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Abstract
This thesis is divided into two parts where the first part of the thesis deals with the design and
synthesis of heterostructures for efficient photocatalysis e.g. for water remediation while the
second part deals with the design of effective substrates suitable for sensitive surface-enhanced
Raman scattering (SERS) analysis. Investigating different hybrid nanomaterials which can
serve as efficient photocatalysts, the wide band gap semiconductors ZnO and ZnS have been
combined with vertically aligned carbon nanotubes (VACNTs) to form ZnO@CNT and
ZnS@CNT nanocomposite heterostructures which are able to make use not only from the
ultraviolet (UV) region of light but from most of the solar spectrum. Through atomic layer
deposition (ALD) ZnO nanoparticles are directly deposited on VACNTs which could be
converted in a gas phase sulfidation process to ZnS@CNT nanocomposites. Depending on the
gas phase conversion temperature different ZnS/ZnO@CNT, sphalerite-based ZnS@CNT and
wurtzite-based ZnS@CNT nanocomposites could be obtained where at high conversion
temperatures defects could be even induced in the ZnS nanoparticles. This study revealed that
wurtzite-based ZnS@CNT nanocomposites with induced defects show the highest
photocatalytic activity towards the degradation of methyl orange which was used as model
pollutant under simulated sunlight.
Furthermore, the photocatalytic properties of two-dimensional titanium chalcogenides have
been investigated. These materials possess in contrast to traditional titanium dioxide a small
band gap and a layered structure which is advantageous for photocatalytic applications. The
different titanium chalcogenides were prepared by a chemical vapor transport method whereby
tuning of the ratio of the starting elements and the reaction temperature a series of different
titanium chalcogenides (TiS3, TiS2, TiS, TiSe2 and TiTe) could be synthesized. The
investigation of titanium sulfides, TiS3 and TiS which is defect-rich TiS2 showed promising
results concerning their photocatalytic activity. Non-stoichiometric titanium disulfide shows a
large number of defects which are responsible for a high photocatalytic and thermocatalytic
activity. Excellent recyclability of these materials was also found and was attributed to the
spontaneous formation of titanium sulfide/titanium oxide heterostructures due to the surface
oxidation with time further increasing the photocatalytic activity of the material.
New approaches for the preparation of efficient SERS substrates with high enhancement factors
were investigated as they are crucial for trace analysis e.g. of bioactive compounds. First, a
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facile plasma-assisted approach for the preparation of SERS substrates has been developed.
Different plasma treatments using different plasma gases and different parameters have been
investigated on thin transparent silver films of 10 nm thickness and thick non-transparent silver
films of 200 nm thickness. Hydrogen, nitrogen and argon plasma were found to increase the
surface roughness of these sputtered silver films, thus increasing their SERS enhancement
factors significantly. Subsequent oxidation-reduction plasma treatment of the 200 nm thick
silver sputtered films through oxidation with oxygen plasma followed by reduction with either
hydrogen, nitrogen or argon plasma enabled the formation of complex three-dimensional
porous silver films showing high SERS enhancement factors.
Finally, aluminum/anodic aluminum oxide/silver (Al/AAO/Ag) substrates have been
investigated to elucidate the different factors which could increase the SERS response obtained
from such substrates. It was found that a possible chemical enhancement from iodine species
introduced in barrier-type anodic aluminum oxide by iodine oxoacid electrolytes could
effectively increase the SERS enhancement factors of these substrates compared to other dense
barrier-type anodic aluminum oxides obtained from citrate buffer and porous anodic aluminum
oxide (PAOX) films. These findings could be valuable for the preparation of more effective
SERS substrates based on Al/AAO/Ag thin layer compositions.
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Kurzfassung
Diese Arbeit gliedert sich in zwei Teile. Der erste Teil befasst sich mit dem Design und der
Synthese von Heterostrukturen für eine effiziente Photokatalyse. Der zweite Teil befasst sich
mit dem Design neuartiger Substrate für die empfindliche, oberflächenverstärkte RamanStreuungsanalyse (SERS). Während der Untersuchung verschiedener Hybrid-Nanomaterialien,
die als effiziente Photokatalysatoren dienen können, wurden die Halbleiter ZnO und ZnS, die
breite Bandlücken besitzen, mit vertikal ausgerichteten Kohlenstoffnanoröhren (VACNTs)
kombiniert. Dadurch konnten ZnO@CNT und ZnS@CNT Nanokomposit-Heterostrukturen
gebildet werden, die nicht nur den ultravioletten Bereich des Lichts, sondern nahezu das
gesamte

Sonnenspektrum

Nanopartikel

direkt

auf

ausnutzen.
VACNTs

Durch

Atomlagenabscheidung

abgeschieden

werden,

konnten

ZnO-

in

einem

die

Gasphasensulfidierungsprozess in ZnS@CNT-Nanokomposite umgewandelt werden. Abhängig
von der Gasphasenumwandlungstemperatur konnten unterschiedliche ZnS/ZnO@CNT,
Sphalerit-basierte ZnS@CNT und Wurtzit-basierte ZnS@CNT-Nanokomposite hergestellt
werden, wobei bei hohen Umwandlungstemperaturen gezielt Defekte in den ZnSNanopartikeln induziert werden konnten. Die Studie ergab, dass ZnS@CNT-Nanokomposite
auf Wurtzitbasis mit induzierten Defekten die höchste photokatalytische Aktivität im Abbau
von Methylorange als Modellschadstoff unter simuliertem Sonnenlicht aufweisen.
Darüber

hinaus

wurden

die

photokatalytischen

Eigenschaften

zweidimensionaler

Titanchalkogenide untersucht. Diese Materialien besitzen im Gegensatz zu Titandioxid eine
kleine Bandlücke und eine Schichtstruktur, die für photokatalytische Anwendungen vorteilhaft
sind. Die verschiedenen Titan-Chalkogenide wurden durch eine chemische Transportreaktion
hergestellt, bei dem durch Abstimmung des Verhältnisses der Ausgangselemente und der
Reaktionstemperatur eine Reihe verschiedener Titan-Chalkogenide (TiS3, TiS2, TiS, TiSe2 und
TiTe) synthetisiert werden konnten. Nichtstöchiometrisches Titandisulfid zeigt eine große
Anzahl von Defekten, die für eine hohe photokatalytische und thermokatalytische Aktivität
verantwortlich sind. Diese Materialien besitzen die Eigenschaft einer spontanen Bildung von
Titansulfid/Titanoxid-Heterostrukturen aufgrund einer selektiven Oberflächenoxidation,
wodurch die photokatalytische Aktivität des Materials weiter erhöht werden kann.
Des Weiteren wurden neue Ansätze zur Herstellung effizienter SERS-Substrate mit hohen
Verstärkungsfaktoren untersucht, da sie für die Spurenanalyse, z.B. von bioaktiven
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Verbindungen von Interesse sind. Zunächst wurde ein einfacher Ansatz beruhend auf
Plasmabehandlung

zur

Herstellung

von

SERS-Substraten

entwickelt.

Verschiedene

Plasmabehandlungen unter Verwendung verschiedener Plasmagase und verschiedener
Prozessparameter wurden an dünnen transparenten Silberfilmen mit einer Dicke von 10 nm
und dicken nicht transparenten Silberfilmen mit einer Dicke von 200 nm untersucht. Es wurde
festgestellt, dass Wasserstoff-, Stickstoff- und Argonplasma die Oberflächenrauheit dieser
gesputterten Silberfilme erhöht und somit ihre SERS-Verstärkungsfaktoren signifikant
gesteigert werden können. Eine kombinierte Oxidations-Reduktions-Plasmabehandlung der
200 nm dicken silbergesputterten Filme durch Oxidation mit Sauerstoffplasma und
anschließende Reduktion mit Wasserstoff-, Stickstoff- oder Argonplasma ermöglichte die
Bildung

komplexer

dreidimensionaler

poröser

Silberfilme

mit

hohen

SERS-

Verstärkungsfaktoren.
Zusätzlich

wurden

Substrate

mit

Kompositstruktur

aus

Aluminium/anodischem

Aluminiumoxid/Silber (Al/AAO/Ag) synthetisiert und untersucht, um die verschiedenen
Faktoren, die Einfluss auf die resultierende SERS-Verstärkung haben, aufzuklären. Dabei zeigte
sich, dass eine mögliche chemische Verstärkung durch Iodspezies, die in anodischen
Aluminiumoxid vom Barrier-Typ durch Iodoxosäure-Elektrolyte eingeführt wurden, die SERSVerstärkungsfaktoren dieser Substrate im Vergleich zu anderen anodischen Aluminiumoxiden
hergestellt mittels eines Citratpuffers sowie auch von porösem anodischen Aluminiumoxid
Filmen (PAOX) deutlich erhöht. Diese Erkenntnisse könnten zukünftig für die Herstellung
neuartiger effektiver SERS-Substrate auf der Basis von Al/AAO/Ag-Dünnschichten wertvoll
sein.
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1 Introduction and theoretical background
The thesis is divided into two main parts, where the first focuses on the design of effective
photocatalytic hybrid nanomaterials for water remediation while the second focuses on the
design and preparation of sensitive surface-enhanced Raman scattering (SERS) substrates for
trace analysis. In each part the motivation of the work is given followed by an explanation of
the underlying theories for the performed work as well as the current state of art in the
respective research areas are presented.
Photocatalysis and plasmonics, although appearing to be two completely different areas of
research, they can be connected at some points which will be shown throughout this thesis
work. In the first part of the thesis new hybrid nanomaterial photocatalysts will be studied, in a
second part plasmonic materials which offer high sensitivity for spectroscopic detection of
analytes using the SERS effect are in the center. However, on one hand, plasmonic materials
can increase the photocatalytic activity of photocatalysts if appropriately combined, on the other
hand these plasmonic materials can serve as analysis platform based on surface-enhanced
Raman scattering (SERS) with a self-cleaning ability where the measured analyte is removed
through photocatalysis. These general concepts und the underlying science for photocatalysis
and SERS will be presented in the following.

1.1 Hybrid nanomaterial photocatalysts for environmental remediation

1.1.1 Motivation and aim of this work
Photocatalysis for water remediation offers an interesting and environmentally friendly
approach to remove organic pollutants from water with the aid of renewable solar energy. A
wide variety of photocatalysts have been developed in literature but still the search for effective
photocatalysts is ongoing.
Hybrid nanomaterials or heterostructure nanocomposites present a category of interesting
photocatalysts as they usually enable the use of not only the ultraviolet (UV) light but from most
of the solar radiation. Furthermore, such a nanocomposite enables efficient charge separation
by increasing the recombination time due to the spatial separation of the photo-induced charge
carriers which usually represents a challenge for single component nanomaterials. In literature,
there is a wide range of different nanocomposites which have been synthesized to serve as
efficient photocatalysts like nanoparticle-graphene,1 nanoparticle-polymer,2 nanoparticlecarbon powder,3 metal/semiconductor,4 graphitic carbon nitride (g-C3N4)/graphene oxide,5
1

nanoparticle-graphene oxide6 and nanoparticle-carbon nanotube nanocomposites7 to name just
a few. As our group is specialized in the synthesis of vertically aligned carbon nanotubes
(VACNTs) as shown in Figure 1, it would be interesting to take it as a basis for the synthesis of
semiconductor nanoparticle@CNT heterostructure nanocomposites and to test these for their
photocatalytic properties. These nanocomposites show several advantages over traditional
single photocatalysts e.g. titanium dioxide TiO2. On top, it is known that CNTs possess high
adsorptive capacities which would enable to remove pollutants or their degradates also through
adsorption which makes these semiconductor nanoparticle@CNT nanocomposites interesting.

Figure 1 (a) SEM image of as-prepared VACNTs showing the vertical alignment to the substrate. (b) Schematic
showing the concept of VACNTs where CNTs are aligned perpendicular to the substrate as observed in (a). (c) SEM
showing a close-up of the VACNTs where the parallel alignment of the CNTs can be clearly seen. (d) TEM image
of a single CNT isolated from the VACNT structure. Adapted with permission from Ref. 8, © 2017 WILEY‐VCH
Verlag GmbH & Co. KGaA, Weinheim.

The work with VACNTs would also enable the preparation of nanocomposites already fixed to
a substrate in an ordered manner which could then be integrated into devices which would help
to photocatalytically clean wastewater without the need to add a separation step to separate
the photocatalyst from the water. Till now such nanocomposites have been prepared in
literature through wet chemical techniques which would not be suitable in the case of VACNTs
as these ordered structures would become deteriorated. Therefore, it is important to develop
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new techniques enabling the homogenous coverage of VACNTs with semiconductor
nanoparticles without the destruction of their ordered arrangement. For that especially gas
phase deposition would be appropriate and as the distance between the CNTs in the VACNT
forest usually is very small it is important to employ gas phase deposition techniques which are
able to infiltrate the VACNT structure without depositions forming nanoparticles at the
periphery of the VACNT structure blocking the further infiltration of the inner part of these 3D
structures.
Atomic layer deposition (ALD) represents a gas phase deposition technique which enables
precise control over the process of deposition of nanomaterials as thin layers or particles on top
of a structured substrate. This would thus provide a new approach for the synthesis of
[nanoparticle@CNT] nanocomposites which would combine photocatalytic active materials
with high surface area flexible substrates.
Along another avenue of research, it was the intention to study titanium chalcogenides
(chalcogenide = S, Se, Te). Titanium dioxide represents a traditional model photocatalyst
suffers from the drawback of only absorbing UV light due to its wide band gap. It is known that
titanium sulfides, selenides and tellurides possess small band gaps enabling them to make use
of most of the solar spectrum. Besides, these materials exhibit layered structures which are
advantageous for photocatalytic applications. Due to the strong affinity of titanium for oxygen
the surface of such titanium chalcogenides (sulfides, selenides or tellurides) can even be easily
oxidized forming titanium chalcogenide/titanium oxide core/shell heterostructures which
would represent two-dimensional heterostructures representing an interesting category for
photocatalytic hybrid materials.
In the following, the state of art of different photocatalyst materials and the synthesis of these
materials is presented.

1.1.2 Fundamentals of photocatalysis
An increased interest is arising in the design of new efficient photocatalysts and the
improvement of existing photocatalysts.9,10 According to the International Union of Pure and
Applied Chemistry (IUPAC) photocatalysis the process where a chemical reaction is induced and
accelerated by the use of semiconductor and light.11
The electronic structure of semiconductors can be described as follows: semiconductors possess
an electron filled valence band (VB) and an unoccupied conduction band (CB) which are
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separated by a band gap where the presence of electrons is prohibited (Figure 2).12 Not every
semiconductor is suitable for photocatalysis. The band gap of a semiconductor can be direct
band gap or an indirect band gap. In a direct band gap the momentum of an electron does not
to be changed upon excitation from the valence band to the conduction band while in an indirect
band gap the electron needs to absorb energy and also change its momentum in order to be
excited to the conduction band. For that, the electron has to interact with a photon of
appropriate energy and interact with a phonon (i.e. lattice vibration) at the same time. As the
probability of the simultaneous interaction of an electron with a phonon is rather low and the
overall process is slow, such semiconductors with an indirect band gap form much less excitons
and are therefore not efficient as photocatalysts.13,14

Figure 2 Schematic showing the processes taking place during photocatalysis upon absorption of light by a
semiconductor nanoparticle for water remediation. Electrons from the valence band (VB) are excited to the
conduction band (CB) forming an electron-hole pair which is then involved in redox reactions forming radicals.

Upon absorption of light having the appropriate energy required to overcome the semiconductor
direct bandgap, electrons from the valence band are elevated into the conduction band leaving
a hole behind forming an electron-hole pair, also known as exciton, as shown in Figure 2.14 The
formed electron hole-pair is then involved in the formation of different reactive oxygen species
(ROS), mainly superoxide anions O2•- and hydroxyl radicals •OH which are able to destroy
organic materials and even kill pathogens in water enabling effective water remediation.15,16
The formed exciton can be destroyed through recombination of the electron and hole usually
under generation of heat without being involved in any redox reactions. The photo-induced
charge carrier recombination can occur in the bulk, known as bulk recombination, or at the
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surface, known as surface recombination.17 Thus, mainly semiconductors with a direct band gap
are appropriate for photocatalytic applications, but it is not only important to consider the
exciton generation but also the lifetime of the formed exciton is of considerable interest. An
extended lifetime of the exciton is very important to make the charge carriers available for
subsequent chemical reactions.14
Equations 1.1-1.7 demonstrate the general reactions taking place during photocatalysis showing
the different types of ROS radicals formed which then attack the organic molecules. 15,18 When
the semiconductor is excited electrons from the valence band move to the conduction band
leaving a hole behind (Equation 1.1). If the formed charge carriers do not recombine in the bulk
and reach the surface of the semiconductor they can react with oxygen and water thus providing
reactive oxygen species for further reactions. Electrons from the conduction band are
transferred to oxygen forming a superoxide anion radical O2•- (Equation 1.2). Holes from the
valence band will be filled with electrons from water molecules resulting in the formation of
hydroxyl radicals •OH (Equation 1.3). Hydroxyl radicals can combine to form hydrogen
peroxide (Equation 1.4) which can further react with another superoxide radical (Equation 1.5).
Superoxide anion radical can further react to hydroperoxyl radicals (Equation 1.6). The formed
radicals can then attack organic compounds in various ways to decompose it to carbon dioxide
and water in the ideal case as shown in equation 1.7.
Semiconductor + hν → ecb- + hvb+
O2 + ecb- → O2•-

Equation 1.1
Equation 1.2

hvb+ + H2O → •OH + H+(aq)

Equation 1.3

•OH + •OH → H2O2

Equation 1.4

O2•- + H2O2 → •OH + OH- + O2

Equation 1.5

O2•- + H+ → •OOH

Equation 1.6

•OH + Organic + O2 → CO2 + H2O

Equation 1.7

For any redox reaction it should be considered that the redox potential of the electron acceptor
is more positive than the conduction band and that the redox potential of the electron donor is
more negative than the valence band as shown in Figure 3a. Thus, the semiconductor
photocatalyst is only suitable for a specific redox reaction if the redox potential lies within its
band gap. Figure 3b shows different common semiconductors with their band gaps and their
band edge potentials and energies showing the position of the important redox potentials for
the redox pairs involved in degradation of organics during water remediation (•OH/H 2O and
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O2/ O2•-) as well as the redox pairs involved in water splitting (O2/H2O and H2/H2O). The redox
potential for the formation of hydroxyl radials is E0(•OH/H2O) = 2.8 V versus the normal
hydrogen electrode (NHE) and the redox potential for the formation of superoxide anion
radicals is E0(O2/ O2•-) = -0.28 V versus NHE. Thus, for the formation of hydroxyl radicals the
valence band of the semiconductor must be more positive than 2.8 V and for the formation of
superoxide anion radicals the conduction band of the semiconductor has to be more negative
than -0.28 V to enable the electrons excited to the conduction band to reduce the oxygen.19,20

Figure 3 (a) Schematic showing the position of the redox potential of the electron acceptor (A) and electron
donator (D) relative to the potential (E) of the valence band (VB) and conduction band (CB) of a semiconductor
with the band gap Eg. (b) Band edge energies and band gap of different common semiconductors relative to the
vacuum and to the normal hydrogen electrode (NHE) showing their position relative to the redox potentials of
(•OH/H2O) and (O2/ O2•-) redox pairs which are important for water remediation as well as the redox potentials
of (O2/H2O) and (H2/H2O) redox pairs which are important for water splitting. Adapted with permission from Ref.
20,

© 2015 Royal Society of Chemistry.
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Besides to the position and size of the band gap there are also a number of other factors which
affect the quality of the photocatalyst of specific chemical composition. Usually crystal
impurities and low crystallinity or crystal imperfections in the bulk or at the surface act as charge
traps favoring the charge recombination, thus decreasing the lifetime of the photo-induced
charge carriers. With decreasing particle size the amount of crystal imperfections and charge
traps decrease resulting in more efficient photocatalysts.21 Furthermore, the probability of bulk
recombination of the photo-induced charge carriers decreases as they reach the surface more
quickly.14,21 A smaller particle size has also the advantage of a higher specific surface area which
gives the possibility of interacting with a huge number of molecules during the photocatalytic
process.14 On the other hand, a smaller particle size of a semiconductor also results in an
increase in the band gap shifting the light absorption to the UV portion of the light spectrum
which is known as the quantum size effect.22–24 Another factor concerning the structure of the
material is the presence of a layered structure. Materials with a layered structure show a good
charge separation and correspondingly excellent photocatalytic activity which makes the design
and synthesis of layered materials attractive for photocatalytic applications.14,25
An ideal semiconductor photocatalyst should have the following properties:10,26
1. The material should be photoactive i.e. absorption of light should result in exciton
formation.
2. The material should be able to absorb and make use of most of the solar radiation. Solar
radiation consists of about 3 % UV, 44 % visible light and 53 % infrared radiation as
shown in Figure 4.27 Thus, it is important that the material is able to utilize the visible
radiation of the sunlight.
3. The lifetime of the formed exciton should be long enough enabling the transport of the
photo-induced charge carriers to the semiconductor-liquid interface where the redox
reactions take place.
4. The photocatalyst should be chemically stable and inert as well as biologically inert.
5. The photocatalyst should be photostable i.e. it should be stable towards photo-corrosion.
6. It should be inexpensive and nontoxic.
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Figure 4 Spectral distribution of the solar light showing the intensities and percentages of UV, visible and infrared
radiation. Adapted with permission from Ref. 27, © 2012 Royal Society of Chemistry.

Titanium dioxide has emerged as model photocatalyst on which extensive research has been
performed as it has several characteristics of a good photocatalyst.28–30 Thus, in order to
understand and get an insight into the problems and challenges in the field of photocatalysis
and photocatalyst design, it is crucial to take a look on the research performed on the traditional
model photocatalyst titanium dioxide. Approaches which were developed for the increase of the
photocatalytic activity of TiO2 have been also used for other wide band gap semiconductors
which are interesting candidates for photocatalysis such as ZnO and ZnS.

1.1.3 Traditional photocatalysts and modifications for improvement of photocatalytic
efficiency
Titanium dioxide is the most investigated photocatalyst due to its advantages of high
photocatalytic efficiency, non-toxicity, stability and low cost.31 But still it suffers from the major
drawback that it only absorbs light in the ultraviolet range due to its wide band gap (3.2 eV for
anatase and 3.0 eV for rutile phase).31 Thus, a large part of the solar radiation is left without
use. Therefore, several approaches for modification of TiO2 have been investigated in order to
enable full use of the solar spectrum:


Metal ion doping and non-metal doping: Doping with various metals and non-metals
has been performed in literature and has been referred to as band-gap engineering.32 In
order to achieve a visible light response for wide band gap semiconductors like TiO2,
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ZnO, ZnS, etc. a narrowing of the band gap is required either through the elevation of
the level of the valence band, through the lowering of the level of the conduction band
or through the insertion of mid-gap states.31 But it is still important to ensure that the
redox potential of the reactions of interest still lie within the modified band gap. Metal
doping has been performed in literature for the different wide band gap semiconductors
(TiO2, ZnO and ZnS) with metals ions as Cr3+,33,34 Fe3+,35–39 Mg2+,40 Cu2+,41 Mn2+,42
Nd3+,43 Sm3+,44 Gd3+,45 and other rare earth metal ions.46 Although still some
controversy about the exact role of the doped metal ion exists, it is suggested that the
doped metal ions form some localized states below the conduction band minimum
resulting in band gap narrowing (Figure 5a).47 On the other hand, it was also found that
these localized impurity states introduced through metal doping have the problem of
thermal instability and sometimes act as charge carrier recombination centers which
affects the photocatalytic activity.48 Modifications through non-metal doping have been
also extensively performed and studied in literature with non-metals like boron, carbon,
phosphorous, sulfur, iodine and especially nitrogen which partially substitute oxygen in
case of metal oxides resulting in the formation of localized states above the valence band
and leading to a band gap narrowing (Figure 5b).29,49–56 N-doped ZnS also showed
increased stability towards photocorrosion which shows that non-metal doping can have
also a positive effect on the stability of photocatalysts.55

Figure 5 Schematic showing the localized states which could be introduced in the band gap through (a) metal ion
doping and (b) non-metal ion doping resulting in a narrowing of the band gap enabling visible light absorption in
case of wide band gap semiconductors like TiO2. VBM is the valence band maximum and CBM is the conduction
band minimum.



Dye sensitization: Dyes which can be physisorbed on the surface of semiconductor
photocatalysts can help in semiconductor sensitization towards visible light. Dyes can be
physisorbed through the formation of weak van der Waals interactions and absorb visible
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light which excites their electrons from the HOMO to LUMO which can be further
transferred to the conduction band of the wide band gap semiconductor giving it the
ability to produce the required radicals for pollutant degradation.56,57 As the dye
sensitization of the semiconductor depends on the adsorption of the dye on the
semiconductor surface a pH adjustment can introduce a charge on the surface of the
semiconductor and depending on the charge of the dye the adsorption can be increased
for more efficient sensitization.58 Different dyes have been used to sensitize wide band
gap semiconductors, especially TiO2, for visible light photocatalysis like acid red 44,58
eosin Y,59 8-hydroxyquinoline,60 methylene blue,61 and reactive red dye 198.62 The
problem of dye sensitized semiconductors for photocatalysis is their stability as
desorption of the dye results in a loss of the visible light photocatalytic activity and
pollution. Thus, some methods were introduced for the chemical fixation of the
sensitizing dye molecules on the surface of the semiconductor.59


Partial reduction or hydrogenation (Black TiO2): The first synthesis of black TiO2 was
performed by Chen et al. in 2011 through the treatment of pure white TiO2 with
hydrogen under high pressure (20 bar) at 200ºC for 5 days which resulted in a black
TiO2 powder (Figure 6a).63 A black powder indicates instantly the absorption of visible
light which results in the black color appearance representing a successful extension of
the absorption range of TiO2 to the visible light. Investigation of the underlying cause for
the efficient band gap reduction to about 1.54 eV which extended the absorption not
only to the visible but also to the near infrared region revealed a hydrogenation of the
outer surface of the TiO2 nanoparticles forming a disordered shell layer (Figure 6b-d).
The dramatic reduction of the band gap was attributed to the hydrogenation which
resulted in the formation of mid-gap states consequently elevating the valence band
edge. These engineered disorders also act as traps for the trapping of charge carriers thus
preventing their rapid recombination.63 Due to the high activity of black TiO2, it quickly
became a research hot spot for environmental nanoscience where different methods for
its synthesis have been developed.64–70
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Figure 6 (a) Photograph showing a comparison of TiO2 powder before (white) and after (black) high pressure
hydrogenation, (b) Schematic showing the structure of black TiO2 which consists of an outer disordered shell layer
(grey) and an inner highly crystalline core (cyan). Besides the valence band (E V) and conduction band (Ec) for
unmodified white TiO2 (on the left) and black TiO2 (on the right) are illustrated showing the tailing of these bands
resulting in the dramatic decrease of the band gap. (c) HRTEM image of unmodified white TiO 2 showing the high
crystallinity of the TiO2 before hydrogenation. (d) HRTEM image of black TiO2 formed after hydrogenation showing
the outer disordered shell and the inner crystalline core. The curved dotted line outlines the interface between the
disordered shell and the crystalline core for clarification. Adapted with permission from Ref.

63,

© 2011 American

Association for the Advancement of Science.

Another direction is the design of composite materials which enable the use of the full solar
spectrum and at the same time enable spatial separation of the formed electron-hole pairs which
increases the lifetime of the exciton making the charge carriers available for the subsequent
redox reactions. Through combining different materials, it is possible to achieve synergistic
effects and to make use of the advantages of each material. There have been different material
composites used for photocatalysis which can be categorized in:

a)

Semiconductor-semiconductor composites: Semiconductors can be combined forming

a heterojunction to increase the ability of charge separation. There are different types of possible
heterojunctions between semiconductors depending on the band alignments namely type I
(straddling gap), type II (staggered gap) and type III (broken gap) heterojunctions (Figure
7).71–73
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Figure 7 Schematic showing the different types of heterojunctions which can be formed between two
semiconductors depending on their relative band alignments and the resulting electron-hole separation behavior
upon light excitation.

In case of type I heterojunction with the straddling gap, the valence and conduction band of
one semiconductor lies within the band gap of the other semiconductor (Figure 7, top). This
results upon light excitation that both the photo-induced electrons and holes of the wide gap
semiconductor flow to the conduction band and valence band of the narrow gap semiconductor,
respectively. Thus, there is no spatial separation of the photo-induced charge carriers as the
oxidation and reduction reactions take place on the same semiconductor. At the same time the
overall redox ability of the composite photocatalyst is reduced as the reactions take place on the
semiconductor with lower redox potential.72 In case of type II heterojunction with the staggered
gap, the conduction band as well as the valence band of the second semiconductor lie beneath
the corresponding conduction and valence bands of the first semiconductor (Figure 7, middle).
Upon light excitation, this results in a net flow of the photo-induced holes to the valence band
with more negative potential present in semiconductor 1 and a flow of the photo-induced
electrons to the conduction band with the more positive potential present in semiconductor 2.

12

Overall an efficient spatial separation of the formed electron-hole pair can be achieved which is
highly advantageous for efficient photocatalysis but on the other hand this also results in an
overall decrease for the redox ability similar to type I heterostructures.27,72,74–76 Type III
heterojunctions with the broken gap are an extreme form of the staggered gap where the band
gaps of both semiconductors do not overlap at all (Figure 7, bottom). In this case a transfer of
photo-generated holes or electrons is not possible between the semiconductors resulting in no
efficient charge separation.72 Accordingly, type II heterojunctions appear to be the appropriate
choice for the design of efficient photocatalysts due to the efficient charge separation. In
literature, several type II heterojunction photocatalysts have been designed with high
photocatalytic activities. For example, Yu et al. synthesized a CdS-TiO2 nanocomposite through
a microemulsion-mediated solvothermal method showing a 8 times increased photocatalytic
activity in the degradation of methylene blue under UV-Vis light compared to CdS alone.77
Furthermore, SnO2/TiO2 composite films were prepared by Zhou et al. via electrophoretic
deposition on conductive glass substrates and subsequent calcination in air at different
temperatures. The composite samples showed high photocatalytic activity in the decomposition
of Rhodamine B under UV-light where especially the sample calcined at 400ºC showed the
highest photocatalytic activity. This was attributed to the optimal crystallinity of the samples
which further reduced possible recombination centers besides the rapid and effective charge
separation achieved through the composite film.78 SnO2 has been also combined with TiO2 by
Wang et al. in form of nanofiber heterostructures where SnO2 nanoparticles were grown
through a hydrothermal method on the surface of previously electrospun TiO2 nanofibers
(Figure 8a, b). The nanocomposite was compared to bare TiO2 nanofibers and showed a 2.5
times increase in the photocatalytic activity in Rhodamine B decomposition under UV light due
to the more efficient charge separation and suppressed charge recombination in the
heterostructure.79 In order to make use of visible light Shang et al. prepared a three-dimensional
hierarchical heterostructure of Bi2WO6/TiO2 through an electrospinning-assisted route which
was able to effectively degrade acetaldehyde in air and Rhodamine B in water.80 The
nanocomposite formed a three-dimensional network of TiO2 nanofibers with Bi2WO6 platelets
grown aslant on the surface of the TiO2 nanofibers (Figure 8c, d) thus producing a mesh with
high surface area and efficient charge separation for visible light photocatalysis. The observed
increase in photocatalytic activity achieved a 5-fold increase in comparison to Bi2WO6 alone for
the degradation of Rhodamine B under visible light where the photocatalytic activity of TiO 2
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alone under visible light can be ignored which shows the synergistic effect achieved by the
nanocomposite due to the type II heterojunction formed.80

Figure 8 (a) SEM of TiO2 nanofibers with SnO2 nanoparticles on the nanofiber surface and (b) HRTEM of the
SnO2-TiO2 heterojunction region showing the attachment of SnO 2 nanoparticles to TiO2 nanofibers. Adapted with
permission from Ref.

79,

© 2009 American Chemical Society. (c) SEM image showing an overview of the three-

dimensional hierarchical Bi2WO6/TiO2 structure prepared through electrospinning procedure and (d) SEM image
with increased magnification showing a close-up of the detailed structure of the nanocomposite where Bi 2WO6
platelets are grown aslant on TiO2 nanofibers. Adapted with permission from Ref.

80,

© 2009 American Chemical

Society.

Also, type II heterojunctions could be achieved with different phases of the same semiconductor
as it is the case with anatase and rutile phases of TiO2.81–83 From Figure 3b it is obvious that
the valence and conduction band of anatase TiO2 is shifted to more negative potential in
comparison with the corresponding valence and conduction bands of rutile TiO 2. Thus, a
composite consisting of these two TiO2 phases will form a type II heterojunction what makes
the commercial Degussa P25 so special as it consists of a mixture of anatase and rutile TiO 2
phases in a ratio of about 3:1.84
For further enhancement of the spatial separation of the photo-induced charge carrier as well
as increasing the rate of charge separation to further suppress charge recombination p-n
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heterojunctions have been developed. Here, a p-type and n-type semiconductor are used in the
composite material. When p-type and n-type semiconductors are in contact electrons diffuse
from the n-type semiconductor to the p-type semiconductor interface and holes diffuse from the
p-type semiconductor to the n-type semiconductor interface to equilibrate the Fermi energy
levels EF resulting in a space charge region forming an intrinsic electric field at the p-n
heterojunction (Figure 9).72,75 The formed internal electric field is an additional driving force
for the efficient spatial charge separation. Thus, after light irradiation the photo-induced
electrons flow from the conduction band of the p-type semiconductor to the conduction band
of the n-type semiconductor due to the band alignment as well as due to electrostatic attraction
through the internal electric field formed at the p-n heterojunction. The same applies to the
flow of photo-induced holes in opposite direction from the valence band of n-type
semiconductor to the valence band of p-type semiconductor.75 For example, Yu et al. prepared
NiO/TiO2 p-n junction flowerlike composites by a hydrothermal method followed by calcination
at 400ºC and showed that their photocatalytic activity is superior to TiO2 or NiO alone. The
increased activity was explained by the formation of a p-n junction between NiO and TiO2
resulting in an efficient charge separation.85

Figure 9 Schematic showing the processes occurring in a semiconductor nanocomposite composed of a p-type and
n-type semiconductor forming a p-n heterojunction.

b)

Semiconductor-metal nanocomposites: Semiconductor-metal nanocomposites have

been used for the design of efficient photocatalysts as these nanocomposites offer two main
advantages26,74,86,87:
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1. The fast and efficient charge separation due to the conductivity of metals and the
formation of Schottky barrier at the semiconductor-metal interface which promotes spatial
charge separation upon light irradiation and suppressing charge recombination.88
2. The spectrum of light absorption is extended to the visible light due to the plasmonic
properties of metals (especially noble metals like gold and silver).
Furthermore, the noble metals such as platinum act as co-catalysts in the system forming active
centers for chemical reactions to take place on with lower activation energies than on the
semiconductor.26 Different semiconductor-metal nanocomposites have been synthesized in
literature and proved enhanced photocatalytic efficiency in the degradation of different dyes
and pollutants as phenol,89 methyl orange90 and rhodamine B.91,92 A plasmonic Au/TiO2
nanocomposite photocatalyst which consists of titania with embedded gold nanoparticles of
0.5% loading showed a three times increased activity in phenol degradation compared to TiO 2
alone.89

c)

Semiconductor-polymer composites: Semiconductors were also combined with

polymers to enhance the photocatalytic activity and to act as matrix for embedding
photocatalyst nanoparticles.93 The main benefit of using polymers especially of an extended 𝜋conjugated system is the ability of visible light absorption thus sensitizing wide band gap
semiconductors like TiO2 for visible light.94 Zhang et al. prepared a TiO2-Polyaniline (TiO2PANI) nanocomposite where the polyaniline formed a thin layer around TiO2 nanoparticles.95
The formed semiconductor-polymer nanocomposite showed an increased UV light
photocatalytic activity in methylene blue and Rhodamine B degradation compared to bare TiO2.
Additionally, the nanocomposite also showed a visible light photocatalytic activity, thus
overcoming one important disadvantage of bare TiO2 which is only active under UV irradiation.
Investigation of the underlying mechanism revealed that upon UV light irradiation electrons are
excited in the TiO2 nanoparticles to the conduction band leaving holes behind in the valence
band. As PANI is a good conductor for holes, the holes are transferred to the HOMO of PANI as
it lies above the valence band of TiO2, thus resulting in a spatial charge separation and
suppressing the charge recombination (Figure 10a). This is reflected as a synergistic effect in
the photocatalytic activity of the nanocomposite under UV irradiation. Upon visible light
irradiation which cannot excite the electrons in TiO2, the electrons are excited in PANI from 𝜋
to 𝜋* and due to the relative position of the 𝜋* orbital to the conduction band of TiO2 electrons
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are transferred to the conduction band of TiO2 reducing adsorbed oxygen and resulting in active
radical species for pollutant degradation giving the nanocomposite its visible light
photocatalytic activity (Figure 10b).95 Zhu et al. prepared polythiophene/TiO2 composites
which showed efficient photocatalytic degradation of methyl orange under UV and visible light
irradiation. Also an increased adsorption efficiency of the nanocomposite compared to each
component alone was observed which is further beneficial for the pollutant removal beside the
photocatalytic activity.96 Other composites include sulfonated polyaniline@TiO2 for the
degradation methylene blue and brilliant blue dyes under visible light irradiation,94 chitosan-gpoly(acrylamide)/ZnS nanocomposite for the degradation of methyl orange and congo red
under simulated solar radiation,97 and polythiophene/mesoporous SrTiO3 nanocomposites for
the degradation of methylene blue under visible light.98

Figure 10 Schematic showing the possible mechanism resulting in the photocatalytic activity of the TiO 2-PANI
nanocomposite upon (a) UV light and (b) visible light irradiation. Adapted with permission from Ref.

95,

©

2008 American Chemical Society.

d)

Semiconductor-carbon composites: Various work has been also performed on the

combination of different semiconductors with different carbon forms as carbon nanotubes
(CNTs), graphene, reduced graphene oxide, activated carbon and carbon dots which has been
nicely reviewed in several review articles.73,75,99–104
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Carbon nanotubes, especially multi-walled CNTs, which possess metallic character have been
proved very effective in photocatalytic applications upon formation of heterostructures with
different wide band gap semiconductors as TiO2,7,105–109 ZnO110–113 and ZnS.114–119
Heterostructures of semiconductors with CNTs possess several advantages showing the
uniqueness of these nanocomposites:
1. CNTs with metallic character form a Schottky barrier junction upon contact with the
semiconductor as it is known for semiconductor-metal junctions. This is very beneficial
for the rapid and efficient charge separation upon irradiation and it increases the
recombination time of the photo-induced charge carriers.75
2. CNTs also possess a high electron storage capacity which enables an easy electron
transfer to the CNTs which in turn has a positive effect on the charge carrier separation
retarding their recombination and resulting in a spatial separation of the photo-induced
charge carriers.24
3. CNTs are capable to absorb light till the infrared region thus extending the light
absorption for the semiconductor-CNT nanocomposite making the use of most
sunlight.117
4. CNTs are known for their high specific surface area which give the CNTs a high
adsorption capacity. Thus, pollutants are not only removed through degradation but also
through efficient adsorption from the surrounding medium which is especially important
for non-organic pollutants not being accessible through photocatalytic degradation.120–
123

The proposed mechanism for the dual action of semiconductor-CNT heterostructure
nanocomposites can be found in Figure 11. For wide band gap semiconductors (e.g. TiO2,
ZnO and ZnS) which can only absorb UV light, an electro-hole separation takes place upon
UV light irradiation. Due to the good electron conductivity of CNTs the electrons from the
conduction band of the excited semiconductor easily migrates to the CNT which is also
enhanced by the formed Schottky barrier resulting in an efficient spatial charge
separation.24,75,104 In case of longer wavelengths (i.e. visible and infrared light) which cannot
be absorbed by the semiconductor, this light is absorbed by the electron-rich CNTs resulting
in electron excitation which are then injected into the conduction band of the attached
semiconductor resulting in an electron-deficiency in the CNTs which is compensated through
back-transfer from the valence band of the semiconductor leaving a hole behind. Like this,
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CNTs act as a photosensitizer for wide band gap towards visible and even infrared light.124–
127

Figure 11 Schematic showing the possible mechanism involved in the photocatalytic activity of semiconductorCNT nanocomposites where a dual mechanism enables the use of most of the solar spectrum.

After discussing the advantages of semiconductor-carbon nanocomposites and as in the
following work presented in the cumulative part we focused on the synthesis of semiconductor
nanoparticle-CNT nanocomposites, it is important to present the different approaches for
synthesis of different nanoparticle-CNT nanocomposites found in literature.

1.1.4 Synthesis of nanoparticle-carbon nanotube nanocomposites
In literature different synthesis methods and approaches for the preparation of nanoparticleCNT heterostructure nanocomposites exist which can be broadly divided into three
categories128:
1. Covalent attachment of nanoparticles through organic linker molecules to functionalized
CNTs. This requires a surface functionalization of the CNTs which could alter its
electronic properties. But this approach offers the advantages of controlling the synthesis
of the nanoparticles separately without the influence of CNTs on the nucleation and
growth of the nanoparticles, the firm attachment of the nanoparticles to the CNTs
preventing their detachment even under extensive washing and finally a controlled
attachment position of the nanoparticles depending on the placement of the organic
linker molecules on the CNTs enabling a homogenous distribution of the particles on the
walls of CNTs.128 The most widely distributed covalent approach is the oxidation of the
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CNTs so that the walls carry acid functionalities which are then coupled to the
synthesized nanoparticles through carbodiimide coupling.129,130
2. Noncovalent attachment of nanoparticles through noncovalent interactions like van der
Waals interactions to CNTs. As in case of covalent attachment the sp2 hybridization of
some carbon atoms gets converted to sp3 which disrupts the electronic structure of CNTs
the noncovalent functionalization will offer the advantage of not changing the carbon
hybridization, thus being a non-destructive approach maintaining the electronic integrity
of CNTs.128 Different approaches for non-covalent attachment have been developed
including attachment through electrostatic interactions where the CNTs are wrapped
with a polymer (polymer wrapping) or covered with a polyelectrolyte or surfactant to
produce a surface charge to which the nanoparticles of opposite charge are
attached.131,132 Other approaches are direct hydrophobic interaction or 𝜋-𝜋 interactions
of nanoparticles capped with hydrophobic molecules with the walls of the CNTs. 133–135
But still depending on the interactions used for the noncovalent attachment these
nanocomposites are more prone to nanoparticle detachment when compared to the
covalent approach. Furthermore, a direct electron transfer between the CNTs and the
nanoparticles could be problematic due to the absence of a direct contact between the
CNTs and the nanoparticles.
3. Direct deposition of the nanoparticles on the walls of CNTs through in situ formation of
the nanoparticles in presence of CNTs. In this case, the precursors for the formation of
the nanoparticles are added to a CNT suspension and are allowed to react resulting in a
direct nucleation of the nanoparticles on the CNT walls.136–138 This enables a direct and
intimate contact between the nanoparticle and the CNT which is beneficial for any
electron transfer processes.
While TiO2-CNT nanocomposites have been synthesized much in literature7,108 and applied for
photocatalysis, there are only a few reports about ZnS-CNT nanocomposites and their use as
photocatalysts.114–119 Feng et al. synthesized ZnS-CNT nanocomposite through a hydrothermal
route where aqueous solutions of Zn(NO3)2 and Na2S were added to previously nitric acid
treated CNTs and allowed to react. The obtained ZnS-CNT nanocomposite (Figure 12a) was
tested for its photocatalytic activity towards the degradation of methylene blue under UV
irradiation where the ZnS-CNT nanocomposite showed an increased activity degrading the dye
in 35 min instead of 80 min needed in case of ZnS nanoparticles.114 Wu et al. prepared ZnS-

20

CNT nanocomposites through a microwave-assisted method where nitric acid treated CNTs
were mixed with zinc acetate and thioacetamide as Zn and S precursors, respectively followed
by microwave refluxing for 15 min. The resulting nanocomposite (Figure 12b) was tested for
its photocatalytic activity towards methyl orange degradation under UV light. 115 Fang et al.
synthesized ZnS-CNT nanocomposites through a photochemical methods where previously
prepared amorphous carbon nanotubes were mixed with zinc acetate and thioacetamide. Then
the mixture was exposed to UV light with a wavelength of 365 nm for different reaction times.
The resulting nanocomposites (Figure 12c) were tested for their photocatalytic activity towards
the degradation of eosin, methylene blue and methyl red under UV irradiation.116

Figure 12 TEM images for different ZnS-CNT nanocomposites prepared in different literature work through (a) a
hydrothermal route by Feng et al. (Adapted with permission from Ref.

114,

© 2008 Institute of Coal Chemistry,

Chinese Academy of Sciences. Published by Elsevier B.V.), (b) a microwave-assisted route by Wu et al. (Adapted
with permission from Ref.

115,

© 2008 American Chemical Society), (c) a photochemical method by Fang et al.

(Adapted with permission from Ref.

116,

© 2011 Springer Nature), (d) an ultrasonication-assisted route by Meng

et al. (Adapted with permission from Ref.

117,

© 2015 Taylor & Francis Group, LLC), (e) and (f) an ultrasonic-

assisted route in organic media by Tang et al. (Adapted with permission from Ref.

118,

© 2017 Springer Nature),

(g) a co-precipitation method for the production of manganese doped ZnS-CNT by Sharifi et al. (Adapted with
permission from Ref. 119, © 2019 Elsevier).
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Meng et al. prepared ZnS-CNT nanocomposites through an ultrasonication route where
previously oxidized CNTs were mixed with ZnCl2 and Na2S aqueous solutions followed by
ultrasonication for 7 h and a final heat treatment of the dried product at 300ºC. The obtained
dark greenish ZnS-CNT nanocomposite (Figure 12d) was tested for the photocatalytic
degradation of methylene blue under visible light irradiation.117 Another ultrasonic-assisted
synthesis of ZnS-CNT nanocomposites was performed by Tang et al. where CNTs were dispersed
together with ZnCl2 and elemental sulfur in tetrahydrofuran (THF) through ultrasonication,
followed by the dropwise addition of a NaBH4 solution in THF with further ultrasonication for
30 min. The resulting nanocomposite (Figure 12e and 12f) was tested for its photocatalytic
activity in degrading methyl orange under visible light where the nanocomposite showed
improved activity compared to ZnS nanoparticles alone.118 Sharifi et al. prepared manganese
doped ZnS-CNT nanocomposite through a simple co-precipitation method where acid
functionalized CNTs were mixed with aqueous solutions of zinc acetate and manganese acetate
to which Na2S was added dropwise and allowed to react at 100ºC for 1 h. The resulting
nanocomposite (Figure 12g) was tested for its photocatalytic performance towards the
degradation of acid red 18 and methylene blue under UV irradiation.119
The previous discussion shows that in literature mainly wet chemical approaches are used for
the preparation of nanoparticle-CNT nanocomposites. One reason for the use of wet chemical
approaches is the use of powdered CNTs which can be easily suspended in different solvents.
Coating of powdered CNT samples with semiconductor nanoparticles using gas phase
deposition techniques would not be possible as this would not result in a homogenous coating
of the CNTs. On the contrary, the use of ordered vertically aligned CNTs (VACNTs) forests would
enable a gas phase deposition of semiconductor nanoparticles as all sides of the CNTs will be
equally exposed to the reaction gas. The gas phase deposition of nanoparticles on VACNTs
would enable direct contact between the semiconductor nanoparticles and the CNTs without
any linker molecules or modification of the CNT walls which would facilitate the electron
transfer between the semiconductor nanoparticles and the CNTs which would make such an
approach attractive. In order to achieve homogenous coating of the VACNT forest, it is
important to use a gas phase deposition technique which enables precise control of the
deposition in order to prevent clogging of the outer surfaces of the VACNT forest which would
leave the interior of the VACNT forest without nanoparticles. Atomic layer deposition (ALD)
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offers such an interesting synthetic approach for the controlled production of semiconductorCNT nanocomposites.
ALD depends on the principle of self-limiting surface reactions which enable a precise control
of the deposition process. Simply, the process consists of consecutive cycles where each cycle
consists of two subsequent half-reactions. During each half-reaction the precursor gas is allowed
to react with the surface followed by the removal of excess unreacted precursor gas and any
gaseous by-products before the next precursor enters into the reaction chamber. Thus, an ALD
cycle for the deposition of binary semiconductors such as TiO2, ZnO or ZnS consists of four
steps: first precursor pulse (usually a precursor of the metal), inert gas purge, second precursor
pulse (usually water in case of metal oxides) and again an inert gas purge (Figure 13a). This
cycle can be repeated several times thus forming the material layer by layer with precise
thickness control.139–141 Due the precise control offered by the ALD process which also enables
good coating of high aspect ratio substrates,142,143 it rapidly gained popularity and was used for
the effective coating of vertically aligned CNT forests by different semiconductors to form
semiconductor-CNT heterostructures (Figure 13b) which are applicable for various applications
including photocatalysis as discussed above.144–150
The use of ALD for nanoparticle deposition on CNTs enables direct contact of the nanoparticles
with the CNTs without the use of any linker molecules which is beneficial for electron transfer
to take place between the semiconductor nanoparticles and the CNTs. Upon exposure of the
vertically aligned CNTs with the precursor gas adsorption takes place especially on defective
parts on the CNT wall thus resulting in an island growth which results in the formation of
nanoparticles for a small cycle number and their size can be tuned with the number of cycles.144–
146

Increasing the cycle number results in a closed layer due to the coalescence of neighboring

crystals.148 Acauan et al. showed that coating of a forest of nitrogen doped CNTs and oxidized
plasma-treated CNTs resulted in a more uniform and complete coverage with TiO2 compared to
a pristine forest of vertically aligned CNTs which has been ascribed to the increased distribution
of defects or more precisely carbon-heteroatom bonds.149 This shows the possibility of the
controlled formation of different semiconductor-CNT heterostructure nanocomposites which
can be used for efficient photocatalytic applications.
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Figure 13 (a) Schematic illustrating the general steps for one ALD cycle for the deposition of metal oxides. Adapted
with permission from Ref.

141,

© Creative Commons Attribution License. (b) Schematic illustrating the steps

involved in the ALD deposition of a metal oxide on a vertically aligned CNT forest. Adapted with permission from
Ref. 150, © Creative Commons Attribution License.

1.1.5 Defect engineering for photocatalysis
Another direction which has been also intensively investigated is the defect engineering in
semiconductor photocatalytic materials where different types of defects are tailored to achieve
high photocatalytic activity. For long time, defects were considered as factors always reducing
the photocatalytic activity of semiconductor photocatalysts by acting as recombination centers
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or as scattering centers preventing photo-induced charge carriers to reach the surface easily.151
With time possible positive influence of certain defects on the photocatalytic activity and
selectivity were discovered. Early studies about the influence of defects on the photocatalytic
activity were performed by Yanagida et al. where it was shown that surface sulfur vacancies in
CdS were found to increase the photocatalytic activity towards the conversion of CO2 to CO.152
Similar results were also obtained for the photocatalytic activity of defective ZnS
nanocrystallites.153 With the introduction of defects the band structure of wide band gap
semiconductors could be tuned for visible light absorption enabling further use of the solar
spectrum. Here, extensive research has been conducted especially after the discovery of black
TiO2 by Chen et al.63,154 Furthermore, defects on the surface could also act as catalytic sites for
specific reactions.155,156
Defects are any irregularities which can occur in a perfect crystal structure and can be classified
into point defects (zero-dimensional) which include vacancies and heteroatom doping, line
defects (one-dimensional) which include screw dislocation and edge dislocation, planar defects
(two-dimensional) including grain boundaries and twin boundaries and finally volume defects
(three-dimensional) which include voids or disorders as shown in the schematic in Figure
14a.151,157 Especially the zero-dimensional point defects have been extensively investigated and
applied for increasing the photocatalytic activity of semiconductor photocatalysts. For example,
anion vacancies like oxygen vacancies VO were introduced into metal oxides like TiO2 resulting
in the formation of mid-gap states resulting in visible light absorption together with an enhanced
electron-hole separation efficiency and enhanced dissociative adsorption.158–160 Cation
vacancies where the metal is missing are less common in literature as they do not greatly
contribute to a visible light response as determined for TiO2 but still they are expected to
suppress charge carrier combination and thus increase the photocatalytic activity. 161,162
Vacancies are also accompanied by a change in the oxidation state of the surrounding ions in
order to maintain charge neutrality.158 Thus, an oxygen vacancy VO in TiO2 for example is
accompanied by the presence of two self-doped Ti3+ sites and a titanium vacancy VTi is
surrounded by four self-doped O- sites as shown in Figure 14b.151,163 Through vacancy
formation and self-doping nonstoichiometric compounds can be produced without the insertion
of heteroatoms with a resultant change in the band structure and thus a possible increase in the
photocatalytic activity.151 Besides vacancies there can be also an insertion of anions or cations
into the crystal lattice which is represented in Figure 14b by the example of TiO2 where oxygen
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interstitials Oint or titanium interstitials Tiint are present at interstitial positions of the
lattice.151,163 Taking titanium dioxide as example, titanium interstitials result in a formula of
Ti1+xO2, titanium vacancies in a formula of Ti1-xO2 and the same for oxygen interstitials and
vacancies would result in the formula TiO2+x and TiO2-x, respectively. In practice, TiO2 is
generally oxygen-deficient with the general formula TiO2-x resulting in a n-type
semiconductor164 but recent studies have also shown that oxidation at elevated temperatures
can result in a metal deficient TiO2 with the general formula Ti1-xO2 with p-type semiconductor
characteristics due to the titanium vacancies.163,165,166
Also, heteroatom doping which includes metal and non-metal doping32,56,167,168 was successfully
used as for example the well-known nitrogen doping of TiO2 where nitrogen replaces some
oxygen atoms or occupies some interstitial positions in the lattice with a resultant effective
increase in the photocatalytic activity.31,49,169,170 Simultaneous co-doping with two anions, two
cations or even one anion and one cation has been also performed.171–173

Figure 14 (a) Schematic showing the different types of defects which can occur in an inorganic crystal. Adapted
with permission from Ref. 151, © 2018 Elsevier. (b) Schematic showing possible defects occurring in undoped TiO 2.
Adapted with permission from Ref. 163, © 2015 American Chemical Society.

It is also important to consider the location of the defect. According to the defect location,
defects can be classified into bulk and surface defects.155,156,174 Kong et al. found that TiO2
crystals where the ratio of bulk defects to surface defects is small have an improved charge
separation efficiency which greatly enhances the photocatalytic activity.155 Yan et al. also
determined the importance of surface defects for increasing the photocatalytic activity and
explained their findings by the role of surface defects in trapping photo-induced charge carriers
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at the surface of the photocatalyst making it available for subsequent redox reactions with
species from the surrounding medium while bulk defects trap the photo-induced charge carriers
preventing them to reach the surface and facilitates their recombination.156 This shows that the
type as well as the location of the defect has to be considered to evaluate its role in increasing
or decreasing the photocatalytic activity of the investigated photocatalyst.

1.1.6 Photocatalysis with two-dimensional materials
Two-dimensional materials are another category of materials which awakened large interest for
diverse applications including photocatalysis. It is known that two-dimensional materials can
provide increased photocatalytic activity as the diffusion pathway of photo-induced charge
carriers to the surface is reduced enabling them to reach the surface before any bulk
recombination occurs.175–178 Furthermore, due to the two-dimensional structure they possess a
large surface area and increased catalytic adsorption sites compared to their bulk counterparts.
The two-dimensional arrangement of atoms also presumably permits quicker and more efficient
charge transfer at the interface. And for a lot of two-dimensional materials it is known that the
band gap changes with the number of layers and thus can be carefully tuned.179 Even extensive
work has been done in order to design and synthesize two-dimensional TiO2 due to the
advantage of the two-dimensional morphology for photocatalysis.29 Other two-dimensional
materials as graphitic carbon nitride (g-C3N4)180 and different two-dimensional transition metal
oxides and chalcogenides179 were tested for photocatalytic applications and showed good
activities. Defect engineering has been also combined with the design of two-dimensional
photocatalysts which greatly increased the potential of efficient photocatalyst design.181
Transition metal chalcogenides are a class of materials with an intrinsic layered structure due
to their layered crystal structure. Their general structure is a laminar structure where a layer is
composed of a metal plane sandwiched between two chalcogen planes as chalcogen-metalchalcogen (X-M-X). These layers are held together by weak van der Waals interactions. Thus,
exfoliation can produce atomically thin two-dimensional materials resembling graphene.182–186
The layered crystal structure of transition metal chalcogenides is shown in Figure 15 taking
titanium disulfide TiS2 and titanium trisulfide TiS3 as example. Titanium disulfide TiS2 has a
hexagonal CdI2-type structure where the titanium plane is sandwiched between two chalcogen
atom planes forming one layer which is attracted to the adjacent layer by van der Waals
interactions (Figure 15a).182 Titanium trisulfide TiS3 has a monoclinic ZrSe3-type structure
where also the X-M-X structure forms one layer but here also two of the three sulfur atoms per
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unit formula are bound forming a S-S bond resulting in disulfide anion species S22- (Figure 15b)
and therefore the formula of TiS3 can also be expressed as Ti4+S2-(S22-).187–189

Figure 15 Crystal structure of (a) TiS2 and (b) TiS3 showing the layered structure of both compounds. The unit
cell is marked in each crystal structure by black solid lines. Adapted with permission from Ref.

190,

© 2020 Royal

Society of Chemistry.

Titanium-based di- and trichalcogenides other than oxides such as TiS2, TiSe2, TiTe2 and TiS3
have an interesting lamellar structure and possess narrow band gaps (Eg < 2 eV)191–194 even in
the bulk which makes them interesting candidates for efficient photocatalysis. But still they have
not been extensively tested for their photocatalytic activity although some recent studies show
the high potential of some two-dimensional titanium chalcogenides in photocatalysis.195,196
Barawi et al. prepared TiS3 nanoribbons and used them for effective hydrogen photogeneration
under visible light in a photoelectrochemical cell.195 Similar results were also obtained by Flores
et al. where besides TiS3 also the layered metal trichalcogenides ZrS3 and HfS3 have been tested
for the photoelectrochemical production of hydrogen.196 Titanium disulfide has not been used
for photocatalysis due to its semi-metallic behavior which does not enable an effective charge
separation as the synthesis of TiS2 easily results in non-ideal stoichiometry. But still literature
shows that there is a debate about the semiconductor or semi-metallic behavior of titanium
disulfide as different synthesis conditions result in different defects and thus a different electric
behavior.186,197 Phase diagrams of titanium sulfides show the variety and complex nature of
phases which can be obtained where a small change in the conditions can result in an entirely
different phase as shown in Figure 16.198 In titanium sulfides the deviation from stoichiometry
can be generally either due to sulfur vacancies (TiS2-x and TiS3-x) or due to insertion of titanium
into the interstitials between the layers i.e. in the van der Waals gaps (Ti1+xS2 and Ti1+xS3)

28

where deviations in stoichiometry due to titanium insertion are more common and have been
proved by X-ray measurements of different titanium sulfide crystals.199

Figure 16 Phase diagram for the Ti-S system showing the various existing phases and polytypes where some phases
like TiS2 and TiS3 have only a narrow window. Adapted with permission from Ref.

198,

© 1986 Springer Nature.

From the previous discussion it is obvious that titanium chalcogenides have several interesting
characteristics which are suitable for efficient photocatalysts. At the same time there is plenty
room for trying a wide range of phases and compositions in titanium chalcogenides in the long
way of search for highly effective next generation photocatalysts.
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1.2 Plasmonic nanomaterials for optical analyte detection using surface-enhanced Raman
Spectroscopy (SERS)

1.2.1 Motivation and aim of this work
Surface-enhanced Raman scattering (SERS) is an interesting method for the qualitative and
quantitative analysis of different analytes at low concentrations which is interesting for various
fields including environmental analysis. Therefore, it is important to develop efficient SERS
substrates which enable sensitive detection of various analytes. Furthermore, it is of high
importance that the preparation method of SERS substrates is easy, cheap and reliable to enable
technological relevant applications.
As the preparation of anodic aluminum oxide (AAO) is well established in our group it was
interesting to test their performance when incorporated in SERS substrates as AAO provides
several advantages including the formation of structured surface in case of porous anodic
aluminum oxide (PAOX) which can be efficiently used for the self-organization of hot spots
upon coating with a noble metal. Furthermore, the use of dielectrics beneath the noble metal
alter the dielectric environment around the noble metal depending on the dielectric function of
the dielectric resulting in a change of the local electric field enhancement which could be
interesting for efficient SERS substrates. In case of anodized aluminum, the aluminum serves as
support for the SERS substrate and also serves as a reflecting surface for the incident radiation
so that for the Al/AAO/noble metal-based SERS substrate the SERS signal can be further
enhanced through interference which makes this system very attractive for further
investigations.
Another approach for the facile preparation of SERS substrates could be offered through plasma
treatment of deposited noble metal films. Plasma treatment for the modification and cleaning
of metal surfaces has been always used in industry especially in microelectronics and it would
be very interesting to use plasma treatment for the modification of silver thin films in order to
investigate the influence of plasma treatment on the resulting SERS activity of the thin silver
films. As plasma treatment is widely distributed in industry this approach could present an
attractive alternative for the commercial production of efficient SERS substrates.
In the following the basic theory of SERS together with the fabrication methods of SERS
substrates found in literature is presented with special focus on the use of plasma treatment for
the preparation of SERS substrates and the preparation of SERS substrates based on anodic
aluminum oxide.
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1.2.2 Understanding the Raman scattering phenomena
When light passes through a sample it can interact with the sample in different ways. Part of
the incident light is absorbed causing either an electronic transition (in case of ultraviolet and
visible light) or molecular vibrations (in case of infrared light), a part is transmitted and very
small portion is scattered (Figure 17).200 In some samples fluorescence can also occur where
some molecules are transferred to an excited electronic state and emit photons upon their return
to the ground state.201

Figure 17 Different phenomena occurring when light interacts with a sample.

In the scattering process the molecule is imagined to be excited to a virtual energy state
depending on the energy of the incident light. This state is very unstable and relaxes instantly
re-emitting a photon.200
There are three possibilities for the scattering to take place as shown in Figure 18:
1. Elastic scattering where no energy is lost which is known as Rayleigh scattering.
2. Inelastic scattering where the incident photons loose some of their energy to the
molecule resulting in scattered photons with less energy. The transferred energy
increases the vibrational energy of the molecule. This is known as Stokes scattering.
3. Inelastic scattering where the incident photons gain some energy from a molecule
present initially in a higher vibrational state. Thus, the scattered photon has more energy
and the molecule falls to a lower vibrational energy state. This is known as Anti-Stokes
scattering.
The probability of elastic scattering is the highest (about 1 in a 1000), followed by Stokes
scattering and finally Anti-Stokes scattering which is the rarest. To get a feeling for the weakness
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of the Raman scattering, approximately 1 in 1000 of the scattered photons are scattered
inelastically.202 This is the reason why the Raman effect is very weak. At the same time, the
Anti-Stokes Raman scattering is much weaker than the Stokes Raman scattering as the
population of molecules present initially in a higher vibrational energy state is much lower than
the population of molecules present in the ground vibrational state.200

Figure 18 (a) Energy diagram showing the different types of scattering where the incident radiation lifts the
molecule to a virtual energy state which upon return to the ground state releases a photon of the same frequency
(Rayleigh scattering), a photon having a lower frequency (Stokes Raman scattering) or a photon of a higher
frequency (Anti-Stokes Raman scattering) with a frequency difference of 𝜈M corresponding to the energy difference
between the different vibrational energy states and (b) a spectrum showing the Stokes Raman scattering, AntiStokes Raman scattering and Rayleigh scattering.

The reason for the inelastic scattering of the photons could be explained as follows: The incident
photons with a specific energy or frequency interact with the electrons present in the different
bonds of the material resulting in a “movement” of the electron cloud resulting in an induced
dipole.203 The ability of the photons to move the electron cloud depends on the environment of
the electron which is determined by the surrounding atoms. The property which determines the
ability of electron cloud to be “moved” by the incident photons is the polarizability.204 The
polarizability is defined as the ability of an electron cloud to be deformed by an external electric
field.203 The resulting Raman signals depend on the chemical and structural properties of the
analyzed material and therefore presents a fingerprint for each molecule which is the reason for
using Raman spectroscopy for the identification and determination of structural information of
the material.204
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1.2.3 Raman spectroscopy
Raman spectroscopy is therefore a vibrational spectroscopic technique where the Raman
scattering of the analyte or material under investigation is measured and is complementary to
infrared spectroscopy where the signals are obtained through direct absorption of the infrared
radiation leading to excitation of the molecules to higher vibrational energy states. The Raman
signal is obtained when the molecular vibrations result in a change in the molecular
polarizability in contrast to the infrared spectroscopy where the change in the dipole moment
results in a signal. The intensity of the Raman signal IR can be expressed as shown in equation
2.1:
𝐼𝑅 ∝

1
𝜆4

𝜕𝛼 2

𝐼0 𝑁 (𝜕𝑄)

Equation 2.1

where 𝜆 is the wavelength of incident radiation, I0 is the intensity of the incident radiation, N is
the number of scattering molecules, 𝛼 is the molecular polarizability and Q is the amplitude of
the corresponding vibration.203 This equation shows that the intensity of the Raman signal
decreases with the fourth power of increasing wavelength. Therefore, the intensity of the Raman
signal is highly sensitive to the wavelength of the laser used for excitation. Furthermore, the
intensity of the Raman signal increases with increasing power of the laser used. Therefore, the
great advancement in the design of highly powerful monochromatic lasers led to a big jump in
Raman spectroscopy where the measurement of the weak Raman scattering was made possible
even for small amounts of sample.200,201 As the intensity of the Raman signal is proportional to
the number of scattering molecules, Raman spectroscopy is suitable for quantitative
determinations as with increasing concentration the number of scattering molecules increases.
𝜕𝛼

The term (𝜕𝑄) indicates that only vibrations resulting in a change in the polarizability result in
a Raman signal as only in this case the is term is not zero. Molecular vibrations which cause
greater changes in the polarizability with respect to the amplitude of the vibration result in
higher Raman signals.203
As the Raman effect is very weak but can be detected nowadays easily thanks to the advanced
lasers and sensitive charge-coupled device (CCD) detectors,205 it still has no access to low
concentrations of analyte or thin films of inorganic materials.

1.2.4 Emergence of Surface-enhanced Raman scattering (SERS)
Accidental discovery of the SERS effect was achieved by Fleischmann et al. 206 in 1974 during
their work on a method for in situ measurement of electrochemical processes occurring at the
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electrode surface where pyridine was showing an extraordinary strong Raman spectrum on
roughened silver electrodes. In a first attempt to explain the unusual phenomenon, this
enhancement was first dedicated to the increased surface area of the electrodes which permitted
the adsorption of an increased number of molecules.206 This explanation quickly turned out to
be insufficient as the increase in the number of adsorbed molecules was still not sufficient to
result in an increase of the observed Raman intensity of 105-106 times which lead Jeanmaire
and Van Duyne207 as well as Albrecht and Creighton208 to the explanation that surface plasmons
which enhance the incident electromagnetic field result in an increased excitation of the
adsorbed molecules.
SERS thus is a method where the analyte is adsorbed on the surface of a noble metal like gold
or silver with nanoscale roughness leading to an immense increase in the resulting Raman
spectrum by factors up to 1010 which gives access to very low analyte concentrations and even
permits single molecule detection.209,210 In addition, the advantage of Raman spectroscopy in
providing fingerprint spectra enabling identification of the analyzed compound resulted in SERS
being a widely applied technique in different areas as material science211, biochemistry212,
biosensing213, medical diagnostics214,215 and environmental analysis.216,217

1.2.5 Explanation of the properties of metals and surface plasmons
To understand why especially in the proximity of metal surfaces the Raman spectra are
enhanced and why some metals are more suitable for SERS applications than others, the optical
properties of metals have to be discussed further. Metals are conductors where the electrons are
present as an electron cloud around the positively charged metal ions which is the classical
model called electron sea model for metals as shown in Figure 19a. This is the basis of the socalled Drude model. This model was first developed by Paul Drude in 1900 in order to explain
the conduction properties of materials.218 In this model the metal is regarded to be consisting
of fixed positive metal ions (the vibrational movement of these ions in the solid is not taken into
consideration for simplification) around which there is a sea of free moving electrons. This sea
of free moving electrons which also accounts for the conductivity of the metals can be regarded
as solid-state plasma. In this model the interaction between electrons and metal ions as well as
the interaction between the free moving electrons are neglected while still giving some good
insight in the material behavior.219
This simple model can be used as basis for the investigation of the behavior of the free
conducting electrons in metals upon interaction with light.219 When light interacts with a metal
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the oscillation of the electric field in the electromagnetic waves of the light results in an
oscillation of the electron cloud at the metal surface which is termed surface plasmon.209,220 The
collective oscillations of the electrons at the metal surface is produced by an electromagnetic
field which extends to the outside the metal (i.e. the outside which represents a dielectric such
as air, water ...etc.) as well as to the inside of the metal propagating at the metal-dielectric
interface. The interaction of photons from the exciting electromagnetic wave with the electron
surface oscillations which presents a bound state is called surface plasmon polariton. 219 The
propagation of the surface plasmons occurs parallel to the metal-dielectric interface and decays
exponentially away from the interface in the direction of the dielectric as well as in the metal
where the decay inside the metal is more prominent as shown in Figure 19b.221
In case of particles with dimensions much smaller than the wavelength of the incident
electromagnetic radiation the surface plasmons are even confined as they cannot propagate due
to spatial limitations leading to a so-called localized surface plasmon resonance (LSPR) (Figure
19c).219,221 The wavelength resulting in the localized resonance condition in metallic particles
strongly depends on their size and geometry which enables a fine tuning of the LSPR.220,222,223

Figure 19 (a) Atomic model demonstrating the classical electron sea model for metals where the positive metal
ions are surrounded by a freely moving electron cloud. (b) Schematic showing the propagation of surface plasmon
polariton (SPP) at the metal-dielectric interface where the evanescent wave decays exponentially when moving
away from the interface with a more prominent decay in the metal than in the dielectric. (c) Schematic
demonstrating the localized surface plasmon resonance (LSPR) in a metallic sphere.

But still not all metals have the same ability to produce surface plasmons upon excitation. The
property which explains why metals are unique compared to standard dielectrics and which
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determines whether a metal can provide surface plasmons efficiently and at which wavelength
these surface plasmons are excited depends on the complex dielectric constant of the
metal.219,224,225 The complex dielectric constant of any material is frequency-dependent i.e.
dependent on the frequency of the incident electromagnetic radiation interacting with it.
According to the Drude model the complex dielectric function can be expressed according to
equation 2.2
2
𝜔𝑝

𝜀(𝜔) = 1 − 𝜔2+𝑖𝛾𝜔

Equation 2.2

where ɛ(ω) represents the dielectric function depending on the frequency, γ is the damping
factor which is reciprocal to the relaxation time τ which represents the mean free time between
electron collisions, ω the frequency of the electromagnetic waves and ωp is the plasma
frequency.219,225,226 The complex dielectric function can be subdivided in the real part expressed
as equation 2.3 and the imaginary part expressed as equation 2.4:
2
𝜔𝑝

𝑅𝑒(𝜀(𝜔)) = 1 − 𝜔2 −𝛾2
2𝛾
𝜔𝑝

𝐼𝑚(𝜀(𝜔)) = 𝜔(𝜔2−𝛾2 )

Equation 2.3
Equation 2.4

In the complex dielectric constant, the real part accounts for the polarization of the material
and the imaginary part accounts for absorption.227,228 The plasma frequency is defined according
to equation 2.5 and represents the eigenfrequency of the electron gas in the material:
𝑛𝑒 2

𝜔𝑝 = √𝑚𝜀

0

Equation 2.5

where n is the density of free electrons, e the elementary charge, m the effective mass of the
electron and ɛ0 is the permittivity of vacuum. It can be also expressed in terms of wavelength,
known as critical wavelength 𝜆p, which can be calculated according to equation 2.6
𝜆𝑝 =

2𝜋𝑐
𝜔𝑝

Equation 2.6

with c being the speed of light (c=2.99792 x 108 ms-1).224
For metals where n is large as shown in Table 1 the plasma frequency is also large resulting in
a plasma frequency in the ultraviolet to visible or at least infrared region in contrast to dielectrics
where the plasma frequency is small which is the reason why most dielectrics are transparent
in the visible region.219,228,229 For most dielectrics or semiconductors the free carrier density is
low compared to metals and strongly depends on the doping resulting in a low plasma frequency
which is mainly within the infrared to terahertz range of the electromagnetic spectrum.230

36

Table 1 Parameters defining the optical properties of some metals.

Material

Carrier density
(cm-3)

Plasma
frequency
𝜔p (s-1)

Damping
factor 𝛾 (s-1)

Reference

14.0 x 1015

Critical
plasma
wavelength
𝜆p (nm)
134.5

Ag

5.90 x 1022

0.032 x 1015

231

Au

5.73 x 1022

13.8 x 1015

136.5

0.11 x 1015

231

Cu

5.41 x 1022

13.4 x 1015

140.6

0.14 x 1015

231

Al

15.8 x 1022

22.9 x 1015

82.3

0.92 x 1015

231

Na

2.43 x 1022

8.99 x 1015

209.5

0.58 x 1015

232

Li

2,88 x 1022

9.78 x 1015

192.6

0.20 x 1015

232

Pd

2.07 x 1022

8.29 x 1015

227.3

0.023 x 1015

233

Pt

1.84 x 1022

7.82 x 1015

241.0

0.11 x 1015

233

Ti

0.44 x 1022

3.82 x 1015

492.6

0.072 x 1015

233

In the high frequency region which corresponds to ultraviolet and visible light the damping is
usually relatively small compared to the applied frequency (𝜔>>𝛾).227,228 Thus, equation 2.3
and 2.4 can be further simplified to equation 2.7 and 2.8
2
𝜔𝑝

𝑅𝑒(𝜀(𝜔)) = 1 − 𝜔2
𝐼𝑚(𝜀(𝜔)) =

2𝛾
𝜔𝑝

𝜔3

Equation 2.7
Equation 2.8

According to equation 2.7, it can be inferred that for ω< ωp (i.e. above λp) then ωp/ω will be
greater than one resulting in a negative dielectric constant (permittivity). In this case, the
material is not transparent to the electromagnetic radiation and it is completely reflected in the
ideal case. For ω> ωp (i.e. below λp) the ratio ωp/ω will be less than one resulting in a positive
dielectric constant (permittivity) making the material transparent to the electromagnetic
radiation (Figure 20).228
For metals the interesting property lies in the fact that for optical frequencies metals possess a
negative real part and a very small imaginary part of the dielectric function.220 The negative
real part of the complex dielectric constant results in highly reflective surfaces as known for
metals as the electromagnetic wave is not able to penetrate the material and this gives the metal
the ability to produce surface plasmons while a small positive imaginary part of the dielectric
constant results in low absorption.219,224
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Figure 20 A general plot of the real part of the dielectric function versus the frequency showing the regions of
negative and positive permittivity relative to the plasma frequency.

According to equation 2.8 the imaginary part of dielectric function will approach zero with
increasing frequency resulting in a very low imaginary permittivity for optical frequencies. But
unfortunately, this is not the case for most of the metals as can be clearly seen in the comparison
of the real and imaginary part of the dielectric function of silver and gold in the ultraviolet and
visible range of the electromagnetic spectrum shown in Figure 21.

Figure 21 Comparison of the (a) real and (b) imaginary parts of the dielectric function of silver and gold in the
ultraviolet to visible spectrum. Adapted with permission from Ref.

224,

© 2011 Wiley-VCH.

For gold there are interband electronic transitions (i.e. transitions of bound electrons through
optical excitation to a higher band) which account for the increased imaginary part of the
dielectric function of gold below 600 nm. This results in the absorption of light in that
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wavelength region of the visible light which leads to the well-known golden yellow color of
gold.224,226 Thus, silver is a superior plasmonic material compared to gold in that range of the
visible light spectrum. For longer wavelengths above 650 nm to the near-infrared (NIR) region
the losses observed for silver and gold are very similar as the imaginary part of the permittivity
are very close, thus making gold in that region preferable due to its higher chemical
stability.219,224
From the previous discussion it can be seen that most of the metals possess similar real dielectric
functions at optical frequencies due to similar free charge carrier densities resulting in a negative
real permittivity in the optical region. But for the imaginary part the situation is different due
to the appearance of different interband transitions in different regions of the electromagnetic
spectrum for each metal which account for high losses in the surface plasmon resonance and
thus let the metal be not effective for plasmonic applications in that region of the
electromagnetic spectrum. A comparison of the real and imaginary part of the dielectric function
for various metals in the ultraviolet to NIR region can be found in Figure 22 showing that the
metals Ag, Au, Na, K and Al possess a negative real permittivity. But upon looking on the
imaginary part of their dielectric function it can be found that only silver and the alkali metals
(Na and K) show low losses in the visible region. While alkali metals theoretically are efficient
plasmonic substrates their problem lies in their high reactivity towards air and water which
limits their use as plasmonic substrates. When looking at aluminum one can find that despite
having large negative real permittivity which would make it suitable for plasmonic applications,
its imaginary part is also very large (several orders of magnitude larger than gold and silver) in
the whole visible and NIR range resulting in a poor performance of aluminum as plasmonic
substrate in that region. The imaginary part of the permittivity of aluminum is only comparable
to silver in the ultraviolet range making it a suitable plasmonic material in that range only.234
In general, for a good plasmonic material there are two important guidelines:
1. Negative Re(𝜀(𝜔)): Having a negative real permittivity in the wavelength range of
interest. As a rule of thumb a real permittivity between -1 and -20 is recommended.
2. Small Im(𝜀(𝜔)): A small imaginary part of the dielectric function in the region of interest
is of high importance as a high Im(𝜀(𝜔)) results in damping of the surface plasmon
resonance.219
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Figure 22 (a) Real and (b) imaginary part of the dielectric function of the metals silver, gold, sodium, potassium
and aluminum in the UV, visible and NIR range of the electromagnetic spectrum. Adapted with permission from
Ref. 234, © 2010 Wiley-VCH.

In order to get a better overview on the quality of a plasmonic material and its suitability for
plasmonic applications the so-called quality factor Q has been introduced and it shows in
general how much a material can amplify the incident electric field. In the quality factor both
the real part and the imaginary part of the dielectric function are included as can be found in
equation 2.9
𝑑𝜀′
)
𝑑𝜔

𝜔(

𝑄 = 2(𝜀′′(𝜔))2

Equation 2.9

where 𝜀’ and 𝜀’’ represent the real and imaginary part of the dielectric function, respectively.219
This equation shows that a smaller imaginary part of the dielectric function results in a greater
quality factor and hence in a greater enhancement in the region of interest. Figure 23 shows a
plot of the quality factor of different metals versus the wavelength from the UV to the NIR region
where the shaded area corresponds to the quality factors suitable for plasmonic applications
where enhancement factors up to 105 can be reached.235 Usually for a good plasmonic material
the quality factor should at least exceed 2 and be preferably above 10.219 Thus, it can be seen
on the first spot that silver is the best material in terms of performance in the visible and NIR
region. Then, the metals gold and copper follow which are especially suitable for the NIR region.
Aluminum is only suitable for the UV region and SERS on aluminum surfaces with high
enhancement factors up to 106 have been achieved in the deep UV region.236 Other metals like
platinum and palladium show very low quality factors in the UV to NIR region and are therefore
not suitable plasmonic materials in this region.
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Figure 23 Quality factors of different metals depending on the wavelength where the shaded region represents the
appropriate quality factors for plasmonic applications. Adapted with permission from Ref. 219, © 2009 Elsevier B.V.

1.2.6 Effect of surface roughness, hot spots and geometry
The importance of the surface roughness in metals comes in the sense that surface roughness of
the metal enables the excitation of surface plasmon polaritons through coupling of the photons
of the incident electromagnetic wave by breaking the conservation of momentum restriction
which restricts the coupling of the photons to SPP in flat metal surfaces.219,237 That is the reason
why a greater random surface roughness of the metal on nanometer scale will increase the
observed SERS effect. Thus, producing rough metallic surfaces for SERS applications has been
performed through various ways as electrochemical roughening,206,238–241 plasma treatment of
silver films242–244 and deposition of metallic films on rough or nanostructured substrates245–250
in order to achieve high enhancement factors.
Surface roughness has been also related to the formation of hot spots at the intersection angles
of the neighboring grains which increases the enhancement further.251 Hot spots are defined as
spacings where the distance between plasmonic structures are in sub-10 nm regime thus
resulting in an coupling of the produced localized surface plasmons resulting in an immense
increase in the local electric field which increases the enhancement factors several orders of
magnitude achieving single molecule detection in some cases.252–255 The hot spots are thus
considered to highly concentrate the incident electromagnetic field resulting in enhancement
factors up to ∼1011.253,256 Figure 24 shows a simulation of the electric field in a hot spot formed
between two spherical gold nanoparticles at 2 nm distance and the corresponding wavelength
dependency of the enhancement factor in this gap. There it can be seen that the electric field
achieves its maximal enhancement in the point where the spheres are closest to each other
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which represents the hot spot. Even in places near to that point the enhancement will be still
large showing the spatial expansion of the electric field enhancement.

Figure 24 (a) Simulation showing the intensity of the electric field and the corresponding enhancement factors
formed in a 2 nm gap between two gold spheres of 60 nm diameter and excited with light having a wavelength
𝜆=559 nm where red represents the highest intensity and blue represents the lowest intensity. (b) The
enhancement factor in the 2 nm gap at different wavelengths showing the wavelength dependency of the
enhancement factor. Adapted with permission from Ref.

254,

© 2008 Royal Society of Chemistry.

Due to the effectiveness of hot spots in SERS enhancement which can even enable single
molecule detection several approaches have been used to achieve the formation of hot spots
where nanoparticle aggregation presents the simplest method of hot spot generation but lacking
the control over the hot spots.257–261 The nanoparticle assembly can be also further controlled
through chemical functionalization of the nanoparticle surface with special moieties like short
chain single-stranded DNA oligonucleotides resulting in a programmable particle aggregation
through hybridization.262,263 This even offers the advantage of reversibility which enables the
recyclability for analyte detection.263
Other methods providing more control on the number and density of hot spots involve methods
like metal film over nanospheres (MFONs) where a metal film like silver is evaporated on a
periodic array of self-assembled polystyrene sphere monolayer (Figure 25a).264,265 The selfassembled polystyrene sphere monolayer can be also used as a mask which is then removed
after metal evaporation leaving a triangular nanoparticle array behind (Figure 25b) which is
known as nanosphere lithography (NSL).266,267 More expensive lithographic techniques like
electron beam lithography (EBL) enable the production of nanoparticle arrays with different
shapes and with tunable interparticle distance but having the problem of scalability. 256,268,269
Templated synthesis of nanostructures like electrochemical deposition in porous anodic
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aluminum oxide (PAOX) templates producing metallic nanowire arrays with small interwire
distances has been also performed to produce a large number of hot spots.270 Direct deposition
of gold or silver on the surface of PAOX has been also performed to achieve a large area of
equally spaced hot spots by making use of the hexagonal cell self-ordering in PAOX.250,271 The
idea of hot spot was also combined with the high spatial resolution of the atomic force
microscopy or scanning tunneling microscopy resulting in the emergence of the tip-enhanced
Raman spectroscopy (TERS) where a tip covered with a noble metal, usually gold, is used to
investigate molecules adsorbed on a substrate which is usually also a noble metal. 272 Here, the
distance can be fine-tuned creating a hot spot with high enhancement factors enabling single
molecule detection achieving an enhancement factor up to 1013.273,274 Figure 25c shows a
schematic of TERS where the tip covered with gold is in a distance of 2 nm from a gold surface
showing the enhancement factors experienced on the gold surface.

Figure 25 (a) SEM image of a metal film over nanosphere (MFON) substrate where silver is thermally evaporated
over closely packed nanospheres. Adapted with permission from Ref.

256,

© 2013 Royal Society of Chemistry. (b)

AFM of a silver triangular nanoparticle array produced through nanosphere lithography. Adapted with permission
from Ref.

267,

© 2008 American Chemical Society. (c) Schematic diagram showing the enhancement factor

distribution in and around the gap of a gold tip used in TERS at 2 nm distance from a gold surface at 633 nm
excitation. Adapted with permission from Ref. 254, © 2008 Royal Society of Chemistry.

The geometry, size and shape in case of metallic nanoparticles is also an important factor to
consider for the enhancement and determining the resonant wavelength of the LSPR.228 In case
of spherical nanoparticles, the polarizability which also determines the enhancement of the
incident electric field can be expressed as shown in equation 2.10:
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𝜀(𝜔)−𝜀

𝛼 = 𝑎3 𝜀(𝜔)+2𝜀𝑀

Equation 2.10

𝑀

where 𝛼 is the polarizability of the metal sphere, a is the radius of the sphere, 𝜀(𝜔) the dielectric
function of the metal and 𝜀M the permittivity of the medium.228,275 The polarizability is used to
calculate the absorption and scattering cross-sections (𝜎abs and 𝜎sca) of the particle according to
equation 2.11 and 2.12:228,275
𝜎𝑎𝑏𝑠 =

8𝜋 2 √𝜀𝑀

𝜎𝑠𝑐𝑎 =

𝜆

𝐼𝑚(𝛼)

2
128 𝜋 5 𝜀𝑀

3𝜆4

𝛼2

Equation 2.11
Equation 2.12

The absorption cross-section can be defined as the effective area resulting in absorption and
analogously the scattering cross-section corresponds to the effective area responsible for
scattering which usually differs from the geometric cross-section of the particle.219,228
In equation 2.10 the denominator is of special interest as for a given frequency at which the real
permittivity of the metal Re(𝜀(𝜔)) equals -2𝜀M, then the denominator will reach a minimum as
the imaginary part of the dielectric constant is left resulting in a resonance condition where the
polarizability is maximized which in turn maximizes the scattering cross-section. Furthermore,
a very low imaginary permittivity will thus increase the polarizability at the resonance condition
according to equation 2.10 and decrease the absorption cross-section according to 2.11, thus
resulting in an efficient scattering as the scattering cross-section will be maximized.224 From
these equations it is also obvious that the resonant wavelength is also affected by the
surrounding dielectric where an change in the dielectric permittivity will result in shift in the
wavelength resulting in the LSPR.228

1.2.7 Mechanisms involved in SERS enhancement
The SERS enhancement can be due to two different mechanisms, namely electromagnetic
enhancement mechanism (EM) and chemical enhancement mechanism (CM) where the former
is the more common mechanism contributing to the SERS enhancement.209,276,277 In the
following the origin of the EM and CM will be shortly discussed:
1. Electromagnetic enhancement mechanism (EM)
The EM enhancement occurs due to the generation of surface plasmons on metallic
surfaces through resonance with the frequency of the incident radiation leading to an
increase in the local electric field experienced by the adsorbed analyte resulting in an
enhancement of the intensity of the Raman signal by E4 (known as E4 rule). The E4
enhancement is divided into an E2 enhancement resulting from the enhancement of the
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electromagnetic field due to the generated surface plasmons and another E2
enhancement arising from the electric field of the induced dipole of the surface adsorbed
analyte molecule.276 First, the electric field of the incident electromagnetic radiation used
for excitation couples with the localized surface plasmon (LSP) of the roughened metal
surface resulting in an increased local electric field at the surface. The adsorbed analyte
molecule thus experiences a local electric field stronger than the incident electromagnetic
field. Secondly, the polarization of the adsorbed molecule results in the irradiation of
scattered photons for a particular vibrational mode which in turn further excite a LSPR
of the underlying plasmonic substrate (Figure 26a).235 This can be expressed by the
following equation 2.13:
𝐼𝑆𝐸𝑅𝑆 = 𝐼𝑖𝑛𝑐 (𝜔𝑖𝑛𝑐 ) × 𝐼(𝜔𝑠 ) = |𝐸𝑖𝑛𝑐 (𝜔𝑖𝑛𝑐 )|2 |𝐸(𝜔𝑠 )|2

Equation 2.13

where ISERS is the SERS intensity observed for a particular vibrational mode, Iinc(𝜔inc) and
Einc(𝜔inc) are the field intensity and the magnitude of the electric field, respectively
produced from the incoming electromagnetic radiation with the frequency 𝜔inc, I(𝜔s) and
E(𝜔s) are the field intensity and the magnitude of the electric field, respectively produced
from the scattered radiation with a frequency 𝜔s which is red shifted to 𝜔inc in case of
Stokes Raman scattering.235
2. Chemical enhancement mechanism (CM)
In case of chemical enhancement usually a charge transfer between the metal and the
analyte molecule takes place (charge transfer complex) altering the electronic
distribution of the analyte molecule and thus increasing its polarizability which results
in a Raman enhancement (Figure 26b).278 The chemical enhancement therefore depends
on the type of analyte and its affinity to the substrate as it requires some sort of
chemisorption to occur to result in an enhancement.228,235,279 Thus, chemical
enhancement is not observed in a wide range of cases and is rather limited.279 The
chemical enhancement can be also viewed as a type of resonance Raman effect where
the electronic nature of the analyte is altered by the interaction with the substrate so that
its absorbance maximum is shifted towards the laser excitation wavelength.228 The
chemical enhancement is generally weaker than the electromagnetic enhancement
resulting in enhancement factors of about 10 to 100 and it does not require any surface
roughness or localized surface plasmons to occur. In SERS substrates chemical
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enhancement, if present, occurs together with the electromagnetic enhancement which
makes it hard to distinguish their contributions in the resultant enhancement factor.235

Figure 26 Schematic illustrating the mechanisms involved in (a) electromagnetic enhancement and (b) chemical
enhancement in SERS. Adapted with permission from Ref.

278,

© 2012 Royal Society of Chemistry.

1.2.8 Calculation of SERS enhancement factor
The enhancement factor represents a tool to evaluate the relative performance of different
substrates concerning their SERS enhancement ability.235 The main definition of the SERS
enhancement factor is the ratio of the intensity of the strongest band observed for the analyte
from the SERS spectrum to the conventional non-enhanced Raman intensity each normalized
to the number of molecules taking part at the scattering process under identical measurement
conditions as shown in equation 2.14
𝐸𝐹 =

𝐼𝑆𝐸𝑅𝑆 ⁄𝑁𝑆𝐸𝑅𝑆
𝐼𝑅𝑆 ⁄𝑁𝑅𝑆

Equation 2.14

where EF is the enhancement factor, ISERS and IRS are the intensities obtained for the strongest
band of the analyte in SERS and conventional Raman, respectively and N SERS and NRS are the
number of molecules contributing to the scattering process in SERS and conventional Raman,
repectively.235 Here, the problem of estimating the number of molecules taking part at the
scattering process arises. For SERS it is usually assumed that complete monolayer adsorption
takes place as especially the molecules which are in direct contact with the noble metal
contribute to the obtained SERS spectrum but which is not always the case. The number of
scattering molecules depends highly on the sample preparation technique (for example spin
coating, dipping or drying) and has to be carefully estimated.219
Another easier approach for the estimation of the enhancement factor is the analytical
enhancement factor (AEF) where instead the number of scattering molecules N the
concentration of the analyte measured in each case is considered based on the assumption that
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the number of scattering molecules is proportional to the analyte concentration used as shown
in equation 2.15
𝐴𝐸𝐹 =

𝐼𝑆𝐸𝑅𝑆 ⁄𝑐𝑆𝐸𝑅𝑆
𝐼𝑅𝑆 ⁄𝑐𝑅𝑆

Equation 2.15

where cSERS and cRS are the analyte concentrations used for the measurement of SERS spectrum
and normal Raman spectrum, respectively. The AEF can thus give an estimation on the average
performance of the used substrate and is suitable for analytical applications.219,235
Generally, it is not completely satisfactory to compare SERS substrates only by the obtained
enhancement factor as there are different factors which can strongly influence the magnitude
of the resulting enhancement factor. First, it is very important to check for the metal used in the
fabrication of the SERS substrate. From the previous discussion about the properties of metals
it is obvious that the resulting enhancement depends on the intrinsic properties of the used
metal. Silver is generally known to result in higher enhancement factors than gold in the visible
region. Second, the enhancement factor largely depends on the type of analyte used. Analytes
with a large Raman cross-section such as dyes usually result in greater enhancement factors.
Furthermore, any interaction between the analyte and the SERS substrate resulting in a
chemical enhancement will further increase the obtained enhancement factor when not
identified as such. Third, the excitation laser used also has a big influence on the observed
enhancement. If the wavelength of the used excitation laser meets the absorbance maximum of
the analyte then this further enhances the SERS effect due to resonance conditions which is
known as surface-enhanced resonant Raman scattering (SERRS). Therefore, it is always
important to carefully compare the SERS enhancement factors for different substrates taking
into consideration how and under which conditions these enhancement factors were calculated
as an overestimation of the SERS enhancement factor can easily be the result. A more detailed
and complete discussion about possible problems and misconceptions for the calculation of the
enhancement factors can be found elsewhere.280

1.2.9 SERS substrates
There is a big variety of SERS substrates present which depends on a wide range of different
fabrication techniques. The characteristics of a good SERS substrate are281:
1. A good SERS substrate should provide high enhancement factors for different analytes
so that it is capable to analyze different analytes with high sensitivity. This can be
achieved by tuning the particle size and hence the LSPR so that it matches the laser
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excitation wavelength. Furthermore, a good control over the particle or nanostructure
spacing resulting in sub-10 nm gaps results in the formation of hot spots which provide
high enhancement factors.
2. The fabrication of the substrate should easy and inexpensive.
3. The SERS substrate should provide uniform enhancement over the whole substrate so
that the deviation in the obtained SERS spectra from different spots on the substrate is
less than 20%. This is also of high importance for analytical applications where
quantification is desired.
4. The difference between the SERS enhancement obtained from different batches prepared
by the same method should be also as small as possible and should not exceed 20%.
5. The stability of the SERS substrate is also an important issue as SERS substrates are
usually not directly used after their fabrication. A long shelf-life without considerable
deterioration of the SERS performance is desirable. Although silver as a noble metal gives
high enhancement factors in the visible light region due to its intrinsic properties it
suffers from the problem of chemical stability as its surface easily becomes oxidized and
binding of adventitious carbon can take place under ambient atmosphere resulting in a
rapid decay of its SERS performance.282 On the contrary, gold offers higher chemical
stability enabling long-term use of SERS substrates. Some approaches have been
developed to increase the stability of silver-based SERS substrates like coating with a
very thin layer of ALD-deposited Al2O3.283
6. The used SERS substrate should have a clean surface so that different analytes including
analytes which do not strongly adsorb to the surface can be reliably analyzed.
7. Re-use of SERS substrates is also highly desirable which would enable to effectively lower
the cost of SERS measurements compared to single-use substrates. Therefore, SERS
substrates with a self-cleaning ability through photocatalysis have been developed
through the synthesis of composite materials composed of a semiconductor material in
contact to the sensing noble metal.284–288
Various techniques and preparation methods were developed for fabrication of SERS substrates
such as nanolithographic techniques and nanoimprinting,289–297 nanosphere lithography,264,298–
304

electrochemical roughening of silver electrodes,206,238–241 the synthesis of nanoparticles of

various size and shape for use in solution or assembling them on a solid substrate,272,278,305–308
oblique angle deposition technique for the fabrication of three-dimensional nanorod
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arrays276,309–311 and metal deposition on structured substrates as carbon nanotubes,312–316
graphene foam,317 biological scaffolds,246,318 black silicon,247,319 plasma-treated plastic249 and
anodic aluminum oxide.250,320–322 Also, attempts for quick large scale production of SERS
substrates through inkjet printing and simple techniques as pen-on-paper have been used.323,324
With time the control over the size, shape and spacing between the noble metal particles or
structures significantly increased since the first discovery of the SERS effect but still it is hard
to find a SERS substrate which meets all the above mentioned characteristics for an ideal SERS
substrate. Depending on the area of application some points gain more weight in the design of
the suitable SERS substrate than others. For example, for analytical applications where
quantification is of interest the substrate uniformity is of great importance while for single
molecule detection the maximized enhancement factor most important.281 In the following, I
will concentrate on especially two interesting and not widely distributed techniques or methods
for SERS substrate fabrication, namely plasma-assisted fabrication and the use of anodized
aluminum or anodic aluminum oxide for SERS substrate fabrication.
1.2.9.1 Plasma-assisted surface roughening
Plasma which is known as the fourth state of mater is nothing else than a partially ionized gas
containing a mixture of neutral atoms or molecules, ions and free electrons.325–327 The neutral
atoms or molecules present in the plasma are also continuously excited and relaxing again to
the ground state emitting photons giving plasmas a characteristic colors. Overall, the plasma is
electrically neutral but contains a sea of free electrons and ions which are free charge carriers
making the plasma gas conductive in nature.326 Plasma treatment is known for decades and has
been widely used in industry especially in microelectronics for etching, cleaning and for surface
modifications.327,328 Different configurations and setups exist for the production of plasma and
they differ in the excitation source, the device geometry and operating pressure.326,328 Plasma
can be classified into hot or thermal plasma and cold or non-thermal plasma where especially
the cold plasma is used for industrial applications in microelectronics and surface modifications
of different materials like polymers and textiles.327 Cold plasma can be generated at low
pressure through the direct application of an electric field between two parallel electrodes
known as capacitively coupled plasma or through the formation of an electric field by inducing
an radio frequency current in a coil which is known as inductively coupled plasma. 326,329
Radio frequency (rf) capacitively coupled plasma enables the formation of plasma at room
temperature through the application of an alternating electric field with a standard frequency
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of 13.56 MHz between two parallel electrodes as shown in Figure 27. The gas to be ionized
then flows between these two plate electrodes where highly energetic electrons accelerated by
the applied electric field collide with the atoms or molecules of the feed gas. The collisions may
be elastic or inelastic. Elastic collisions only result in a change of the velocity and direction of
the colliding particles. An inelastic collision of electrons with the atoms or molecules of the feed
gas either result in their ionization by knocking out secondary electrons or result in the
excitation of the gas molecules or atoms depending on their kinetic energy.325,329

Figure 27 Schematic representation of the parallel plate radio frequency capacitively coupled plasma showing the
different species formed in the produced plasma together with emitted light from the relaxing excited species.
Adapted with permission from Ref. 244, © Creative Commons Attribution License.

The different processes which occur in a plasma resulting in the formation of different ions,
electrons, radicals and excited species are shown in equations 2.16-2.20.325,329
e- + A → A+ + 2e-

Equation 2.16

e- + A → A-

Equation 2.17

e- + A → A* + e-

Equation 2.18

A* → A + h𝜈

Equation 2.19

e- + A2 → 2A● + e-

Equation 2.20

Equation 2.16 shows the electron impact ionization. Here, the impact of the electron on an atom
or molecule of the feeding gas results in knocking out an electron leading to the formation of a
positively ionized species accompanied by an increase in the number of free electrons in the
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plasma. Sometimes electrons do not knock out other electrons upon collision with the neutrals
but instead they combine as shown in equation 2.17 and this electron attachment results in the
formation of negatively ionized species. The inelastic collision of an electron with an atom or
molecule can also result in its excitation as shown in equation 2.18 which is then followed by
the relaxation of the excited species emitting photons of specific wavelength as shown in
equation 2.19. Finally, the collision of an highly energetic electron with a molecule can also
lead to breaking bonds and thus resulting in radical formation as demonstrated in equation
2.20.325,329
Plasma treatment has been used in different areas to achieve quick chemical modifications
under gas phase at room temperature without the need for any toxic chemicals or
solvents.327,330,331 Plasma treatment has been also applied for cleaning and modification of the
surface of metals.332–335 Tiller et al. investigated the effect of plasma treatment on the surface
roughness of vapor-deposited metal films where different plasma gases as argon, hydrogen and
oxygen were tested on the metals gold, tin and nickel. This study found out that there is a
general increase of the surface roughness of the plasma treated metals together with surface
cleaning.332 Kim et al. investigated the influence of nitrogen, argon and oxygen plasma on the
removal of surface carbon contamination from various metal surfaces and found out that
especially oxygen plasma and high density argon plasma are effective in the removal of surface
carbon contamination.333 Another study investigated the effect of O2, CF4 and SF6 plasma on a
spin-coated silver nanoparticle layer. It was found out that a change was observed in the silver
nanoparticle layer after plasma treatment where it was explained that the impact of ions and
electrons from the plasma result in physical damaging and modification of the silver
nanoparticle film. Furthermore, reactions between the silver nanoparticles and the plasma gas
could change the chemical nature of the silver nanoparticle film where etching, surface
oxidation in case of oxygen plasma, re-deposition of sputtered particles as well as deposition of
carbon in case of the CF4 plasma treatment were observed.334 Shanmugan et al. investigated the
effect of different oxygen plasma parameters as power, flow rate and time on the surface of
sputtered zinc thin films where a noticeable change in morphology and an increase in surface
roughness was observed.335 Although the effect of plasma on metal surfaces has been
investigated especially for electronic applications, plasma has not been used much for the
preparation of SERS substrates till date. According to the previous discussed studies it should
be possible to easily modify the surface of silver films with plasma treatment and increase the
surface roughness which is highly beneficial for the fabrication of efficient SERS substrates.
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Furthermore, the gas phase modification eliminates the need for any chemicals or liquid solvents
which makes the process more environmentally friendly. Kinnan et al. used air plasma for the
reduction of several silver salts which were previously melted on a quartz substrate for the
application as SERS substrates.242 Ma et al. used oxygen plasma for the oxidation of a thermally
evaporated silver films followed by a wet reduction with citrate to obtain highly porous silver
films for efficient SERS substrates with high enhancement factors.243
1.2.9.2 Anodized aluminum oxide as platform for SERS applications
While SERS is a surface effect mainly depending on the surface of the used noble metal it was
found that an underlying dielectric also can influence the enhancement factor. The dielectric
underlying the noble metal determines the dielectric constant and thus the refractive index of
the medium surrounding the metal resulting in a change of the electromagnetic enhancement.
Hunter et al. investigated the influence of the complex refractive index of different dielectrics
on the local-field enhancement achieved by silver nanoparticles lying on that dielectric and they
found that dielectrics with a high real part n and a high imaginary part k of the refractive index
result in high enhancements. It was also found that an increasing k of the complex refractive
index has a more profound effect on the electric field enhancement than the real part of the
refractive index (Figure 28).336 Wang et al. also performed a comparison on the local field
enhancement and thus SERS enhancement obtained by two different systems, namely
silver/germanium (Ag/Ge) and silver/silicon (Ag/Si) substrates. They came to the result that
Ag/Ge substrates were more efficient SERS substrates which was attributed to the higher
imaginary part of the dielectric constant of the underlying germanium dielectric.337 This shows
the influence of the dielectric underlying the noble metal in the electric field enhancement and
the resulting SERS enhancement. The study of different dielectrics forming a layer beneath the
actual noble metal could therefore offer more efficient SERS substrates.
A possible dielectric which can be studied beneath the noble metal is aluminum oxide. Especially
electrochemical preparation of aluminum oxide through anodization of aluminum is interesting
as it easily forms an aluminum oxide layer whose thickness can be controlled directly on an
aluminum substrate. It offers also the possibility to obtain nanostructured aluminum oxide as
in case of porous anodic aluminum oxide (PAOX) which will be discussed in the following.
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Figure 28 (a) Plot showing the maximum enhancement of the electric field of different dielectrics in relation with
the real n and imaginary k part of the refractive index. (b) Electric field enhancement ∣E∣/∣E0∣ of different dielectrics
in relation to the excitation wavelength. These data were calculated according to the model of a silver nanoparticle
with 25 nm radius with a distance of 2 nm to the studied dielectric. Adapted with permission from Ref.

336,

©

2013 IOP Publishing.

Anodization of aluminum has become an interesting approach for the passivation of the
aluminum surface electrochemically through the formation of a thick aluminum oxide layer
which is thicker than the 2-3 nm native oxide film thus enabling excellent corrosion resistance
for the underlying aluminum.338 Since the discovery of the self-organized nanopore formation
by Masuda et al. the interest in the use of these porous anodic aluminum oxide (PAOX)
membranes in different areas has dramatically increased.339,340 PAOX membranes have been
used for different applications such as filtration341,342 and they have been employed as a
template for the preparation of different nanostructured materials.338
Anodization of aluminum can result either in a closely packed alumina film known as barriertype anodic aluminum oxide or a porous alumina membrane known as porous anodic aluminum
oxide (Figure 29a).338,343 The growth type depends on several factors, mainly the type of
electrolyte used. The barrier-type is formed when electrolytes which are not capable of
dissolving the formed aluminum oxide are used i.e. the formed oxide is completely insoluble in
these electrolytes as neutral boric acid solution, ammonium borate and some organic
electrolytes as citric and malic acid. Here, it is important that the pH of the used electrolyte is
between 5-7 in order to obtain barrier-type aluminum oxide.343 The growth rate of the barriertype anodic aluminum oxide decreases exponentially with time which results in the limitation
of the maximum obtainable film thickness and the film thickness is mainly dependent on the
applied voltage rather than the anodization time.338,343 On the other hand, PAOX is formed in
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acidic electrolytes as sulfuric acid, phosphoric acid, chromic acid and oxalic acid as the formed
oxide is partially soluble in these electrolytes. PAOX consists of a thin barrier-layer at the
interface with the aluminum metal and a porous layer on top as shown in Figure 29b. The
porous layer is formed of parallel cylindrical nanopores where each nanopore is surrounded by
a hexagonal cell forming a honeycomb-like structure. The kinetics of PAOX formation differ
from the barrier-type in the sense that the thickness of the porous layer is proportional to the
amount of charge involved in the electrochemical reaction and thus the thickness of the formed
PAOX can be controlled through the period of time used for anodization.338

Figure 29 (a) Schematic showing the types of anodic aluminum oxide which can be formed upon anodization with
the corresponding current density-time profiles at potentiostatic conditions. (b) Schematic representation of the
structure of porous anodic aluminum oxide on aluminum substrate. Adapted with permission from Ref.

338,

©

2014 American Chemical Society.

The use of aluminum/anodic aluminum oxide as a substrate for the preparation of SERS
substrates can be very interesting as it offers a pre-designed structure and a platform for
interference-enhanced Raman scattering (IERS) where the interference of the light reflected
from the aluminum/aluminum oxide interface and the light reflected from a silver layer
deposited on top could result in an enhancement of the Raman signal depending on the anodic
aluminum oxide thickness. Thus, a combined SERS and IERS co-enhancement could be achieved
in such a system.344–346 Shan et al. prepared aluminum supported PAOX and coated it with silver
through electron-beam evaporation and showed that when the excitation laser wavelength is
coincident an reflection minimum of the substrate then the SERS enhancement achieved was
higher than in substrates where this condition was not met. This difference in enhancement was
explained by an interference and SERS co-enhancement (Figure 30a).346
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Figure 30 (a) Schematic showing the SERS substrate system composed of Al/PAOX/Ag showing the interference
taking place through the reflected radiation from the Al/PAOX interface and the reflected radiation from the silver
on top. Adapted with permission from Ref. 346, © 2014 American Chemical Society. (b) SEM image of PAOX coated
with two different thicknesses of gold (20 nm and 50 nm) by electron-beam evaporation showing the narrowing
of the pore diameter with increasing gold thickness. Adapted with permission from Ref.

250,

© 2010 Wiley-VCH

Verlag GmbH. (c) SEM image of PAOX formed in 0.5 M oxalic acid at 40 V and coated with silver through directcurrent magnetron-sputtering forming sub-10 nm gaps between the pores. The scale bar represents 100 nm. (d)
Schematic presentation of the arrangement of the silver nanoparticles on PAOX observed in (c) with the distances
controlled in the process. Adapted with permission from Ref. 271, © 2009 Wiley-VCH Verlag GmbH. (e) SEM image
of complex patterned silver nanoparticle array obtained through electron-beam evaporation of silver on PAOX at
473 K and (f) SEM image of hexagonal nanopore array obtained through electron-beam evaporation of silver on
PAOX at 295 K. Adapted with permission from Ref.

347,

© 2012 Elsevier.

Other work concentrated mainly on the large area structuring obtained easily through the
deposition of noble metals like silver and gold on PAOX for the generation of equally distributed
hot spots between and at the PAOX nanopores.250,271,322,347,348 Choi et al. deposited gold through
electron-beam evaporation on PAOX prepared in 0.3 M oxalic acid and studied the influence of
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deposited gold thickness and PAOX thickness on the SERS enhancement obtained. It was found
that with increasing gold thickness the SERS enhancement increased reaching a maximum and
then decreased again with increasing thickness which also depends on the used excitation laser
wavelength. As can be seen in Figure 30b an increasing thickness of deposited gold results in
the narrowing of the nanopores resulting in the formation of hot spots. With increasing
thickness of the underlying PAOX it was also shown that the SERS intensity decreased which
was attributed to the changing dielectric environment which can be used to tune the SERS
effect.250 Qi et al. reported the fabrication of so-called “silver nanocap arrays” which were
templated by the underlying PAOX formed in 0.5 M oxalic acid at different anodization voltages.
The silver was deposited by direct-current magnetron-sputtering for a constant time of 10 min
where depending on the underlying PAOX template the gap distances could be tuned (Figure
30c and 30d).271 Wang et al. showed that by changing the deposition temperature of silver on
PAOX through electron-beam evaporation different substrates could be obtained. High
temperature deposition of silver resulted in a complex patterned nanoparticle array (Figure
30e) while low temperature deposition resulted in a hexagonal nanopore array (Figure 30f).347
This shows the different systems and the tuning which can be achieved via PAOX templates used
for the fabrication of SERS substrates.
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2 Organisation of the cumulative part of this dissertation
The following chapters of the thesis are arranged in two major categories. The first category
consists of the development of new nanomaterials for effective photocatalysis for water
remediation. In this part two different systems of photocatalysts are investigated in depth:
nanoparticle@CNT (ZnO@CNT, ZnS/ZnO@CNT and ZnS@CNT) nanocomposites prepared
through a gas phase approach and two-dimensional titanium chalcogenides.
In the second category different approaches for the preparation of efficient SERS substrates are
investigated. The first approach demonstrates the plasma-assisted fabrication of efficient SERS
substrates with tunable SERS enhancement factors while the second approach depends on the
production of different aluminum/anodic aluminum oxide/silver (Al/AAO/Ag) systems to be
used as efficient SERS substrates.
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2.1 ZnS/ZnO@CNT and ZnS@CNT nanocomposites by gas phase conversion of ZnO@CNT.
A systematic study of their photocatalytic properties
Zinc sulfide ZnS is an interesting wide band gap photocatalyst due to its ability of the rapid
generation of electron-hole pairs which is highly beneficial for photocatalysis. But
unfortunately, being a wide band gap semiconductor with a band gap of 3.72 eV for sphalerite
and 3.77 eV for the wurtzite crystal form, it is unable to make use of most of the sunlight as
only UV light is absorbed. Through the formation of nanocomposite heterostructures of ZnS
with carbon nanotubes (CNTs), the photocatalytic properties can be boosted achieving several
advantages at the same time. Combining ZnS with CNTs enable use of most of the solar
spectrum as the light absorption will be extended not only to the visible but also to the near
infrared region. Furthermore, the formed heterojunction with the conducting CNTs offers a
good possibility for spatial charge separation, thus increasing the recombination time of the
photo-induced charge carriers and making them available for the photocatalytic reactions.
Finally, the high adsorptive capacity of CNTs also enables efficient removal of any organic
residues besides photocatalysis.
Here, a new approach for the synthesis of such ZnS@CNT nanocomposites is demonstrated
which enables a direct contact of the ZnS nanoparticles with the CNT for optimal charge transfer
during photocatalysis. Through atomic layer deposition (ALD) ZnO nanoparticles are deposited
on an array of vertically aligned CNTs (VACNTs) forming a ZnO@CNT nanocomposite where
the particle size of the deposited ZnO nanoparticles can be nicely tuned by the number of ALD
cycles. Gas phase conversion of the resulting ZnO@CNT nanocomposite to ZnS@CNT by
hydrogen sulfide formed from the decomposition of thioacetamide as precursor enables the
formation of a wide range of nanocomposites as ZnS/ZnO@CNT, sphalerite ZnS@CNT and
wurtzite ZnS@CNT including varying mixture of both depending on the conversion temperature
and time used. Thus, a systematic study and direct comparison of these different
nanocomposites is possible.
Photocatalytic degradation experiments using methyl orange as model pollutant for this
investigation revealed a high photocatalytic activity of the different nanocomposites using
simulated sunlight as radiation source. Especially the ZnS@CNT nanocomposites formed at high
temperatures (750ºC) and thus composed mainly of wurtzite ZnS showed the highest
photocatalytic activity in the degradation of methyl orange. Higher temperatures for longer time
can also induce some defects in the ZnS resulting in a further increase of the photocatalytic
activity of the ZnS@CNT nanocomposite. Thus, the photocatalytic activity can be carefully
tuned.
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2.2 Photothermal catalytic properties of layered titanium chalcogenide nanomaterials
Layered materials possess interesting properties for photocatalytic applications as they can be
easily exfoliated forming two-dimensional materials which offer a large surface area and enable
efficient charge separation as the photo-induced charge carriers reach the surface quickly before
recombining in the bulk, thus being more available for photocatalytic reactions at the surface.
Many transition metal chalcogenides have a layered structure owing to their unique crystal
structure which consists of layers hold together by weak van der Waals interactions which can
be easily overcome to produce atomically thick two-dimensional materials through exfoliation.
In contrast to the wide band gap titanium dioxide, other titanium chalcogenides where the
chalcogen is S, Se or Te are known to possess much smaller band gaps and they spontaneously
form as two-dimensional materials owing to their unique crystal structure which makes it very
interesting to investigate a series of these compounds for photocatalytic applications.
In this work, a series of titanium chalcogenides TiXn (X=S, n=1-3; X=Se, n=2; X=Te, n=1)
have been synthesized through a chemical vapor transport technique from their elements and
the resulting materials were investigated for their photocatalytic properties towards the
degradation of methyl orange as model pollutant under simulated sunlight. For the synthesis of
titanium sulfides different parameters were investigated as the ratio of elements used as starting
material, the reaction time and temperature where a range of different titanium sulfides (TiS3,
TiS2, low temperature titanium monosulfide (lt-TiS) and high temperature titanium
monosulfide (ht-TiS)) were obtained. In depth characterization of the titanium sulfides revealed
that the “titanium monosulfides” were defective titanium disulfides where excess titanium was
occupying the interstitials within the van der Waals gaps of the layered structure with a general
formula Ti1+xS2. This shows that by tuning the reactants ratio together with other synthesis
parameters like temperature and time a whole range of materials with different properties can
be prepared.
Photocatalytic testing of these materials showed that especially TiS3, lt-TiS and ht-TiS have high
photocatalytic activity. Investigations also revealed that these materials possess besides their
photocatalytic activity also a thermocatalytic activity where solely heat is sufficient to induce
the degradation process of the dye in presence of the catalyst. Thus, a synergistic effect from
their photocatalytic and thermocatalytic activity is achieved. These materials also showed
excellent recyclability, which was attributed to the surface oxidation of the titanium sulfides
forming titanium sulfide/titanium oxide core-shell heterostructures with time which further
enables a spatial separation of the formed photo-induced charge carriers thus increasing the
photocatalytic activity of the material even more.
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2.3 Controlling surface morphology and sensitivity of granular and porous silver films for
surface-enhanced Raman scattering, SERS
The development of efficient surface-enhanced Raman scattering (SERS) substrates is crucial to
exploit the great potential of SERS in trace analysis of different analytes which requires the
development of methods enabling the ease fabrication of efficient SERS substrates at low cost.
Plasma technology has advanced in the previous decades and has been widely used in industry
for different applications where different surface modifications for a wide range of materials
can be achieved in a short time at ambient temperatures without the need for toxic or polluting
chemicals and solvents. Although plasma technology has been widely used for the treatment of
metal surfaces in microelectronics such as cleaning and etching purposes, it has been not widely
investigated for the production of SERS substrates till date.
In this work, silver films of different thicknesses (10 nm and 200 nm) have been sputtered on
glass substrates and have been subjected to different plasma treatments in order to investigate
the effect of different plasma gases together with different parameters such as the plasma
power, gas flow rate and treatment time on the morphology and surface roughness of the
treated silver films. The use of hydrogen, nitrogen and argon plasma treatment of sputtered
silver films results in an increase of the surface roughness due to the ion bombardment of the
silver films during plasma treatment, thus increasing the SERS performance of these SERS
substrates. Combining different plasma treatments could even result in complex structures
starting from a smooth silver film which enables the fabrication of highly efficient SERS
substrates. Treating silver films with oxygen or air plasma resulting in the oxidation of silver
followed by a reductive treatment with hydrogen, nitrogen or argon plasma results in highly
porous silver films. These oxidation-reduction cycles resemble the electrochemical surface
roughening of silver but do not require the preparation of electrolyte solutions and the
structures obtained can be simply tuned by the treatment conditions, thus being able to fabricate
substrates with different enhancement factors.
Thin silver films of about 10 nm thickness offer the advantage of being transparent enabling the
fabrication of transparent SERS substrates while thicker silver films of about 200 nm enable the
formation of complex three-dimensional silver structures upon subsequent oxidative-reductive
plasma treatment. Plasma treatment also offers a surface cleaning opportunity for SERS
substrates where mild argon plasma treatment was shown to restore the SERS substrate after
initial use or long-term storage by removing the measured analyte or the formed surface
oxidation without serious surface modifications enabling re-use of the same silver substrate for
several times.
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2.4 SERS enhancement of silver functionalized dense anodic aluminum oxide derived
from iodine-based oxoacid electrolytes. Evidence for a combined physical and
chemical enhancement effect.
SERS substrates based on anodic aluminum oxide (AAO) have been used in literature for the
large area fabrication of nanostructured SERS substrates with an even distribution of hot spots
which are easily formed upon the deposition of silver on the top of porous anodic aluminum
oxide (PAOX). Furthermore, it is known that the dielectric beneath the noble metal influences
the local electric field enhancement which could increase the observed SERS enhancement
factor of the substrate. With the deposition of a noble metal like silver on the top of anodized
aluminum leads to the formation of an Al/AAO/Ag substrate which has the ability not only to
enhance the Raman signal of the analyte through SERS but also through interference-enhanced
Raman scattering (IERS) if the thickness of the anodic aluminum oxide is optimized which can
result in a SERS-IERS co-enhancement. All these advantages make such a system interesting for
further investigation and for the preparation of efficient SERS substrates.
Anodization of aluminum can result in the formation of barrier-type or porous anodic aluminum
oxide depending on the electrolyte used. Although several investigations used PAOX for the
preparation of SERS substrates, barrier-type AAO has never been tested for Al/AAO/Ag SERS
platforms. Here, barrier-type AAO prepared in iodine-based oxoacid electrolytes (periodic and
iodic acid) have been sputtered with silver to be tested as SERS substrates where an initial
investigation revealed that they outperform SERS substrates prepared similarly with PAOX.
Comparison with SERS substrates prepared from other barrier-type AAO obtained from citrate
buffer and ALD-deposited alumina showed that SERS substrates containing barrier-type AAO
from iodine oxoacids result in a much higher SERS activity even if the thickness of the AAO is
not optimized for optimal IERS co-enhancement. In depth investigation of the underlying reason
for the high SERS activity of these substrates leads to the assumption that the presence of iodine
species in these AAO films could result in a chemical enhancement together with the
conventional electromagnetic enhancement mechanism resulting in a synergistic effect as no
differences in the physical properties of the different barrier-type AAO was observed. This
investigation opens the door for the preparation of more efficient SERS substrates based on
aluminum supported anodic aluminum oxide.
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3 Summary
This work dealt with two different topics, namely the development of nanomaterials for effective
photocatalytic water remediation and the development of efficient SERS substrates for trace
analysis.
Section 2.1 dealt with a new approach for the preparation of various nanoparticle@CNT
nanocomposites which enable efficient photocatalysis as they combine a number of advantages
for photocatalysis including extended light absorption and spatial charge separation. In the
presented approach ZnO nanoparticles were successfully deposited through atomic layer
deposition (ALD) on a forest of VACNTs where the size of the particles could be carefully tuned
by the number of ALD cycles. Through a gas phase sulfidation procedure, where thioacetamide
was used as a precursor for the production of hydrogen sulfide gas, it was possible to convert
the ZnO@CNT nanocomposites to a variety of ZnS/ZnO@CNT, sphalerite-based ZnS@CNT and
wurtzite-based ZnS@CNT nanocomposites by controlling the temperature and time of the gas
phase conversion process. Heating the ZnS@CNT nanocomposite during the sulfidation process
for prolonged time at high temperatures even results in the formation of sulfur vacancies which
turned out to be beneficial for the photocatalytic process. The different nanocomposites showed
good photocatalytic activity towards the degradation of methyl orange which was used as model
pollutant under simulated sunlight where the wurtzite-based ZnS@CNT nanocomposites with
sulfur vacancies formed at 950 ºC for 30 min showed the highest activity.
In Section 2.2 a different class of materials was investigated for their photocatalytic activity,
namely two-dimensional titanium chalcogenides. Through a chemical vapor transport method
different layered titanium chalcogenides were synthesized through using different chalcogens
(S, Se and Te) in different ratios to the titanium. As titanium selenide and titanium telluride
did not show any significant photocatalytic activity, the study concentrated mainly on titanium
sulfides. By changing the starting element ratios and synthesis conditions it was possible to
obtain a series of titanium sulfides which are titanium trisulfide TiS3, titanium disulfide TiS2,
low-temperature titanium monosulfide lt-TiS synthesized at 450 ºC and high-temperature
titanium monosulfide ht-TiS synthesized at 900 ºC. While TiS3 and TiS2 represent stoichiometric
compounds, it was found out that the different “titanium monosulfides” only represent highly
defective titanium disulfides where excess titanium is incorporated in the interstitials. Testing
their photocatalytic activity towards the degradation of methyl orange as model pollutant under
simulated sunlight it turned out that especially TiS3 and the defect-rich titanium monosulfides
show high photocatalytic activities which even outperform the previously synthesized
ZnS@CNT nanocomposites which shows their high activity. Furthermore, it was found out that
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these active titanium sulfide photocatalysts are active in the dark which indicates their
thermocatalytic activity. Thus, these materials represent combined photothermal catalyst which
also explains its high activity in water remediation. On top, these materials also were found to
show excellent recyclability which was found to be a result of the surface oxidation of these
titanium sulfides, spontaneously forming a titanium sulfide/titanium oxide heterostructure
which enables spatial separation of the photo-induced charge carriers further enhancing the
photothermal catalytic activity of these materials.
Section 2.3 dealt with the investigation of different plasma treatments for the effective plasmaassisted preparation of silver SERS substrates. Different plasma treatments using single gases as
hydrogen, nitrogen and argon all turned out to increase the surface roughness of the sputtered
silver by various degrees depending on the type of plasma gas used, the plasma power, the gas
flow rate and the plasma treatment time. Thus, plasma treatment enabled an increase in the
SERS enhancement produced by these SERS substrates. Also, the use of combinations of plasma
treatments was tested where an initial oxidative plasma treatment of thick silver films (200 nm
thickness) by oxygen or air plasma followed by a reductive plasma treatment by hydrogen,
nitrogen or argon resulted in different complex porous silver networks with high enhancement
factors. Furthermore, this study shows the ability of mild argon plasma treatment in cleaning
the surface of silver SERS substrates by effectively removing the previous applied analyte, thus
enabling the re-use of these substrates. Even surface oxidation of these silver SERS substrates
which results from the long-term storage of these substrates decreasing their SERS performance
could be effectively eliminated by this mild argon plasma treatment proposed in this work.
In Section 2.4, a new system for the use as effective SERS substrate was investigated. This
system is composed of aluminum/anodic aluminum oxide/silver (Al/AAO/Ag) where this
system is interesting for SERS applications due to the influence of the dielectric underlying the
noble metal and due to the possibility of interference co-enhancement effect. Investigating
barrier-type AAO prepared in iodine oxoacid electrolytes (periodic acid and iodic acid) revealed
the formation of barrier-type AAO doped with different iodine species as shown by the XPS
investigation performed in our study. When these substrates were sputtered with silver and used
as SERS substrates, they showed an unusual high SERS enhancement compared to other barriertype AAO prepared in citrate buffer, ALD-deposited alumina and also PAOX which contains a
nanostructuring enabling the formation of hot spots upon sputtering with silver. In depth
investigation and comparison of the different systems pointed towards a possible chemical
enhancement by the different iodine species. This main finding could be used for the design of
more efficient SERS substrates in the future.
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4 Conclusion and outlook
The work presented in this thesis suggests new approaches for the preparation of hybrid
nanomaterial photocatalysts and facile methods for the preparation of SERS substrates which
could enable large scale production. Hybrid nanomaterial photocatalysts based on VACNTs
using gas phase deposition presented in this work showed the ability to produce a variety
homogenous and ordered nanocomposites suitable for efficient photocatalysis. Twodimensional titanium chalcogenides (especially titanium trisulfide and highly defective titanium
disulfide) showed a combined photothermal catalytic activity. These titanium sulfides
spontaneously formed titanium sulfide/titanium oxide heterostructures further enhancing their
activity. On the other hand, plasma treatment presented a facile method for the surface
roughening of sputtered silver thin films increasing their SERS enhancement factors depending
on the treatment conditions. Finally, the use of barrier-type AAO doped with different iodine
species in Al/AAO/Ag SERS substrates showed high SERS enhancement which could be
attributed to a chemical enhancement besides the trivial electromagnetic enhancement opening
the door for new SERS substrates which could be even analyte specific.
Taking the ideas of this thesis one step further, a combination of plasmonic substrates with
semiconductor photocatalysts could offer an appropriate immobilization of the semiconductor
photocatalysts on one hand and a further improvement of the photocatalytic activity on the
other hand as they will act as plasmonic photocatalysts where better charge separation can
result in an appropriate increase in the photocatalytic activity. Such combinations could be even
useful as self-cleaning SERS substrates where the measured analyte can then be removed by
photocatalysis, thus being a dual-functional material.
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5 Appendix
All necessary reproduction rights and permissions for the figures obtained from third-party
publications as well as the first author publications were obtained from the corresponding
publisher. In the following the reproduction rights and permissions for the first author
publications presented in this work are shown.
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