV, different magnifications)

2. PM-IRRAS (Vertex 70, with ZnSe photo-elastic modulator PMAS50, Bruker, Germany) with a
resolution of 4 cm™ at an angle of 80 ° with respect to the surface normal, 50 kHz modulation,
LN-MCT detector, 1024 scans with 1x amplifications

3. AR-XPS (ESCA+ setup, Omicron NanoTechnology, Germany) with a base pressure lower
than 5.0-1071° mbar, monochromatic Al-Ka irradiation source (1486.7 eV), 60 ° with respect
to the surface plane for the ZnO films and 20 ° and 80 ° with respect to the surface plane for

the stainless steel samples, 0.05 eV step size and a pass energy of 20 eV (100 eV pass energy
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for survey spectra) were set. Evaluations were performed with CASA-XPS software (Casa
Software Ltd., Teigmouth, UK). Internal calibration to C 1s peak: 285.0 eV
4. SMES was performed with a JPK Nano-Wizard 11 AFM (JPK Instruments, Germany) in the

force-volume mapping contact mode. Further details:

first approach in dry conditions with 0.5 um/s extend speed in z-direction with a set
point of 100 mV (around 2.0 nN after cantilever calibration)

commercial electrochemical cell (JPK Instruments) in 2 mM NaClO4 (pH 7 adjusted
with 0.1 M NaOH)

temperature 298 K measured at the sample in the electrolyte., The temperature at the
tip was estimated to be 301 K due to the heating of the laser.

constant flow rate of around 2.24 ml/min at the initial filling step, and 0.52 ml/min
while performing the SMFS

mapping approaches were done with a deflection setpoint of 4.0 nN

256 force-distance curves (map area: 2 X 2 um?2 with 16 x 16 pixels) were collected at
different positions of distinct but equally treated samples with different cantilevers
prepared under similar experimental conditions to have comparable results to built up
statistical consequences

evaluations of the force-distance curves were done with the JPK data-processing

software

8.4.2 Effect of PAA-induced surface etching on the adhesion properties of ZnO

nanostructured films

The text elements presented below are available in the publication (embedded as 2. publication
in this PhD thesis): D. Meinderink, C. Kielar, O. Sobol, L. Ruhm, F. Rieker, K. Nolkemper, A. G.

Orive, O. Ozcan, Guido Grundmeier, International Journal of Adhesion and Adhesives 106 (2021)

102812 (Copyright Elsevier 2021) with permission from Elsevier for reuse and embedding this

article in this PhD thesis. We acknowledge Elsevier for the permission of reusing this publication:
https://doi.org/10.1016/j.ijadhadh.2021.102812

Materials, chemicals and sample preparations (based on 2. publication of this PhD thesis):

e solvent cleaning: “skin passed hot-dip galvanised steel substrates (supplied by Chemetall

GmbH, Frankfurt, Germany) temporary coated with Al foil were cut to 2.0 cm x 4.5 cm size

and subsequently cleaned in tetrahydrofuran (THF) (Merck, Darmstadt, Germany),
isopropanol (IsOH) (Merck, Darmstadt, Germany) and ethanol (EtOH) (UN 1170 ethanol

provided by Martin und Werner Mundo oHG, Mainz-Kostheim, Germany) after removing Al
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foil for 15 min in an ultrasonic bath to remove the protective oil.”*!® (adapted from 2.
publication)

e “Gardo”-cleaning: solvent cleaned samples (SC) were then immersed in an alkaline cleaning
solution (30 g/l Gardoclean S5176 and 5 g/l Additive H7376/1; provided by Chemetall GmbH,

Frankfurt, Germany) under stirring at 55 °C for one minute.

o water: for all experiments in this work, de-ionized water (< 0.075 puS/cm conductivity, Ultra
Clear TWF, SG Water, Hamburg, Germany) was used.
e Zn0O film deposition: “ZnO nanorod (ZnO NR) growth was performed by immersing the

substrates in an aqueous solution of 25 mM zinc nitrate, Zn(NO3)2:6 H>O (zinc nitrate
hexahydrate, 98 % extra pure, ACROS Organics) and 25 mM hexamethylenetetramine
C6H12N4 (HMTA, AnaLaR NORMAPUR®, VWR Chemicals) for 30 min at 90 °C (+ 5°C)
followed by directly rinsing with de-ionized water. The continuous ZnO nanocrystalline
morphology (ZnO NC) was achieved by addition of 0.12 mM sodium citrate (sodium citrate
dehydrate, ACS, 99.0%, ABCR GmbH & Co. KG, Karlsruhe, Germany) to an aqueous
deposition bath consisting of 50 mM Zn(NOz3)2:6 H20 and 43 mM HMTA in this case. The
deposition time was also 30 min at 90 °C (z 5°C).”%!¢ (adapted from 2. publication)

e PAA immersion solutions: “PAA adsorption was carried out by immersion of the substrates

for 10 minutes in an aqueous 2.6 g/l PAA solution (poly(acrylic acid); Mw~250.000, 35 wt. %
in H20, Sigma Aldrich, Germany) with a final concentration of 3.64 uM PAA solution at 23
°C (x 2°C) with a pH 7 (adjusted with solid NaOH) without stirring, followed by rinsing with
milli-pure water and drying in a stream of nitrogen. At this pH value the PAA chains should
be deprotonated (pKa = 4.7) in the solution and mainly carboxylate groups (-COO") of the
weak acid are present.”®!® (adapted from 2. publication)

e 90°-Peel-Tests: “a hot-curing two component epoxy-amine resin (11.19 g epoxy resin, a
diglycidyl ether of bisphenol A (D.E.R 331, DOW Chemicals, USA) and 6.78 g amine
hardener (poly(propylene glycol) bis(2-aminopropyl ether), Sigma-Aldrich)) was employed as

model adhesive and applied on the substrates after mixing and degassing. To control the
thickness of the adhesive films the samples were coated with 4 commercial adhesive tapes (1
layer of Scotch MagicTM Tape, supplied by 3M, Germany, and 3 layers of Tesafilm, supplied
by tesafilm®, Germany). An aluminum foil was used to form the sandwich geometry, which
was removed after the hardening step to obtain an open polymer film. Before the application
of the liquid adhesive the samples were stored in a glove box (filled with a mixture of dry air
and nitrogen) with controlled relative humidity (6.0 % + 3.0 %) at room temperature (21.5 °C
+ 1.0 °C) for 15 min (£ 5 min) to remove the most adsorbed water layers from the atmosphere.
The completed sandwich geometry was kept under these conditions for 15 min (£ 5min) to be

sure that all pores are filled with liquid adhesive before curing step (120 °C for 75 min). To
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investigate the wet de-adhesion process the samples were exposed to humid atmosphere
(>95 % r.h.) at 40 °C for 24 h (x 1 h) before the peel-test measurements. Peel-tests have been
performed at a constant perpendicular angle to the sample surface with 1 mm/min velocity
using a force gauge (model ZP-5, Imada, Tokyo, Japan) and a motorized peel-tester (MV-220
Motorized Test Stand, Imada, Tokyo, Japan) at > 95 % relative humidity at room temperature
(21.5+2.0 °C). At least 3 different samples prepared under equal experimental conditions with
3-4 released adhesive stripes per sample gives a sufficient statistic accuracy with at least 11
stripes under each condition used for the evaluation of the adhesion properties after the
different surface treatments. The film thicknesses of the applied model adhesives were
measured with a DUALSCOPE® FMP20 (magnetoinductive and eddy current method,
Helmut Fischer GmbH, Germany) at five different positions on five different coated samples.
Before the measurements the equipment was calibrated with defined foils provided by the
supplier of the measurement equipment. The resulted mean averaged value of the total epoxy-

amine adhesive films is 150 pm (= 19 pm).”%® (adapted from 2. publication)

Analytical methods (based on 2. publication of this PhD thesis):

1. FE-SEM: “morphological characterization of ZnO films and peeled adhesive surfaces was
performed by means of a field-emission scanning electron microscope (NEON® 40 FE-SEM,
Carl Zeiss SMT AG, Germany) using an InLens detector; base pressure lower than
10.0-10° mbar, InLens and SE2 detectors, tilt angle 0 °, EHT 2.00 kv, different
magnifications). Some samples were milled with a focused ion beam (FIB) system (NEON®
40 FE-SEM, Carl Zeiss SMT AG, Germany) with a Ga liquid ion source (LMIS). In all FIB
procedures a current of 50 pA and a beam of 30 keV were used. Prior to the measurements of
polymeric films, 3 nm Au/Pd (80 wt% Au, 20 wt% Pd) thick sputter coatings were
deposited.”3® (adapted from 2. publication)

2. DRIFTS: “for the identification of adsorbed PAA on SC, ZnO NR and ZnO NC films DRIFT
measurements were done with a Vertex 70 spectrometer (Bruker Optics, Germany). A gold
sample (300 nm gold deposited via PVD on silicon wafer (100)) was measured as a reference.
A resolution of 4 cm™, 512 scans for each sample, and a LN-MCT detector were used.”3®
(adapted from 2. publication)

3. “XPS was performed in an ESCA+ setup (Omicron NanoTechnology, Germany). A
monochromatic Al-Ka irradiation source (1486.7 ¢V) and an angle of 30° with respect to the
surface plane were used for all measurements. The base pressure was lower than 3.0-102° mbar
and neutralization in the case of the polymer films after peel-tests was used. For the detection,
a multichannel plate detector (Omicron Argus, Germany) was used. A convolution of a Gauss
(30 %) and Lorentzian (70 %) shape was chosen (Shirley background) in the CASA-XPS
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software (Casa Software Ltd., Teigmouth, UK) for peak fittings and the C 1s peak at position
285.0 eV was set as internal calibration.”®'® (adapted from 2. publication)

“ToF-SIMS measurements were performed using a ToF-SIMS 1V (IONTOF GmbH, Minster,
Germany) equipped with a 25 keV BiMn liquid metal ion gun (LMIG). For the identification
of PAA, spectra were acquired upon negative polarity. All measurements were performed
using the spectrometry mode (high current bunched mode - HCBU) to enable good mass
resolution, on a region of 100 um x 100 um. Analyses were conducted in the interlaced mode,
allowing to couple the analysis process with a sputter process within the acquisition cycle.
Sputtering was done using a 1 kV Ar beam and a sputtered area of a 300 pm x 300 um (where
the analyzed area is in the center of the sputtered area). Ar was selected as a sputter species to
remove surface contaminations without obtaining a significant influence on the secondary ion
yield. As control, SC and ZnO NC samples were spray-coated with the same PAA solution
(3.64 uM PAA (250.000 g/mol) in water at pH 7 adjusted with solid NaOH) and analyzed via
ToF-SIMS. The spray coating process of aqueous PAA solutions has been described
elsewhere. A commercial spray coater (ND-SP 11/4 Precision Spray Coater, Nadetech
Innovations S.L., Spain) with an installed hot-plate was used. The motor speed was fixed at
1200 mm/min. A volume speed of 200 ml/h, a nozzle distance to the substrate surface of 12
cm, an operating temperature of 75 °C and 4.0 bar pressure of nitrogen (99.999 %, supplied by

Linde Gas AG, Germany) were selected in the equipment.”®!® (adapted from 2. publication)

8.4.3 Electrodeposition of poly(acrylic acid) on stainless steel with enhanced adhesion

properties

The text elements presented below are available in the publication (embedded as 3. publication

in this PhD thesis): D. Meinderink, A. G. Orive, G. Grundmeier, Surface and Interface Analysis,

Volume 50, pages 1224-1229 (Copyright Wiley & Sons, Ltd. 2018) with permission for reuse from
Wiley & Sons, Ltd. (License Numbers 4731840123016, 4987720158233).

We acknowledge Wiley & Sons, Ltd. for the permission of reusing this publication:
https://doi.org/10.1002/sia.6440

Materials, chemicals and sample preparations (based on 3. publication of this PhD thesis):

water: de-ionized water (< 0.075 puS/cm conductivity, Ultra Clear TWF, SG Water, Hamburg,
Germany)

substrate: polished stainless steel (ASIS 316L, Goodfellow GmbH, Germany) coated with
protection foil, cut into 3.0 x 4.5 cm? pieces

solvent cleaning: subsequently cleaned in tetrahydrofuran (THF) (Merck, Darmstadt,
Germany), isopropanol (IsOH) (Merck, Darmstadt, Germany) and ethanol (EtOH) (UN 1170
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ethanol provided by Martin und Werner Mundo oHG, Mainz-Kostheim, Germany) each step
for 15 min in an ultrasonic bath, followed by drying in a nitrogen stream

e coating with isolating tape to have defined areas for the working electrode

e electrochemical initiated polymerization: “A typical 3-electrode setup with a potassium

chloride saturated silver/silver chloride as reference electrode, the stainless steel substrates as
working electrode (6.0 cm? front side, backside was taped), and a closely coiled platinum wire
(219.9 cm?) in a lugging filled with an agueous 0.025 M H2SQ4 solution, was used. The 75 ml
water-based electrolyte for each deposition experiment consisted of 2.0 M acrylic acid
(monomer) with methoxyphenone (inhibitor) (Sigma-Aldrich), 0.2 M zinc chloride (initiator)
(Merck KGaA), and 0.04 M N, N'-methylenebisacrylamide (cross-linker) (Sigma-Aldrich). The
pH of the resulting solution is raised to 6.0 by adding solid NaOH. Before every deposition,
the electrolyte was purged with nitrogen for 15 minutes to create oxygen-free conditions.
Otherwise, the reaction will be stopped as a consequence of the biradical character of oxygen
because it reacts with the radical AA breaking off the electropolymerization. The atmosphere
was purged during the reaction time. A potentiostat Reference 600™ (Gamry Instruments) was
used to reach a constant potential of —1.15 V vs Ag/AgCl. In this regard, chronocoulometry
measurements were performed to apply a well-defined bias voltage at the working electrode
for 75, 100, 150, 225, and 300 seconds at room temperature. After the electrodeposition,
samples were cleaned for 4 minutes in 100 ml of pure water and analyzed with Fourier
transformed infrared reflection absorption spectroscopy (FT-IRRAS) and atomic force
microscopy (AFM). To remove all zinc species embedded in the polymer, the modified
stainless steel substrates were dipped in 100 ml of an aqueous 0.1 M HCI solution for 4 min.
This step was followed by the characterization with PM-IRRAS and AFM measurements.”1">
(adapted from 3. publication)

e Application of a model adhesive and peel test experiments: “a 2-component epoxy amine
adhesive consists of 11.19 g epoxy resin (D.E.R. 331, DOW Chemicals, Midland/USA) and
6.78 g of the amine (poly(propylene glycol)bis(2-aminopropyl ether), Sigma-Aldrich). After

mixing the 2 components, the polymer mix was degassed in vacuum (<1.0 x 1072 mbar) for
1 hour. To remove all bubbles, the mixture was treated in ultrasonic bath for 15 minutes
followed by another hour in vacuum for additional degassing. The poly(acrylic acid)-coated
samples and untreated stainless steel samples taken as references were covered with 6
commercial adhesive tapes (1 layer of Scotch MagicTM Tape, supplied by 3M, Germany, and
5 layers of Tesafilm, supplied by tesafilm®, Germany) of around 300-pm thickness to create
well-defined spacers for the application of the epoxy amine mix between the tapes. The coating
step was carried out in a dry nitrogen atmosphere (7.0% % 2.0% r.h.) at 19°C + 1°C. The
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samples were put on Polytetrafluoroethylene blocks coated with aluminum foil and fixed with
a constant pressure with clamps. This was followed by the hardening step at 120°C for
75 minutes in the oven. Then, the samples were subsequently exposed for 72 hours at 40°C to
humid air (>95% RH). The freestanding model adhesive films were cut into stripes, and the
90° pull-off forces (force gauge of type Model ZP-5, Imada) were recorded from each stripe.
To maintain the peel-off angle, a motorized peel tester (MV-220Motorized Test Stand, Imada)

with a constant haul-off speed of 1 mm second ™ was used.”” (adapted from 3. publication)

Analytical methods (based on 3. publication of this PhD thesis):

1.

IRRAS: FT-IR microscope of type Hyperion 1000 connected to a Vertex 70 spectrometer (both
Bruker Optics, Germany), 4 cm? resolution, 512 scans, LN-MCT detector, with 1x
amplifications

PM-IRRAS: equal to settings above

AEM: MFP-3D-SA (Asylum Research) equipped with an antivibration table and an acoustic
enclosure in intermittent contact mode operating in ambient air conditions at a scan rate of 0.5
to 1.2 Hz. To this end, HQ:NSC15/AIBS (325 kHz and 40 N m%, nominal radius of 8 nm) and
HQ:NSC18/AIBS tips (75 kHz and 2.8 N m™, nominal radius of 8 nm), purchased from
Mikromasch, were used. Root mean square (RMS) roughness measurements, Rq, from at least
3 10 x 10 um? AFM images taken from different but equivalent sample areas for every

deposition time have been collected and averaged.

8.4.4 Spray coating of poly(acrylic acid)/ZnO tetrapod adhesion promoting nanocomposite

films for polymer laminates

The text elements presented below are available in the publication (embedded as 4. publication

in this PhD thesis): Dennis Meinderink, Karlo J.R. Nolkemper, Julius Burger, Alejandro G. Orive,
Jorg K.N. Lindner, Guido Grundmeier, Surface and Coatings Technology 375 (2019) 112-122

(Copyright Elsevier 2019) with permission from Elsevier for reuse and embedding this article in

this PhD thesis. We acknowledge Elsevier for the permission of reusing this publication:
https://doi.org/10.1016/j.surfcoat.2019.06.083

Materials, chemicals and sample preparations (based on 4. publication of this PhD thesis):

ZnO TP synthesis:
o quartz tube of 1200 mm length with an outer diameter of 34 mm

o a conical SiO2 tube (28mm and 5mm inner diameters) inside the quartz tube for the

collection of the solid products
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o before synthesis: heating up to 900 °C in nitrogen atmosphere (purging for 10 min with
a volume speed of 16 I/h — removing water and oxygen)
o starting synthesis:
= zinc powder (1.6 g, Riedel-de Haén, fine powder, for analysis) placed in an Al
oxide vessel was placed in the center of the tube oven under nitrogen flow
= oxygen flow: 1.6 I/h £ 0.5 I/h with nitrogen flow of 6.0 I/h £ 0.5 I/h
= reaction time: 30 min (stopping gas flows, cooling down over night in nitrogen
atmosphere)
o fluffy colorless powder (ZnO TP) can be collected at the end of the smaller glass tube

e pretreatments of the poly(propylene) (PP) foil:

o poly(propylene) foil (thickness 0.1 mm, homopolymer, Goodfellow, England) was cut
into 1 cmx4 cm pieces with a scalpel
o substrates were placed in a sample holder with ethanol (UN 1170 ethanol provided by
Martin und Werner Mundo oHG, Mainz-Kostheim, Germany) and cleaned in
ultrasonic bath for 15 min
o rinsing with ethanol and dried in nitrogen
o plasma activation of PP foils:
= performed directly before usage
= Plasma Cleaner Setup (Plasma Surface Technology, Diener electronic GmbH,
Germany) under pure oxygen with constant pressure controlled by the volume
flux of oxygen (p ~ 0.34 mbar) for 1 min
e aqueous dispersions for spray coating process:
o 0.085 mM poly(acrylic acid) (PAA) (from 250.000 g/mol, 35 wt% in H>O, Sigma
Aldrich) dissolved in ultrapure water, adjusted pH to 7 with solid NaOH pellets (Merck

Millipore, Germany)

o ZnO TP powders were added: 8 mg/ml (resulting in a pH of 8.8 £ 0.2), 16 mg/ml
(resulting ina pH of 8.6 £ 0.2)

o Stirring for 10 min at 150 rpm (50 ml of the dispersions)

o loading into syringes for the spray coater — shaken shortly before usage

e spray coating:

o conventional spray coater (ND-SP 11/4 Precision Spray Coater, Nadetech Innovations
S.L., Spain) with a high viscosity liquid atomization spray nozzle (mini-atomized
nozzle MMAE/MMA type, Nadetech Innovations S.L., Spain) made of 316 L stainless
steel

o mixture of water-based solution and nitrogen flow

o spray parameters:
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= 75°C + 3 °C temperature (measured behind the substrate)
= volume speed: 100 ml/min of PAA/ZnO TP dispersions
= 10 cm distance between nozzle and substrate surface
= 1200 mm/min nozzle speed (horizontal orientation while spray coating step)
= pressure: 6.0 bar inlet, 3.50 bar at the nozzle (set in software)
= cleaning before each spray coating step with ultrapure water
o samples were stored for 24 h in desiccator (filled with silica particles; pressure around
30 mbar)

joining of two PP foils:

o laboratory hydraulic press (CY-PCH-600D) with mirror polished stainless steel plates
on both hotplates

o 1cmzjoining/ overlapping area (counterparts were also plasma cleaned, except for the
solvent cleaned samples)

o hotplate temperatures: 65 °C £ 0.5 °C

o pressure while the joining: 0.5 MPa + 0.4 MPa (estimated variation)

o application time: 30 s

o number of samples: 7 resulting in a total area of 7 cm? in the equipment (0.5 MPa
distributed to 7 cm?)

shear strength tests:

o exposure to 40 °C (£ 2 °C) at high humidity (> 95 %) in a closed PMMA box for 48 h

o shear strength tests were performed in a closed box with similar humidity conditions
(24 °C £ 2 °C, > 95 %) using a ZP recorder (force gauge of type Model ZP-5, Imada)

with a movement speed of 1 mm/s while one side of the laminates were fixed on the

ground plate

Analytical methods (based on 4. publication of this PhD thesis):

FE-SEM: equal to the above-mentioned settings

TEM: on a probe-side Cs-corrected JEOL JEM-ARMZ200F at an acceleration voltage of
200 kV, For TEM analysis a droplet of ZnO TP dispersed in isopropyl alcohol was placed on
a carbon coated grid and dried. To analyze cracking behavior, a ZnO TP holding grid was first
covered by a second grid (carbon side on top of carbon side). In a second step ZnO TP were
ground by displacing the covering grid which leads to cracking of TPs

XPS: equal to settings mentioned above

Raman spectroscopy: InVia Renishaw Raman microscope (Renishaw, Germany) with a CCD

detector, two lasers (532 nm and 785 nm) with corresponding gratings and filter and mirror

systems; YAG-Laser (532 nm, 55mW max. power), 50x objective, precise power (measured

207



8 Attachment

calibrated USB photodiode (DIN EN ISO 9001, THORLABS, Germany) was 6.16 mW,

internal calibration: 520.0 cm™ (+ 0.5 cm™) on silicon wafer

static water contact angle: sessile drop method, contact angle system (OCA 15 plus,

DataPhysics, Filderstadt, Germany) with the SCA20 Software (DataPhysics Instruments
GmbH, Filderstadt, Germany) for calculating the contact angles with the Young-Laplace
method, 5 pl ultrapure water drops at 3-5 different positions on at least 3 different batches
resulting in 76 measurements for the plasma treated samples (different batches under similar

experimental conditions)
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