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Abstract

Atomic layer deposition (ALD) is a thin film deposition technique known for the unique
precision of film thickness control combined with the ability to completely conformal
functionalize various substrate shapes. Further, ALD processes of at least two differ-
ent materials can be combined in so-called supercycles to deposit multilayers or to pre-
pare composite structures such as ternary and doped materials. In combination with pho-
tonic structures, ALD enables wide tailoring of the functional properties. For example,
ALD allows for fine-tuning the optical properties of photonic crystals (PhCs). PhCs are
structures consisting of periodically arranged materials with different dielectric constants.
Thus, PhCs exhibit wavelength ranges in which light propagation in the PhCs is forbidden,
which are denoted as photonic stopbands (PSBs). Moreover, ALD enables coating of dif-
ferent dimensional PhCs (1D, 2D, and 3D) with functional materials, e.g., photocatalysts,
which can further expand the properties of PhC structures.

In this thesis, PhCs of different dimensionalities are prepared with ALD-based meth-
ods. Compositions and thicknesses of materials deposited with (supercycle) ALD pro-
cesses are systematically varied to study their influence on the properties of the PhCs.
Specifically, the composition-dependent crystallization behavior of 1D PhCs is investi-
gated with a combination of in situ and ex situ X-ray diffraction, transmission electron
microscopy, X-ray reflectometry, and spectroscopic ellipsometry. Porous 2D and 3D PhC
templates, namely anodic aluminum oxide (AAO) and inverse opals (IOs), are functional-
ized with photocatalytically active materials by ALD. Their photocatalytic performance
is assessed by degrading organic dyes as model pollutants of water. Post-anodization sur-
face modifications of AAO templates result in stable photocatalysis properties over time,
which are crucial for studying functional materials. Precise optimization of the ALD-
grown materials’ film thickness and composition customizes the composites’ functional-
ities and enhances and stabilizes their photocatalytic performance. Further improvement
is obtained when ultra-thin protection layers are deposited to prevent photocorrosion of
the photocatalyst. Moreover, semiconductor heterostructures can facilitate charge car-
rier separation to enhance the photocatalytic performance. Additionally, multilayer IOs
consisting of semiconductor heterostructures can provoke photo-induced crystallization,
which further tailors the photocatalytic properties. The combination of ALD and PhCs
offers the potential to further expand the utilization of tailor-made structures for photonic
applications in the future.
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Kurzfassung

Die Atomlagenabscheidung (engl. atomic layer deposition, ALD) ist ein Verfahren zur
Abscheidung dünner Schichten, das für seine einzigartige Präzision bei der Kontrolle der
Schichtdicke in Verbindung mit der Fähigkeit, verschiedene Substratformen vollständig
konform zu funktionalisieren, bekannt ist. Außerdem können ALD-Prozesse von min-
destens zwei verschiedenen Materialien in sogenannten Superzyklen kombiniert werden,
um Multilagen abzuscheiden oder Kompositstrukturen wie beispielsweise ternäre und
dotierte Materialien herzustellen. In Kombination mit photonischen Strukturen ermöglicht
ALD eine breite Anpassung der funktionellen Eigenschaften. Mit ALD lassen sich bei-
spielsweise die optischen Eigenschaften von photonischen Kristallen (engl. photonic crys-
tals, PhCs) fein abstimmen. PhCs sind Strukturen, die aus periodisch angeordneten Ma-
terialien mit unterschiedlichen Dielektrizitätskonstanten bestehen. Daher weisen PhCs
Wellenlängenbereiche auf, in denen die Lichtausbreitung im PhC verboten ist, was als
photonische Stoppbänder (PSBs) bezeichnet wird. Darüber hinaus ermöglicht ALD die
Beschichtung von PhCs verschiedener Dimensionen (1D, 2D und 3D) mit funktionellen
Materialien, z. B. Photokatalysatoren, wodurch die Eigenschaften von PhC Strukturen
erweitert werden können.

In dieser Arbeit werden PhCs verschiedener Dimensionen mit ALD-basierten Metho-
den hergestellt. Die Zusammensetzungen und Dicken der mit (Superzyklen) ALD-Prozes-
sen abgeschiedenen Materialien werden systematisch variiert, um ihren Einfluss auf die
Eigenschaften der PhCs zu untersuchen. Insbesondere wird das von der Zusammenset-
zung abhängige Kristallisationsverhalten von 1D PhCs mit einer Kombination aus in situ
und ex situ Röntgenbeugung, Transmissions-Elektronenmikroskopie, Röntgenreflektome-
trie und spektroskopischer Ellipsometrie untersucht. Poröse 2D- und 3D-PhC Template,
nämlich anodisches Aluminiumoxid (AAO) und inverse Opale (IOs), werden durch ALD
mit photokatalytisch aktiven Materialien funktionalisiert, und ihre photokatalytische Leis-
tung wird durch den Abbau von organischen Farbstoffen als Modellverunreinigungen in
Wasser analysiert. Nach der Anodisation vorgenommene Oberflächenmodifikationen der
AAO Template führen zu langfristig stabilen photokatalytischen Eigenschaften, die für die
Untersuchung funktioneller Materialien essenziell sind. Durch die genaue Optimierung
der Schichtdicke und der Zusammensetzung der ALD-gewachsenen Materialien werden
die Funktionalitäten der Kompositmaterialien individuell angepasst und ihre photokat-
alytische Aktivität verbessert. Die Abscheidung von ultradünnen Schutzschichten zur
Verhinderung der Photokorrosion des Photokatalysators kann eine weitere Verbesserung
bewirken. Darüber hinaus können Halbleiter-Heterostrukturen die Ladungsträgertren-
nung erleichtern und so die photokatalytische Leistung verbessern. Des Weiteren können
mehrschichtige IOs, die aus Halbleiter-Heterostrukturen bestehen, eine photoinduzierte
Kristallisation hervorrufen, die die photokatalytischen Eigenschaften weiter anpasst. Die
Kombination von ALD und PhCs bietet das Potenzial, die Nutzung von maßgeschnei-
derten Strukturen für photonische Anwendungen in Zukunft zu erweitern.
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AFM atomic force miscroscopy

ALD atomic layer deposition
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CVD chemical vapor deposition

GPC growth per cycle

LSPR localized surface plasmon resonance

PEC photoelectrochemistry
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PVD physical vapor deposition

SC semiconductor

SEM scanning electron microscopy

TEM transmission electron microscopy
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XPS X-ray photoelectron spectroscopy
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Motivation and Scope of the Work 1
The development of renewable energy sources is nowadays essential for reducing the de-
pendence on fossil fuels. [12–15] In this context, photonics has become pivotal by enabling
the utilization of solar light for energy generation and conversion. [16–18] Manipulating
light at the nanoscale has the potential to significantly enhance light-matter interactions.
Consequently, nanotechnology, which focuses on fabricating custom-designed structures
with nanometer-sized dimensions, is of fundamental interest. [15] Precise control over the
properties and dimensions of these nanostructures is crucial for developing advanced pho-
tonic structures with tailored functionalities in the fields of nanotechnology and photonics.

For fabricating nanostructures, atomic layer deposition (ALD) stands out as a thin
film deposition technique based on the unique and precise control over material thickness,
composition, and uniformity during the process. [19–22] The ability of ALD to conformally
deposit layers onto complex-shaped substrates combined with a plethora of possible ma-
terials highlights the versatility of this method. Preparing nanostructured materials with
ALD for photonic applications aims to customize materials’ properties and to develop
novel materials. Photonic crystals (PhCs) are examples of nanostructures that feature
unique optical properties and functionalities which depend on their dimensionality, i.e.,
one-dimensional (1D), two-dimensional (2D), and three-dimensional (3D). [23–27] PhCs
consist of periodically arranged materials with different refractive indices. Hence, they
exhibit wavelength ranges in which light cannot propagate in the PhC. This wavelength
range is denoted as photonic stopband (PSB) and the group velocity of light at the PSB
edges approaches zero. Accordingly, the lifetime of the respective wavelengths in the PhC
structure is prolonged whereby the interaction probability of light with the PhC material
significantly increases. This phenomenon, known as slow photon effect, enhances light-
matter interactions. [28–30] ALD enables fine-tuning of the optical and functional charac-
teristics of PhCs based on tailoring the materials. Specifically, both, the material type
and composition as well as the material thickness can be independently optimized for
the desired application. As a consequence, ALD can enhance the performance of PhCs
across a wide range of applications, for instance, thermal barrier coatings, photovoltaics,
and photocatalysis. [31–39] The latter example facilitates pollution abatement in water, en-
abling water purification driven by solar light. Thus, photocatalysis presents a promising
technique to realize the access to drinking water for the entire society which is defined as
Sustainable Development Goal number 6 by the United Nations. [40] Herein, photocataly-
sis is used as exemplary photonic application of porous PhCs prepared with ALD-based
methods to demonstrate the structures’ potential for sunlight-driven water purification.

In this thesis, PhCs of different dimensionalities are fabricated with ALD-based ap-
proaches. In detail, supercycle ALD processes are applied to either directly generate 1D
PhCs or are used to coat porous 2D and 3D PhC templates with functional materials. Su-
percycle ALD denotes the combination of two or more individual ALD processes within
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1. Motivation and Scope of the Work

one process – the so-called supercycle. Thus, supercycle ALD allows for in situ prepa-
ration of multilayered structures, ternary materials, and doped materials. The properties
of all these materials can be widely tailored by adjusting the material type, composition,
sequence, and thickness within the ALD process. Chapter 2 explains the basic concepts
for the ALD-based preparation of tailored photonic structures and their application. A
short overview of bottom-up methods for fabricating functional materials emphasizes the
flexibility of ALD regarding precise thickness control, substrate geometry, and available
materials. Hence, ALD is introduced in more detail. Further, the basics of PhCs are
elucidated and ALD-based methods for fabricating PhCs are discussed. Additionally, ex-
amples for photonic applications of ALD-grown materials are presented. In Chapter 3,
silicon dioxide-incorporated titanium dioxide (TiO2) structures are fabricated by super-
cycle ALD process as doped materials and nanolaminates, i.e., 1D PhCs. The influence
of the materials’ composition and individual layer thickness on the crystallization behav-
ior is systematically studied. Note, the crystallographic phase of materials determines
their properties indicating the importance of accurate knowledge of phase transitions to
customize materials for the desired application. Anodic aluminum oxide (AAO) struc-
tures are applied as templates for fabricating 2D and two-and-a-half dimensional (2.5D)
PhCs in Chapter 4. The AAO templates are functionalized with TiO2 and iron (III) oxide
(Fe2O3) as photocatalysts by ALD to enhance photocatalytic performances by combining
photocatalysts with the unique optical properties of PhCs. Note, photocatalysis is used in
this thesis as example for a photonic application of PhCs fabricated with ALD-based tech-
niques. The influence of post-anodization modifications of AAO on the photocatalytic
properties is assessed to provide stable templates for further processing. Moreover, the
photocatalytic performance of TiO2-functionalized AAO-PhCs with varying TiO2 thick-
ness and optical properties of the PhC templates is studied. In detail, the PhCs’ PSB edge
is tailored to the absorption of a model pollutant of water for enhanced photocatalytic
properties by utilizing the slow photon effect. In the next section, Fe2O3 as visible light
active photocatalyst is coated onto AAO-PhCs to improve photocatalytic performances.
Here, the structures’ PSB edge is aligned to Fe2O3 which resembles a more general ap-
proach for photocatalytic activity enhancement based on the slow photon effect. Further,
ultra-thin ALD-deposited protection layers are applied to effectively stabilize the photo-
catalytic performance of Fe2O3. Afterwards, semiconductor heterostructures are coated
onto AAO templates by ALD to elucidate their effect on the photocatalytic properties by
modifying charge carrier generation and separation according to the heterostructure com-
position. Chapter 5 combines semiconductor heterostructures of TiO2 and Fe2O3 with
the slow photon effect leading to increased photocatalytic performance of inverse opals
(IOs) as 3D PhCs. In addition, photo-induced crystallization tailors the photocatalytic
properties of multilayer IOs. Finally, an outlook for future work to further improve the
functional properties of PhCs prepared with ALD-based methods is given in Chapter 6.

In summary, this thesis reveals the potential of combining PhCs with supercycle ALD
for photonic applications. Customization of the structures’ functional properties enables
tailor-made fabrication and might pave the way for solar light-based energy generation
and conversion in the future.
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Background 2
Atomic layer deposition (ALD) is a vapor phase deposition technique based on self-
limiting reactions between the substrate surface and gaseous precursors. [19] Thus, ALD
allows for conformally coating even complex-shaped substrates, three-dimensional tem-
plates, and high aspect ratio structures without shadowing effects and with precise thick-
ness control – a combination that is difficult to achieve with other physical or chemical
gas phase deposition techniques. [19, 41–44] For instance, different types of photonic struc-
tures can be prepared with ALD either by directly fabricating them or by coating template
structures with functional materials. Photonic crystals (PhCs) are composite materials
characterized by their periodically varying refractive indices resulting in specific optical
properties, namely the formation of a photonic stopband (PSB) that prevents certain wave-
lengths of light from propagating through the structure. [23–27, 30] Hence, PhCs are used to
control light-matter interactions and they are applied in several fields such as optics, sens-
ing, and photocatalysis based on the wide tunability of their optical properties. [23–30, 45]

Photocatalysis is of particular interest as green technology for environmental pollutant
removal processes. To increase the efficiency of photocatalytic processes, PhCs are used
as templates for photocatalyst materials and can be combined with other approaches, e.g.,
modification of the photocatalysts’ band gap and formation of semiconductor heterostruc-
ture, to further boost the photocatalytic performance. In this chapter, bottom-up methods
to fabricate tailored materials are summarized and the concept of ALD is explained in
more detail. Moreover, the general structure, the optical properties, and the different
types of PhCs are described. In addition, a short overview of methods for the production
of PhCs is given and ALD-based fabrication processes are explained in more detail. Fi-
nally, different photonic applications of ALD-grown materials are presented. In detail, the
utilization of ALD and PhCs to tune PSB characteristics, to prepare thermal barrier coat-
ings, and to fabricate light-harvesting structures are summarized and strategies to further
improve the performance of photocatalysts are presented. Note, photocatalysis is chosen
as an exemplary photonic application which could be improved by tailored fabrication of
photonic structures and materials with ALD-based approaches.

2.1. Fabrication of Photonic Structures by Atomic

Layer Deposition

The following section explains the principle of ALD and the special requirements when
porous substrates or high aspect ratio structures are coated. Moreover, supercycle pro-
cesses are introduced and the fabrication of delta-doped materials, nanolaminates and
ternary materials by applying such processes is discussed. Afterwards, the characteristics
of PhCs are elucidated, followed by an overview about the PhC fabrication with ALD-
derived approaches. In detail, the preparation of nanolaminates as one-dimensional PhCs
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by ALD is explained. Further, ALD functionalization of anodic aluminum oxide (AAO)
template structures and two- and two-and-a-half-dimensional PhCs is discussed includ-
ing the fabrication of AAO by anodization. Finally, the preparation of three-dimensional
PhCs by infiltrating self-assembled opal templates is presented.

2.1.1. Bottom-up Methods for Tailored Material Fabrication

Fabricating materials with tailored properties is essential for the progress of photonic
applications such as thermal barrier coatings, solar cells, sensors, photocatalysis, photo-
electrochemistry, and photothermal conversion. Bottom-up preparation methods play a
major role in synthesizing these materials. Each fabrication technique provides unique
advantages and is suited for different types of substrates, material deposition, and specific
applications. This section shortly explains the principles of common bottom-up tech-
niques including sol-gel, electrodeposition, electroless deposition, physical vapor deposi-
tion (PVD), chemical vapor deposition (CVD), and ALD. An overview of these fabrica-
tion methods is also included in a perspective article from a collaboration of Prof. Abel
Santos’, Prof. Kaline Furlans’, and our group. [6] A schematic drawing of a structure
functionalized with an additional material layer by the different techniques is depicted in
Figure 2.1.

The sol-gel method consists of two steps: First, a precursor solution is hydrolyzed and
condensed to form a sol. Second, the sol is transformed to a gel which is an interconnected
network of solid particles. [46–48] Further modifications such as drying and calcination can
result in the formation of dense films. The sol-gel technique is mostly used for producing
metal oxides and hybrid organic-inorganic materials. Moreover, various material com-
positions can be realized by altering the precursor solution. [46, 49] Sol-gel processes can
be conducted at low processing temperatures and different structures such as dense films,
aerogels, and xerogels can be deposited with this technique. The method is also suitable
for coating inner surfaces of porous structures but the thickness homogeneity control is
rather low in the range of several tens to hundreds of nanometers. [46, 50]

Electrodeposition is an electrochemical process in which metal ions in a solution are
reduced to form a film of a conducting or a semiconducting material on a substrate. [51–53]

To perform electrodepostion, a conductive substrate is required as cathode and is im-
mersed into an electrolyte containing dissolved species of the material which should be
deposited. A noble metal is typically used as anode and the application of an electro-
chemical potential or current between both electrodes results in the material reduction
at the cathode and oxidation at the anode. [51–53] Thus, the cathode, i.e., the substrate, is
coated with the desired material by electrodeposition. This methods provides good control
over the deposited thickness as the consumed charge density determines the thickness. [54]

Electrodeposition is used to deposit metals, metal alloys, and semiconductors with high
purity and at fast deposition rates in the range of tens of micrometers per hour. [51–54]

Functionalization of porous structures is also possible and such templates can either be
filled completely to produce nanowires or the process can be tuned to only coat the pore
walls to generate nanotubes. However, the latter ones require a very precise setting of
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Figure 2.1. Scheme of a complex-shaped porous substrate functionalized by different ma-
terial deposition techniques. (a) Pristine AAO substrate after fabrication. (b)
Application of the sol-gel process deposits a film on the entire substrate sur-
face at low homogeneity control. (c) Electrodeposition requires a back con-
tact. Thus, the backside of the substrate is removed and a conductive layer is
applied as back contact before functionalization. Electrodeposition results ei-
ther in the formation of nanowires by filling the porous structure completely
(left) or in the growth of nanotubes based on very precise process control
(right). (d) Electroless deposition is utilized after surface modification with
catalytic seeds and leads to the growth of a thin film. (e) Sputter deposition
as example for physical vapor deposition (PVD) processes coats mainly the
top surface of the substrate. (f) Chemical vapor deposition (CVD) results
in the deposition of a thin film whose thickness depends on the position in
the porous structure. (g) Atomic layer deposition (ALD) coats the substrate
homogeneously and highly conformal with a thin film. Freely adapted from
publication VI.
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the parameters and are very difficult to realize. Since the substrate must be conductive
for electrodeposition, porous templates often need to be modified to provide a conductive
contact. Depending on the structure of the porous material, uniform deposition inside the
entire template can be challenging and demands excellent process control.

Electroless deposition is a method to deposit metals onto a substrate without the need
for an external energy such as current, heat, and light. It can be conducted by two differ-
ent deposition mechanisms: First, a galvanic displacement could be performed which is
characterized by redox reactions between more noble metal ions in an electrolyte solution
and less noble metal atoms on a substrate. The more noble metal ions from the electrolyte
are reduced at the substrate and thus, form a continuous metal film while the less noble
metal is dissolved. This process occurs via electron transfer between the dissolved metal
ions and the metal atoms at the substrate. [55] Second, non-conductive substrates can be
functionalized with metals by utilizing a reducing agent. The reducing agent is oxidized
at the substrate surface and electrons are provided for the reduction of metal ions from
the electrolyte. Hence, a metal film forms at the substrate surface. [55] In general, elec-
troless deposition can be applied to various substrate materials and shapes, but it often
requires a pre-treatment to generate a catalytic seed material for initiating the electroless
material deposition on the substrate. Additionally, this method necessitates very precise
control of the electrolyte composition and the deposition conditions, such as temperature
and pH-value.

PVD bases on the vaporization of a material from a target in vacuum environment and
the subsequent (re-)condensation of the vaporized material on a substrate. [56–60] PVD
techniques include various methods such as evaporation, sputter deposition, and pulsed
laser deposition, all of which differ mainly in the vaporization approach. Deposited mate-
rials either feature the same composition as the target or are compound materials formed
by the reaction of the vaporized material with a gas or by co-deposition of at least two
vaporized materials. [56–60] All PVD techniques provide high purity and good control over
the deposited film thickness and its composition. PVD allows for fabricating a broad ma-
terial range such as metals, oxides, and nitrides. [56–59] In detail, PVD is a line-of-sight
technique meaning that the material deposition always occurs from one direction, i.e.,
the target. Consequently, shadowing-effects are present at complex substrate shapes. [60]

More advanced processes can produce complex structures by adjusting the substrate po-
sition, e.g., by oblique angle PVD where the substrate position is changed within the
process. [61, 62] Nevertheless, adjusting the substrate position during a PVD process re-
quires high effort and the ability to conformally coat complex shapes or high-aspect ratio
structures is limited due to poor step coverage.

CVD relies on the reaction or dissociation of gaseous precursors and material deposi-
tion on a heated substrate. CVD is conducted in a continuous flow and the material growth
starts with the adsorption of the precursors or intermediate reactants on the substrate. The
adsorbed molecules can diffuse on the surface and react with other molecules at the gas-
solid interface. The material nucleates and grows into the respective structure. [63–65]

The reactions to deposit materials with CVD processes are induced by temperature, light,
plasma, and catalytic compounds at the substrate. Hence, multiple variants of CVD pro-
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cesses exist such as thermal, metalorganic, plasma-enhanced, catalyst-assisted, low pres-
sure, light-activated, and hot-filament CVD. [63] The multi-directional material deposition,
which is only limited by precursor diffusion within the process, enables the direct fabri-
cation of various material shapes such as thin films, two-dimensional (2D) materials, one-
dimensional (1D) nanowires, and zero-dimensional (0D) nanoparticles. Nevertheless, the
diffusion as crucial part of the CVD process limits the capability to homogeneously coat
complex substrates and high aspect ratio structures. [64] A variety of materials can be fab-
ricated by CVD including semiconductors, metals, and dielectrics. For example, we used
CVD to directly grow zinc oxide nanowires or carbon nanotubes on functional substrates
as demonstrated in publications VIII-XI. [8–11]

ALD is a special form of CVD that allows for highly conformal material deposition
independent of the substrate shape in combination with very precise thickness control
at the sub-nanometer level. [19–22] ALD relies on sequential, self-limiting reactions of
precursors in the gas phase with solid surfaces and will be introduced in detail in the next
section.

As part of this thesis, it is necessary to deposit semiconducting materials onto sub-
strates in order to utilize the composites for photonic applications. In conclusion, each
of the discussed bottom-up fabrication methods has its own advantages and limitations.
Nevertheless, ALD is characterized by its unique ability to achieve conformal coatings on
complex substrates with high thickness precision. In combination with the wide variety of
materials that can be deposited with ALD, this versatile technique is essential for the fab-
rication of advanced functional materials by tailoring the material properties and adapting
substrate shapes to enhance the functional performance. Therefore, photonic structures of
different dimensionalities are produced with ALD-based methods in this thesis.

2.1.2. Basics of Atomic Layer Deposition

An ALD cycle consists of two half-cycles in which the two different precursors react with
the substrate’s surface as shown in (Figure 2.2.). [19–21, 41–44] First, precursor A is intro-
duced into the reaction chamber and reacts with the substrate in a self-limiting process
resulting in a modified surface chemistry. Self-limiting surface reactions stop when all
available functional groups at the surface have reacted with precursor molecules. Second,
the by-products and unreacted precursor molecules of the previous reaction are removed
from the chamber by purging. Third, the second half-cycle is initiated by exposing the
substrate to precursor B, which reacts with the modified substrate again in a self-limiting
fashion. This reaction results in another change of the surface chemistry providing the
same functional groups that were present before starting the first half-cycle. Fourth, left
over precursor B molecules and by-products are removed by purging the reaction cham-
ber and afterwards, the next ALD cycle can start. Owing to its inherent self-limitation,
each ALD cycle results in the deposition of a constant material thickness in the Ångström
range. This deposited thickness rate is also denoted as growth per cycle (GPC) and is
characteristic for the combination of precursors, growth temperature, substrate type, and
further process conditions. [19–21] As a consequence, the desired film thickness can be
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deposited by adjusting the number of ALD cycles. Although ALD features a relatively
slow deposition rate of 0.1 Å to 3 Å compared to other methods, it outperforms all other
thin film deposition techniques with its exceptional conformality for coating complex
three-dimensional (3D) substrates without shadowing effects and the high precision of
film thickness and composition control. [22] Thus, ALD is a very versatile method and is
applied to functionalize various substrates. A plethora of materials have been grown by
ALD since its’ discovery in the second half of the 20th century, [20, 66] for example, oxides,
nitrides, sulfides, selenides, tellurides, fluorides, and metals. [20] Further, different ALD
processes can also be combined in so-called supercycles to deposit composites such as
doped materials, nanolaminates, and ternary materials. [67, 68]

Thermal ALD is the most common used process which applies thermal energy to
induce the surface reactions. [19] Besides this approach, there are also other types such
as plasma-enhanced ALD (PEALD) and radical-enhanced ALD, which utilize a plasma
and radicals, respectively to generate reactive species for the reactions. [19] PEALD and
radical-enhanced ALD allow for material growth at lower temperatures than required for
thermal ALD processes and also enable the deposition of materials which are not acces-
sible by thermal ALD. Photo-ALD utilizes light to induce the surface reactions and can
enable the deposition of metals on oxide substrates which is challenging for other ALD
processes. [69] In this work, thermal ALD processes of different metal oxides are applied
to modify porous materials because this process type can be operated in stop-flow mode,
which will be explained below, to ensure precursor accessibility of high aspect ratio struc-
tures.

Coating of Porous Templates and High Aspect Ratio Structures
Porous structures feature higher surface areas compared to bulk parts of the same mate-
rial volume. Hence, the porous materials also possess more surface sites for reactions
with ALD precursors and thereby, more precursor material is required compared to planar
substrates. Additionally, diffusion of the precursors inside the porous structure has to be
considered. [22, 42, 44] Self-limiting surface reactions as characteristics for ALD only result
in a continuous film thickness when each surface site is reached by a precursor molecule.
Practically, the exposure time of ALD precursors has to be prolonged for porous tem-
plates to ensure diffusion into the complete structure. Prolonged exposure times are often
realized by utilizing the so-called stop-flow mode. The stop-flow mode disconnects the
vacuum pump from the reaction chamber during the pulse and exposure sequences of the
ALD half-reactions. In this way, diffusion of molecules into the structures is facilitated
due to increased precursor partial pressures in the reaction chamber. [70] The same princi-
ples also apply for high aspect ratio structures, e.g. anodic aluminum oxide. Such high
aspect ratio materials feature small pore openings in relation to their pore depth. This
faces the bottleneck of enough precursor molecules diffusing into the pores and addition-
ally reaching the pore bottom to allow for conformal coating of the complete substrate.
As for porous systems, it can be overcome by increasing the precursor exposure time. [22]

When the exposure is prolonged, also the purge duration has to be increased to remove all
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2.1. Fabrication of Photonic Structures by Atomic Layer Deposition

Figure 2.2. Schematic drawing of an ALD cycle. First, precursor A is exposed to the sub-
strate and reacts self-limiting with the functional groups at the surface. Sec-
ond, by-products and unreacted precursor molecules are removed by purging.
Third, precursor B is pulsed into the reaction chamber and reacts self-limiting
with the modified substrate surface. Fourth, purging removes by-products and
precursor molecules. Ideally, a monolayer of material is deposited after one
ALD cycle. The applied cycle number defines the thickness of deposited ma-
terial.
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Figure 2.3. A supercycle ALD process consists of alternating ALD growth of at least two
materials. The individual layer thicknesses of material 1 and material 2 are
controlled by adjusting the ALD cycle numbers a and b, respectively. The
total material thickness is defined by the number of supercycles n.

by-products and unreacted precursor molecules from the reaction chamber. The elonga-
tion results in longer ALD process times which often limit the applicability for thicknesses
larger than a few nanometers. For instance, thin film deposition onto planar substrates in
an optimized reactor last a few seconds per cycle while. Our processes used herein to
functionalize porous substrates take around 5 minutes per cycle.

Supercycle Processes
Supercycle ALD processes are combinations of ALD processes for different materials
which are joined in one big loop – the so-called supercycle. [67, 68] They utilize three or
more precursors to deposit at least two different materials. As schematically shown in
Figure 2.3., a supercycle consists of a ALD cycles for material 1 and b cycles to deposit
material 2. Accordingly, the repetition of the individual cycles can be varied to reach a de-
sired thickness. Also the number of supercycles n can be adjusted to implement a periodic
repetition. In this way, supercycle processes allow for easy-to-realize combinations of dif-
ferent materials within the same coating process. Such approaches are often applied to
fabricate delta-doped materials, nanolaminates, and ternary materials by ALD. [20, 67, 68, 71]

Delta-doping describes the insertion of monolayers of a foreign material (dopant) into
a host material. Delta-doping results in distinct dopant concentration profiles in the lay-
ered materials, with sharp peaks along the materials’ cross-section that resemble delta
functions. [20, 41, 42, 44, 67, 72] This method is in contrast to homogeneous doping of a mate-
rial where the dopant atoms are evenly distributed across the whole volume. Heat treat-
ments could be applied to homogenize the dopant distribution in the material after the
deposition. Supercycle ALD enables delta-doping when the host material is deposited for
a certain cycle number followed by one cycle, or maximum a few cycles, of the dopant
material. The supercycle is repeated until the desired material thickness is obtained. This
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ALD-based approach renders very simple tuning of the doping ratio, i.e., ratio of host
material ALD cycles to dopant ALD cycles.

Nanolaminates are structures composed of thin films with nanometer-sized thicknesses
from different materials. Application of supercycle ALD allows for complete tailor-
ing of the individual layer thicknesses and the material ratios by adapting the process
parameters. [19] Specifically, only the number of the respective cycles needs to be modi-
fied while all other parameters such as precursor type, pulse times, exposure times, and
pump times remain the same.

Ternary materials are composed of three or more elements and can also be fabricated in
supercycle ALD processes by using at least three different precursors. [20, 71] Alternatively,
supercycle ALD can be utilized to deposit nanolaminates followed by thermal annealing
to produce ternary materials. Ternary material formation has been demonstrated for vari-
ous materials such as magnesium aluminum oxide or lithium-containing oxides and some
more examples of these compounds are given in a review article by Miikkulainen et al. [20]

In conclusion, ALD is characterized by its unique ability to achieve conformal coat-
ings on complex substrates with high thickness precision. In combination with the wide
variety of materials that can be deposited with ALD, this versatile technique is essential
for the fabrication of advanced functional materials by tailoring the material properties
and adapting substrate shapes to enhance the functional performance. Therefore, pho-
tonic structures of different dimensionalities are produced with ALD-based methods in
this thesis.

2.1.3. Basic Concepts of Photonic Crystals

PhCs gain increasing interest since their first description in the 1987s due to the abil-
ity to control light propagation. [73] Both, the theoretical description and simulation as
well as the experimental realization of the first PhCs were significantly promoted by the
contributions from Yablonovitch, Johnson, Joannopoulos, and John. [23, 24, 27, 73–77] In gen-
eral, PhCs consist of a periodic structure of at least two different dielectric materials.
Thus, the refractive index within the structure is periodically modulated resulting in the
formation of a wavelength range in which propagation of electromagnetic waves (i.e.,
light) through the structure is forbidden. [23–27] Emergence of this forbidden propagation
is based on constructive and destructive interference of light within the structure. Due
to the forbidden light propagation in PhCs, incoming light of the respective wavelengths
is reflected by the structure. In 1993, Yablonovitch published a report about photonic
crystals where the similarities and differences of photonic and electronic band structures
are discussed. Referring to the similarity to the electronic band gap in semiconductors,
the wavelength range of forbidden light propagation can be described as a photonic stop-
band (PSB). [27, 30] Note, light propagation within the PSB is strongly attenuated but not
necessarily completely suppressed.

The PhC’s optical properties, namely PSB position, shape, and depth, are determined
by the choice of the PhC materials and their periodicity. [30, 78] For example, the PSB
position of an inverse opal PhC can be calculated by the following equation based on
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Bragg’s and Snell’s laws: [28]

m λPSB = 2 neff d (2.1)

Here, λPSB is the PSB central wavelength, m is the PSB order, d is the periodicity, and neff

is the effective refractive index of the structure which is typical obtained from effective
medium approximation (EMA) models. The EMA approach assumes the PhC as a ho-
mogeneous structure composed of a material that features effective properties determined
by the individual building blocks and weighted by their percentage volume in the struc-
ture. These effective properties define the macroscopic optical properties of the structure.
Hence, a refractive index of the whole PhC structure is described as effective refractive
index which can be derived from various EMA models such as Maxwell Garnett model,
Drude model, and Bruggeman model. [79–82] According to Equation 2.1, the optical prop-
erties of a PhC can be tailored by adapting its’ geometrical structure or modifying the
utilized dielectric materials. This ability of tuning enables custom-made fabrication of
PhCs which is interesting for various application fields, e.g., optoelectronic devices, pho-
tocatalysis, photovoltaics, sensors, and energy storage. [23–30, 45] PhCs can be fabricated as
1D, 2D, and 3D PhCs whereby the number of periodic directions dictates the dimension-
ality (Figure 2.4.). [27, 30, 75] 1D PhCs consist of a compact structure of stacked layers. [30]

The individual layer thickness can range from a few nanometers up to several micrometers.
Especially nanolaminates gain increasing attention for their optical applications. [83] As
their name suggests, the individual layers are only a few nanometers thick rendering them
very attractive functional coatings, which are utilized in various industrial processes. [28]

The design of 2D and 3D PhCs is more complex because the periodicity expands over
more dimensions. Such PhCs are often produced as porous structures or arrangements
where one material is represented by the pore filling medium such as air or a liquid. Typi-
cal examples for 2D PhCs are cylindrical pores inside a matrix or nanowire arrays, while
direct or inverse opals represent 3D PhCs. [24, 28, 30] PhCs offer a plethora of applications
ranging from Fabry-Perót-interferometers and mirror coatings (1D) over catalysis (2D
and 3D) or waveguides to sensors. [23–30, 45] Fabricating PhCs of the different dimension-
alities (1D, 2D, or 3D) requires specific methods tailored to the desired structure. Some
typical fabrication techniques include wet-chemistry, CVD, ALD, sputtering, lithography,
self-assembly of particles, or direct laser writing, to name a few. [28, 30, 45] The approaches
utilizing ALD are discussed in detail in the next section (2.1.4.).

As a consequence from the formation of forbidden optical modes inside a PhC struc-
ture, other optical phenomena are observed at the PSB edges of a PhC. As shown by the
optical dispersion of a PhC (Figure 2.5.), the group velocity of light in the structure dE

dk
approaches zero at the PSB edge wavelengths. This vanishing group velocity in a PhC is
denoted as slow photon effect or slow light and corresponds to the formation of standings
waves in the PhC structure. Hence, the presence of photons in the PhC structure is sig-
nificantly prolonged giving rise to additional interactions with the PhC material. Such an
increase of light-matter interaction probability is of great interest for processes in which
materials need to absorb light such as the photo-excitation of semiconductors.

Note, an increment of the interaction probability corresponds to improved light absorp-
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Figure 2.4. Scheme of PhCs with different dimensionalities. (a) 1D PhCs are periodic
structures in one direction (here x-direction) which is characterized by a pe-
riodic modulation of the refractive index n in this direction. The other two
directions feature constant refractive indices whose value depends on the po-
sition in the PhC, i.e., high or low refractive index material. (b) 2D PhCs
are periodic in two directions – here x- and y-direction – and the refractive
index in the remaining direction is constant. (c) 3D PhCs possess a three-
dimensional periodicity which is accompanied by periodic modulations of
the refractive index in all three directions.

Figure 2.5. Schematic representation of the photonic dispersion in PhCs resulting in the
slow photon effect. At energies close to the PSB, the groups velocity of light
dE
dk in the structure, i.e., the slope of the dispersion curve, approaches zero.
Standing waves of light with wavelengths of the PSB edges form in the PhC
which increase the probability for light-matter interactions in the PhC struc-
ture.
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tion. [28–30] However, certain conditions have to be fulfilled to profit from the slow photon
effect. The improved light-matter interactions by the slow photon effect is specific for the
wavelengths at the PSB edges. Hence, the light absorption wavelength required for the
excitation process, i.e., the semiconductors’ band gap, has to overlap with a PSB edge.
The absorption wavelength in the semiconductor process can only slightly be changed, if
possible at all. However, the PSB position of a PhC can be adjusted by the fabrication as
described above and thus, PhCs can be tailored for applications necessitating semiconduc-
tor excitation to make use of the slow photon effect.

2.1.4. Fabrication of Photonic Crystals with ALD-based

Methods

PhCs can be fabricated by different chemical and physical synthesis methods covering
both bottom-up and top-down production. Depending on the PhC type, i.e., 1D, 2D,
or 3D, and porous or non-porous, various fabrication methods have been reported in
literature. [24, 26, 28, 84–86] The compact structure of 1D PhCs requires layer-by-layer de-
position of the alternating materials. Sequential layer depositions can for example be
realized by sol-gel chemistry, spin-coating, sputtering, PVD, CVD, and ALD. [25, 26, 85]

2D PhCs are often composed of regularly arranged pillars of one material surrounded by
another medium or of a solid matrix which contains cylindrical pores perpendicular to
its surface. Common examples for the first case are ordered nano- or microwire arrays.
These are typically fabricated by CVD or lithographic processes. [42, 45] The production of
highly-ordered cylindrical pores can be realized by electrochemical anodization of various
metals resulting in self-organization of cylindrical pores. [86–88] Alternatively, top-down
approaches based on selective material removal of lithographically defined areas can also
be applied to produce such porous 2D PhCs. [25, 27, 45] Further examples for 3D PhCs are
opals and inverse opals (IOs) as well as wood-pile structures. Opals can be fabricated
by self-assembly of sub-micron sized particles resulting in hexagonal closed packing of
these spheres. [26, 28, 84, 85] For IOs, the voids of such assemblies are infiltrated with other
materials, for example by sol-gel chemistry or ALD, followed by the removal of the opal
template. [28, 84, 85] Literature reports the fabrication of wood-pile structures and other 3D
PhCs by direct laser writing or lithographic techniques. [24–26, 28, 45] The production of 2D
and 3D PhCs often requires several individual processing steps. Porous PhCs can be uti-
lized as template structures which are then coated with functional materials. [28, 42, 85, 89]

ALD allows for the direct production or template functionalization of PhCs of all three
dimensionalities. [42] Examples for these different structures created by ALD-derived ap-
proaches are presented in the following which is divided into nanolaminates as 1D PhCs,
functionalization of 2D and 2.5D PhC templates produced by anodization of aluminum,
and ALD-infiltration of self-assembled particles for 3D PhCs.

1D: Nanolaminates
Nanolaminates can be easily realized with ALD by applying supercycle processes to de-
posit different materials. [19, 42] The alternating material deposition results in the formation
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of 1D PhCs whereby the individual layer thicknesses are precisely controlled according
to the self-limiting nature of ALD cycles. Hence, it allows for coating nanolaminates not
only onto planar substrates but also onto curved surfaces.

2D and 2.5D: Modification of Anodic Aluminum Oxide
ALD-based synthesis of 2D and 2.5D PhCs is conducted by functionalizing template struc-
tures with ALD. Herein, the utilization of anodic aluminum oxide as template is discussed
as this offers fast and easy fabrication and especially modifications of the template geom-
etry compared to other structures, i.e., nanowires, and preparation procedures. The term
anodization describes the fabrication of metal oxides by electrochemical oxidation of the
metal immersed into an electrolyte and under application of a voltage or current. [86–88]

For some metals such as aluminum or titanium, parameter sets of electrolyte type and
concentration, temperature, and applied voltage have been discovered, which result in the
formation of regularly ordered, cylindrical pores perpendicular to the materials surface by
self-organization. [88] Especially the ordered pore formation by anodization of aluminum
leading to so-called anodic aluminum oxide (AAO) is extensively studied since its discov-
ery by Masuda and Fukuda in 1995. [90]

AAO consists of ordered cylindrical pores with diameters between 10 and 400 nm and
lengths up to several hundred micrometers in an aluminum oxide (alumina, Al2O3) ma-
trix. The general structure is schematically depicted in Figure 2.6.(a) and the geometrical
dimensions such as pore diameter dp, interpore distance dint, pore length Lp, and barrier
layer thickness tbl depend on the specific anodization conditions. [86–88, 91–94]

Aluminum anodization is performed by utilizing an ultra-pure aluminum part as an-
ode of an electrochemical cell. The most common electrolytes for AAO production are
sulfuric acid (H2SO4), oxalic acid (H2C2O4), and phosphoric acid (H3PO4). [86, 87] The
electrochemical reactions at the anode during the anodization process include the oxida-
tion of aluminum (Al) atoms to aluminum Al3+ ions at the Al surface.

Al(s) −−→ Al3+(s) +3e− −−→ Al3+(aq)+3e− (2.2)

Dissociation of water molecules at the oxide/electrolyte interface leads, among others, to
the formation of oxygen anions (O2-). Based on the applied electric field, these O2- ions
migrate towards the anode while Al3+ ions move to the cathode.

5H2O(l) −−→ O2−
(aq)+OH−(aq)+H3O+

(aq) (2.3)

Thus, both ion types react to Al2O3 at the metal/oxide interface. Accordingly, growth of
new Al2O3 occurs at the bottom of the structure.

2Al3+(s) +3O2−
(aq) −−→ Al2O3(s) (2.4)

Note, the aluminum and oxygen ions can move through the solid Al2O3 film. [86] The
formation of Al2O3 from Al results in volume expansion of the material and thus, im-
perfections and defects arise in the Al2O3 film. These defects provide spots where the
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Figure 2.6. Scheme of the geometric structure and the fabrication of AAO. (a) AAO con-
sists of hexagonal-ordered cylindrical pores perpendicular to the surface. The
AAO structure is characterized by the pore diameter dp, the interpore distance
dint, the pore length Lp, and the barrier layer thickness tbl which are all de-
termined by the anodization conditions. (b) Anodization is conducted in an
electrochemical cell consisting of a hat with integrated stirrer and noble metal
wire grid as cathode. The anode is formed by an aluminum sample placed on
a copper plate. The cell is filled with an electrolyte and Al2O3 growth occurs
by oxidation under applied potential or current. In the initial growth stage, an
Al2O3 thin film forms at the metal/oxide interface while field-assisted disso-
lution removes Al2O3 at the spots of high electric field strength in the film.
During steady-state growth, the process is dominated by Al2O3 formation
at the metal/oxide interface and the electric field distribution results in self-
organized pores with well-defined pore diameters and interpore distance.
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applied electric fields concentrates which gives rise to electric field-assisted dissolution
of the Al2O3 layer.

Al2O3(s)+6H3O+
(aq) −−→ 2Al3+(aq)+9H2O(l) (2.5)

Hence, the defects deepen during ongoing anodization. As this process competes with
the Al2O3 formation at the metal/oxide interface, steady pore growth is obtained for equi-
librium conditions (Figure 2.6.(b)). Furthermore, mechanical stress between neighboring
pores leads to their rearrangement during the Al2O3 formation. Since the Al2O3 growth
occurs at the metal/oxide interface, the pore positions are adapted during the formation of
new material resulting in a hexagonal closed-packing which minimizes the internal stress
in the porous alumina film. Hence, the degree of ordering increases with the anodization
time. Further possible reactions at the anode include the release of aluminum ions into
the surrounding electrolyte and the oxidation of oxygen ions to elemental oxygen.

Al3+(s) −−→ Al3+(aq) (2.6)

O2−
(aq) −−→ O2(g)+4e− (2.7)

At the cathode, hydrogen ions H+ are reduced to hydrogen.

2H3O+
(aq)+2e− −−→ H2(g)+2H2O(l) (2.8)

After initial pore formation, the AAO growth rate is constant meaning that the pore length
depends linearly on the anodization time. [86, 87] In general, the growth rate is in the order
of micrometers per hour but the exact value depends on the anodization conditions, e.g.,
electrolyte type and concentration, temperature, and voltage. The self-ordering regimes
for the three most common electrolytes define the geometrical characteristics of the re-
sulting AAO structures and are well reported in literature and summarized in review
articles. [86–88, 91–94]

Two-step anodization with intermediate removal of the oxide layer by etching in a
H3PO4/chromic acid (H2CrO4) mixture leads to a very high ordering degree of the cylin-
drical pores. [86, 87] This approach is based on the microstructure of the Al substrate after
anodization: A thin barrier oxide layer forms at the bottom of the cylindrical pores and
this features a hemispherical shape. Thus, the Al substrate is patterned by hemispherical
concaves which define the top surface after the Al2O3 layer removal and serve as starting
points for the second anodization step. Accordingly, the applied electric field already fo-
cuses to the centers of these concaves and the porous layer growth starts directly from the
beginning of the second anodization resulting in a highly-ordered AAO structure. Since
the pores are arranged perpendicular to the Al2O3 surface, the AAO structure acts as a 2D
PhC. The periodicity of such 2D PhC is dictated by the used electrolyte, but the pore di-
ameter can be further tuned either during or after the anodization. For the latter case, the
pore diameter can be enlarged by selective wet-chemical etching of Al2O3 by aqueous
H3PO4 solutions. This approach benefits from the onion-like distribution of impurities
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Figure 2.7. 2.5D AAO-PhCs feature in-depth diameter modulations. The individual pores
are still separated by Al2O3 and hence, the periodic refractive index varia-
tion does not completely cover all three dimensions. Freely adapted with
permission. [88] Copyright 2019, MDPI.

around the pores which tailors the etching rates depending on the position. [86, 91, 95, 96]

Coating the AAO structure with Al2O3 by ALD is an opportunity to decrease the pore
diameter after the anodization. Due to its precise thickness control and self-limiting reac-
tion steps, ALD is well-suited for conformally coating high-aspect ratio structures such as
AAO which is difficult to achieve with other physical or chemical deposition techniques.
Pore-diameter tuning during anodization is possible by adjusting the applied voltage as
the diameter depends linearly on the voltage. [86] In addition, the application of period-
ically pulse-like anodization profiles in voltage (or current) result in the formation of
periodic in-depth diameter modulations. [88, 91, 94, 97] The individual pulse shape during an-
odization is transferred to the pore diameter variation. However, it should be noted that
the exact pore diameter modulation often appears different compared to the applied volt-
age or current profile due to the recovery effect of the barrier layer. [98–101] Caused by
the thicker barrier layer of AAO fabricated in H2C2O4 compared to H2SO4, this recovery
effect becomes more pronounced resulting in distorted pulse shapes and distinct time de-
lays. The diameter variation represents a periodic modification of the dielectric constants
in the third direction not covered by a 2D PhCs. Nevertheless, the periodicity does not
reach the whole third direction because there are regions which are not affected by it (as
seen in Figure 2.7.). Thus, we consider this type of AAO as a 2.5D PhC showing mixed
characteristics of 2D and 3D PhCs. Since the thickness of the porous layer depends on
the anodization time, the diameter modulation periodicity can be tuned by modifying the
pulse periodicity which shifts the PSB position of such 2.5D PhC. [3, 94, 97, 102–107] Accord-
ingly, the PSB position is widely tunable across the whole ultraviolet to infrared range of
the electromagnetic spectrum. [3, 6, 86–88, 91, 94, 95, 97, 106–120]

2D and 2.5D AAO-PhCs can be further modified by ALD coating after anodization.
Apart from the above mentioned approach to narrow the pore diameter, ALD can be used
to conformally deposit functional materials onto the AAO surface. For example, AAO-
PhCs were utilized as template structures for photocatalysts or electrocatalysts deposited
by ALD in the past. [3, 121–132]
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3D: Infiltration of Self-Assembled Particles
A well-established approach for fabricating 3D PhCs is the infiltration of self-assembled
particles followed by removal of the template structure to achieve IOs. [30–32, 42, 84, 85, 133–135]

Methods to self-assemble monodisperse particles into hexagonal-closed packed struc-
tures are frequently reported in literature. They span, for example, from sedimenta-
tion over Langmuir-Blodgett technique and evaporation induced self-assembly to verti-
cal deposition. [84, 85] Such assembled direct opal structures feature voids in-between the
individual particles due to the maximum volume filling fraction of 74 % based on the
hexagonal-close packing of spherical particles. [30] These voids can be infiltrated by an-
other material using wet-chemistry, physical, and chemical deposition methods. [30, 84, 85]

To achieve highly conformal coatings in combination with precise control of the deposited
thickness, ALD is the best suited technique to realize such infiltration. [31, 32, 42, 84, 133] Ad-
ditionally, material accumulation on top of the opal can be circumvented with ALD based
on the precise layer thickness adjustment. Polymer particles are typically applied for the
template structure, because they can easily be removed after the ALD process by burn-
out or wet-chemical treatments dissolving the polymer. [85] However, silica particles have
the advantage of stability against, e.g., temperature or solvents, but are much harder to
remove, i.e., delicate fluorine-based chemistry is required. When the particle template is
removed, a porous IO is obtained as 3D PhC. Its’ PSB position can be independently tuned
by the utilized particle size, the coating material, and the coating thickness. [31, 32, 133–135]

Infiltration of the assembled templates is in principle possible with all existing ALD pro-
cesses offering a variety of coating materials. However, there are limitations regarding
the ALD process types and the compatibility with the template material. For polymer
particles the ALD process temperature has to stay below the polymer’s glass transition
temperature. [42] Moreover, many polymers are not stable to plasma exposures which lim-
its the use of plasma-enhanced ALD. Furthermore, the thermal or chemical treatment of
the ALD-coated structure to remove the template material should not affect the ALD-
grown material. The maximum thickness of the ALD-derived film is defined by the min-
imum volume of the voids in-between the assembled spheres, i.e., the tetrahedral gaps.
Hence, maximum coating thicknesses of 7.7% of the template sphere diameter are re-
ported by Míguez et al. from an experimental study. [136] Taken all these aspects into
account, thermal ALD processes operated at low temperatures are most suitable for the
fabrication of 3D PhCs by ALD infiltration of self-assembled particles.

The desired application and the compatibility of the ALD process with a potential tem-
plate structure determines the material selection for preparing ALD-based PhCs. Due to
the highly porous nature of the 2D, 2.5D, and 3D templates utilized in this thesis, we
apply stop-flow mode for the ALD processes. Metal oxides, namely TiO2, Fe2O3, Al2O3,
and SiO2 are deposited as they offer interesting functional properties. Especially the pho-
tocatalytic properties of TiO2 and Fe2O3 thin films are utilized herein to characterize and
optimize the photocatalytic performance of functionalized PhCs. Moreover, these mate-
rials are combined with other materials by ALD to investigate the effect of integrating
photocatalytic property enhancement concepts for ALD-based photonic structures.
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2.2. Photonic Applications of ALD-grown Materials

In this section, photonic applications of PhCs, that can be prepared with ALD-based meth-
ods, are introduced. First, PSB tuning of PhCs by ALD is explained. Second, the concept
of thermal barrier coatings is presented and the possibility of utilizing ALD to improve
the structures are shown. Third, different light-harvesting applications using PhCs are
presented and finally, photocatalysis as exemplary application in this thesis is discussed
in more detail.

2.2.1. Photonic Stop Band Tuning

Based on the inherently precise thickness control and the layered material deposition,
ALD is well-suited for modifying PhC PSBs. As explained in Section 2.1.3., the PSB po-
sition is determined by the PhC’s structural periodicity and the effective refractive index.
The ALD fabrication of nanolaminates as 1D PhCs has been reported in literature for struc-
tures composed of various material combinations such as hafnium oxide (HfO2)/yttrium
oxide (Y2O3), [137] Al2O3/Y2O3, [138, 139] Al2O3/TiO2, [140–143] Al2O3/tantalum pentoxide
(Ta2O5), [144] Al2O3/zinc oxide (ZnO), [145, 146] TiO2/ZnO), [147] TiO2/SiO2, [142] to name
a few. Adjusting the individual layer thicknesses within the nanolaminates tailors the pe-
riodicity of the layers and hence, tunes the PSB position. Moreover, varying the ratio of
the different materials inside a nanolaminate or changing the type of utilized materials
modifies the effective refractive index of the structure and correspondingly also affects
the PSB position. These tunable parameters allow for finely adjusting the nanolaminate
properties to achieve judiciously designed PSB characteristics of 1D PhCs by ALD. Such
nanolaminates are frequently applied as optical coatings. [137–139, 143, 144, 147] Examples for
optical applications of ALD-grown nanolaminates are Bragg mirrors, narrow bandpass fil-
ters, and antireflective coatings, to name a few. [137, 139, 140, 142, 143]

Similar to tailoring 1D PhCs, ALD can also be utilized to expand the properties of 2D
and 3D PhCs. [148–154] Since these structures are often prepared with porous templates,
ALD renders conformal coating of the PhC structures. Besides widening the PhC prop-
erties by modifying them with functional materials, such additional material layers can
also tune the PSB characteristics by adjusting the PhC’s effective refractive index. For
instance, Yang et al. reported on very precise tailoring of 2D PhC waveguides by ALD
with a resonance wavelength variation of 122 pm per ALD cycle for coating thicknesses
around 17 nm. [151] Furthermore, spectral tuning of the PSB in the visible light range de-
pending on the ALD coating thickness was demonstrated by Sechrist et al. for SiO2 opals
functionalized with Al2O3 as depicted in Figure 2.8. [155]

2.2.2. Thermal Barrier Coatings

Thermal barrier coatings (TBC) are structures added to the surfaces of parts that operate
at high temperatures such as turbines. These material systems should protect the turbine
parts from material damage due to the high temperature. Hence, TBCs have to withstand
these temperatures and serve as thermal insulation layers. [156, 157] They typically consist
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Figure 2.8. Spectral tuning of the PSB characteristics of an inverse opal coated with dif-
ferent Al2O3 thicknesses by ALD. Increasing the coating thickness alters the
structures’ effective refractive index and thus, redshifts the PSB central wave-
length. Adapted with permission. [155] Copyright 2006, American Chemical
Society.

of ceramic materials, for example SiO2, Al2O3, zirconium oxide (ZrO2), or composites of
these materials with further oxides. Many of these materials can be deposited by ALD ren-
dering them very attractive for functionalizing curved parts with TBCs. Moreover, ternary
materials provide additional functionalities, i.e., higher temperature stability, and can be
fabricated by ALD. Not only the material composition but also the geometrical structure
of TBCs can be tuned to improve the thermal insulation properties. Hence, porous struc-
tured TBCs are often applied and PhCs enable further tailoring by selectively reflecting
infrared radiation at the TBC surface and thus, preventing the radiative heating of underly-
ing parts. As described above ALD-based fabrication of IOs renders precise tuning of the
PhC’s PSB properties in combination with a wide range of possible material depositions.
Furthermore, Furlan et al. have shown that IOs composed of mullite can be fabricated
by supercycle ALD and subsequent thermal annealing. [31, 32] The structures feature im-
proved thermal and structural stability rendering them well-suited as TBCs. [31–33]

2.2.3. Light Harvesting Applications

Over the past decades, there has been growing interest in the ability to harness light
for sustainable energy production, environmental remediation, and material synthesis.
Hence, photonic processes are utilized for various applications ranging from photocatal-
ysis and photoelectrochemistry to photothermal processes and photovoltaics, to name a
few. [28, 35, 158–166] In this section, the basic concepts of different photonic applications uti-
lizing PhCs will be shortly discussed. Further, the progress in this field is presented with
a focus on the material and structural advancements achieved by applying ALD as fabrica-
tion technique. Especially tailored material properties allow for enhanced performances
and efficiencies of photonic devices.

Photocatalytic processes use light to drive chemical reactions. Since sunlight can in-
duce these reactions, photocatalysis holds great potential for environmental remediation
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Figure 2.9. Scheme of photonic applications for sustainable energy production and en-
vironmental remediation that could be driven by solar light. This drawing
focuses on the application of AAO-PhCs (here denoted as nanoporous an-
odic alumina photonic crystals, NAA-PCs) as exemplary structures which
could be coated with various materials by ALD to provide functional mate-
rials. Adapted from publication VI.
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and energy conversion. Photocatalysts are typically semiconductors that generate electron-
hole pairs under illumination with light of energy larger than their band gap. The free
charge carriers can then migrate to the photocatalysts surface and induce chemical reac-
tions in compounds which are present in the photocatalysts’ environment. [35, 158, 159, 167, 168]

Nevertheless, photocatalysis faces some limitations for practical applications because the
charge carrier generation and separation is often inefficient or the materials decompose
under the application. [169–171] Thus, various strategies have been developed to improve
photocatalytic performances. In general, they aim at improving light-matter interactions
by geometrical modifications of the photocatalyst or at enhancing light absorption, charge
carrier transport, and separation by tailoring the material.

Photoelectrochemistry (PEC) integrates semiconductors in external electrical circuits
to make use of free charge carriers generated by light-excitation of the material. In de-
tail, PEC systems consist of two separated electrodes, i.e., anode and cathode, which are
exposed to an electrolyte. Application of a potential or current between the electrodes spa-
tially separates the photo-generated charge carriers. [160–162] Both electrons and holes can
induce redox reactions in compounds adsorbed at the electrode surfaces, namely oxidation
reactions induced by holes at the anode, and reduction reactions at the cathode which are
induced by the electrons. As reported for photocatalysis, charge carrier generation and
transport through the material are crucial steps during PEC processes. Therefore, opti-
mization of the electrode materials and their structure are important aspects for advancing
the functional properties of PEC. [160–162]

Photothermal applications utilize the photothermal effect of materials to generate heat
from solar light. In detail, light illumination of materials excites electrons which can re-
lax via non-radiative pathways and generate heat in this process. [163, 164] The produced
heat can be applied in different processes such as water purification, photothermal ma-
nipulators, photothermal catalysis, and photothermal therapy. [37, 163, 172] Despite the fact
that metals present good intrinsic light-to-energy conversion properties, their functional-
ity can be further enhanced by nanostructuring. Additionally, other materials such as
semiconductors strongly benefit from nanostructuring which renders them applicable for
photothermal applications. The size, geometry, and materials of nanostructures determine
their photothermal properties. [163, 164, 172, 173]

Photovoltaics (PV) denotes the conversion of light into electrical energy. It relies on
the photovoltaic effect. [165, 166] Briefly, the PV effect describes light-induced generation
of free charge carrier in a material. The electronic structure of a semiconductor is charac-
terized by a valence band and a conduction band that are separated by a material specific
energy, the so-called band gap. [168] If the semiconductor is illuminated with light, it can
be excited by light energies larger than its band gap. The semiconductor excitation occurs
by absorbing photons resulting in the elevation of electrons from the VB to the CB and si-
multaneously leaves a positively charged hole in the VB. [167] Both, the electron in the CB
and the hole in the VB, are free charge carriers and their separation produces a voltage. PV
systems typically consist of p-n junction semiconductors that are excited to form electron-
hole pairs under light irradiation with energies larger than their band gap energy. The free
electrons and holes then move towards the n-type and p-type region of the semiconductor,
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respectively, according to their charges. Hence, the spatial separation creates a voltage
in the material which can be utilized to drive electrons through a coupled external circuit
to generate electrical energy. [165, 166] Although solar cells are well-established as sustain-
able energy source and are based on PV from sunlight, they face limitations with respect
to their efficiency. Inefficient utilization of sunlight and non-radiative charge carrier re-
combination in the semiconductor are the main causes that limit the performance. Various
approaches have been developed to improve the light absorption, for instance, combining
different materials to widen the absorption spectrum or utilizing advanced geometries to
enhance light-matter interactions. [6, 166]

In conclusion, photonic light-harvesting applications require customized materials and
structures to further enhance their functional properties. ALD-based fabrication approach-
es offer the ability to precisely engineer the composition, thickness, and surface properties
of materials in combination with the possibility to conformally coat complex geometries.
Hence, they are often used for fabricating photonic materials and structures as summa-
rized in several review articles. [34–39, 164, 173, 174] Photocatalysis is chosen as exemplary
photonic application in this thesis and thus, the basic principles and approaches to im-
prove material performance for photocatalysis are discussed in more detail in the next
section.

2.2.4. Strategies for Performance Enhancement of

Photocatalysts

The term photocatalysis describes light-induced chemical reactions. [167] This process
type was first reported by Fujishima et al. in 1972. [175] Since then, different defini-
tions of the term have been given referring to the ability of photons to induce reactions.
Since the photons themselves are "consumed" during the reaction, they cannot be con-
sidered as a classical catalyst. Instead, they help to start the photocatalytic reactions
which can occur within one phase (homogeneous) or at the border of two or more phases
(heterogeneous). [158, 159, 167, 168] For example, reactions induced in a liquid medium by
a solid catalyst are classified as heterogeneous reactions. Moreover, there are different
photocatalytic pathways, namely catalyzed or sensitized photoreactions and both are typ-
ically referred to as heterogeneous photocatalysis which will be further discussed in this
chapter. [168] Specifically, a short overview of the steps in a photocatalytic reaction is
given, followed by the explanation of several strategies for enhancing photocatalytic ac-
tivities.

Irradiating a phototocatalytic active material – also called photocatalyt – with light is
a crucial step for prompting photocatalytic reactions. Photocatalysts are typically semi-
conductors featuring electronic band gaps in the UV to visible spectral range. [167, 168]

Both types of photo-generated free charge carriers, i.e., electrons and holes, possess the
ability to induce chemical reactions due to their reductive (electrons) or oxidative (holes)
properties. Free charge carriers generated in a solid photocatalyst can move within the
material. In heterogeneous photocatalysis, the photocatalyst is in contact with the sur-
rounding medium, i.e., a liquid or a gas. When a free charge carrier reaches the interface
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Figure 2.10. Illustration of light-induced excitation and possible subsequent processes in
a semiconductor photocatalyst. (i) Irradiating a semiconductor with light of
energies larger than the semiconductors’ band gap. (II) Absorbing the light
excites an electron (e-) and a hole (h+) to the conduction band (CB) and va-
lence band (VB) of the semiconductor, respectively. (III) The free charge
carriers can migrate towards the photocatalyst/electrolyte interface. (IV) Al-
ternatively, electrons and holes could recombine. (V) Free charge carriers
at the photocatalysts’ surface can induce redox reactions in compounds ad-
sorbed at the photocatalyst surface. Electrons reduce adsorbed species while
holes oxides species adsorbed at the interface.

between the photocatalyst and its surrounding, it can induce chemical reactions. For in-
stance, they can facilitate the decomposition of organic compounds to carbon dioxide and
water, the conversion of biomass to hydrogen, or the photoreduction of toxic heavy metal
ions. [168, 176] However, there are alternative processes which can occur to the charge carri-
ers before they reach the surface. Recombination of photo-generated electrons and holes
is a common drawback in photocatalysis as these recombined charge carriers cannot con-
tribute to the photocatalytic reaction. A high recombination probability of charge carriers
in a material is also reflected as short carrier diffusion length. Different strategies have
been developed to prevent such recombination events, for example spatial separation of
the charge carriers, and will further be discussed in the following. According to the utiliza-
tion of light to induce chemical reactions, photocatalysis is considered a green technology
with the ability to realize sustainable pathways for chemical production, decomposition,
and recycling. [177–179] A plethora of ALD-grown materials are reported for application in
photocatalysis such as TiO2, ZnO, Fe2O3, or platinum, to name a few. [180–182]

Most heterogeneous photocatalysis reactions occur via the Langmuir-Hinshelwood
mechanism. The kinetics are briefly explained here and a more detailed description is
given in the Appendix.

For photocatalytic degradation of organic molecules in an aqueous environment, water
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is typically the second reactant. Since it is present in large amounts in aqueous solutions,
its concentration decline due to the photocatalytic reaction is negligible and a constant
concentration is assumed. Since the molecule degradation is based on the excitation of
the organic compound, the process only depends on the compounds’ concentration c and
thus, is a first order process. [183, 184] Langmuir-Hinshelwood kinetics assume a mono-
layer adsorption of the analyte molecules and an adsorption-desorption equilibrium of
these molecules at the photocatalyst surface before starting the photocatalytic reaction.
Since diluted solutions with concentrations much smaller than 10-3 mol l-1 are typically
analyzed for organic compound decomposition, the rate equation simplifies to a pseudo
first-order kinetics as shown in Equation 2.9. [183–186]

− dc
dt

= κ ·K · c = k · c (2.9)

Here, c denotes the dye concentration, t is the time, k represents the apparent rate constant,
which is the product of the reaction rate constant κ and the adsorption coefficient K.

Although photocatalysis offers great potential for different areas such as water purifi-
cation, energy production, and synthetic chemistry, it also faces major challenges which
limit the practical applicability up to now. [169] For example, TiO2 as the benchmark pho-
tocatalyst features a band gap in the UV range and thus, can only utilize less than 10 %
of the solar spectrum. [169, 187] Visible light active photocatalysts often suffer from inef-
ficient charge carrier generation or separation. [170, 171] Nevertheless, several approaches
have been developed that aim to improve the performance of photocatalysts. [171, 177, 188]

The concepts and benefits of these techniques are presented in the next section. Herein,
only methods which could potentially be combined with PhC photocatalysts and ALD are
introduced, namely nanostructuring, utilization of the slow photon effect, semiconductor
band gap modifications, formation of semiconductor heterostructures, combination with
co-catalysts, and application of plasmonic materials. The basic concepts of these ap-
proaches are briefly explained in the following but the reader is referred to review articles
for a detailed description. [28, 29, 158, 169, 171, 176–179, 188–191] Possibilities for utilizing ALD
to apply the different approaches are shortly presented. Note, the mentioned ALD-grown
materials serve as examples for the respective strategy and they do not resemble a com-
plete overview of literature.

Nanostructuring
Reducing the size of photocatalysts to the nanoscale enables new functionalities. First,
the size reduction corresponds to an increase of the structures’ surface-to-volume ra-
tio. [159, 192] A surface-to-volume ratio increase is especially interesting for photocatalysis
as the reactions occur at the surface of the material. Correspondingly, more surface sites
are available for photocatalytic reactions of nanostructured photocatalysts compared to
their bulk counterparts of the same material volume rendering the photocatalytic process
more efficient with respect to the utilized material amount. Second, nanostructuring of-
fers a variety of possible geometries and dimensions of the nanostructures such as 0D
nanoparticles, 1D nanotubes, nanowires, and nanorods, 2D nanosheets and thin films, and
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3D nanostructures composed of nanometer-sized building blocks. [171, 177, 193, 194] Since
each of these geometries is related to certain properties, the nanostructure can be tailored
for the specific application. For photocatalysis, typical nanostructures include nanoparti-
cles, nanowires, and porous 3D nanostructures such as assembled particles. In that sense,
PhCs are a specific example of nanostructures with their periodically alternating materi-
als. Third, nanostructuring of materials is often accompanied by the appearance of new
functionalities or modifications of their properties. For instance, quantum confinement
effects alter the electronic properties of materials and arise when the structure size is re-
duced to a few nanometers, i.e., the size becomes in the order of the electrons’ de Broglie
wavelength. [192–194] One of the most famous examples is the size quantization effect in
nanoparticles leading to the formation of an electronic band gap in particles composed
of materials that feature metallic properties in bulk such as gold. [192, 195–197] For both,
bulk metallic materials and semiconductors, the band gap widens for nanoparticles with
decreasing particle size due to the increasing confinement. Hence, the light absorption
wavelength is determined by the nanoparticle size. Fourth, nanostructuring can improve
light trapping inside the structure because of increased light scattering which is beneficial
for photocatalysis to make efficient use of the solar light. [177] In total, nanostructuring
presents a method to tailor the material’s properties for the desired application and hence,
can improve the performance of photocatalysts. ALD is well-suited to functionalize the
high surface area nanostructures based on the conformal material deposition. For instance,
ALD has been applied to modify nanoparticles, nanowires, nanorods, or nanotubes which
could be applied photocatalytic applications. [180–182] Further, 2D nanostructure photocat-
alysts can be directly prepared by ALD on planar substrates and also ALD-modified 3D
nanostructure photocatalysts are reported in literature. [180, 181]

Slow photon effect
Based on the increased interaction probability between light with wavelengths of the PSB
edges and the PhC material, the slow photon effect can be used for photocatalytic pro-
cesses. Note, both PSB edges, i.e., the blue and the red edge, can be utilized to benefit
from the slow photon effect-based enhancement of the photocatalytic properties. For this,
two different approaches are reported in literature. On the one hand, a PSB edge is either
matched to the absorption of the chemical which should be decomposed by photocatalytic
reactions. On the other hand, a PSB edge is aligned with the band gap of a semiconduc-
tor photocatalyst as schematically depicted in Figure 2.11. [28–30] The former approach
is often reported for AAO-PhCs which are used to degrade dye molecules as model pol-
lutants of water. [3, 104, 116, 198] Dye molecules adsorbed at the photocatalysts’ surface get
excited by the incoming light. The probability of this process can be enhanced by the
slow photon effect. The generated charge carriers are then transferred to the photocatalyst
where they can induce further reactions. Efficient photocatalytic activity enhancement is
reported for degrading specific components. Nevertheless, the activity is not improved
when the same PhC structure is applied for decomposing other chemicals because the
PSB edge is no longer aligned with the absorption of the chemical. Hence, the slow pho-
ton effect could not be used to improve the photocatalytic performance at other than the
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Figure 2.11. Scheme of aligning the PSB position of a PhC to a semiconductor photocat-
alyst band edge or a dye as example chemical to be degraded in a photocat-
alytic process. Light-matter interactions in the PhC structure are increased
at the blue and red edge of the PSB based on the slow photon effect. Overlap-
ping a PSB edge with the absorption maximum of a dye which should be pho-
tocatalytically decomposed increases excitation of the dye (upper right) and
thus, is only specific for this compound. Matching a PSB edge to the semi-
conductor band edge facilitates the excitation of the semiconductor (lower
right) and consequently, is independent of the compound that should be de-
graded. For the sake of clarity, the blue and red edges were schematically
aligned to the SC and the dye, respectively, to illustrate both approaches in
one figure. Adapted from publication VI.

targeted compound. [3, 104, 116, 198] Contrary, aligning a PSB edge to the band gap of a semi-
conductor photocatalyst allows for a general performance enhancement unspecific of the
chemicals decomposed in the photocatalytic reaction. [28–30, 199] In this case, the slow pho-
ton effect improves the charge carrier generation directly inside the semiconductor. This
alignment to the PhC’s material has been demonstrated several times for IO PhCs con-
sisting of various photocatalyst materials such as TiO2, ZnO, Fe2O3, or tungsten oxide
but not for AAO-PhCs before this thesis. [30, 78, 89, 170, 200, 201] Moreover, ALD was applied
to conformally coat thin film photocatalysts onto IO templates for utilization of the slow
photon effect. [78, 202–207]

Semiconductor band gap modification
Modifying the band gap of semiconductor photocatalysts can boost their photocatalytic
performance by expanding the utilized light range as summarized in several review arti-
cles. [89, 158, 169, 171, 176, 178, 179, 183, 189, 191, 192] Since the band gap defines the light absorp-
tion by the materials, it can also limit the applicability of certain materials for photo-
catalysis when the band gap does not match well to the solar light spectrum. The most
prominent example is TiO2 which features very good photocatalytic properties but suffers
from its wide band gap between 3.0 and 3.3 eV that makes use of only 5-10% of the
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sunlight spectrum. [187] Nevertheless, the band gap of semiconductors can be altered by
targeted modifications, i.e., doping to enable more efficient utilization of the solar light.
Doping the structures with foreign elements creates local defects in the material, which
serve as trap states for the charge carriers. Thus, it narrows the materials’ band gap due
to localized energy states within the band gap which tunes the light absorption by the
structure. [171, 178] The fabrication method of doped semiconductors determines whether
the dopant atoms are homogeneously distributed in the material or the material resembles
a delta-doped structure. As explained above, ALD is well-suited for fabricating delta-
doped thin films and thus, doped photocatalysts prepared by ALD are frequently reported
in literature. [181] For example, utilization of aluminum as dopant for TiO2 or ZnO is a
common strategies to tune the materials’ band gaps towards the visible light region. [181]

Semiconductor heterostructures
Semiconductor heterostructures composed of at least two different semiconductors can
facilitate the separation of photo-generated charge carriers inside the structure. Based
on the CB and VB edge positions of the semiconductors in contact, different types of
heterojunctions are distinguished, which determine the migration of charge carriers (Fig-
ure 2.12.). [89, 169, 171, 177] Type I heterojunctions localize both charge carrier types, i.e.,
electrons in the CB and holes in the VB, in one component. In type II heterojunctions,
electrons migrate towards one semiconductor and holes move to the other one. Thus, this
type is very efficient for spatially separating photo-generated charge carriers, which is
a crucial prerequisite in photocatalysis to prevent their recombination. Type III hetero-
junctions are also known as broken gap junctions because the band gaps of the individual
components do not overlap. Charge carriers at the material interface are usually not trans-
ferred to the other material but could potentially recombine at the interface. Hence, oxi-
dation and reduction reactions occur at the semiconductor with the remaining holes and
electrons, respectively. [178, 188, 191] Based on the material variety and the cyclic nature of
ALD, semiconductor heterostructures can be easily prepared by ALD. [181] With regard
to photocatalytic applications, heterostructures reported in literature consist, for example
of tin dioxide/titanium dioxide or zinc oxide/titanium dioxide. [208, 209]

Co-catalysts
Co-catalysts are additional materials which are combined with the semiconductor photo-
catalyst and can aid in the light absorption required for the photocatalytic reactions. [177, 188]

Further, they could improve the charge carrier separation when they act as electron or
hole acceptors and thus, limit the recombination. [177, 188] Co-catalysts can also directly
take part in the photocatalytic reactions by providing additional reaction sites for certain
compounds. [188] Deposition of co-catalysts by ALD has also been demonstrated. [180, 182]

Plasmonic nanostructures
Plasmonic nanostructures can contribute to photocatalytic performance enhancements
based on their unique light harvesting properties. [177, 210, 211] They feature localized sur-
face plasmon resonances (LSPRs) which are defined as collective oscillations of the struc-
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2. Background

Figure 2.12. Different types of semiconductor heterojunctions depending on the CB and
VB alignment. (a) Type I heterojunctions facilitate the charge transfer to
semiconductor (SC) 1, (b) type II structures promote the charge separation
by directing the holes to SC1 and the electrons to SC2, and (c) type III
heterojunctions could separate electrons and holes but also render charge
carrier recombination at the material interface.

ture’s conduction electrons. These oscillations can be excited by irradiating the structures
with wavelengths of the LSPR. The LSPRs cause high electric fields at the nanostructure
surface and can be utilized to increase light absorption when a plasmonic material is at-
tached to a photocatalyst or serves as photocatalyst itself. The charge carriers included
in a LSPR possess high energies. Thus, they are often referred to as hot electrons or hot
holes. These hot charge carriers can be injected into the CB (electrons) or VB (holes) of
the photocatalyst and can then initiate reactions at the surface. In this way, they provide
an additional pathway to generate charge carriers in the photocatalyst which are required
for the photocatalytic reactions. [177, 178, 210] On the one hand, ALD was applied in previ-
ous publications to directly fabricate plasmonic materials for photocatalytic application
such as platinum or palladium. [19, 20, 180, 182, 212] On the other hand, ALD has often been
used to overcoat previously prepared plasmonic nanoparticles with thin layers of TiO2 or
aluminum oxide as photocatalyst or protection layer, respectively. [180, 182, 204]

30



1D Photonic Structures:

Nanolaminates 3
Multilayers of different materials resemble 1D PhCs. They can tune light-matter inter-
actions rendering them very attractive for optics, thermal barrier coatings, and photo-
catalytic applications. Doping a semiconductor with another element modifies its band
gap which can extend the utilized light spectrum. Multilayering and doping of mate-
rials are effective strategies to modify the crystallization behavior of certain materials,
for example, to shift phase transitions which occur during thermal treatments at higher
temperatures. [142, 213–221] Since the photonic properties of anatase TiO2 and amorphous
TiO2 differ, it is important to gain precise knowledge of the phase transition conditions.
Silicon dioxide (SiO2) is an interesting candidate for combining it with TiO2 because of
the high refractive index difference of both materials, and the high chemical as well as
mechanical stability similar to TiO2. In publication I, different SiO2-incorporated TiO2

thin films are fabricated by supercycle ALD processes and their structural evolution upon
thermal annealing is systematically studied with a combination of in situ and ex situ char-
acterization techniques.

Prior to investigating the crystallization behavior of SiO2-incorporated TiO2 thin films,
we conducted quartz crystal microbalance (QCM) measurements of the supercycle ALD
processes. Mass uptake by physisorption or chemisorption alters the resonance frequency
of the quartz crystal used in the QCM measurements. Hence, the frequency change over
time can be related to the individual steps in an ALD cycle (precursor pulse, exposure,
purge) and how subsequent processes affect each other. The QCM study was performed
to ensure compatibility of the TiO2 and SiO2 ALD processes applied in this work, be-
cause initial growth inhibition during supercycle ALD approaches can occur as previ-
ously reported for different material combinations, e.g., TiO2 with Al2O3 and Al2O3 with
ZnO. [222, 223] Specifically, we combined SiO2 deposition from tris(dimethylamino)silane
(TDMAS) and ozone (O3) with TiO2 deposition from titanium tetraisopropoxide (TTIP)
and either O3 or H2O as oxygen precursor for the TiO2 growth. Details about the ALD
process parameters are given in the Appendix. TiO2-SiO2 multilayers are prepared by
applying three supercycles each consisting of 10 cycles TiO2 deposition and 10 cycles
SiO2 deposition. H2O and O3 as precursors for TiO2 growth were tested in two separate
supercycle processes. The QCM measurements demonstrate that the oxygen precursor
for TiO2 deposition determines the initial material growth of SiO2 when changing from
TiO2 to SiO2 as depicted in Figure 3.1.

Utilization of H2O results in a high TTIP uptake in the first cycle as indicated by the
high frequency change. Afterwards, QCM frequency change per cycle decreases succes-
sively until constant values are obtained from the seventh cycle onward (Figure 3.1.(a)).
The high initial frequency per cycle change compared to the steady-state is caused by
growth inhibition in the following cycles due to isopropyl alcohol (IPA) as by-product.
The surface of the quartz crystal is typically terminated with hydroxy-groups (OH-groups).
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TTIP molecules physisorb at these groups and react with them resulting in the formation
of Ti-O bonds with release of an IPA molecule per reacted isopropyl chain. IPA molecules
as by-products should be removed during the purge step of the ALD half-reaction. How-
ever, it was shown by Reinke et al. that some isopropyl groups do not react with water
molecules. [224] These unreacted groups adsorbed at the substrates’ surface block surface
sites for further reactions. Hence, adsorbed IPA groups partially inhibit the growth of
TiO2 resulting in a lower frequency per cycle variation than in the first cycle. [222, 224, 225]

Saturation of the frequency change per cycle after a certain cycle number (Figure 3.1.
upper right) represents stable growth conditions under consideration of the intrinsic in-
hibition by isopropyl groups. Application of the first TDMAS half-reaction results in
a negative frequency per cycle change which resembles removal of previously bound
species from the surface. [223] This could be caused by the reaction of isopropyl groups as
residues from the last TiO2 cycles with TDMAS molecules. Such loss of atoms causes a
mass decrease measured by the QCM and hence, a negative frequency per cycle change.
Moreover, the O3 half-reaction might also contribute to the removal or decomposition of
isopropyl species at the surface based on the oxidizing properties of O3. In the second
SiO2 ALD cycle, the frequency per cycle change is positive indicating that material is
deposited at the QCM surface in this cycle. To be able to draw a more precise conclusion
for the reaction mechanism, the individual half-reactions would need to be analyzed in
detail which was below the detection limit with the QCM parameters utilized herein. The
following TiO2 and SiO2 deposition sequences show in general the same structure as de-
scribed for the first supercycle: TiO2 growth starts with a high initial frequency per cycle
change which is then decreasing and followed by saturation to reach stable values after
three cycles. SiO2 deposition is characterized by a negative frequency per cycle change
in the first cycle, then the frequency change increases, and afterwards, stable growth rates
are observed.

In contrast to H2O-based TiO2 deposition, TiO2-SiO2 supercycle processes using O3

as oxygen precursor for TiO2 always show positive frequency per cycle changes (Fig-
ure 3.1.(b)) – even (if small) for the first SiO2 ALD cycle after TiO2 deposition. The
reaction of TTIP with O3 results in direct removal of the isopropoxide chains and forma-
tion of Ti-O bonds based on the oxidizing properties of O3. Hence, no IPA molecules are
formed that could block surface sites for further reactions. [225] Correspondingly, the TiO2

surface is terminated by oxygen atoms after an ALD half-cycle and TDMAS molecules
pulsed in the first SiO2 cycle of a supercycle immediately react with oxygen atoms chem-
ically bound to the substrate. The positive frequency per cycle change indicates that
material growth occurs within all cycles of a TiO2-SiO2 supercycle. The different lower
initial frequency per cycle change for depositing SiO2 on TiO2 compared to the following
SiO2 cycles is probably caused by different deposition characteristics on the underlying
surfaces as similarly reported by Wiegand et al. for Al2O3 deposition on TiO2. [222] Note,
the growth rate of TiO2 from O3 is lower (0.30 Å) than for TiO2 deposition with H2O
(0.38 Å) but the frequency per cycle change is in a similar range. Based on the results
from the QCM study, O3 was chosen as oxygen precursor for TiO2 ALD process for
supercycle ALD process utilized in the following part of this section to ensure constant

32



Figure 3.1. QCM study of TiO2-SiO2 multilayer deposition processes utilizing different
oxygen precursors for the TiO2 growth. A supercycle consists of 10 cycles
TiO2 deposition and 10 cycles SiO2 deposition and is repeated three times.
The frequency change during the whole deposition process is depicted on
the upper left for each precursor combination. Close-ups on the data of the
frequency change are displayed for the first and second TiO2-SiO2 supercy-
cles on the lower left and lower right, respectively. The frequency per cycle
change is shown on the upper right and indicates whether material is added or
removed in a single cycle, i.e., a positive or a negative value. (a) Application
of H2O as oxygen precursor for TiO2 results in etching of the material in the
respective first SiO2 cycle within of a supercycle which is characterized by
a negative frequency change ∆f per cycle. (b) Continuous material growth is
observed when O3 is used as precursor for the TiO2 layers.
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material deposition. Besides TiO2-SiO2 multilayers, a positive initial frequency per cycle
is especially important for the fabrication of SiO2 delta-doped TiO2 thin films by ALD
because this approach introduces only a single SiO2 ALD cycle in between TiO2 cycles.

Modifying the Crystallization Properties of Titanium

Dioxide by Incorporating Silicon Dioxide (Publication I)

Assessment of the crystallization behavior and the structural properties of SiO2-incorpo-
rated TiO2 thin films, i.e., multilayers and delta-doped structures produced by supercycle
ALD (Figure 3.2.), reveals a dependence of the crystallization temperature (Tcr) on the
TiO2 layer thickness and the incorporated SiO2 content.

ALD-grown TiO2 layers are amorphous after the fabrication. Crystallization into
anatase can be induced by thermal treatments. Herein, in situ X-ray diffraction (XRD)
measurements demonstrate an increase of Tcr with decreasing TiO2 thickness in TiO2-
SiO2 multilayers (Figure 3.3.). The in situ XRD patterns (left column in Figure 3.3.(a))
depict the appearance of the anatase (101) peak at 25.7° while less intense anatase peaks
are also visible in the ex situ XRD patterns (right column). Reducing the TiO2 thickness
from 50 nm to 4 nm raises the crystallization temperature non-linearly from 405 °C to
475 °C (Figure 3.4.(a)). A reduction of the TiO2 thickness in the TiO2-SiO2 multilay-
ers increases the interface area-to-volume ratio of these layers. Thus, the interfaces pro-
gressively dominate the properties of the TiO2 layers. [218, 221] The ex situ XRD patterns
reveal crystallite sizes in the same order as the TiO2 film thicknesses for layers thinner
than 25 nm caused by the confinement in the multilayers. Increase of the number of TiO2-
SiO2 interfaces by raised supercycle numbers further strengthens the effect of material
interfaces onto the multilayers’ properties. All samples crystallize only to anatase phase
and no further phase transition to rutile or brookite is observed.

Thermal annealing does not significantly change the structure of TiO2-SiO2 multilay-
ers. X-ray reflectometry (XRR) patterns demonstrate slight thickness reduction caused
by the atom rearrangement due to the phase transition. Note, the XRR patterns are not
displayed in this section but can be found in the original manuscript I. Moreover, the
data indicates a slight roughening of the material interfaces and the surface, which also
appears in cross-section transmission electron microscopy (TEM) images as depicted in
Figure 3.4.(b). The TEM micrographs also confirm the crystallization of the TiO2 layers
into polycrystalline films while the SiO2 layers remain amorphous after annealing.

Doping TiO2 with SiO2 by supercycle ALD processes presents another possibility to
tailor the crystallization temperature of TiO2 thin films. For a constant total film thick-
ness, Tcr from amorphous TiO2 to anatase increases with increasing SiO2 content. The
sub-monolayers of SiO2 introduced by single ALD cycles in the supercycle process form
material defects in the TiO2 films. These defects hinder the crystallization due to addi-
tional interface energies. Thus, increment of the SiO2 content shifts the crystallization
onset to higher temperatures. For example, pure TiO2 thin films feature a Tcr of 420 °C
which raises to 485°C for 10% SiO2 content (Figure 3.5.(a)). As observed for the multi-
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Figure 3.2. Fabrication of SiO2-incorporated TiO2 thin films by supercycle ALD. (a) The
supercycles combine a cycles of TiO2 deposition from TTIP and O3 as precur-
sors with b cycles of SiO2 utilizing TDMAS and O3. Supercycles are repeated
n times to achieve the desired material thickness. (b) TiO2-SiO2 multilayers
are fabricated directly onto a p-doped Si wafer covered with a native SiO2
layer by applying the individual cycle numbers and supercycle number given
in the table. The total thickness of the multilayer structure is fixed at 100 nm.
(c) SiO2-doped TiO2 thin films of 30 nm thickness are deposited by alternat-
ing TiO2 cycles with a single cycle of SiO2. The TiO2 and supercycle num-
bers are adjusted according to the desired SiO2 content. Note that 100 nm
Al2O3 and 20 cycles of TiO2 are applied before starting the supercycle to
eliminate influences from the Si substrate. Adapted from publication I.

layers, crystallization results only in anatase TiO2. SiO2 doping also tunes the materials’
refractive index due to the different refractive indices of both individual materials. [213, 226]

Specifically, the refractive index of a SiO2 delta-doped TiO2 thin film decreases with in-
creasing SiO2 content. Furthermore, thermal annealing leads to a refractive index increase
based on the different crystallographic phase of TiO2. [213, 226] XRR patterns reveal that
the film thickness remains almost constant upon annealing and suggest a roughening of
the films’ surface which is confirmed by atomic force microscopy (AFM) images.

Not only the SiO2 incorporation into TiO2 thin films affects the crystallization behavior
but also the underlying substrate. Utilization of a silicon wafer with the native silicon
dioxide layer as substrate results in a lower Tcr of 405 °C and 380 °C for the ALD-grown
TiO2-SiO2 bilayer and a 45 nm TiO2 thin film, respectively, than a wafer coated with
100 nm Al2O3 before the TiO2 deposition (420 °C). This difference of Tcr for pure TiO2

films is caused by the different interface energies between the titania layer and SiO2 or
Al2O3 as substrate material. [221]

To sum up, incorporation of SiO2 into TiO2 thin films by supercycle ALD processes al-
lows for increasing the crystallization temperature depending on the material composition.
Such behavior is already reported by existing publications utilizing TiO2-SiO2 multilayers
or homogeneously SiO2-doped TiO2 . [214–216, 218, 219, 221, 227–233] However, the crystalliza-
tion behavior is only analyzed with ex situ characterization techniques in these reports.
Note, in situ characterization as presented herein is required to precisely determine the
crystallization temperature. The composition-dependent crystallization behavior enables
customized adjustment of the material system and the applied annealing conditions for
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Figure 3.3. The TiO2 crystallization behavior in TiO2-SiO2 multilayers depends on the
TiO2 layer thickness and the supercycle number for a constant total thickness.
In situ (left) and ex situ (right) XRD patterns demonstrate the crystalllization
to anatase phase A and the crystallization temperature is marked by the grey
line in the in situ patterns. TiO2-SiO2 ratios of 1:1 (a-c) and 1:4 (d-f) are
utilized and TiO2 layer thicknesses of (a) 50 nm, (b) 10 nm, (c) 5 nm, (d)
20 nm, (e) 4 nm, and (f) 2 nm are studied. Freely adapted from publication I.
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Figure 3.4. (a) The crystallization temperature Tcr decreases non-linearly with increasing
TiO2 thickness in TiO2-SiO2 multilayers. (b-d) cross-section TEM images
of different multilayers before and after thermal annealing. The higher mag-
nified high resolution TEM images in (c) reveal the amorphous TiO2 phase
before annealing and crystal lattices after annealing. Freely adapted from pub-
lication I.

Figure 3.5. (a) Increasing the SiO2 content in SiO2-doped TiO2 thin films raises the crys-
tallization temperature Tcr. (b) The refractive index of the doped TiO2 film
nTiO2 decreases with increasing SiO2 content based on the lower refractive
index of SiO2 than TiO2. The refractive index for all film compositions is
increased after thermal annealing. Freely adapted from publication I.
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the desired application, since crystallization can be induced or prevented by tuning these
parameters. Induction of the crystallization could, for example, be important for photo-
catalytic applications because anatase typically features a higher phototcatalytic activity
than amorphous TiO2. [234] Since low concentration SiO2-doping of TiO2 tailors the ma-
terials’ band gap to lower energies, it could allow for more efficient charge carrier gener-
ation under solar light irradiation. [235–237] Nevertheless, to obtain anatase phase in such
doped TiO2 films, it is crucial to know about the influences on Tcr. In contrast to initi-
ating the crystallization, some application require amorphous films as those as-prepared
by ALD. Necessity of amorphous films is often reported for optical mirrors consisting
of different multilayered metal oxides with ultra-smooth interfaces to reduce the losses
within the structure. [227, 238, 239] As these devices are typically exposed to thermal treat-
ments during their fabrication, a raised crystallization temperature in delta-doped or mul-
tilayer thin films presents a strategy to keep the TiO2 layers in amorphous state while
optical properties remain almost constant. Previous reports of TiO2-SiO2 multilayers
and SiO2-doped TiO2 thin films utilized sol-gel chemistry, [214, 216, 230–232] wet-chemical
synthesis, [233] sputtering, [219, 228] CVD, [215, 229] and PVD [218, 221, 227] to grow the struc-
tures. These techniques work well for planar substrates but the applicability to other tem-
plates is limited due to non-conformal coating of complex substrates and/or less control of
the deposited film thickness. In contrast, ALD offers the unique advantage of conformal
material growth on all substrate geometries based on the self-limiting reactions. Hence,
the supercycle ALD processes presented herein to fabricate SiO2-incorporated TiO2 thin
films could be easily transferred to complex substrate shapes. For the samples studied in
this work, structural properties remain intact during thermal annealing and only slight vari-
ations in film thickness, interface roughness, and surface roughness of SiO2-incorporated
TiO2 are provoked by the TiO2 crystallization.
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Functionalized Anodic Aluminum

Oxide 4
Depositing photocatalyst materials onto nanostructured templates requires chemical sta-
bility of the templates during both the functionalization process and the photocatalytic
measurements. Otherwise, degradation of the template material over time could overlay
with the evolution of the photocataylsts’ functional properties. Consequently, the photo-
catalytic properties of the functional material cannot be unambiguously identified. In the
first section of this chapter, the results from publication II are summarized. We investigate
the influence of different post-anodization modifications of the AAO and ALD coating on
the photocatalytic performances. These properties are studied by photocatalytic dye degra-
dation and X-ray photoelectron spectroscopy of the AAO surfaces. The second section
illustrates how ALD-grown TiO2 thin films improve the photocatalytic activity of AAO-
PhCs whose PSB edge is aligned to the dye being degraded (publication III). This study
utilized the slow photon effect to boost the photocatalytic performance of the TiO2-coated
AAO-PhCs. Further, an influence of the TiO2 thickness on the performance is shown and
the degradation mechanism of the dye (methylene blue) is discussed. A more general ap-
proach for enhancing the photocatalytic activity of AAO-PhCs is presented in Section 4.3
with the key findings of publication IV. Here, a PSB edge of the PhC structure is tailored
to the band gap of Fe2O3 which is used as an example photocatalyst in this work. The
photocatalytic performance is significantly increased for degrading various dyes when the
PSB blue edge overlaps with the Fe2O3 band gap due to the slow photon effect. Further-
more, optimization of the Fe2O3 film thickness is essential to allow for the maximum
photocatalytic activity which is affected by charge carrier dynamics inside the film and
mass transport of molecules within the pores of the AAO template. Additionally, we show
that an ultra-thin Al2O3 protection layer deposited by ALD can effectively avoid photocor-
rosion of Fe2O3. Thus, the performance of Fe2O3-AAO-PhCs is stabilized over multiple
measurements. The fourth section presents another approach to enhance photocatalysis
efficiencies by improving the separation of charge carriers within the photocatalyst. This
can be realized, for example, by creating Fe2O3-based heterostructures of materials lead-
ing to electronic band gap alignment at the interface. Such semiconductor heterojunction
at their interface affects the migration of photo-generated charge carriers. The photo-
catalytic performance of Fe2O3-based heterostructures with different ALD-grown metal
oxides is assessed. Not only the influence of the type of the second material, but also
their sequence (Fe2O3 at the top or at the bottom) is investigated to optimize the charge
carrier transport within the heterostructures. For this study, the materials are deposited
onto AAO structures consisting of straight pores as nanoporous templates to increase the
available surface area compared to planar substrates.

39



4. 2D and 2.5D Photonic Structures: Functionalized Anodic Aluminum Oxide

4.1. Post-anodization Modification of Anodic

Aluminum Oxide to Generate Chemically Stable

Templates (Publication II)

AAO structures are frequently used as templates for coating them with functional ma-
terials for application in sensing, energy storage, electronics, (photo)catalysis, and op-
tics. [86, 87, 92, 94, 240] Due to the high surface area of AAO and the wide tunability of the
nanostructure’s geometrical dimensions, these templates are very attractive for studying
material properties. In general, AAO samples consist of Al2O3 produced by electrochem-
ical anodization of aluminum and feature hydroxy-groups (OH-groups) at the surface. [87]

However, electrolyte ions from the acid utilized for the anodization get incorporated into
the structure during the fabrication process. Oxygen vacancies in the AAO are also re-
ported to origin from the fabrication. [96, 241–244] Hence, when AAO structures are applied
as templates in photocatalysis, these defects could potentially cause overlapping with the
properties of the functional materials in photocatalysis performance tests. Furthermore,
the electrolyte species could take part in reactions occurring either during functionaliza-
tion of AAO templates with a photocatalyst or during the photocatalysis measurements
themselves because they are incorporated into the structure without necessarily being
strongly bound. To identify and in the best case to avoid such uncontrollable, compet-
ing effects in the later characterization of semiconductor photocatalysts deposited onto
AAO templates, we studied the influence of post-anodization modifications of AAO on
their photocatalytic properties. In detail, two different treatments – namely immersion
in hydrogen peroxide (H2O2) and phosphoric acid (H3PO4) – are compared to an as-
prepared template structure. These modifications are applied to AAO structures prior
to functionalization with TiO2 or Fe2O3 as photocatalysts by ALD. Note, two different
photocatalysts are chosen for two reasons: First, to establish reference measurements for
AAO structures coated with these materials, which is important for further investigation
and possible performance optimization of these materials in later experiments. Second,
TiO2 is chosen as a chemically very stable material which is not expected to be signifi-
cantly influenced by alterations of the substrate’s surface chemistry and the repetition of
photocatalytic activity measurement. [245] Contrary, Fe2O3 is known to be less stable and
can easily react with various functional groups which could affect its photocatalytic prop-
erties. Photocatalytic dye degradation measurements of these post-anodization modified
and ALD-functionalized AAO structures reveal stable performances over three consecu-
tive measurements for TiO2 coated samples independent of the surface treatment while
the performance stability for Fe2O3 coated structures is determined by the surface mod-
ification (Figure 4.1.). Based on the high chemical stability of TiO2 and the constant
degradation rate revealed in consecutive measurements, [245] we conclude that the pho-
tocatalyst is not affected by the post-anodization modification. However, Fe2O3 as less
stable photocatalyst is sensitive to the surface modification. AAO structures function-
alized with Fe2O3 exhibit stable photocatalytic activities over three measurements only
when the templates were immersed into H2O2 or H3PO4 prior to the the ALD coating.
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Figure 4.1. Influence of post-anodization modifications on the photocatalytic activity of
ALD functionalized AAO structures. (a) TiO2-coated AAO structures exhibit
stable photocatalytic activities over three measurements which corresponds to
small standard deviations of the mean activity. (b) The photocatalytic perfor-
mance of AAO samples functionalized with Fe2O3 as chemically less stable
photocatalyst depends on the post-anodization treatment. The untreated AAO
template, i.e., as-prepared structure, coated with Fe2O3 reveals an activity
decrease over consecutive photocatalysis measurements while treatments in
hydrogen peroxide or phosphoric acid result in stable performances. Figure
adapted and modified from publication II.

Contrary, the as-prepared AAO structure functionalized with Fe2O3 shows decreasing
photocatalytic activities with subsequent measurements. In addition, the prior H3PO4-
treated Fe2O3 sample features a significantly higher activity than the one immersed in
H2O2 being in contrast to the corresponding TiO2-functionalized counterparts. The elec-
trolyte ions incorporated into the AAO matrix might cause surface reactions during the
photocatalytic measurements after activation by free charge carriers. Such process could
alter the surface chemistry of the AAO and hence, also involve the deposited photocatalyst
which could influence the photocatalytic performance. Since chemically stable templates
are required for screening functional materials, we systematically studied the influence of
different post-anodization treatments on the photocatalytic activity of AAO templates.

Specifically, as-prepared AAO structures were compared to AAO samples treated by
thermal annealing, exposure to trimethylaluminum (TMA) pulses in an ALD reactor, im-
mersion in H2O, immersion in H2O2, and immersion in H3PO4. All of these treatments
are typical cases in the processing of AAO templates in this thesis. Figure 4.2. demon-
strates that the type of post-anodization treatment determines the stability of the samples’
photocatalytic performance over multiple measurements. The photocatalytic activity of an
as-prepared AAO samples decreases in consecutive measurements. This decline is prob-
ably caused by alterations of the surface chemistry over time which could originate from
decomposition or removal of incorporated electrolyte residues. [177, 246, 247] AAO struc-
tures annealed and exposed to TMA also show significantly different activities in the
three measurements. Also H2O-treated samples still feature varying activities although
exposure to aqueous media could potentially dissolve the electrolyte ions from the Al2O3

matrix. [248] Immersing AAO templates in aqueous solutions containing oxidizing agents
stabilizes their performance which is probably caused by dissolution of the electrolyte
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Figure 4.2. Photocatalytic performances of post-anodization modified AAO samples
demonstrate a dependence of the photocatalytic performance stability on the
previously applied treatment. Figure adapted and modified from publica-
tion II.

ions and further decomposition of them. In detail, immersion into H2O reduces the ac-
tivity decline in subsequent measurements but could not completely avoid it. However,
AAO samples treated by H2O2 or H3PO4 exhibit stable performances. This stabiliza-
tion could be caused by degradation of the electrolyte ions into stable compounds that
do not affect the photocatalytic performance anymore. Since the observed differences
in photocatalytic stability are presumably provoked by alterations of the surface chem-
istry of AAO templates due to the post-anodization treatments as similarly reported for
TiO2 based structures by Monteiro et al. and Trochowski et al., [248, 249] we conducted
X-ray photoelectron spectroscopy (XPS) measurements to gain a deeper understanding
how these treatments modify the surface chemistry.

As depicted in Figure 4.3., XPS measurements reveal significant changes of the sur-
face chemistry for the different treatments. XPS spectra of the as-prepared AAO sample
(Figure 4.3.(a)) reveal Al – OH groups and O – Al – O bonds at the Al2p peak caused by
the Al2O3 matrix and hydroxy-groups at the surface. The XPS spectra show also different
carbon-oxygen as well as carbon-carbon and carbon-hydrogen bonds at the C1s peak. The
identified O – C –– O, C – C, and C – H bonds origin probably from electrolyte ions – here
oxalate – incorporated into the structure during anodization. The O1s peak depicts sub-
peaks that can be attributed to HO – Al, O – C, Al – O – Al and O –– C bonds at the surface.
Thermal annealing results in the incomplete removal of – OH-groups and oxalate ions
from the surface (Figure 4.3.(b)). Figure 4.3.(c) shows that exposing an AAO structure
to TMA strongly reduces the Al – OH content due to the reaction of the TMA molecules
with surface – OH-groups to Al2O3. Also oxalate ions present at the AAO surface might
react with TMA to form aluminum oxalate complexes. The reaction of oxalate species
with TMA molecules could cause the decline of the O – C –– O peak intensity. However,
electrolyte residues inside the alumina matrix cannot be reached by the TMA molecules
and the corresponding carbon-containing bonds are still present in the XPS spectra. Fur-
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ther, TMA molecules contain methyl groups as ligands which could also react with the
surface resulting in carbon-containing bonds. Post-anodization treatments utilizing aque-
ous media could dissolve oxalate species from the AAO matrix. [248] Immersion of an
AAO sample into H2O leads to reduced Al – OH, O – C –– O, and C – O contents in the
XPS data (Figure 4.3.(d)). Oxalic acid species might have been dissolved from the Al2O3

matrix and could have partially reacted with the surface forming Al-oxalate or could be
physisorbed at the surface. Addition of an oxidizing species such as H2O2 to an aqueous
solution can not only remove electrolyte residues from the AAO matrix but also further
decompose them. It is reported in literature that the use of H2O2 leads to the complete ox-
idation of oxalate ions into carbon dioxide. [250] The XPS measurements (Figure 4.3.(e))
indicate a saturation of Al – OH groups and an increasing Al – O – Al group content which
could originate from the formation of stable Al-oxalate complexes by the reaction of dis-
solved oxalate ions with Al – OH groups at the surface. Since H2O2 acts as an electron
acceptor, it accelerates the Al-oxalate formation. Hence, the proposed Al-oxalate forma-
tion ensures template stability unaffected by the surrounding solution or reactions in the
photocatalytic measurements. Immersing an AAO structure into H3PO4 is frequently re-
ported to enlarge the pore diameter after anodization. [96, 241] The etching of Al2O3 by
H3PO4 also results in the removal of incorporated electrolyte ions from the matrix. These
ions are then present in the etching solution and can potentially react with the aluminum
ions released by the etching. Thus, aluminum-oxalate might form which could be ex-
plained by decreasing O – C –– O, C – O, and C – C/C – H peak intensities (Figure 4.3.(f)) in
combination with increasing contents of Al – O – Al and O –– C groups as indicated by the
peak at 531.6 eV. However, this energy also represents O –– P, O – P, and Al – O – P groups
and hence, the peak cannot definitely be correlated to one of these compounds. Further,
it suggests the formation of Al-phosphate which is supported by the similar sub-peak ra-
tio for the Al2p peak and the additional P2p peak. These phosphate compounds seem to
contribute to the stabilization of the AAO photocatalytic activity.

Based on the XPS study, the photocatalysis performances of the AAO templates func-
tionalized with a photocatalyst (Figure 4.1.) can be related to the stability of either the
photocatalyst material or the AAO templates’ surface chemistry as following: TiO2 coat-
ing stabilizes the photocatalytic activity independent of the post-anodization treatment.
The overall activity is improved with TiO2 functionalization compared to the uncoated
pendants and the activity ratio between the different treatments remains constant. For
Fe2O3-functionalized AAO templates, the stability is determined by the post-anodization
treatment due to the low chemical stability of Fe2O3. The as-prepared AAO structure
featuring many unsaturated surface groups reveals a decrease in photocatalytic activity,
which is probably caused by reactions of electrolyte ions with the Fe2O3 induced by photo-
generated charge carriers. Such reactions could alter the Fe2O3 film and thus, result in an
activity decline over consecutive measurements. In contrast, H2O2- and H3PO4-modified
AAO structures as chemically stable templates lead to stable photocatalytic performances
after functionalization with Fe2O3. Moreover, the photocatalytic activity of the H3PO4-
treated AAO structure is significantly enhanced for coating with Fe2O3 (mean activity
1.30 ± 0.04 h-1) compared to TiO2 (mean activity 1.04 ± 0.02 h-1). We assume that this
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Figure 4.3. XPS measurements demonstrate the influence of AAO post-anodization mod-
ifications on their surface chemistry. The AAO structures are (a) as-prepared,
treated by (b) thermal annealing at 450 °C, (c) 15 TMA pulses, or immersed
into (d) H2O, (e) H2O2, and (f) H3PO4. Figure adapted from publication II.
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enhancement is caused by local formation of iron phosphate or iron hydroxy phosphate
at the AAO/Fe2O3 interface by reactions between ferrocene as the ALD iron precursor
and phosphate groups at the AAO surface. [251–253] Both of these phosphate-containing
iron compounds are reported in literature to show good photocatalytic activities and thus,
might cause the boost of the photocatalytic performance. [251–256]

To conclude, this study emphasizes the importance of chemically stable templates for
investigating the properties of functional materials. While chemically stable materials
such as TiO2 are not significantly affected by the surface chemistry, less stable materials
are sensitive to minor changes of the surface chemistry as demonstrated for Fe2O3. The
XPS measurements reveal modifications of the surface chemistry of AAO structures in-
duced by the post-anodization treatments. These results are not only interesting for our
photocatalysis studies but could also be relevant to the application of AAO structures as
templates in general.

4.2. Component Specific Enhancement: Aligning the

Photonic Stop Band Edge with a Dye as Model

Pollutant (Publication III)

Precise spectral alignment of a PhC’s PSB edge is crucial to make use of the slow pho-
ton effect. For most reported AAO-PhCs the PSB edge was tailored to the absorption of
a chemical that was degraded. [104, 116, 198, 199, 257] The AAO-PhCs in these reports were
functionalized with TiO2 by sol-gel methods and such configuration showed clear photo-
catalytic activity enhancement for the respective compound. In this section, the PSB red
edge of a TiO2-functionalized AAO-PhC was placed in the proximity to the absorption
maximum of methylene blue (MB) as model pollutant being degraded. Modifications
of the pore morphology by tuning the pulse duration and functionalization with TiO2

by ALD (schematically shown in Figure 4.4.) strongly affect the photocatalytic perfor-
mance. The pulse duration tpulse of stepwise pulses determines the diameter modulation
periodicity. The PSB central wavelength λPSB depends linearly on tpulse with a rate of
0.41± 0.04 nm · s−1 in air. Hence, the PSB position of the AAO-PhCs can be tailored
across the entire visible region of the electromagnetic spectrum. This PSB position adjust-
ment is in good agreement with existing literature utilizing similar pulse-like anodization
profiles. [102, 104, 199] Functionalization with TiO2 by ALD alters the PSB position slightly
as the effective refractive index of the composite material increases with increasing TiO2

thickness. Furthermore, assessment of the PSB characteristics in an aqueous environment
demonstrates red-shifting of λPSB with respect to structures characterized in air due to the
higher refractive index of water. [115, 258, 259] Adjustment of the PSB edge to the desired
wavelength in aqueous environment is necessary as the photocatalytic measurements con-
ducted herein are also performed in an aqueous solution.

Photocatalytic performance tests of the ALD-functionalized AAO-PhCs reveal a strong
dependence of the photocatalytic activity on the spectral position of the PSB red edge
λPSB,red in relation to the absorption spectrum of MB as expected for activity enhancement
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Figure 4.4. Scheme of TiO2-functionalized AAO-PhCs (left). The pore length LTP and
the TiO2 thickness tTiO2 are independently modified to study the influence of
the PSB position and the photocatalyst thickness, respectively, as depicted for
individual pores on the upper right and lower right. Figure freely adapted
from publication III.

by the slow photon effect. In detail, the highest photocatalytic activity of 3.95 ± 0.68 h-1

is observed for a sample anodized with tpulse = 1200 s and a TiO2 thickness of 0.5 nm.
This sample features a λPSB,red of 688 ± 17 nm, i.e., close to the red edge of the MB
absorption profile. Comparison of the other AAO-PhCs coated with 0.5 nm TiO2 demon-
strates a decrease of the activity when the PSB red edge is no longer aligned with the
MB absorption band. Moreover, a strong activity decrease is observed for structures with
λPSB,red overlapping with the MB absorption. Although this should theoretically be the
ideal configuration to make use of the slow photon effect, we could show that light screen-
ing by the MB molecules prevents higher photocatalytic decomposition rates.

AAO-PhCs functionalized with TiO2 thicknesses of 1 nm or 2 nm show the highest
photocatalytic activity for samples fabricated with tpulse = 900 s which correspond to a
PSB red edge location at the blue edge of the MB absorption band. However, the maxi-
mum activity is lower than for the 0.5 nm TiO2 sample. The reduced maximum activity
is probably caused by the higher surface roughness of 0.5 nm ALD deposited TiO2 com-
pared to thicker films as extracted from AFM measurements. Although thicker TiO2

films can generate more free charge carriers upon light excitation, the increased surface
area of the 0.5 nm coating prevails. For both coating thicknesses (1 nm and 2 nm) a sig-
nificant reduction of the activity is observed when λPSB,red is positioned within the MB
absorption. Similar to TiO2-AAO-PhCs coated with 0.5 nm TiO2, the activity recovers for
samples with λPSB,red at higher wavelengths. Crystallization of the TiO2 thin films from
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Figure 4.5. Photocatalytic MB degradation activities of TiO2-AAO-PhCs are determined
by the overlap of the PSB red edge (red data points) with the absorption spec-
trum of MB (blue graph). Additionally, the TiO2 thickness of (a) 0.5 nm, (b)
1 nm, or (c) 2 nm influences the photocatalytic performance. Freely adapted
from publication III.

the as-deposited amorphous phase to anatase further increases the photocatalytic activity
of a sample produced with tpulse = 1200 s and 2 nm TiO2 thickness. This observation
is in good agreement to many previous reports utilizing TiO2 for photocatalytic applica-
tions and is attributed to a more efficient charge carrier transport towards the catalysts
surface. [260]

In addition to tailoring the PSB position and TiO2 thickness of TiO2-AAO-PhCs, the
degradation mechanism of the organic pollutant was studied by varying the H2O2 con-
centration, analyzing the dye absorbance spectra during the photocatalytic measurements,
and characterizing the photocatalytic decomposition of 4-chlorophenol (4-CP) as another
water pollutant. As shown in Figure 4.6.(a), the measured photocatalytic activity is re-
duced without H2O2 for the reaction. Light-induced free electrons at the TiO2 surface
react with H2O2 molecules to OH• radicals and OH– ions. OH• radicals can induce
the decomposition of organic molecules such as MB to CO2 and H2O. The generated
OH– ions can further react with holes in the VB of TiO2 resulting in additional OH•

radicals. However, MB degradation is reduced but still occurs when no H2O2 is added
to the solution indicating that another dye decomposition pathway is also present at the
same time. Spectroscopic ellipsometry measurements of ALD-deposited TiO2 thin films
revealed band gaps of 3.700 eV and 3.675 eV for 0.5 nm and 2 nm coating thickness,
respectively. Since the UV content in the emission spectrum of the utilized light source
is 0.1 %, the TiO2 layers can directly be excited by incoming light only to a very small
extent. Nevertheless, it was shown in a previous publication by Liu et al., that PSB red
edges slightly higher than the band gap of TiO2 can lead to an increase of TiO2-AAO-
PhCs. [257] Dye sensitization of the TiO2-functionalized AAO-PhCs is another process
that can enhance the photocatalytic performance of the structures. In this case, the dye is
primarily excited by the incoming light and generated electrons are then transferred to the
semiconductor CB, where they can induce further reactions of molecules adsorbed at the
surface. [199, 261] Furthermore, we could show that N-demethylation of MB occurs during
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Figure 4.6. Analysis of the photocatalytic dye degradation mechanism by utilizing TiO2-
AAO-PhCs. (a) The activity depends on the H2O2 concentration in the reac-
tion solution. (b) The blue-shift of the MB absorbance maxima over reaction
time indicate a degradation of MB by N-demethylation. (c) TiO2-AAO-PhCs
are also suitable for decomposing 4-CP as colorless organic compound. Fig-
ure freely adapted from publication III.

the photocatalytic decomposition studied herein (Figure 4.6.(b)). [262, 263] The photocat-
alytic decomposition of 4-CP by TiO2-AAO-PhCs was studied to test the structures ability
to degrade colorless organic compounds. The photocatalytic activity for 4-CP degradation
is significantly lower (0.24±0.02 h−1) compared to MB decomposition by the same sam-
ple (3.95± 0.68 h−1) which can be explained by three effects. First, 4-CP is known to
be a very stable organic molecule which is much harder to decompose than MB. [264]

Second, TiO2 surface is negatively charged under the conditions of the photocatalysis
measurements applied herein. Since 4-CP molecules are also negatively charged, their ad-
sorption at the TiO2 surface is less likely than that of the positively charged MB molecules.
Consequently, repeated interaction reduces dye adsorption at the surface. Third, the ab-
sorption maximum of 4-CP is located at 225 nm and hence, the AAO-PhCs PSB edge is
not aligned to the absorption band of 4-CP. [264] Accordingly, photocatalytic performance
enhancement by the slow photon effect cannot occur. Despite these limitations, the inves-
tigated TiO2-AAO-PhC structure is still able to photocatalytically decompose the 4-CP
solution. This is supposed to occur via charge transfer from the TiO2 to 4-CP molecules
which formed complexes at the TiO2 surface. [264]

Directly comparing the results of photocatalytic dye degradation to earlier publica-
tions is in general difficult because the measured photocatalytic activity depends on setup-
specific parameters such as the light power and surface area of the photocatalyst. [169, 265]

Since similar samples to the ones prepared in this work have previously been studied in
the same photocatalysis setup in the group of Prof. Abel Santos, the photocatalytic perfor-
mances of these samples can be quantitatively compared. The herein prepared TiO2-AAO-
PhCs show the highest photocatalytic activity of 3.95 ± 0.68 h-1 for the optimized PSB
position and TiO2 thickness, i.e., 0.5 nm TiO2. Thus, they outperform different types
of sol-gel TiO2 coated AAO-PhCs, namely distributed Bragg reflectors, [104, 116] gradi-
ent index filters, [198] broadband distributed Bragg reflectors, [199] and microcavities [257]
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which feature performances between 1.12 h-1 and 3.55 h-1. This high performance can
be attributed to the precise TiO2 thickness control and conformality of the ALD-grown
TiO2 thin films in contrast to the other AAO-PhCs functionalized with TiO2 by sol-gel
approaches.

To sum up, this work illustrates the importance of the PSB positioning in relation
to the chemical to be decomposed when the slow photon effect should be utilized to
improve photocatalytic performances. We could show that the TiO2 thickness defines the
activity which was maximum for the thinnest TiO2 layers of 0.5 nm. The increased surface
roughness of this TiO2 thickness leads to additional surface sites for the photocatalytic
reactions, which result in a photocatalytic performance enhancement. Moreover, this
study shed light on the degradation mechanism of MB by TiO2-functionalized AAO-PhCs.
Since the herein presented structures outperform previous TiO2-coated AAO-PhCs, the
combination of tailor-made AAO-PhCs and ALD functionalization presents a promising
approach towards custom-designed photocatalysts and light-harvesting platforms.

4.3. General Activity Increase: Matching a Photonic

Stop Band Edge to the Semiconductor

Photocatalyst (Publication IV)

Overlapping a PhC’s PSB edge with the band gap of a semiconductor photocatalyst results
in a general enhancement of the photocatalytic performance. The enhancement is based
on higher interaction probabilities between incoming photons and the photocatalyst due
to the slow photon effect. This effect occurs at the photocatalyts band gap energy in this
configuration. Charge carrier generation in the photocatalyst by absorption of photons
with energies equal to or larger than the band gap is essential for photocatalytic reactions.
Since the slow photon effect contributes to a more effective charge carrier generation by
photoexcitation, the photocatalytic activity increase is independent of the chemical to be
degraded. Hence, it is generally improved for PhCs when a PSB edge is matched to
the band gap of the photocatalyst. Such an improvement has been demonstrated several
times for IOs built of different semiconductor photocatalysts, namely TiO2, [78, 266–275]

Fe2O3, [200, 201] ZnO, [276, 277] Fe2O3 – SiO2, [278] and graphitic carbon nitride (g-C3N4).
Nevertheless, AAO-PhCs were mostly reported to be specifically tuned for alignment of
a PSB edge with the absorption of the chemical that should photocatalytically be decom-
posed as also shown in our results presented in Section 4.2. [3, 104, 116, 198] In 2020, Liu et
al. showed for the first time for AAO-PhCs that the photocatalytic performance can also
be improved by positioning a PSB edge close to the band gap of TiO2 as semiconductor
photocatalyst. [199] Despite the activity enhancement by the slow photon effect, TiO2 is
only capable of absorbing UV light which accounts for less than 10% of solar light.

In publication IV, AAO-PhCs were fabricated by pulse-like anodization in oxalic acid
(H2C2O4) to prepare diameter-modulated 2.5D PhCs whose PSB position is tailored in
such a way that the blue edge is aligned with the band gap of Fe2O3 at approximately
564 nm (Figure 4.7.). Fe2O3 as a semiconductor with a band gap in the visible light range
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Figure 4.7. Schematic drawing of the Fe2O3-AAO-PhC fabrication. The AAO-PhC struc-
tures are produced by pulse-like anodization and are functionalized with
Fe2O3 by ALD. Figure freely adapted from publication IV.

is used as exemplary photocatalyst in this study. [279] In addition to its visible light activ-
ity, Fe2O3 offers several advantages for photocatalytic applications such as non-toxicity
and abundance on Earth. [279, 280] Nonetheless, utilization of Fe2O3 is often limited by in-
efficient charge carrier generation or fast recombination of charge carriers preventing the
induction of photocatalytic reactions. [281–283] We could show that improving light-matter
interactions, for example by the slow photon effect, boosts the photocatalytic performance
of Fe2O3 as a photocatalyst. The photocatalytic activity increases for Fe2O3-AAO-PhCs
when the PSB blue edge overlaps with the Fe2O3 band gap at around 564 nm.

AAO structures anodized with two different pulse durations tpulse, i.e., 270 s and 275 s,
were studied to account for changes of the PSB position. For AAO-PhCs with both
investigated anodization pulse durations, the photocatalytic activity increases when the
structures are functionalized with Fe2O3. However, not only the PSB position alignment
but also the applied Fe2O3 ALD cycle number – corresponding to the film thickness –
and the surface roughness determine the photocatyltic performance. The semiconductor
film thickness is known to dictate the charge carrier dynamics in the material. [177, 279, 281]

Limited charge carrier generation and fast charge carrier recombination are common chal-
lenges for Fe2O3. [281–283] Besides the charge carrier dynamics, the film thickness also
influences the mass transfer within the pores as increasing the Fe2O3 film thickness simul-
taneously reduces the pore diameter. Hence, diffusion of reactant into the pores and of
degradation products out of the pores gets increasingly difficult with rising film thickness.
Based on this diffusion limitation, the photocatalytic activity decreases after reaching a
certain thickness. The surface roughness of ALD grown Fe2O3 thin films depends on
the applied cycle number because the nucleation and growth follow the Volmer-Weber
mechanism. [19, 284, 285] Here, individual islands of the deposited materials nucleate, which
then coalesce into a continuous film. The island formation leads to an increase of the sur-
face roughness for very thin coatings. A high surface roughness of 3.83 nm is herein
observed for 77 ALD cycles, which continuously reduces to <1.55 nm after applying 308
Fe2O3 ALD cycles. Increased surface roughness correspond to larger surface areas which
provide more active surface sites for photocatalytic reactions. Hence, the photocatalytic
performance increases. The combination of the aforementioned effects, i.e., PSB align-
ment, charge carrier dynamics, diffusion limitation, and surface roughness, can explain
the photocatalytic performance of the different Fe2O3-AAO-PhC samples studied herein.
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In summary, AAO-PhCs anodized with pulse durations of 270 s and 275 s both exhibit the
highest photocatalytic activity for functionalization with 385 Fe2O3 ALD cycles which
corresponds to a film thickness of 5 nm. This thickness is optimal for charge carrier gen-
eration, separation, and diffusion of molecules within the pores of the AAO-PhCs studied
herein.

Ultra-thin ALD-grown Al2O3 protection layers can prevent photocorrosion of Fe2O3-
functionalized AAO-PhCs. Photocorrosion denotes the destruction of a photocatalyst ma-
terial during the reactions, which is accompanied by decreasing photocatalytic activities
over consecutive measurements. [177, 246, 247] This phenomenon is a common issue for re-
producible use of Fe2O3 as photocatalyst. [247, 286–288] Figure 4.8.(a) shows decreasing ac-
tivities of 27% within three measurements for Fe2O3-AAO-PhCs functionalized with 231
and 308 cycles of Fe2O3. Moreover, a structural change of the material at the top surface
is also observed in SEM images (Figure 4.8.b). Ultra-thin Al2O3 protection layers avoid
such photocatalyst material decomposition as depicted in Figure 4.8.(c) and (d). Two
ALD cycles significantly reduce the photocorrosion. However, the initial activity is de-
creased for Al2O3-protected Fe2O3-AAO-PhCs and this decrease gets stronger for higher
ALD cycle numbers of Al2O3. Initial activity reduction with increasing Al2O3 ALD
cycle numbers might be caused by suppression of photo-Fenton reactions by the ultra-
thin Al2O3 layers as less iron ions are exposed to the surrounding solution at the sample
surface. [289] Photo-Fenton reactions utilize iron ions and hydrogen peroxide molecules to
generate hydroxal radicals under light illumination. [289] These highly reactive hydroxyl
radicals can degrade organic pollutants in water. Hence, photo-Fenton reactions resemble
another pathway for MB degradation by the Fe2O3-AAO-PhCs, which can be prevented
when the structures are over-coated with protection layers. Nevertheless, application
of protection layers stabilizes the photocatalytic performance over consecutive measure-
ments. Since the Fe2O3-AAO-PhC protected with 2 cycles Al2O3 exhibits the highest
initial photocatalytic activity of the protected samples, its stability is further investigated.
The photocatalytic activity of the unprotected structure declines by 44% within six mea-
surements while the sample protected with 2 cycles Al2O3 shows only a slight activity
loss of 4%. Hence, the latter outperforms the unprotected Fe2O3-AAO-PhC from the
fourth measurements onward. Based on the significantly increased stability within six
measurements, it is expected that ultra-thin Al2O3 protection layers will also be efficient
to stabilize the photocatalytic performance over further measurements.

Tailoring a PSB edge to the semiconductor band gap increases the performance of
Fe2O3-AAO-PhCs for degrading three different organic dyes. In contrast, aligning a PSB
edge specifically to one of the dyes – here MB – could only partially improve the photo-
catalytic properties (Figure 4.9.). AAO-PhCs of both PSB positions (at Fe2O3 and MB)
were investigated with and without photocatalyst functionalization. Photocatalyst func-
tionalization consists of 385 cycles Fe2O3 protected by 2 cycles Al2O3. When a PSB
edge is matched to the band gap of the semiconductor photocatalyst, a general enhance-
ment occurs because the slow photon effect is solely based on the structure and materi-
als of the Fe2O3-AAO-PhCs. Thus, the photocatalytic activity for degrading all model
dyes with Fe2O3-coated AAO-PhCs can be improved by factors of 1.11 for MB, 1.49 for
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Figure 4.8. Ultra-thin ALD-grown protection layers stabilize the photocatalytic perfor-
mance of Fe2O3-AAO-PhCs by preventing photocorrosion. (a) Structures
with different number of Fe2O3 ALD cycles show decreasing photocatalytic
activities over three consecutive measurements which is caused by photocor-
rosion of the material. (b) Top-view SEM images depict structural changes
of the Fe2O3-AAO-PhC top surface after photocatalysis measurements. (c)
Application of ultra-thin Al2O3 protection layers significantly stabilize the
photocatalytic performance for multiple experiments. (d) SEM images of the
top surface confirm an intact surface after photocatalysis measurements for
a sample protected with 2 ALD cycles Al2O3. Figure adapted from publica-
tion IV.
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Figure 4.9. The photocatalytic activity of Fe2O3-AAO-PhCs is generally enhanced when
the PSB edge is aligned to the band gap of Fe2O3 independent of the chemical
to be degraded. (a) Fe2O3 coated AAO-PhCs show higher activities than their
uncoated counterparts. Overlapping of the PSB with the Fe2O3 band gap in-
creases the performance for all investigated dyes, while matching the PSB to
the absorption of MB mainly increases the performance for MB degradation
but not for the other two dyes. The maximum activities per dye are defined
by the performance of the Fe2O3-AAO-PhC with a PSB edge aligned with
the Fe2O3 band gap. (b) Absorbance spectra of the dyes depict the spectral
overlap with the PSB edges of the different AAO-PhCs, i.e. PSB position at
Fe2O3 band gap or MB and coated (c.) or uncoated (unc.) with the photocat-
alyst. Figure adapted from publication IV.

rhodamine B (RhB), and 1.35 for methyl orange (MO) compared to their uncoated coun-
terparts. Note, the activities are normalized for each dye to the photocatalytic activity of
the coated Fe2O3-AAO-PhC with the PSB edge at the Fe2O3 band gap. Matching a PSB
edge to MB results in an enhancement for degrading this chemical by a factor of 1.07, but
no significant improvement is observed for the other dyes as expected. The latter config-
uration is specific for MB as model pollutant whereby enhancement by the slow photon
effect is not expected for degradation of other chemicals. Note, the slight increase for
MO decomposition is within the measurement uncertainty originating from the UV/Vis
measurements of the dye concentration.

Improving the photocatalytic performance of Fe2O3 by the slow photon effect is in
good agreement to literature reports that use a different type of PhC structure – namely
IOs – composed of Fe2O3. [200, 201] Note, since the quantitative degradation rate depends
strongly on the utilized setup and reaction conditions such as light source, light intensity,
type of organic molecules, and scavenger concentration, the influence of the PSB edge
alignment on the photocatalytic performance is only qualitatively compared. [3, 169, 265]

The publications report about enhanced photo-(electro-)catalytic degradation of chemi-
cals when one PSB edge is aligned with the band gap of Fe2O3. Zhu et al. observed fur-
ther improvement for crack-free IO structures compared to samples featuring cracks. [200]

The formation of cracks within the IO material is a common phenomenon in the pro-
duction of these structures. [32, 290] Such cracks influence the photo-(electro-)catalytic
properties due to changes in the charge carrier diffusion within the semiconductor ma-
terial. Since AAO structures are used as PhC template in this study, cracks do not oc-
cur and therefore a homogeneous, Fe2O3-coated PhC structure is present in the entire
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sample. Besides Fe2O3-based IOs, there are various publications on improved photocat-
alytic activities of photocatalytically active semiconductors by the slow photon effect in
inverse opal structures. [28, 29, 78, 177, 200, 201, 266–278] The photocatalytic dye degradation re-
sults presented herein show similar trends as titania-functionalized broadband AAO-PhCs
reported by Liu et al. in 2020. [199] The PSB edge of their TiO2-based structures was in
the range of the electronic band gap of TiO2 and they observed the highest photocatalytic
activities in their setup for degrading different organic dyes due to the slow photon effect.

In conclusion, we prepared tailor-made Fe2O3-AAO-PhCs and systematically studied
their optical and photocatalytic properties in this work. By tuning the anodization pulse pe-
riod and ALD cycle numbers, we optimized structures to match a PSB edge with the semi-
conductor band gap, leading to enhanced photocatalytic activity. Unlike previous studies
that aligned the PSB edge to the absorption maxima of specific chemicals to be degraded,
our work demonstrates general photocatalytic performance enhancement for different or-
ganic pollutants. The optimized thickness of the ALD-deposited Fe2O3 thin films results
in maximum photocatalytic performance by balancing the effects of PSB edge position-
ing, charge carrier dynamics, and mass transport. Additional ultra-thin Al2O3 coatings
effectively stabilize the photocatalytic performance and prevented Fe2O3 photocorrosion.

4.4. Semiconductor Heterostructures in Nanoporous

Templates

AAO structures consisting of straight pores can be utilized to systematically study the
effect of different materials and sequences of such heterostructures while simultaneously
increasing the available surface area. Herein, the photocatalytic performance of Fe2O3-
based heterostructures was investigated by coating heterostructures on AAO templates via
subsequent ALD processes (Figure 4.10.(a)).1 Fe2O3 as visible-light-active photocatalyst
was combined with the following materials: Al2O3 as insulator which is not expected to
significantly affect the photocatalytic performance, SiO2 as insulating material which is re-
ported to potentially increase photocatalytic performance by Fe-O-Si bond formation [291]

and TiO2 as semiconductor photocatalyst. Each of the individual layers was 3 nm in thick-
ness and both possible material deposition sequences, i.e., Fe2O3 as first or second layer,
were studied. For detailed information about the sample fabrication, please refer to the
Bachelor’s thesis of Ana Katharina Steffens (Universität Hamburg, 2023). [292] Photocat-
alytic characterization was conducted by monitoring the degradation of MB as model
pollutant of water.

Not only the type of the second material but also the sequence in which both lay-
ers are deposited by ALD determines the photocatalytic properties of the samples. The
structures presented herein consist of AAO templates with 31 ± 14 nm pore diameter,
approximately 35 µm pore length, and are functionalized with the different bilayers by

1The fabrication and characterization of the AAO templates functionalized with heterostructures was
mostly conducted by Ana Katharina Steffens as part of her Bachelor’s thesis entitled Semiconductor
Heterostructures to Tune Tailor-made Nanoporous Photocatalysts (2023).
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Figure 4.10. Semiconductor heterostructures can tune the photocatalytic activities by
modifying the charge carrier separation. (a) Straight AAO templates are
functionalized by ALD with one semiconductor deposited first (SC1) and a
second semiconductor (SC2) which is deposited afterwards. (b-c) Fe2O3 as
visible light active photocatalyst is combined with other materials to investi-
gate the effect of the heterostructures on the photocatalytic performance by
utilizing Fe2O3 either as first (b) or as second layer (c).

ALD. As shown in Figure 4.10.(b), heterostructures consisting of Fe2O3 deposited as first
(i.e., inner) layer in combination with Al2O3 or TiO2 as second (i.e., outer) layer fea-
ture similar photocatalytic activities of 1.02± 0.01 h−1 and 0.93± 0.02 h−1 in the first
measurement, respectively. Based on its wide band gap, [293, 294] Al2O3 is not expected
to significantly improve the photocatalytic performance of Fe2O3 because it should not
affect charge carrier separation. However, formation of local defects at the interface be-
tween the two layers could result in trapping of charge carriers. Such trapping could
improve the charge carrier separation and thus, increase the photocatalytic activity. Al-
though TiO2 is a well-known photocatalyst, the coating as second layer onto Fe2O3 does
not enhance the photocatalytic activity. Since literature suggest that ALD-grown Fe2O3-
TiO2 heterostructures form a type II heterojunction, the configuration with the TiO2 film
as top layer might not be optimal for efficient degradation of MB as model pollutant of
water. [295] In this case, electrons migrate towards the TiO2 layer and holes move to the
Fe2O3 layer. Overcoating Fe2O3 with SiO2 results in a slight enhancement of the activity
(average 1.26±0.17 h−1). As recently reported by Zhai et al., the formation of Fe-O-Si
bonds could explain this behavior. [291]

Inversion of the bilayer sequence results in a strong increase of the initial activity for
all samples (Figure 4.10.(c)) due to more efficient transfer of photo-generated charge car-
riers that induce degradation reactions at the structures surface. Additionally, the presence
of Fe2O3 as top layer for all samples provokes photo-Fenton reactions which contribute to
the dye degradation by producing radical species. [289]. Further, the photocatalytic activity
of all samples decreases during consecutive measurements due to Fe2O3 photocorrosion.
Depositing Al2O3 as first layer simply reduces the pore diameter without affecting the
photocatalytic performance. Therefore, the sample composed of 3 nm Al2O and 3 nm
Fe2O3 can serve as a reference for the other two bilayer samples with the same Fe2O3

thickness as top layer. Utilization of SiO2 or TiO2 as first layer significantly enhances the
photocatalytic performance to 2.73± 0.09 h−1 and 2.78± 0.05 h−1, respectively, com-
pared to the Al2O3 reference and more pronounced to their inverted counterparts. For
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TiO2 as first layer, the changed direction of the heterojunction could contribute to the en-
hanced performance. The holes directed to the Fe2O3 layer could be more efficient for
MB degradation than the electrons which migrate towards the TiO2 layer. Nevertheless,
all heterostructures show a performance decline with increasing measurement number
which is probably caused by photocorrosion of Fe2O3 at the surface of the structure. For
future use of such heterostructures with Fe2O3 as second (top) layer, ultra-thin coatings
as used in the previous section and publication IV, can be utilized to avoid photocorro-
sion. The Fe2O3-based heterostructures deposited onto AAO templates in this chapter
indicate the potential of semiconductor heterostructures for improving photocatalytic per-
formances by optimizing the charge carrier transport. Moreover, these results emphasize
the importance of the heterojunctions direction, i.e., layer sequence, to make efficient use
of the separated charge carriers.
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3D Photonic Structures: Inverse

Opals 5
In this section, the results of publication V are presented. Inverse opals composed of
TiO2-Fe2O3 as semiconductor heterostructures are fabricated to combine semiconductor
heterostructures with a performance enhancement by the slow photon effect. Not only
TiO2-Fe2O3 bilayer IOs, but also TiO2-Fe2O3-TiO2 multilayer IOs are investigated. The
latter ones show decreased photocatalytic performances due to a non-optimal heterojunc-
tion configuration, but give rise to photo-induced crystallization of the TiO2 layers from
the amorphous as-deposited phase to anatase.

Combining Photonic Crystals with Semiconductor

Heterostructures (Publication V)

Fabricating PhCs tailored to semiconductor heterostructures can further enhance photo-
catalytic efficiencies by combining the advantages of both approaches. First, customized
PhC structures whose PSB edges overlap with the band gap of a semiconductor enhance
the charge carrier generation by utilizing the slow photon effect. Second, the heterostruc-
tures drive the charge separation. IOs made of TiO2-Fe2O3 multilayers are herein used
as 3D PhCs and reveal a strong dependence on the individual layer thicknesses and on
the multilayer sequence.1 The sample synthesis is schematically depicted in Figure 5.1.
Briefly, pure TiO2 IOs are initially produced by self-assembly of PS spheres into direct
opal structures, infiltration of these templates with TiO2 by ALD, and removal of the PS
spheres by burn-out resulting in TiO2 IOs. Afterwards, these IOs are functionalized with
Fe2O3 by ALD to produce TiO2-Fe2O3 bilayer IOs. Moreover, TiO2-Fe2O3-TiO2 multi-
layer structures are also fabricated by depositing another TiO2 layer onto the bilayer IOs.
For each type, two different IOs with varying sphere sizes, namely 150 nm and 252 nm,
are produced to create different PSB positions close to TiO2 and Fe2O3 band gaps.

The photocatalytic performance of pure TiO2 IOs and TiO2-Fe2O3 bilayer IOs is deter-
mined by the size of the PS spheres used as template for the ALD coating (Figure 5.3.(a)).
The PS sphere diameter defines the spacing of the IO structure and consequently the PSB
position which is crucial to make use of the slow photon effect. In detail, pure TiO2

IOs show a higher average activity of 0.98± 0.01 h−1 for 150 nm template size than
for 252 nm template (0.86± 0.02 h−1) because the PSB edge of the smaller diameter is
aligned to the TiO2 band gap at around 376 nm. [234, 296] In contrast, TiO2-Fe2O3 bilayer
IOs with 252 nm template size and 10 ALD pulses Fe2O3 coating feature a higher ac-
tivity (1.06± 0.09 h−1) than their smaller template counterparts (0.82± 0.04 h−1) since
the PSB edge of the 252 nm template IO is matched to the Fe2O3 band gap at around

1Sample fabrication and characterization were mainly performed by Nithin Thonakkara James from the
TUHH as part of his Master’s thesis entitled Hybrid TiO2-Fe2O3 Photonic Structures for Photocatalysis
(2024) in a collaborative project with the group of Prof. Kaline Furlan.
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Figure 5.1. (a) Schematic of the inverse opal (IO) fabrication. The schemes represent (i)
self-assembly of PS spheres as template, (ii) an assembled template, and (iii)
an inverse opal after TiO2 ALD coating and burn-out of the template. In (iii)
the hollow inside of the IOs and the gaps which connect neighboring pores
are visible. (b) Cross-section of the hollow sphere shells produced by ALD. A
TiO2 IO (i-ii) is modified with further ALD deposition to fabricate (iii) TiO2-
Fe2O3 bilayer IOs and (iv) TiO2-Fe2O3-TiO2 multilayer IOs. Figure adapted
from publication V.

564 nm. [282, 283] Moreover, the TiO2-Fe2O3 bilayer structure facilitates charge carrier
separation by the formation of a type II heterojunction as illustrated in Figure 5.3.(b) and
mentioned in the previous chapter. [295] Specifically, recombination is reduced because
photo-generated electrons are guided to the TiO2 layer while the holes migrate towards
the Fe2O3 layers. For IOs composed of 16 nm TiO2, an increase of the Fe2O3 thick-
ness from only 10 ALD pulses to 2 nm increases the photocatalytic performance of these
structures from 1.06± 0.09 h−1 to 1.38 ± 0.09 h-1 due to the elevated light absorption
by the thicker Fe2O3 coating. [4, 281] However, further Fe2O3 thickness increase to 4 nm
corresponds to a decline of the activity. Such a behavior could be caused by higher re-
combination rates due to the rise in thickness. [281] More important, the activity decrease
is probably primarily induced by closing of the tetrahedral gaps of the IO structure when
the Fe2O3 thickness is increased. Tetrahedral gaps and the bigger octahedral gaps are
air pockets in between individual assembled spheres as depicted in Figure 5.2. These air
pockets appear in closed-packed structures such as IOs. Assuming a maximum coating
thickness of 7.7% of the PS sphere diameter results in a closure of the tetrahedral gaps
at 19.4 nm for the bigger template size. [136] A higher thickness can only be obtained
by mass transport through the larger octahedral gaps or at the outer surface of the IOs.
Hence, diffusion of molecules within the structure becomes more difficult and thus, the
photocatalytic performance decreases. In addition, TiO2-Fe2O3 bilayer IOs consisting of
20 nm TiO2 and 2 nm Fe2O3 on each side exhibit a slightly decreases photocatalytic ac-
tivity compared the 16 nm TiO2–4 nm Fe2O3 structures. The outer coating thicknesses
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Figure 5.2. Description of the structural characteristics of IOs. The left SEM image
shows the FCC (111) plane and three neighboring shells are cut in half to
be able to see inside them. The air pockets in between the spheres form dur-
ing closed-packing of the spheres and they are tetrahedral or octahedral gaps
as depicted on the right. Adapted with permission. [32] Copyright 2018, Else-
vier.

of both IOs, i.e., 22 nm for the previous one and 20 nm for the latter one, correspond to
closed tetrahedral gaps between neighboring pores for 252 nm template structures which
underlines the influence of limited diffusion. Note, this thickness is calculated by start-
ing from the surface of the template spheres. Only the TiO2 layer is deposited onto the
direct opals in the first ALD process and is followed by burn-out. Only the outer Fe2O3

layer deposited onto the TiO2 IOs increases the effective thickness, which is relevant for
the tetrahedral gap size reduction. The inner Fe2O3 layer that grows in the same ALD
process based on the self-limiting gas-solid surface reactions reduces the macropore size,
because it is deposited at the interior side of the TiO2 shells. Thus, the total ALD de-
posited layer thicknesses sum up to 24 nm for both structures, only the shell thickness
added to the PS template size (i.e., 22 nm and 20 nm) affects the available size of the
interstitial sites.

The observed Fe2O3 thickness optimum to obtain the maximum photocatalytic perfor-
mance of TiO2-Fe2O3 bilayer IOs agrees well to previous reports, which utilized Fe2O3

nanocluster-decorated TiO2 IOs and ALD Fe2O3-functionalized TiO2 powder for dye
degradation. [275, 295] Cao et al. reported an optimum Fe2O3 thickness of about 2.6 nm
for an ALD-grown layer and Pylarinou et al. also measured the maximum performance
increase for low Fe2O3 loadings of their FeOx modified TiO2 IOs. Furthermore, Liu
et al. could show that decorating TiO2 IOs with Fe2O3 nanoparticles by hydrother-
mal method increases the performance by up to 50%. [78] Further publications about
Fe2O3-functionalized TiO2 nanostructures also reported improved photocatalytic activi-
ties compared to the pure TiO2 counterparts of the structures based on the increased light
absorption. [297–299] However, most of the discussed reports either used non-PhC struc-
tures or tailored the PSB of the utilized IOs only to the TiO2 band gap. Thus, these
studies did not investigate the effect of aligning a PhC’s PSB edge to Fe2O3 as semicon-
ductor photocatalyst. In this work, we could show that not only functionalizing TiO2 IOs
with Fe2O3 increases the photocatalytic activity of TiO2-Fe2O3 bilayer IOs, but overlap-
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Figure 5.3. Photocatalytic performance of bilayer IOs. (a) The template size, TiO2 thick-
ness, and Fe2O3 thickness determine the PSB position and charge carrier
transport. The photocatalytic activity increases by making use of the slow pho-
ton effect, when a PSB edge overlaps with the band gap of a semiconductor,
i.e., 150 nm template for TiO2 and 252 nm template for Fe2O3. (b) Schematic
drawing of a type II heterojunction formed between TiO2 and Fe2O3 that fa-
cilitates charge separation. Figure adapted from publication V.

ping the PSB edge with the band gap of Fe2O3 can further boost the performance based
on the slow photon effect in the Fe2O3 layer.

Fabrication of TiO2-Fe2O3-TiO2 multilayer IOs, i.e., TiO2-Fe2O3 bilayer IOs over-
coated with an additional TiO2 layer by ALD, leads to photo-induced crystallization of
the inner TiO2 layers. Our XRD analysis is only sensitive to the inner TiO2 layer because
the outer layers are below the detection limit of the device of a few nanometers. This
crystallization is accompanied by progressive changes of the photocatalytic performance
over consecutive measurements. Although the initial photocatalytic activity is strongly
reduced compared to the bilayer samples, it increases within the first four measurements,
then slightly decreases, and stabilizes for all studied multilayer structures (Figure 5.4.(a)
and (b)). Note, the multilayer structure is not optimal for the charge transport inside
the material because holes get trapped in the Fe2O3 layers as schematically depicted in
Figure 5.4.(c). Consequently, they are not available to induce photocatalytic reactions at
the photocatalyst/electrolyte interface. Hence, the mean activity over three measurements
is decreased. In detail, 150 nm template size IOs exhibit activities of 0.83± 0.12 h−1

and 1.00± 0.14 h−1 for coating thickness of 16 nm TiO2–2 nm Fe2O3–2 nm TiO2 and
16 nm TiO2–4 nm Fe2O3–2 nm TiO2. IOs with 252 nm template size result in mean
activities of 0.93± 0.20 h−1 (16 nm TiO2–2 nm Fe2O3–2 nm TiO2 and 0.81± 0.21 h−1

(16 nm TiO2–4 nm Fe2O3–2 nm TiO2). Moreover, photo-Fenton reactions cannot con-
tribute to the dye degradation since the Fe2O3 layers are no longer present at the surface.
Nevertheless, the incorporation of Fe2O3 within TiO2 by the multilayer design facilitates
photo-induced crystallization of TiO2 from amorphous phase into anatase during the pho-
tocatalytic reaction. Crystallization of the inner TiO2 layer after three photocatalysis mea-
surements is confirmed by XRD as depicted in Figure 5.4.(d). The outer TiO2 layer is too
thin to detect crystallographic phases with the XRD device. Since anatase often exhibits
a higher photocatalytic activity than amorphous TiO2, the crystallization results in an ac-
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tivity increase within the first four photocatalysis measurements. [234] The Fe2O3 layers
provoke this crystallization based on the formation of oxygen vacancies when Fe ions
are present within the TiO2 lattice. [300, 301] Such configuration is, for example, obtained
at the material interfaces and these defects act as nucleation spots for the crystallization.
In addition, the semiconductor heterojunction of TiO2-Fe2O3-TiO2 multilayers can also
enhance the crystallization due to additional material interfaces and localization of charge
carries in specific regions of the material. Since oxygen vacancies cannot only provoke
crystallization but are also known to raise the photocatalytic activity of TiO2, their con-
centration is crucial for the photocatalytic performance of the structures. [300–304] While
the oxygen vacancy amount increases during the initial stage of crystallization, it is re-
duced in the latter part, and decreases to zero after complete crystallization. Accordingly,
the photocatalytic activity of the TiO2-Fe2O3-TiO2 multilayer IOs first increases due to
the anatase formation and increased oxygen vacancy content. Subsequently less vacan-
cies are present resulting in a slight decrease of the photocatalytic activity. Finally, the
activity is stable because neither the oxygen vacancy content nor the crystalline phase un-
dergo significant changes anymore. Hence, the anatase phase of the TiO2 layer dominates
the photocatalytic performance of the TiO2-Fe2O3-TiO2 multilayer IOs. Note, the XRD
pattern cannot resolve the phase of the outer TiO2 layer, which contributes to the dye
degradation because the reactions occur at the surface. Although the inner TiO2 layer is
not directly in contact with the dye solution, it could contribute to the degradation by im-
proving the charge carrier generation and transport. Possible photo-induced formation of
pseudobrookite (Fe2TiO5) as visible-light active photocatalystat the multilayers’ surface
could also improve the photocatalytic activity. [305–309] Note, Fe2TiO5 was not observed
in the XRD patterns, but the low thicknesses of the Fe2O3 layer and the outer TiO2 layer
are below the detection limit of the utilized XRD device. Fe2TiO5 formation after thermal
annealing of iron oxide structures modified with TiO2 thin films by ALD was previously
hypothesized to improve the photocatalytic performance of such structures. [298, 310, 311]

This enhancement is based on increased charge carrier generation and improved charge
carrier separation by the formation of type II heterojunctions at the interfaces to TiO2 and
Fe2O3. Some of the aforementioned publications could detect Fe2TiO5 with XPS mea-
surements while others could not clearly confirm a pseudobrookite formation because lab-
oratory XRD devices were used which cannot detect crystallization of thin layers similar
to our results. [298, 310, 311]

The occurrence of photo-induced crystallization in TiO2-Fe2O3 multilayer films un-
derlines the sensitivity of photocatalytic properties and structural stability of the semicon-
ductor heterostructure to the type and arrangement. Although the heterojunction formed
herein for multilayer IOs is not optimal for efficient photocatalysis, it provokes photo-
induced crystallization of the TiO2 layer. Such photo-induced crystallization has not yet
been published for TiO2-Fe2O3 multilayers in literature. In combination with ALD as fab-
rication technique, photo-induced crystallization could allow for synthesizing crystalline
materials at template structures which cannot withstand annealing treatments that are com-
monly applied to modify crystallographic phases.
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Figure 5.4. Photocatalytic performance and photo-induced crystallization of bilayer IOs.
(a) The mean photocatalytic activity is determined by the individual layer
thicknesses of TiO2-Fe2O3-TiO2 multilayer IOs and template size but fea-
tures high standard deviations for all samples. (b) The individual activities
for seven consecutive measurements reveal an increase in the first four mea-
surements, a slight decrease in the following two measurements, and a stable
performance afterwards. (c) Proposed band alignment in the semiconductor
heterostructure. Electrons migrate towards the TiO2 layers and the surface
while holes are trapped in the Fe2O3 layers. (d) XRD patterns demonstrate
anatase TiO2 after the photocatalysis measurements. Higher peak intensities
are observed for multilayer IOs which is caused by photo-induced crystalliza-
tion of the layer. Figure adapted from publication V.
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Summary and Future Perspective 6
The tailor-made production of ALD-prepared structures of different dimensionalities for
photonic applications was demonstrated in this thesis. While nanolaminates were pre-
pared as 1D photonic structures, self-organized AAO structures and self-assembled PS
particle direct opals were utilized as templates to generate 2D, 2.5D, and 3D photonic
structures as summarized in Figure 6.1. Precise control of the deposited film thickness
– as inherently established in an ALD process – was crucial for determining the PhCs’
photocatalytic properties by balancing opposing effects such as light absorption, charge
carrier migration, diffusion of molecules in the porous structure, and structural charac-
teristics. Multilayering, delta-doping of thin films, and semiconductor heterostructure
formation were realized by supercycle ALD processes that allow for combining two mate-
rials within the same deposition process. These approaches enabled further customization
of the materials’ properties for the desired application.

Figure 6.1. Summarizing figure of the ALD-based PhC fabrication and characterization.
With increasing dimensionality from 1D to 3D the sample design, the fabri-
cation procedure (blue font), and the characterization (grey font) got more
complex.

63



6. Summary and Future Perspective

The key findings of the different manuscripts are summarized below in the order in
which they are numbered:

I As part of this work, material combinations were applied to tailor the properties of
ALD-grown materials. Specifically, SiO2-incorporated TiO2 thin films were fabri-
cated by supercycle ALD processes to tailor their crystallization behavior, structural
stability, and refractive index depending on the material composition. In detail, the
TiO2 film thickness as well as number of interfaces in multilayers and SiO2 doping
concentration determined the crystallization temperature and could result in stabi-
lization of the structural features during thermal annealing.

II The importance of the template’s surface chemistry for reliable characterization
of functional materials was emphasized by the results of photocatalysis measure-
ments after various post-anodization modifications. Specifically, the influence of
the different modifications on the photocatalytic properties of AAO structures with
and without photocatalyst functionalization by ALD was assessed. While a chem-
ically stable ALD-deposited photocatalyst exhibits stable photocatalytic activities
independent of the template surface chemistry, the properties of a less stable ALD-
grown photocatalyst are altered by the underlying template. The study presented
herein evaluated the photocatalytic properties of modified AAO templates but we
expect that the results can also be transferred to further applications utilizing AAO
templates for the preparation of functional materials, such as sensors and energy
storage.

III Tailoring the PSB position of AAO-PhCs in combination with ALD of photocata-
lysts to make use of the slow photon effect significantly improved the photocatalytic
activity of such templates functionalized with ALD-grown TiO2 as photocatalyst. A
PSB edge was aligned to the absorption of MB as chemical to be degraded result-
ing in an efficient enhancement when the PSB edge was close to but not directly
overlapping with the dye’s absorption maximum. ALD allowed for very precise
TiO2 thickness control rendering only 0.5 nm TiO2 most efficient for degrading the
organic model pollutants.

IV While the previous approach only works for photocatalytic decomposition of the
specific chemical to which the PSB position is aligned, the matching the PSB po-
sition of Fe2O3-AAO-PhCs to the band gap of Fe2O3 as photocatalyst presents a
general photocatalytic performance enhancement. Fe2O3-AAO-PhCs can be used
to decompose a variety of substances with the same PhC structure as the perfor-
mance improvement is solely based on the photocatalyst-AAO-PhC structure itself.
Variation of the Fe2O3 thickness deposited on AAO-PhCs by adapting the ALD
parameters revealed the influence of different processes involved in photocatalytic
degradation reactions. It was found that a 5 nm Fe2O3 thin film is optimal for balanc-
ing light absorption, charge carrier migration, and diffusion of molecules within the
porous structure. Ultra-thin Al2O3 protection layers were successfully deposited
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with ALD to prevent photocorrosion of Fe2O3 and could therefore stabilize the per-
formance over multiple measurements.

V Besides nanostructuring of photocatalysts and utilization of the slow photon effect,
modifying the photocatalyst thin films’ properties presents another technique to
improve the photocatalytic performance. Formation of semiconductor heterostruc-
tures was shown to effectively enhance the performance of ALD-grown photocata-
lysts both deposited on straight AAO pores and fabricated as inverse opals. TiO2-
Fe2O3 bilayer IOs exhibited the highest activity when a 2 nm Fe2O3 coating was
applied and the PSB red edge of the IO was matched to the band gap of Fe2O3.
This optimized Fe2O3 thickness was lower than reported for the Fe2O3-AAO-PhCs
because different PhC structures were applied that influence the charge carrier mi-
gration and diffusion of molecules in the porous structures. Here, the slow pho-
ton effect was combined with an improved charge carrier separation based on the
type II heterojunction of TiO2 and Fe2O3 enabled by the highly conformal material
deposition onto the template structures with ALD. Furthermore, the non-optimal
heterojunction configuration in TiO2-Fe2O3-TiO2 multilayer IOs provoked photo-
induced crystallization of the TiO2 layer to anatase. The anatase formation causes
a successive increase of the photocatalytic activity until a stable level is obtained
based on the superior performance of anatase compared to amorphous TiO2.

To sum up, the fabrication of PhCs with ALD-derived methods allows for widely tun-
ing the materials properties to fit the desired application. Due to the very precise film
thickness control and the exceptionally high film conformality of ALD processes, this
technique is ideally suited to functionalize 3D and complex-shaped porous substrates such
as AAO-PhCs or IOs and to simultaneously alter material compositions within the same
synthesis procedure. This flexibility facilitates the preparation of tailor-made structures
by supercycle ALD with accurate optimization of the films’ properties for photonic appli-
cations. Furthermore, the approach could be easily expanded to other functional materials,
for example magnetic materials or phase-change materials, based on the variety of avail-
able ALD processes. [19, 20] Possible future strategies and preliminary results to further
improve and investigate the performance of ALD-derived photonic structures in photocat-
alytic applications are outlined in the following part.

Characterization of charge carrier transport and phase transformation mechanisms
Scavenger molecules for different charge carriers and radicals could be applied to further
investigate the charge transport across semiconductor heterostructures. [297, 312–314] As re-
cently reported by Trenczek-Zajac et al., different types of scavengers are an effective tool
to identify charge carriers involved in the photocatalytic degradation of organic dyes. [297]

For example, we studied the effect of different isopropyl alcohol (C3H8O, IPA) concen-
trations on the photocatalytic activity of a straight pore AAO sample coated with 3 nm
Fe2O3 and 3 nm SiO2 (Figure 6.2.(a)). IPA can trap holes from the photocatalyst and thus,
prevents the induction of dye degradation by these holes. [315, 316] We observed an activity
decline with increasing IPA concentration which indicates that holes contribute to the dye
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Figure 6.2. Scavenger dependent activities of a heterostructure consisting of 3 nm Fe2O3
and 3 nm SiO2 deposited on a straight pore AAO template. (a) The photocat-
alytic activity of the structure decreases until saturation with increasing IPA
concentration. This decline indicates that holes in the photocatalyst contribute
to the dye degradation. (b) Also the H2O2 concentration affects the observed
photocatalytic performance but the influence cannot be unambiguously iden-
tified. H2O2 molecules can scavenge electrons but they can also take part in
other steps and possible pathways of the MB degradation and hence, further
studies are required to study the charge carrier migration in the heterostruc-
ture and the influence of electrons in the dye degradation.

degradation. However, the photocatalytic activity saturates for concentrations higher than
100 mM suggesting that other species can also induce degradation reactions. For exam-
ple, different H2O2 concentrations were tested because a linear dependence of the mea-
sured photocatalytic rate with the concentration is reported in literature for TiO2-AAO
structures. [104] Specifically, the concentration of H2O2 which is added to the solution
is crucial as H2O2 contributes to the dye degradation as electron scavenger and in photo-
Fenton reactions. [3, 281, 297] Our results showed concentration-dependent activities, but the
trend is not consistent for the bilayer sample (Figure 6.2.(b)). H2O2 acts as electron scav-
enger meaning that a concentration increase leads to lower activity when electrons induce
the degradation of dye molecules. Specifically, trapped electrons are no longer available
at the photocatalysts’ surface to induce decomposition reaction. Nevertheless, transfer
of electrons to H2O2 can also result in the generation of radicals by dissociation of the
H2O2 molecule. [3, 104, 297] Such radicals can the take part in the dye degradation based on
their oxidizing character. Since the radicals can induce the dye decomposition, a higher
H2O2 concentration should result in a faster degradation which is herein characterized by
a higher photocatalytic activity k. Moreover, the dissociation of H2O2 and thereby the
radical generation can also be provoked by illumination. Based on the two competing
effects for the influence of the H2O2 concentration on the photocatalytic activity, no ac-
curate conclusion regarding the importance of electrons for the degradation reaction in
the bilayer heterostructure can be made. Further experiments utilizing more specific elec-
tron scavenger such as silver nitrate would be needed to study the charge transfer in the
heterostructure in more detail. [297]

Photoelectrochemical characterization methods could be applied to further investigate
the effects of charge carrier transport in PhC photocatalysts and semiconductor heterostruc-
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tures. Techniques such as photocurrent measurements, impedance spectroscopy, and
Mott-Schottky analyses provide information about the material’s efficiency in convert-
ing light into charge carriers, the charge carrier dynamics, the reaction kinetics, and the
electronic properties. Such characterization tools can aid to explain the processes occur-
ring in photocatalysts. [317–320] For instance, a collaboration of our group with the group
of Prof. Dorota Koziej (CHyN, Universität Hamburg) proved that the film thickness of an
ALD-grown TiO2 over-layer on top of copper bismuth oxide (CuBi2O4, CBO) determines
the structures’ PEC properties (publication VII). [7] In detail, a TiO2 layer with 15 nm
thickness increases the stability of the CBO and simultaneously allows for efficient charge
transfer to the electrolyte. Further increase of the TiO2 thickness to 20 nm results in a sig-
nificant photocurrent decline by 74 % due to a band mismatch at the TiO2-CBO interface
which promotes charge accumulation and recombination. Hence, accurate engineering of
the band alignment of thin films by adapting the ALD-deposited film thickness enables the
optimization of PEC devices. To establish a good electrical contact at the back of the pho-
tocatalyst, the composition of both AAO-PhC- and IO-based structures must be adapted.
For straight AAO templates, this was realized in the past by opening the pore bottoms and
applying metal contacts by sputtering and/or electrodeposition. [122, 123, 130, 132, 321] In con-
trast, IOs could for example be prepared on conductive substrates such as indium tin oxide,
but the contact area between the IO material and the conductive substrate remains small.
To improve the electrical contacts, a conductive opal material, e.g., aluminum-doped zinc
oxide, could be deposited as first layer onto the templates by supercycle ALD. This layer
can then be used as back contact for electrochemical characterization and it would allow
for the same fabrication route as previously utilized for the ALD-derived PhCs. Moreover,
such conductive layer could also be beneficial for photocatalysis measurements because
it assists the transport of charge carriers.

To apply the PhC photocatalysts investigated in this thesis for real-world processes, the
structures’ ability to degrade multiple components at the same time should be investigated.
Simultaneously decomposing multiple species could, for example, be realized by utilizing
a multicomponent mixture which contains different dyes as model pollutants. Moreover,
the decomposition of colorless organic compounds, for instance 4-CP, should be studied,
as such compounds do not absorb visible light which may affect the photocatalytic degra-
dation mechanism. [264, 322] For real-world cleaning of contaminated water, the structures
could be applied for filtration combined with in situ photocleaning. In such process, the
contaminated water passes through a porous filtration system which consist of the PhC
structure. [323] For AAO-PhCs, the aluminum backside and the Al2O3 barrier oxide layer
have to be removed to obtain a free-standing flow-through membrane. During filtration,
smaller organic contaminants could directly be removed by photocatalytic degradation at
the photocatalyst-coated PhC structure. The contaminant degradation by photocatalysts
does not require electrical energy because sunlight is utilized to induce the contaminant
degradation.

The photo-induced crystallization observed for the TiO2-Fe2O3-TiO2 multilayer IOs
could be studied in more detail to reveal the phase transformation mechanism. Thus, in
situ characterization with synchrotron-based X-ray techniques could be utilized to iden-
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6. Summary and Future Perspective

tify atom rearrangements in the photocatalyst during the photocatalysis reaction. [324–326]

These results would aid in understanding the origin of the photo-induced crystallization.
Hence, inducing crystallization with light irradiation could be applied for materials or
template structures which are not suited for the often used thermal crystallization by heat
treatments, because the materials experience structural shrinkage and interface blurring
as reported for porous IO structures. [327]

Applying further strategies to enhance photocatalysis
Optimization of the heterostructure design could further increase the charge separation ef-
ficiency in the photocatalyst materials and thus, improve the photocatalytic performance.
For example, Barr et al. reported ALD-grown thin films on AAO templates, which facili-
tate charge carrier separation based on their heterojunction configuration. [122, 123] Hence,
these structure provide good electrochemical properties. Such heterostructure design
could also be realized with other ALD-based materials depending on their band edge
configuration. Moreover, it would expand the applicability of ALD-fabricated photonic
structures.

The combination of photocatalysts with plasmonic nanoparticles (NPs) boosts the pho-
tocatalytic performance as explained in Chapter 2. Aligning the nanoparticles’ LSPR
wavelength with a PSB edge of a PhC template structure can further increase the activity
because of the slow photon effect, as recently shown by Collins et al. for IOs. [328] This
approach can also be applied for enhancing the properties of AAO-PhC photocatalysts.
Note that the fabrication process of AAO-PhCs is simpler compared to IOs. Specifically,
the PSB position of AAO-PhCs can be modified by simply adjusting the anodization
parameters rather than changing the PS template particle size. However, deposition of
plasmonic NPs into the small diameter pores of AAO is more challenging than depositing
them onto IOs. So far, Lim et al. investigated the effect of gold (Au) and silver as plas-
monic materials on the photocatalytic properties of TiO2-functionalized AAO-PhCs. [116]

They observed a decline of the activity in the presence of the plasmonic materials but
related it to their fabrication as the plasmonic materials were sputter deposited only on
the top-surface of the TiO2-AAO-PhCs. Thus, the plasmonic material absorbed the re-
spective wavelengths before they could reach the PhC structure. We could overcome this
limitation by functionalizing TiO2-AAO-PhCs with AuNPs by a deposition-precipitation
approach modified from the publication by Zanella et al. [329] The SEM images shown
in Figure 6.3. represent the deposition of very small AuNPs into AAO structures. The
AuNP’s LSPR is located at around 540 nm as characterized by UV/Vis measurements.
Preliminary photocatalysis measurements show an improvement of the structures activity
when TiO2-AAO-PhCs are functionalized with AuNPs and the PSB edge is aligned with
the AuNP LSPR. Indeed, further characterization needs to be conducted to investigate the
interplay of the PSB position, AuNP size, and distribution on the photocatalytic perfor-
mance. Alternative to deposition of NPs by wet-chemical methods, NP synthesis could
also be realized by ALD. There are several established ALD processes for depositing
plasmonic materials as NPs or thin films, for example gold, silver, platinum, palladium,
copper, or titanium nitride. [19, 20] The ALD-based fabrication offers the advantage of the
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Figure 6.3. AuNPs as plasmonic material can enhance the photocatalytic performance of
AAO-PhCs. (a) SEM images of AAO-PhCs functionalized with small AuNPs
(average diameter smaller than 6 nm). The AuNPs are the bright particles
at the AAO structure. (b) The UV/Vis transmission measurement shows the
LSPR of AuNPs deposited on a straight pore AAO template at around 540 nm.
The photograph of the structure on the lower right shows the purple color of
the AuNP coated AAO which is caused by the LSPR of the nanoparticles. (c)
Preliminary photocatalysis measurements with AuNP decorated AAO-PhCs
indicate an increased activity when the PSB edge is designed to match the
AuNP LSPR.

inherent high conformality and precise film thickness or particle size control rendering ho-
mogeneous functionalization of AAO-PhCs with plasmonic materials feasible. Moreover,
application of ALD-grown materials for photocatalysis, e.g., platinum or palladium, has
already been demonstrated and hence, presents a promising approach to combine it with
PhCs. [212, 330, 331]

The performance of PhC photocatalysts could also be further improved by altering the
material properties. Since doping can modify the band gap of semiconductors, the optical
and photocatalytical properties of the delta-doped TiO2 thin films could be studied and
optimized to utilize visible light for TiO2 photocatalysis.

Besides multilayering or doping of thin films by ALD, modifications of material prop-
erties could also be achieved by fabricating ternary materials that offer new functional-
ities. [20, 71, 332] A prominent example for such ALD-produced ternary material is mul-
lite which features high temperature stability. Thus, mullite is of great interest for ap-
plication as thermal barrier coating. [31] In this context, the mullite fabrication by su-
percycle ALD of Al2O3 and SiO2 on IO templates followed by thermal annealing has
been demonstrated. [31, 33] With respect to photocatalytic applications, pseudobrookite is
a material that is considered as highly efficient, visible-light active photocatalyst. [305–309]

However, the fabrication of Fe2TiO5 is challenging as the phase separation of Fe2O3

and TiO2 is often thermodynamically favored or long thermal annealing processes are
required. [307, 309, 333] Some studies report about the Fe2TiO5 formation, but the materials
often also contain hematite, anatase, and/or rutile. [307, 334] Under thermal annealing of
Fe2O3-TiO2 multilayer samples deposited on silicon substrates, we observed the forma-
tion of a ternary phase by in situ XRD whose peaks origin from Fe2TiO5 and no parasitic
crystalline phases of Fe2O3 or TiO2 are present (Figure 6.4.). Interestingly, the ternary
phase does only form when Fe2O3 is utilized as bottom layer for the investigated multilay-
ers – or inversely speaking TiO2 is the top layer. First photocatalytic tests revealed an en-
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hanced photocatalytic performance of the annealed, i.e., Fe2TiO5, sample compared to the
as-prepared multilayer for the first measurements. Furthermore, the photocatalytic activi-
ties were stable over three measurements for the annealed multilayer while the activity of
the as-prepared structure continuously increased. This surprising observation might be re-
lated to photo-induced crystallization either of the TiO2 layer into anatase as observed for
the multilayer IOs in Chapter 5 or of the complete structure into Fe2TiO5. Hence, further
consecutive photocatalysis measurements of the as-prepared multilayer thin film would
be necessary. Formation of Fe2TiO5 at the surface might also contribute to the activity in-
crease of the TiO2-Fe2O3-TiO2 multilayer IOs. Further investigations would be required
to gain a deeper understanding of the phase formation process during thermal annealing,
the influence of the layer sequence and individual layer thicknesses, and the evolution of
the photocatalytic activity. For all presented samples, i.e., mulitlayers on planar substrates
and multilayer IOs, in situ X-ray diffraction studies with synchrotron radiation would be
needed as they can prove the atom rearrangements during phase transitions. [324–326]

PhC templates could also be tailored to exhibit multiple PSBs in order to support each
of the utilized materials by the slow photon effect. Such multi-PSB PhCs have already
been reported in literature for both PhC types utilized herein, i.e., AAO-PhCs and IOs as
depicted in Figure 6.5. [112, 335] The structures could be applied to boost, for instance, the
charge carrier generation in both photocatalysts utilized in a semiconductor heterostruc-
ture or the light absorption in a semiconductor and a plasmonic material. Apart from
using multi-PSB AAO-PhCs or IOs, the different PhC types could also be combined to
create a multi-PSB PhC consisting of an IO structure on top of a AAO-PhC as proposed in
our perspective article from 2022 (publication VI). Moreover, AAO-PhC or IO templates
could also be coated with nanolaminates to provide an additional PhC component.

To conclude, this thesis has demonstrated the versatility of ALD for fabricating pho-
tonic structures of varying dimensionalities. Systematic structural characterization of the
materials with respect to their composition allowed for tailoring the properties to the de-
sired application. As exemplified by photocatalytic dye degradation, judicious develop-
ment of the PhC template structure in combination with precise control over the film
thickness of ALD-grown materials leads to significant improvement of the photocatalytic
properties. Additionally, supercycle ALD approaches allow for further optimization of
functional properties by modifying material compositions and sequences. The inherent
flexibility of ALD together with the wide range of materials available for ALD growth
and the unique ability of conformally coat complex substrates holds great promise for
increased customization of functional materials and structures in the future.
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Figure 6.4. Pseudobrookite formation from an ALD-grown Fe2O3-TiO2 bilayer under
thermal annealing in ambient atmosphere. (a) In situ XRD patterns depict
the crystallization of the materials. With increasing temperature, the amor-
phous TiO2 layer first crystallizes to anatase TiO2, then a transition to the ru-
tile TiO2 phase occurs, and finally Fe2TiO5 forms and remains stable during
the cooling process. (b) The ex situ XRD pattern taken after the thermal an-
nealing of the structure proves the existence of Fe2TiO5 without the presence
of anatase, rutile, or hematite phases. (c) Photocatalysis measurements of the
Fe2O3-TiO2 bilayer thin films as-prepared and after annealing show that the
performance of the annealed structure is stable over three measurements and
higher than the as-prepared structure in the initial measurement. However,
the activity of the as-prepared sample increases over the three measurements
which could arise from photo-induced crystallization and needs to be further
investigated.
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6. Summary and Future Perspective

Figure 6.5. Multi-PSB photonic crystals could further tailor the properties of ALD-grown
functional materials. The fabrication of (a) multi-PSB IOs and (b) multi-PSB
AAO-PhCs has already been demonstrated in literature and the combination
of both PhC types was proposed as another strategy. [6, 112, 335] The figures
are freely adapted with permission. [6, 112, 335] Copyright (a) 2016, American
Chemical Society, (b) 2019, American Chemical Society, and (c) 2022, Wiley-
VCH.
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A B S T R A C T

Titanium oxide-based nanomaterials are nowadays of great interest in various application 昀椀elds such as optics, 
sensing, photocatalysis, and solar cells. Tuning their physical properties by tailoring the geometry or combining 
them with different materials further expands their applicability and even allows for the generation of new 
functionalities. The materials’ crystalline phase also determines its properties and the crystallization behavior 
can be modi昀椀ed by doping or multilayering thin 昀椀lms with various materials. For instance, the combination of 
TiO2 with silicon dioxide (SiO2) renders these composites ideal candidates for coatings applied in harsh envi-
ronments based on the high chemical and mechanical stability of both materials. Applying such coatings in 
optics, sensing, or photocatalysis require accurate prediction of the evolution of their properties and crystalline 
phase during heat treatments within the fabrication and application. Herein, we present the fabrication of SiO2- 
incorporated TiO2 thin 昀椀lms by supercycle atomic layer deposition (ALD). Speci昀椀cally, TiO2-SiO2 multilayers 
with varying material ratios, TiO2 thicknesses, and individual layer numbers as well as SiO2-doped TiO2 thin 
昀椀lms are prepared. Their crystallization behavior is studied by in situ X-ray diffraction during thermal annealing. 
The structural properties of the composite materials are assessed by X-ray re昀氀ectivity, spectroscopic ellipsometry, 
and transmission electron microscopy before and after annealing. TiO2-SiO2 multilayers show increasing crys-
tallization temperatures from amorphous TiO2 to anatase with decreasing TiO2 layer thickness from 50 nm to 4 
nm and with increasing number of TiO2 layers. Their layered structure is retained during annealing while the 
interfaces roughen slightly. SiO2-doped TiO2 thin 昀椀lms demonstrate increasing crystallization temperatures with 
increasing SiO2 contents up to 10 %. The refractive index of these doped structures is tailored by the SiO2 
content. Detailed characterization of ALD deposited SiO2-containing TiO2 thin 昀椀lms could further expand their 
application in the future by precisely adjusting the fabrication process for the desired material properties and 
target application.

1. Introduction

Nanomaterials have gained signi昀椀cant attention over the past de-
cades due to their unique and tunable properties, which 昀椀nd application 
in various technological 昀椀elds [1,2]. Among these materials, titanium 
dioxide (titania, TiO2) is a very versatile and promising semiconductor 
based on its optical, electronic, and photocatalytic properties [2–4]. 
TiO2 thin 昀椀lms with layer thicknesses on the nanometer scale feature 
increased surface area-to-volume ratios whereby quantum effects occur 

and the 昀椀lm’s electronic structure, band gap, and crystallographic phase 
transition behavior change depending on the thickness [2,4–7]. The 
crystallographic phase of TiO2 – predominantly amorphous, anatase, 
rutile, or brookite – determines the materials’ structural and functional 
properties, such as mechanical strength, optical properties, and thermal 
stability [8,9]. Hence, precise control over the crystallinity is crucial to 
tailor the properties of TiO2 thin 昀椀lms for the desired application. 
Depending on the synthesis method, as-prepared TiO2 thin 昀椀lms are 
crystalline or amorphous. The latter ones can be transformed into 
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crystalline 昀椀lms by post-processing such as thermal annealing. Struc-
tural stabilization of TiO2 thin 昀椀lms upon heat treatments and thus, 
modi昀椀cation of the crystallization behavior can be achieved by doping 
or multilayering the 昀椀lms with various materials. The incorporation of 
foreign atoms locally changes the structure of the TiO2 thin 昀椀lms and 
therefore alters the crystallization process. For instance, doping of TiO2 
is reported to shift the crystallization temperature to higher tempera-
tures [10–20]. Moreover, such approach in昀氀uences the phase transition 
dynamics and can, e.g., suppress the phase transition from anatase to 
rutile depending on the dopant material and concentration [15–17,20]. 
Furthermore, the deposition of multilayered structures, where TiO2 is 
alternated with layers of other metal oxides creates interfaces in昀氀u-
encing nucleation and growth dynamics [8,11,12,19,21–29]. These 
multilayers can control phase transformation processes, promote the 
formation of speci昀椀c crystalline phases such as anatase or rutile, and 
tailor microstructural characteristics [8,11,19,22,24,27].

This combinatorial approach of doping and multilayering offers a 
versatile platform to further extend and customize the properties of TiO2 
thin 昀椀lms to suit the intended application [3]. For example, SiO2 is an 
interesting material featuring a low refractive index at similar high 
chemical and mechanical stability as TiO2 [14]. Thus, multilayers of 
TiO2 and SiO2 can be utilized in different 昀椀elds such as optics, sensing, 
thermal barrier coatings, or photocatalysis, to name a few [8,19,21,22,
24,25,30–32]. Previous reports about TiO2-SiO2 multilayers observed a 
thickness dependence of the crystallization temperature on the TiO2 昀椀lm 
thickness ranging from 4 nm to several hundred nanometers [19,21–26]. 
This correlation arises from the increasing in昀氀uence of the surface and 
interface energies onto the crystallographic phase transition with 
increasing surface area-to-volume ratio of the TiO2 昀椀lms, i.e., with 
decreasing 昀椀lm thickness [19,22]. These studies utilized ex situ char-
acterization techniques after annealing the structures at varying tem-
peratures to investigate the crystallization behavior. To precisely 
determine the crystallization onset, in situ characterization during the 
thermal annealing would be required but was not reported so far for 
TiO2-SiO2 multilayer thin 昀椀lms. Apart from TiO2-SiO2 multilayers, 
doping of TiO2 with SiO2 presents another possibility to tune the 
temperature-dependent structural properties. Homogeneously doped 
昀椀lms containing TiO2 and SiO2 showed composition-dependent crys-
tallization behavior [13–18]. The increase of the TiO2 crystallization 
temperature with increasing SiO2 content can be explained by raised 
activation energies for the crystallization because additional Si atoms 
interact strongly with the TiO2 lattice [14,16,18]. However, both types 
of SiO2-incorporated TiO2 昀椀lms, i.e., TiO2-SiO2 multilayers and SiO2--
doped TiO2, were prepared by sputtering, sol-gel chemistry, chemical 
vapor deposition, physical vapor deposition, or wet-chemical synthesis. 

These deposition techniques face limitations regarding coating con-
formality on complex-shaped substrates and/or precision of the 昀椀lm 
thickness control.

To overcome these limitations, atomic layer deposition (ALD) is 
utilized in this work to produce TiO2-SiO2 multilayers and SiO2-doped 
TiO2 thin 昀椀lms. ALD is a gas phase deposition technique that allows for 
precise thickness control of deposited 昀椀lms on the Ångström scale 
through sequential self-limiting reactions between gaseous precursors 
and solid surfaces [33,34]. Thus, three-dimensional or complex-shaped 
substrates can also be conformally coated by ALD. Furthermore, the 
combination of different materials in one ALD deposition process can be 
easily realized by supercycles [34,35]. These supercycles consist of 
pre-de昀椀ned numbers of ALD cycles for the different materials carried out 
consecutively as schematically shown in Fig. 1(a). The desired 昀椀lm 
thickness per material is obtained by tuning the ALD cycle numbers 
within the supercycle. In this way, tailored multilayers can be produced 
by alternating the deposition processes for the different materials. On 
the other hand, doping of materials is possible by periodically intro-
ducing single ALD cycles of the dopant material into the ALD process of 
the host material [36]. Hence, the properties of the deposited material 
can be precisely tailored by applying supercycle ALD processes.

Herein, we report on the fabrication of TiO2-SiO2 multilayers and 
SiO2-doped TiO2 thin 昀椀lms via supercycle ALD. The crystallization 
behavior of the nanometer thin TiO2 昀椀lms is investigated by in situ and 
ex situ X-ray diffraction (XRD) during thermal annealing of the struc-
tures. Speci昀椀cally, shifting of the TiO2 crystallization to higher tem-
peratures with decreasing layer thickness and increasing number of 
material interfaces is studied in TiO2-SiO2 multilayers. Composition- 
dependent crystallization properties are also observed in SiO2-doped 
TiO2 thin 昀椀lms. In addition, the structural appearance of the composite 
materials is characterized by X-ray re昀氀ectivity (XRR) measurements 
before and after the annealing. Furthermore, cross-section transmission 
electron microscopy (TEM) images of TiO2-SiO2 multilayers reveal that 
the layered structure is retained but roughened after thermal annealing. 
Spectroscopic ellipsometry of SiO2-doped TiO2 thin 昀椀lms was used to 
investigate the change of the refractive index upon annealing.

2. Experimental section

2.1. Materials

P-doped silicon wafers with native SiO2 layers (thickness 1.4–1.7 
nm) were supplied by Siegert Wafer (Germany). Titanium tetraiso-
propoxide (TTIP, CAS 546–68–9), tris(dimethlamino)silane (TDMAS, 
CAS 15,112–89–7), acetone (CAS 67–4–1), and isopropyl alcohol (IPA, 

Fig. 1. (a) Schematic structure of a supercycle ALD process. The 昀椀rst material (TiO2) forms by reactions of TTIP and O3. The cycles are repeated a times until the 
desired thickness is reached. The second material (SiO2) is deposited in b cycles of TDMAS and O3. Both cycles are repeated n times as a supercycle. (b) Composition 
of alternating TiO2-SiO2 multilayers and the respective cycle numbers a, b, and the supercycle numbers n applied for the samples presented in this publication. (c) 
SiO2-doped TiO2 thin 昀椀lms are prepared by introducing single SiO2 deposition cycles between varying amounts of TiO2 cycles to achieve different doping ratios. The 
process parameters are presented, and the structure of the 昀椀lms on top of a Al2O3-coated substrate is depicted.
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CAS 67–63–0) were purchased from Sigma Aldrich (Germany). Trime-
thylaluminum (TMA, CAS 75–24–1) was supplied by Strem Chemicals 
(France). Milli-Q water (> 16 MΩ cm, H2O) was used as deionized water 
(DI-H2O). Oxygen (5.0) and nitrogen (6.0) were received from Westfalen 
Gas and SOL, respectively.

2.2. Fabrication

TiO2-SiO2 multilayers and SiO2-doped TiO2 昀椀lms were prepared by 
supercycle ALD processes (Fig. 1a). Silicon wafer pieces were cleaned in 
acetone and IPA followed by drying under N2 steam for both sample sets. 
TiO2 and SiO2 ALD processes were conducted in a GEMStar XT™ system 
(Arradiance, USA) under stop-昀氀ow conditions. Both materials were 
deposited at 150 çC in a constant N2 昀氀ow of 30 sccm. Ozone (O3) 
generated by an R-Lab 112 ozone generator (Paci昀椀c Ozone, USA) was 
utilized as oxygen precursor for both processes. TTIP heated to 80 çC and 
TDMAS at 40 çC were used as titanium and silicon precursor, respec-
tively. The pulse, exposure, and purge times of the individual ALD half- 
cycle during the TiO2 process were as following: 0.1 s, 10 s, and 30 s for 
TTIP and 2 s, 10 s, and 30 s for O3. SiO2 deposition was conducted with 
pulse, exposure, and purge times of 0.05 s, 15 s, and 30 s for TDMAS and 
2 s, 40 s, and 30 s for O3. The growth per cycle (GPC) was 0.3 Å for TiO2 
and 0.84 Å for SiO2 deposition in agreement with existing literature 
[37–40]. TiO2-SiO2 multilayers were deposited on cleaned Si wafers. 
The TiO2:SiO2 ratio and individual layer thicknesses were tuned by 
varying the TiO2 and SiO2 deposition cycles (a and b) as well as the 
supercycle number (n). All supercycle processes were designed to 
receive a total coating thickness of 100 nm. Note, the individual cycle 
and supercycle numbers of the samples investigated are summarized in 
Fig. 1b. Two different TiO2:SiO2 ratios are deposited to test their effect 
on the crystallization behavior based on the different surface 
area-to-volume ratio in the layers. A 45 nm pure TiO2 thin 昀椀lm was 
prepared on a clean Si wafer by applying 1500 TiO2 ALD cycles.

SiO2-doped TiO2 thin 昀椀lms are fabricated on Si wafer pieces which 
were previously coated with 100 nm Al2O3 by ALD as diffusion barrier to 
prevent unintended Si-doping of the TiO2 昀椀lm by the substrate [41,42]. 
The alumina ALD process was performed in a home-built ALD system 
under stop-昀氀ow conditions at 150 çC. TMA and DI-H2O were used as 
precursors with pulse, exposure, and purge times for both of 0.05 s, 5 s, 
and 45, respectively. 625 cycles were applied to obtain a 昀椀lm thickness 
of 100 nm. Deposition of SiO2-doped TiO2 was conducted in the Arra-
diance GEMStar system under the same process conditions as described 
above for the multilayer structures. One SiO2 cycle was applied within 
one supercycle to fabricate SiO2-doped TiO2. To ensure a constant base 
layer, 20 cycles of TiO2 were applied before starting the supercycle 
process. The TiO2:SiO2 ratio and number of supercycles were varied to 
tailor the SiO2 percentage while keeping the total 昀椀lm thickness con-
stant at 30 nm. The process parameters are shown in Fig. 1c.

2.3. Characterization

TiO2-SiO2 multilayers and SiO2-doped TiO2 昀椀lms were structurally 
characterized by in situ X-ray diffraction (XRD) during thermal anneal-
ing. A Bruker (USA) D8 discover X-ray diffractometer equipped with a 
home-built annealing chamber (Ghent University) was utilized. Copper 
Kα radiation was applied, and the samples were annealed in ambient air 
at a heating rate of 10 çC/min up to 900 çC. In situ XRD scans in the range 
of 20ç to 40ç were taken with an integration time of 15 s. Data pro-
cessing of the in situ data emphasizes signals with low intensities in order 
to be able to distinguish them from the background in the color maps. 
Occasionally, this processing causes signals at the measuring range’s 
edge to be overly ampli昀椀ed. Note, artefacts do not appear in the ex situ 
measurements, which serve as control. Before and after the annealing, a 
full angle ex situ scan from 15ç to 65ç with a resolution of 0.05ç, an offset 
of 5ç, and 4 s integration time was taken for each sample. X-ray re昀氀ec-
tivity (XRR) patterns of TiO2-SiO2 multilayers and SiO2-doped TiO2 

昀椀lms were measured before and after annealing in a Bruker D8 discover 
system employing Cu Kα radiation. XRR measurements were recorded 
from 0.2ç to 4.0ç with a step size of 0.01ç and an integration time of 1 s 
per step. Transmission electron microscopy (TEM) images of TiO2-SiO2 
multilayer cross-sections were acquired with a Thermo Fisher (Ger-
many) Talos F200X in BF and HAADF-Mode. Sample preparation was 
done with a Thermo Fisher Helios G3UC Focused Ion Beam (FIB) using a 
standard in situ lift-out technique of the FIB lamellae. Spectroscopic 
ellipsometry characterization for the SiO2-doped TiO2 thin 昀椀lms are 
carried out with a SENpro ellipsometer by SENTECH (Germany). Spe-
ci昀椀cally, Cauchy models have been used to analyze Al2O3 as substrate 
coating material and SiO2-doped TiO2 昀椀lms. Atomic force microscopy 
(AFM) measurements of SiO2-doped TiO2 昀椀lms were conducted with a 
Dimension 3100 Atomic Force Microscope (Bruker, USA).

3. Results and discussion

3.1. TiO2-SiO2 multilayers

The crystallization temperature of ALD-deposited TiO2 thin 昀椀lms can 
be tailored by incorporating SiO2 either as TiO2-SiO2 multilayer struc-
tures or by SiO2-doping. All 昀椀lms are amorphous after deposition and 
annealing is necessary to induce crystallization. Crystallization from the 
amorphous TiO2 phase into polycrystalline anatase 昀椀lms is observed by 
in situ XRD measurements for layer thicknesses between 4 nm and 50 nm 
(Fig. 2, left column). Note, silica remains amorphous for all heat 
treatments performed in this study in agreement with the literature [21,
43]. For the multilayers, the crystallization temperature Tcr of TiO2 in-
creases with decreasing thickness of the individual TiO2 layers within 
the stack. Note, TiO2 layers in both investigated TiO2:SiO2 thickness 
ratios of 1:1 and 1:4 with varying individual layer thicknesses transform 
into anatase. While a crystallization temperature of 405 çC is observed 
for the 50 nm TiO2 昀椀lm, it increases up to 475 çC for a TiO2-SiO2 
multilayer with 4 nm individual TiO2 layer thickness as summarized in 
Fig. 3. The anatase (101) peak at 25.7ç is visible in the in situ XRD plots 
at temperatures above the crystallization temperature. The Tcr is deno-
ted above each plot and marked by a grey line for each sample’s plot. 
Increasing the supercycle number n with a 昀椀xed total 昀椀lm thicknesses 
result in two aspects that affect the crystallization temperature:

First, the individual TiO2 thickness per layer is decreasing. Conse-
quently, the interface area-to-volume ratio in these thin 昀椀lms is 
increasing whereby the in昀氀uence of the interfaces becomes more 
prominent for the layer’s properties [19,22]. Such a reduction in 昀椀lm 
thickness also restricts the crystallite sizes. Hence, it leads to a broad-
ening of the peaks which is particularly visible in the ex situ XRD mea-
surements [7]. By utilizing the peaks’ full width at half maximum 
(FWHM), crystallite sizes were estimated from the anatase (101) peak by 
the Scherrer equation using a shape factor of 0.9 [44]. The results are 
summarized in Table 1 and reveal that crystallite sizes are in the range of 
the 昀椀lm thicknesses for layers thinner than 20 nm. The 50 nm thick TiO2 
昀椀lm consists of crystallites with an average size of 25.2 nm. This 
observation indicates that for thicker layers (> 25 nm) the crystallite 
size upon annealing in our experimental setup is not in昀氀uenced anymore 
by the con昀椀nement.

Second, the number of TiO2-SiO2 interfaces raises which further 
enhances the in昀氀uence of the interfaces onto the properties of the overall 
structure [22]. Based on the different interface energies of amorphous 
TiO2 and crystalline TiO2 with amorphous SiO2, Durante et al. calculated 
that the crystalline TiO2 interface is energetically less favorable [22]. 
Note, Tcr for the 2 nm thick TiO2 layers could not be clearly determined 
from the in situ data and is thus not included in Fig. 3. However, the ex 
situ data after the thermal annealing (Fig. 2g) shows a broad peak with 
low intensity at 25.8ç indicating the anatase (101) peak. Note that the in 
situ measured intensity for this peak is below the detection limit of the 
XRD setup for such, only a few nanometers thin, 昀椀lm. Follow-up ex-
periments can utilize synchrotron radiation to further quantify the 
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Fig. 2. In situ (left) and ex situ (right) XRD patterns of TiO2-SiO2 multilayers. In (a) the XRD patterns of a pure 45 nm TiO2 昀椀lm as reference are shown. The TiO2:SiO2 
ratio is varied between 1:1 (b-d) and 1:4 (e-g) while the total 昀椀lm thickness is kept constant. The TiO2 layers crystallize in anatase phase and the crystallization 
temperature (marked by the grey line in the in situ patterns) increases with decreasing TiO2 昀椀lm thickness. Peak positions for anatase ‘A’ (COD 1,010,942) are shown 
in the ex situ patterns in the right column. TiO2 layer thicknesses of (b) 50 nm, (c) 10 nm, (d) 5 nm, (e) 20 nm, (f) 4 nm, and (g) 2 nm are investigated.
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presence of anatase phase in TiO2 layers below 4 nm.
As a control, the pure TiO2 layer (Fig. 2a) shows a crystallization 

onset at 380 çC. This temperature is even below the measured value for a 
50 nm TiO2 thin 昀椀lm in a bilayer structure (405 çC). We conclude that 
any overcoating of TiO2 by SiO2 affects the crystallization behavior of 
TiO2. As explained above, the additional interface energy effectively 
hinders the crystallization of the TiO2 layer. Hence, the phase transition 
in such TiO2-SiO2 bilayers needs more energy than in an uncovered TiO2 
resulting in a higher Tcr.

In general, the TiO2-SiO2 multilayers are structurally stable upon 
thermal annealing. The 昀椀lm thicknesses, surface roughnesses, and 
interface roughnesses change only slightly after annealing the TiO2-SiO2 
stack structures as revealed by the XRR patterns (Fig. 4). The observed 
minor modi昀椀cations are caused by the TiO2 phase transition and the 
corresponding rearrangement of atoms [17]. For better comparison, 

XRR patterns before and after annealing for each sample are shown in 
Fig. S1. The individual XRR plots were not 昀椀tted quantitatively due to 
the large number of individual layers, which led to a huge dimension-
ality of 昀椀t parameters, but the data is compared qualitatively. Oscillation 
periodicities increase slightly corresponding to decreasing 昀椀lm thick-
nesses caused by the densi昀椀cation and crystallization of the TiO2 layers 
into the anatase phase [17]. Minor reductions of the oscillation ampli-
tude after annealing suggest that the interfaces roughen slightly [45]. 
These results are corroborated by TEM analyses before and after thermal 
annealing (Fig. 5) revealing also the thickness decrease and indicating 
an increase in the surface roughness.

Speci昀椀cally, the cross-section TEM images (Fig. 5) demonstrate that 
the TiO2-SiO2 multilayers retain their layered structure upon annealing. 
Analysis of the individual layer thicknesses was performed by using the 
software Fiji[46] and the results are summarized in Table 2. Individual 
layer thicknesses decrease by below 1 nm after the annealing up to 900 
çC and the total 昀椀lm thicknesses reduce between 1.5 nm and 9.7 nm 
depending on the TiO2:SiO2 thickness ratio and the supercycle numbers. 
Furthermore, the TEM analysis supports the ex situ XRD measurements 
showing that TiO2 and SiO2 layers are amorphous before annealing. In 
contrast, after the thermal annealing, TiO2 layers consist of crystalline 
grains with different orientation of the crystal lattices (Fig. 5b). This 
again is in good agreement with the multiple anatase peaks observed by 
ex situ XRD measurements (Fig. 2).

3.2. SiO2-doped TiO2 thin 昀椀lms

It was previously reported that utilization of aluminum-doped TiO2 
layers stabilizes the 1D and 3D photonic structures while simultaneously 
maintaining the high refractive index of the TiO2 layers [10,11]. This 
prework motivated us to study the crystallization properties of super-
cyclic deposited SiO2-doped TiO2 thin 昀椀lms. Silica doping of TiO2 昀椀lms 
is obtained by applying single SiO2 ALD cycles after a certain number of 
TiO2 cycles in supercycle processes. Based on the cyclic nature of the 
ALD process, the dopant material SiO2 is introduced as sub-monolayers 
in between TiO2 layers. Hence, the structure resembles a delta-doped 
material characterized by the layered arrangment of host and dopant 
material with multiple regions of high dopant concentration within 
narrow pro昀椀les along the cross-section [47]. When the total 昀椀lm 
thickness is kept constant for the ALD process, the SiO2 content raises 
with the total number of SiO2 cycles within the ALD process. Each SiO2 

Fig. 3. The crystallization temperature Tcr of TiO2 layers in TiO2-SiO2 multi-
layers increases with decreasing TiO2 layer thickness.

Table 1 
Crystallite sizes in the TiO2 layers are calculated from the anatase (101) peak 
utilizing the Scherrer equation.

TiO2 layer thickness /nm FWHM /ç 2θ /ç Crystallite size /nm
4 1.90 25.39 4.7
5 1.52 25.39 5.9
10 0.84 25.50 10.6
20 0.46 25.50 19.3
50 0.35 25.54 25.2

Fig. 4. XRR patterns of TiO2-SiO2 multilayers before and after annealing demonstrate that the 昀椀lm thicknesses, surface roughnesses, and interface roughnesses 
change only slightly. Multilayers fabricated with different ALD supercycle numbers are depicted for TiO2:SiO2 ratios of 1:1 (a) and 1:4 (b). Direct qualitative 
comparison of the same multilayer before and after annealing is presented in Fig. S1.
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cycle alters the local bonding environment of titanium and oxygen in the 
TiO2 昀椀lm by creating material defects. As discussed above, the intro-
duction of such additional material defects hinders the crystallization of 
the TiO2 昀椀lm during the thermal annealing. Note, an ALD-grown Al2O3 
layer was deposited as diffusion barrier between the Si substrate and the 
SiO2-doped TiO2 thin 昀椀lm to prevent unintended Si-doping from the 
substrate [41,42]. Increasing the SiO2 content in SiO2-doped TiO2 thin 
昀椀lms leads to a rise of the crystallization temperature as shown in Fig. 6. 
Tcr to the anatase phase increases with the SiO2 content from 420 çC for 
0 % doping until 485 çC for a SiO2 content of 10 %. Ex situ XRD analysis, 
exemplarily displayed for 7.5 % SiO2 (Fig. 6g) proves that only the 
anatase phase is detected and no traces for rutile or brookite can be 
identi昀椀ed. The ex situ XRD data of the other samples are depicted in 
Fig. S2. The observed linear trend between 1 % and 10 % SiO2 content 
(Fig. 6h) is in good agreement with a previous study by Waleczek et al. 
on the in昀氀uence of Al2O3 doping by supercycle ALD on Tcr of TiO2 昀椀lms 
[10].

The high refractive index of TiO2 is a key feature, which is mitigated 
by excessive doping with a lower refractive index material. We used 
spectroscopic ellipsometry data (Fig. 7a) to determine the refractive 
index as a function of SiO2 content as-prepared and upon annealing. 
Note, by employing the supercycle approach, the refractive index can be 
precisely tailored because the amount of SiO2 can be 昀椀nely adjusted. 
Refractive indices presented in Fig. 7a are measured at SiO2-doped TiO2 
samples featuring the same SiO2 contents but prepared directly on sili-
con wafers without the Al2O3 diffusion barrier to reduce the number of 
昀椀tting parameters for the analysis. Upon annealing at temperatures 
above the crystallization, an increase of the refractive index of the SiO2- 

doped TiO2 昀椀lms is observed. Such an increase in refractive index is 
expected due to the TiO2 昀椀lm crystallization into the anatase phase [8,
9]. Spectroscopic ellipsometry results of the samples with Al2O3 barrier 
layer are depicted in Fig. S3 and reveal a similar behavior. The XRR 
measurements of the samples are very similar before and after thermal 
annealing (Fig. 7b-d and Fig. S4). We therefore conclude, that the 昀椀lm 
thicknesses of SiO2-doped TiO2 昀椀lms remain almost constant after 
annealing. However, the re昀氀ected intensity decays faster after the 
annealing. Such behavior could be related to an increase of the surface 
roughness of the SiO2-doped TiO2 昀椀lms as con昀椀rmed by atomic force 
microscopy measurements (Table 3 and Fig. S5) [8,45]. Note, a signif-
icant difference in crystallization temperature is identi昀椀ed when 
comparing the reference sample containing 0 % doping with the results 
of the pure TiO2 sample (shown in Fig. 2a). We attribute this mismatch 
to the different substrates.

3.3. In昀氀uence of the substrate surface

The annealing results of the reference substrates for both types of 
samples, i.e., multilayers and doped TiO2 thin 昀椀lms differ. This obser-
vation obviously demonstrates that also the utilized substrate affects the 
crystallization behavior besides multilayering or doping of TiO2. For the 
mutlilayer samples, cleaned silicon wafer pieces with 1.7 nm native SiO2 
were directly used as substrates; whereas the SiO2-doped TiO2 structures 
were fabricated on silicon wafer pieces previously coated with 100 nm 
aluminum oxide (Al2O3) by ALD. Although the pure TiO2 昀椀lm prepared 
on the Al2O3-coated substrates, i.e., 0 % SiO2 content in TiO2, has a 
thickness of 30 nm, its crystallization temperature of 420 çC (Fig. 6a) 

Fig. 5. Cross-sectional TEM images of different TiO2-SiO2 multilayers before and after thermal annealing. TEM micrographs before and after annealing (large images 
of a,b and c) were taken with an HAADF detector in STEM-mode. Here, TiO2 is displayed in light grey while the SiO2 layers are dark grey. The TEM images in higher 
magni昀椀cation in (b) are HRTEM-images revealing an amorphous TiO2 layer before annealing and showing lattice planes in the TiO2 layer after annealing. The TiO2 
and SiO2 layers are marked in green and blue on the right side of each image, respectively. Note, the thin bottom SiO2 layers are native silicon dioxide layers of 
the substrate.

Table 2 
Film thicknesses of the individual layers in TiO2-SiO2 multilayers analyzed by cross-section TEM images.

Sample TiO2 layer thickness /nm SiO2 layer thickness /nm Total 昀椀lm thickness /nm
before annealing after annealing before annealing after annealing before annealing after annealing

TiO2:SiO2 1:1, 1 supercycle 51.4 ± 0.5 50.5 ± 0.5 43.8 ± 0.5 43.2 ± 0.5 95.2 ± 0.5 93.7 ± 0.5
TiO2:SiO2 1:4, 5 supercycles 4.9 ± 0.5 4.3 ± 0.4 14.6 ± 0.3 14.5 ± 0.4 96.0 ± 0.5 94.1 ± 0.5
TiO2:SiO2 1:1, 10 supercycles 5.5 ± 0.2 5.3 ± 0.42 4.8 ± 0.2 4.0 ± 0.4 102.6 ± 0.5 92.9 ± 0.5
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exceeding the values from the thickness dependence observed for the 
TiO2-SiO2 multilayers (405 çC, Fig. 3) and for 45 nm pure TiO2 (380 çC, 
Fig. 2a). Since different materials are utilized as substrate layers in direct 
contact with the TiO2 thin 昀椀lm, the interface energies differ. Durante et 
al. reported on a higher interface energy for TiO2 in contact with Al2O3 
than with SiO2 [22]. As a consequence, more energy is required for the 
phase transition from amorphous TiO2 to anatase when an Al2O3--
functionalized substrate is used resulting in a higher Tcr as observed in 
our experiments.

4. Conclusion

The crystallization temperature of ALD-deposited TiO2 from the 
amorphous to the anatase phase depends on the incorporation of SiO2 in 
the form of a multilayer structure or as delta-doping. Speci昀椀cally, Tcr 
increases with decreasing thickness of individual TiO2 layers embedded 
in SiO2 layers. In both cases, the in昀氀uence of material interfaces between 
TiO2 and SiO2 layers becomes more dominant for the phase transition. In 
accordance with this, Tcr increases when the SiO2 content is raised in 
SiO2-doped TiO2 昀椀lms. Both, TiO2-SiO2 multilayers and SiO2-doped 
TiO2 昀椀lms retain their structural properties after thermal annealing. 
Minor changes of thicknesses, surface roughnesses, and interface 

roughnesses can be attributed to the rearrangement of atoms caused by 
the TiO2 phase transition.

The systematic study of the crystallization temperature in SiO2 
containing TiO2 昀椀lms allows for precise adjustment of annealing tem-
peratures to obtain or to prevent the crystallization of nanometer thin 
TiO2 昀椀lms. By controlling the delta-doping of SiO2, the refractive index 
in SiO2-doped TiO2 thin 昀椀lms can be tailored. Speaking in terms of 
generality, fabricating such multilayered or doped structures by ALD 
enables their application to a wide range of templates not accessible 
with other deposition techniques such as highly porous structures or 
three-dimensional complex-shaped templates. On the one hand, the very 
precise thickness control of ALD processes might pave the way for 
further reduction of the individual layer thicknesses and hence, for a 
further increase of the TiO2 crystallization temperature. On the other 
hand, such doped materials can, for example, be utilized in photo-
catalysis because they decrease the optical bandgap of TiO2 and ease the 
charge carrier generation [15,16]. In this context, precise knowledge of 
the increased crystallization temperature is essential as the crystalline 
anatase phase has a higher photocatalytic activity than amorphous TiO2 
and hence, anatase is desired to be obtained by thermal annealing 
[48–50].

Fig. 6. XRD studies of SiO2-doped TiO2 thin 昀椀lms with varied SiO2 content. (a-f) In situ XRD patterns of SiO2 contents 0 %, 1 %, 2.5 %, 5 %, 7.5 %, and 10 %. The 
crystallization temperature of anatase formation is inidcated by the grey line. (g) Ex situ XRD measurement of the TiO2 昀椀lm containing 7.5 % SiO2 before and after 
annealing showing the crystallization into anatase phase (‘A’, COD 1,010,942). (h) The crystallization temperature increases with increasing SiO2 content.
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G. MontaÞno-Figueroa, M.J. Arellano-Jiménez, M. Quevedo-Lopez, P. Valenzuela, 
W. Gacitúa, Mechanical and microstructural properties of broadband anti- 
re昀氀ective TiO2/SiO2 coatings for photovoltaic applications fabricated by 
magnetron sputtering, Sol. Energy Mater. Sol. Cells 220 (2021) 110841, https:// 
doi.org/10.1016/j.solmat.2020.110841.

[9] X. Min Du, R.M. Almeida, Effects of thermal treatment on the structure and 
properties of SiO2−TiO2 gel 昀椀lms on silicon substrates, J. Sol-Gel Sci. Technol. 8 
(1–3) (1997) 377–380, https://doi.org/10.1007/BF02436868.

[10] M. Waleczek, J. Dendooven, P. Dyachenko, A.Y. Petrov, M. Eich, R.H. Blick, 
C. Detavernier, K. Nielsch, K.P. Furlan, R. Zierold, In昀氀uence of alumina addition on 
the optical properties and the thermal stability of titania thin 昀椀lms and inverse 
opals produced by atomic layer deposition, Nanomaterials 11 (4) (2021), https:// 
doi.org/10.3390/nano11041053.

[11] L. Ghazaryan, S. Handa, P. Schmitt, V. Beladiya, V. Roddatis, A. Tünnermann, 
A. Szeghalmi, Structural, optical, and mechanical properties of TiO2 
nanolaminates, Nanotechnology 32 (9) (2021) 095709, https://doi.org/10.1088/ 
1361-6528/abcbc1.

[12] G.E. Testoni, W. Chiappim, R.S. Pessoa, M.A. Fraga, W. Miyakawa, K.K. Sakane, N. 
K.A.M. GalvÞao, L. Vieira, H.S. Maciel, In昀氀uence of the Al2O3 partial-monolayer 
number on the crystallization mechanism of TiO2 in ALD TiO2 /Al2O3 
nanolaminates and its impact on the material properties, J. Phys. Appl. Phys. 49 
(37) (2016), https://doi.org/10.1088/0022-3727/49/37/375301.

[13] R.M. Almeida, E.E. Christensen, Crystallization behavior of SiO2−TiO2 sol-gel thin 
昀椀lms, J. Sol-Gel Sci. Technol. 8 (1–3) (1997) 409–413, https://doi.org/10.1007/ 
BF02436874.

[14] G. Calleja, D.P. Serrano, R. Sanz, P. Pizarro, Mesostructured SiO2-doped TiO2 with 
enhanced thermal stability prepared by a soft-templating sol–gel route, 
Microporous Mesoporous Mater 111 (1–3) (2008) 429–440, https://doi.org/ 
10.1016/j.micromeso.2007.08.021.

[15] C. He, B. Tian, J. Zhang, Thermally stable SiO2-doped mesoporous anatase TiO2 
with large surface area and excellent photocatalytic activity, J. Colloid Interface 
Sci. 344 (2) (2010) 382–389, https://doi.org/10.1016/j.jcis.2010.01.002.

[16] Y. Su, J. Wu, X. Quan, S. Chen, Electrochemically assisted photocatalytic 
degradation of phenol using silicon-doped TiO2 nano昀椀lm electrode, Desalination 
252 (1–3) (2010) 143–148, https://doi.org/10.1016/j.desal.2009.10.011.

[17] Y.-H. Zhang, A. Reller, Phase transformation and grain growth of doped nanosized 
titania, Mater. Sci. Eng. C 19 (1–2) (2002) 323–326, https://doi.org/10.1016/ 
S0928-4931(01)00409-X.

[18] Z. Zhu, S. Wu, Y. Long, L. Zhang, X. Xue, Y. Yin, B. Xu, Phase-transition kinetics of 
silicon-doped titanium dioxide based on high-temperature X-Ray-diffraction 
measurements, J. Solid State Chem. 303 (2021) 122544, https://doi.org/10.1016/ 
j.jssc.2021.122544.

[19] H. Sankur, W. Gunning, Crystallization and diffusion in composite TiO2-SiO2 thin 
昀椀lms, J. Appl. Phys. 66 (10) (1989) 4747–4751, https://doi.org/10.1063/ 
1.343784.

[20] S. Schipporeit, M. Jerman, D. Mergel, Crystallization and conductivity of large- 
domain Nb-doped TiO2 昀椀lms prepared by electron beam evaporation, Thin Solid 
Films 754 (2022) 139299, https://doi.org/10.1016/j.tsf.2022.139299.

[21] G. Christidis, O.B. Fabrichnaya, S.M. Koep昀氀i, E. Poloni, J. Winiger, Y. 
M. Fedoryshyn, A.V. Gusarov, M. Ilatovskaia, I. Saenko, G. Savinykh, V. Shklover, 
J. Leuthold, Photonic response and temperature evolution of SiO2/TiO2 
multilayers, J. Mater. Sci. 56 (33) (2021) 18440–18452, https://doi.org/10.1007/ 
s10853-021-06557-y.

[22] O. Durante, V. Granata, J. Neilson, G. Carapella, F. Chiadini, R. DeSalvo, R. De 
Simone, V. Fiumara, V. Pierro, I.M. Pinto, A. Vecchione, R. Fittipaldi, F. Bobba, 
C. Di Giorgio, Investigation of crystallization in nanolayered TiO2-based 
superlattices, Surf. Interfaces 41 (2023) 103309, https://doi.org/10.1016/j. 
sur昀椀n.2023.103309.

[23] T. Nakayama, Structure of TiO22/SiO2 multilayer 昀椀lms, J. Electrochem. Soc. 141 
(1) (1994) 237–241, https://doi.org/10.1149/1.2054690.

[24] H.-W. Pan, S.-J. Wang, L.-C. Kuo, S. Chao, M. Principe, I.M. Pinto, R. DeSalvo, 
Thickness-dependent crystallization on thermal anneal for titania/silica nm-layer 
composites deposited by ion beam sputter method, Opt. Express 22 (24) (2014) 
29847, https://doi.org/10.1364/OE.22.029847.

[25] R.D.Y. Away, C. Takai-Yamashita, T. Ban, Y. Ohya, Photocatalytic properties of 
TiO2-Si22 sandwich multilayer 昀椀lms prepared by sol-gel dip-coating, Thin Solid 
Films 720 (2021) 138522, https://doi.org/10.1016/j.tsf.2021.138522.

[26] A. Hodroj, O. Chaix-Pluchery, M. Audier, U. Gottlieb, J.-L. Deschanvres, Thermal 
annealing of amorphous Ti–Si–O thin 昀椀lms, J. Mater. Res. 23 (3) (2008) 755–759, 
https://doi.org/10.1557/JMR.2008.0088.

[27] D.R.G. Mitchell, G. Triani, D.J. Attard, K.S. Finnie, P.J. Evans, C.J. Barbé, J. 
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Figure S1. XRR patterns before and after annealing plotted individually for each nanolaminate sample.The TiO2:SiO2 ratio was 

varied from 1:1 (a, c, e) to 1:4 (b, d, f) while supercycle numbers of 1 (a, b), 5 (c, d), and 10 (e, f) were applied. 
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Figure S2. Ex situ XRD measurements of SiO2-doped TiO2 thin films with varied SiO2 content. Peak position of anatase phase 

(8A9, COD 1010942) are marked by the grey dashed lines. Patterns are shown for SiO2 contents of (a) 0 %, (b) 1 %, (c) 2.5 %, (d) 

5 %, and (e) 10 %. Other peaks are caused by the substrate materials, i.e., Si, SiO2, and Al2O3. 

 

 

Figure S3. Spectroscopic ellipsometry of SiO2-doped TiO2 films deposited on Al2O3-functionalized substrates demonstrate an 

increase of the refractive index n at 632.8 nm after thermal annealing. 



 4 

 

Figure S4. XRR patterns of SiO2-doped TiO2 thin films containing (a) 1 %, (b) 5 %, and (c) 7.5 % SiO2. The data was measured 

before and after annealing. 
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Figure S5. Atomic force microscope images of SiO2-doped TiO2 films before and after thermal annealing revealing a surface 

roughening after annealing. 
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ABSTRACT  

Nanostructuring is nowadays of great interest based on unique materials properties, increased 

surface areas and thus, superior performance while simultaneously reducing the utilized material 

amount. However, directly nanostructuring functional materials themselves is often 

technologically challenging. Hence, nanostructured substrates such as anodic aluminum oxide 

(AAO) can serve as templates for depositing the desired active material onto them. Chemically 

stable templates are crucial to accurately assess the performance of the functional materials. Since 

AAO structures contain electrolyte ions incorporated into the aluminum oxide matrix during the 
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anodization process, their chemical stability is influenced by the processing of the templates. 

Herein, functionalization of post-anodization modified AAO templates with photocatalyst 

materials by atomic layer deposition (ALD) is studied to assess the influence of the templates’ 

chemical stability on the photocatalytic properties. Specifically, titanium dioxide as a chemically 

stable photocatalyst is not affected by the post-anodization treatment of the AAO structure. In 

contrast, the photocatalytic performance of AAO structures functionalized with iron (III) oxide as 

an example for an inherent chemically instable photocatalyst depends on the chemical stability of 

the template. Furthermore, the effect of different post-anodization modifications of AAO 

structures on their photocatalytic performance and surface chemistry is investigated. Treatments 

with hydrogen peroxide or phosphoric acid can stabilize the photocatalytic performance of the 

AAO templates over consecutive measurements. X-ray photoelectron spectroscopy measurements 

indicate that such stabilization is caused by alterations of the AAO surface chemistry. This work 

highlights the importance of chemically stable materials as templates for exploring the properties 

of new functional materials such as photocatalysts.  

INTRODUCTION 

Achieving high functionality while minimizing material usage is a pivotal aim in materials 

science.1,2 Nanostructuring has emerged as a key strategy to meet this goal, enabling the tailoring 

of materials at the nanoscale to expand their functionalities.2,3 Moreover, nanostructuring leads to 

significantly enlarged surface areas while the material consumption is simultaneously reduced.2–5 

Accordingly, nanostructured materials are often utilized either directly or as templates for 

electronics, photonics, (photo-)catalysis, biomedicine, energy storage and conversion, 

environmental applications, and magnetic devices.2,3,6–8 To identify the properties of functional 
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materials deposited onto nanostructured templates, it is crucial to use a chemically stable structure 

as template.9,10 Specifically, the template should not decompose or undergo any other chemical 

changes during the applications as it will be functionalized with an active material.  

One prominent example of such nanostructured templates is anodic aluminum oxide (AAO) which 

has been used for many different applications such as optics, sensing, catalysis, energy storage, or 

electronics over the past years.6,11–14 AAO consists of cylindrical pores inside an aluminum oxide 

(alumina, Al2O3) matrix produced by an electrochemical oxidation also known as anodization.13 

The pores are aligned perpendicular to the surface and are highly ordered in a hexagonal pattern 

due to a self-assembly process. AAO provides a large flexibility as template structure, because the 

pore size, pore morphology, layer thickness, and surface functionalization can be widely tailored 

within or after the anodization.6,13,14 Furthermore, due to the porous nature, AAO templates feature 

high surface areas which are beneficial for many applications. Anodization is accompanied by 

contamination of the alumina matrix through the incorporation of electrolyte ions and by formation 

of oxygen vacancies in the alumina.15–19 The contamination percentage is increasing from the inner 

side of the pores towards the outer part, i.e., the one in contact with the electrolyte during 

anodization. These contaminations cannot be avoided, but they can cause undesired properties of 

the alumina such as high photoluminescence intensity.18–22 Moreover, the contaminations could be 

dissolved by and react with aqueous solutions which are applied, for example, to functionalize the 

AAO surface. Such dissolution process alters the intrinsic properties of AAO as a template 

material. Oxygen vacancies present in the alumina matrix are also known to cause 

photoluminescence of the structure.18–20,22,23 Since AAO is often applied as a template structure 

and thus coated with functional materials, it is essential that the alumina surface is stable against 

these treatments.8,24,25 On the one hand, the surface chemistry has to be modified by depositing a 
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material of choice onto the AAO template. On the other hand, the surface chemistry should not be 

altered in a way that affects the properties of the AAO template structure. Chemically stable 

templates allow for investigating functional materials – even those which are prone to decompose 

during their application. The influence of AAO’s surface chemistry onto its applicability as 

template structure can for example be studied for photocatalytic applications. Photocatalysis is 

based on the induction of chemical reactions by irradiation with solar light and it offers a plethora 

of possible applications such as water or air purification, hydrogen production, self-cleaning 

surfaces, or energy conversion.4,26–30 Since photocatalytic reactions occur at the surface of 

materials, an increment of the surface area corresponds to an increase of the reactions per time 

period leading to a more efficient process.2–5 Thus, AAO structures provide great potential as 

template structure for photocatalysts based on their high surface area, comparable inexpensive 

fabrication, and versatile functionalization possibilities. 

This study focuses on the influence of different post-anodization treatments of AAO templates on 

their photocatalytic properties in order to identify modifications that result in stable AAO 

templates for this example application. Post-anodization treatments – namely immersion in 

hydrogen peroxide (H2O2) and immersion in phosphoric acid (H3PO4) – are applied for testing 

templates coated with titanium dioxide (TiO2) or iron (III) oxide (Fe2O3) as a photocatalyst and 

are compared to as-prepared AAO templates functionalized with the respective photocatalysts. 

The photocatalyst materials are coated onto the AAO structures by atomic layer deposition (ALD). 

Due to sequential, self-limiting reactions between precursors in the gas phase, and solid substrate 

surfaces, ALD allows for complete conformal coating of the substrate – here AAO – while 

simultaneously controlling the deposited film thickness in the sub-nanometer range.31–34 TiO2 

coated structures show stable photocatalytic performances over three measurements for all 



 5

investigated post-anodization modifications. In contrast, the photocatalytic activity of Fe2O3-

functionalized samples is stable for AAO templates immersed in H2O2 or H3PO4 before the ALD 

coating but decreases within the subsequent measurements for the as-prepared AAO template. This 

behavior is probably caused by modifications of the AAO surface chemistry depending on the 

respective post-anodization treatment. To gain a deeper understanding of the evolution of AAO’s 

surface chemistry during photocatalysis measurements, the photocatalytic performances of post-

anodization modified AAO structures without additional ALD coating were investigated and 

further surface modifications were tested. In detail, immersion of AAO samples into water (H2O), 

H2O2, or H3PO4, as well as thermal annealing, or exposure to trimethylaluminum (TMA) are 

applied as post-anodization treatments and compared to an as-prepared AAO structure. The effect 

of the different modifications on the AAO is determined by photocatalytic degradation of an 

organic dye as model pollutant of water and by X-ray photoelectron spectroscopy. This 

characterization sheds light on changing surface chemistry of AAO samples by post-anodization 

modifications which is essential to apply such structures as templates for functional materials.  

  

EXPERIMENTAL SECTION 

2.1. Materials. Aluminum (Al) chips (99.9997 %, 0.5 cm thickness, 2 cm diameter) were received 

from Goodfellow GmbH (Germany). Perchloric acid (HClO4, CAS 7601-90-3), ethanol (C2H5OH, 

EtOH, CAS 64-17-5), isopropyl alcohol (C3H8O, IPA, CAS 67-63-0), oxalic acid (H2C2O4, CAS 

144-62-7), chromium (VI) oxide (CrO3, CAS 1333-82-0), phosphoric acid (H3PO4, CAS 7664-38-

2), methylene blue (C16H18ClN3S, MB, CAS 122965-43-9), hydrogen peroxide (H2O2, CAS 7722-

84-1), and titanium tetraisopropoxide (TTIP, CAS 546-68-9) were purchased from Sigma Aldrich 
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(Germany) and used as received. Milli-Q water (> 16 MΩ cm, H2O) was utilized as deionized 

water (H2O) as ALD precursor and to prepare aqueous solutions. Ferrocene (C10H10Fe, Cp2Fe, 

CAS 102-54-5) was supplied by Alfa Aesar (Germany) and trimethylaluminum (C3H9Al, TMA, 

CAS 75-24-1) was purchased from Strem Chemicals (France). Nitrogen (6.0) and oxygen (5.0) 

were supplied by SOL (Germany) and Westfalen (Germany), respectively. 

2.2. Fabrication of AAO. AAO templates were produced by two-step anodization of aluminum. 

Prior to anodization, the Al chips were cleaned by immersion in IPA and H2O for 30 min, 

respectively, and were dried under nitrogen stream. The cleaned chips were electropolished in a 

HClO4/EtOH solution (1:4, v:v) at 20 V and 5 °C for 3 min. The first anodization step was 

conducted in aqueous H2C2O4 (0.3 M) at 40 V and 6 °C for 20 h. Afterwards, the formed 

nanoporous Al2O3 film was removed by etching in aqueous H2CrO4/H3PO4 solution (1.8 wt%/ 

6 wt%) at 45 °C for 24 h. The second anodization step was conducted under the same conditions 

as the first one except the duration which was set to 10 h. 

2.3. Surface Modification of AAO. Subsequent to the anodization, AAO samples were treated by 

different surface modification approaches. One sample was kept as-prepared without further 

treatment and one was annealed at 450 °C for 1 h on a hotplate. Another AAO sample was exposed 

to 15 TMA pulses at 150 °C in an ALD system. The pulses consisted of 0.05 s pulse, 60 s exposure, 

and 90 s purge duration and were operated in stop-flow mode. One sample was immersed into H2O 

and afterwards dried with N2 stream. Another sample was immersed into H2O2 (30 wt%) for 24 h 

and H2O for another 24 h before it was dried under N2 stream and one sample was immersed into 

H3PO4 (5 wt%) at 45 °C for 1 min.  
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For functionalizing AAO samples with a photocatalyst, one as-prepared sample, one sample 

immersed in H2O2 (30 wt%) for 24 h and H2O for 24 h, and one sample exposed to H3PO4 for 

1 min were coated with TiO2 or Fe2O3 and an ultra-thin Al2O3 protection layer by ALD, 

respectively. TiO2 coating was conducted in a GEMStar XTTM (Arradiance, USA) ALD reactor 

under stop-flow conditions at 150 °C and a N2 carrier gas flow of 30 sccm. TTIP heated to 80 °C 

and H2O at room temperature were pulsed for 0.1 s and 0.05 s, respectively. Exposure and purge 

times of 60 s and 120 s were applied for both half reactions. 96 cycles were applied to obtain a 

TiO2 thickness of 5 nm. Cp2Fe at 100 °C and O3 at room temperature were used as precursors in 

the Fe2O3 process which was operated in stop-flow mode at 200 °C in a home-built ALD system. 

Each Cp2Fe half-cycle consisted of 2 s precursor pulse, 60 s exposure, and 90 s pumping of the 

system. The O3 half-cycle was repeated twice within one complete ALD cycle and 0.08 s precursor 

pulse, 30 s exposure, and 90 s pump time were applied. Each sample was exposed to 179 cycles 

for Fe2O3 deposition resulting in a coating thickness of 5 nm. Subsequently, the samples were 

coated with an ultra-thin film of Al2O3 as protection layer to prevent photocorrosion of the Fe2O3 

film.35 Al2O3 deposition was conducted in stop-flow mode at 150 °C using TMA and H2O (both 

at room temperature) as precursors. Both half-cycles consisted of 0.05 s precursor pulse, 60 s 

exposure, and 90 s pumping. The samples were coated by 2 cycles Al2O3. 

2.4. Composition Analysis of Modified AAO. 

XPS measurements were conducted in a Theta Probe XPS instrument (Thermo Fisher Scientific 

Inc., USA) and the XPS data analysis was performed using the CasaXPS software package. A pass 

energy of 50 eV and 200 eV and a step size of 0.1 eV and 0.5 eV were applied for core level scans 

and survey spectra, respectively. XPS spectra calibration was based on the C-C component in the 
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C1s XPS spectrum at 284.8 eV. The XPS spectra were deconvoluted by fitting a Shirley 

background and asymmetric LA line shapes, LA(50).  

2.5. Photocatalytic Characterization. 

Photocatalytic characterization was carried out by analyzing the photocatalytic degradation of 

methylene blue (MB) as a model pollutant of water. A sample was mounted into a home-built 

photocatalysis cell composed of polyether ether ketone (PEEK) and a soda-lime glass window. 

The sample was exposed to a MB solution (2.5 mg/l, 8 ml) which also contained H2O2 (200 mM) 

and kept in darkness for one hour to establish the adsorption-desorption equilibrium of the 

molecules at the samples surface. Subsequently, the system was irradiated with UV-visible light 

generated by an Euromex LE.5211 halogen lamp. The absorbance of the dye solution was analyzed 

every five minutes by UV/Vis spectroscopy. For this, 1 ml of the MB solution was pipetted from 

the photocatalysis cell into a cuvette, analyzed in the spectrometer, and pipetted back. During that 

time, illumination of the photocatalysis cell was blocked to prevent degradation within this 

analysis period. Lambert-Beer’s law was applied to calculate the MB concentration based on the 

measured absorbance at every point in time. The photocatalytic reaction is assumed to occur via 

the Langmuir-Hinshelwood mechanism. Since the MB concentration is lower than 10-3 mol L-1, 

the reaction rate can be simplified to a pseudo-first-order kinetics law: 

ln ൬ ��൰ = −� ⋅ � 
Here, c denotes the concentration of the MB solution at a given time t, c0 describes the 

concentration at the beginning of the measurement (t=0 h), and k is the apparent photocatalytic 

rate constant which is a measure for the photocatalytic activity of a sample. The photocatalytic 
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MB degradation measurement was repeated three times per sample to monitor changes of the 

activity over consecutive measurements. 

 

RESULTS AND DISCUSSION 

3.1. Fabrication and Photocatalytic Characterization of ALD-coated AAO. 

Highly ordered AAO structures featuring a pore length of about 35 µm and a pore diameter of 

25 nm are fabricated by anodization. Herein, the photocatalytic performance of post-anodization 

treated AAO structures is assessed by the degradation of MB as a model pollutant of water. ALD-

coating of photocatalyst materials onto AAO structures exposed to hydrogen peroxide (H2O2) or 

phosphoric acid (H3PO4) after the anodization reveals the importance of the post-anodization 

treatment for the photocatalytic performance and stability of the photocatalyst. On the one hand, a 

chemically stable photocatalyst – here TiO2 – is not significantly affected by the post-anodization 

treatment.  On the other hand, an inherent chemically instable photocatalyst – here Fe2O3 – is 

known to get degraded through redox reactions and photocorrosive processes and shows 

decreasing performance over subsequent measurements. 

TiO2-functionalization of AAO structures by ALD demonstrates stabilization of the 

photocatalytical properties as depicted in Figures 1a and 1b. The 5 nm thick TiO2 coatings 

deposited onto the AAO samples are chemically very stable and thus, it is expected that they are 

not strongly influenced by the underlying template.36 Figures 1a and 1b show stable photocatalytic 

activities of TiO2 functionalized AAO structures during three consecutive measurements for all 

three investigated templates, namely as-prepared AAO, H2O2-treated AAO, and H3PO4-treated 
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AAO. The mean activities of as-prepared and H2O2 treated samples are very similar (1.18 ± 0.05 h-

1 and 1.17 ± 0.04 h-1). However, the structure immersed in H3PO4 solution features a lower 

photocatalytic activity of 1.04 ± 0.02 h-1.  

When Fe2O3 is utilized as photocatalyst material on different AAO templates, the photocatalytic 

performance depends on the post-anodization treatment as shown in Figures 1c and 1d. To prevent 

photocorrosion of the Fe2O3 layer at the surface in contact with the dye solution, an ultra-thin 

Al2O3 coating of 2 ALD cycles was deposited onto the structures.35 By analyzing and comparing 

the data from Fe2O3 to TiO2, three findings have been revealed: First, the photocatalytic 

performance of Fe2O3-functionalized AAO is very stable over three measurements for structures 

treated with H2O2 or H3PO4 featuring mean activities of 1.16 ± 0.02 h-1 and 1.30 ± 0.04 h-1, 

respectively. In contrast, a strong decrease of the activity after the first measurement is observed 

for an as-prepared AAO template. This performance loss resembles in a high standard deviation 

(1.23 ± 0.14 h-1). Second, and at the same time, the mean activity for H3PO4-treated AAO 

functionalized with Fe2O3 is significantly higher than for a treatment with H2O2. Third, this 

observation is in contrast to the TiO2-coated AAOs, where the H3PO4-treatment reveals the lowest 

activity.  
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Figure 1. Photocatalytic performances of post-anodization modified AAO samples that were afterwards coated with a photocatalyst 
by ALD. (a) TiO2-functionalized samples show stable photocatalytic activities for all three post-anodization treatments. (b) Coating 
Fe2O3 as a chemically less stable photocatalyst onto AAO structures demonstrates a dependence of the photocatalytic performance 
stability on the previously applied treatment. 

Electrolyte ions present in the Al2O3 matrix of the as-prepared AAO can potentially react with the 

surface when activated by charge carriers of the photocatalytic processes. In this way, the 

photocatalyst is chemically altered and the photocatalytic activity is influenced. Exploring new 

photocatalytic or other functional materials coated onto nanostructured templates by ALD 

necessitates a chemically stable and known template to accurately characterize the materials’ 

properties. Hence, we studied the influence of common post-anodization treatments on the 

photocatalytic performance of AAO templates to obtain a more detailed understanding of the 

surface chemistry changes. 

3.2. Photocatalytic Performance and Compositional Characterization of Surface Modified AAO. 

The influence of five different post-anodizations of AAO structures on their photocatalytic 

performance is investigated to identify treatments which stabilize the surface chemistry for 
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application of AAO samples as templates. Taking frequent treatments of AAO structures into 

account, we assessed the effects of AAO thermal annealing, exposure to trimethylaluminum 

(TMA), and immersion into water H2O, H2O2, or H3PO4 compared to an as-prepared AAO 

structure. While the photocatalytic activity is decreasing for an as-prepared AAO sample (Figure 

2a) within three consecutive measurements (1.05 ± 0.12 h-1), it can be stabilized by certain post-

anodization treatments. Decreasing photocatalytic activities in consecutive measurements are 

typically caused by the change of the chemical state of the structures’ surface or by structural 

decomposition.37–39  Since Al2O3 is a chemically stable material and no additional photocatalyst 

material is applied here, saturation or removal of contamination electrolyte ions are possible 

reasons for the decreasing activity. These species provide unsaturated sites within the alumina 

matrix and can therefore lead to undesired side-reactions where they react with other compounds 

or they can be removed from the structure by dissolution in aqueous media as discussed above. 

The side-reactions occur until all accessible contaminations have either reacted to stable species 

or are removed from the Al2O3 matrix, for example by dissolving them in a pore filling medium. 

For TMA pulse treatment, the photocatalytic activities still show high variance within three 

measurements (1.01 ± 0.14 h-1). The H2O treated AAO structure exhibits a clearly decreasing 

photocatalytic activity within consecutive measurements as also indicated by an increased standard 

deviation (0.97 ± 0.18 h-1). AAO samples immersed in H2O2 for 24 h or in H3PO4 for 1 min show 

the most stable photocatalytic performance over three measurements. Although the activity 

variation is slightly larger for the H2O2 treated samples (1.11 ± 0.05 h-1) than for the H3PO4 treated 

sample (0.98 ± 0.02 h-1), its mean activity is higher.  
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Figure 2. Photocatalytic performances of post-anodization modified AAO samples. (a) The photocatalytic activities remain 
constant or decrease over three consecutive measurements depending on the applied treatment. (b) Differences in the stability of 
the photocatalytic performances are also reflected in the mean value and standard deviation of the activity k. 

 

The different photocatalytic activities probably originate from the different surface chemistry after 

post-anodization treatments corresponding to similar results which have previously been reported 

for TiO2.40,41 Based on this assumption, we investigated surface chemistry variations in detail with 

XPS measurements of the AAO structures after post-anodization treatments. These XPS 

measurements demonstrate changes of the present surface groups and their ratios depending on the 

respective post-anodization treatment (Figure 3). An as-prepared AAO sample (Figure 3a) 

features Al-OH groups (76.2 eV) and O-Al-O bonds (74.3 eV) at the Al2p peak corresponding to 

the Al2O3 matrix and expected hydroxy groups at the surface.6 Different types of carbon-oxygen 

(286.0 eV and 288.5 eV) and carbon-carbon and carbon-hydrogen bonds (both 274.8 eV) can be 

identified at the C1s peak which are probably caused by incorporated oxalate ions. These ion 

species originate from the inherent structure of the produced AAO, i.e., electrolyte ions built into 

the aluminum oxide during the anodization process.13,17  Hence, O-C=O, C-C, and C-H bonds at 

the AAO surface identified by the XPS measurements can be attributed to residues of oxalic acid 

(H2C2O4) which was used as electrolyte herein. Moreover, HO-Al, O-C (both 532.9 eV), Al-O-Al, 

and O=C (both 531.4 eV) bonds are observed for the O1s peak of the as-prepared structure. Note 

that some bonds cannot be distinguished as their peak energies are too close to each other. The 
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identified peak positions for all samples are summarized in Table S1 in the Supporting 

Information.  

Post-anodization treatments can reduce the amount of the contaminations as revealed by the XPS 

spectra. Thermal annealing predominantly removes -OH groups and oxalate ions from the Al-OH 

surface as shown in Figure 3b. Such behavior is in agreement with existing literature about the 

influence of annealing on the surface of Al2O3.17,20,22 Thermal annealing was previously reported 

of being capable to reduce PL intensities of AAO samples due to the thermal decomposition of the 

incorporated electrolyte ions during the annealing.20,22 Such treatment affects the complete 

alumina matrix and thus, results in a large amount of electrolyte decomposition. However, here 

the -OH groups are not completely removed which might be caused by the comparable low 

annealing temperature of 450 °C. For example, Han et al. reported that annealing temperatures of 

500 °C are necessary to remove -OH groups.22 Although the subpeaks of the C1s peak and the Al-

OH contents are reduced for the sample annealed at 450 °C for 1 h, the photocatalytic activity 

could not be stabilized but instead shows a lower mean value. AAO structures exposed to TMA 

pulses reveal a strong reduction of the Al-OH signal which is caused by the reaction of TMA 

molecules with the -OH groups from the AAO surface to Al2O3 (Figure 3c). Since the gaseous 

precursor molecules can only react with functional groups located at the surface, only electrolyte 

ions being present at the surface can be saturated. Correspondingly, the Al-OH peak decreases but 

does not disappear. Also oxalate ions present at the surface might react with TMA forming 

aluminum oxalate complexes resembled by increased Al-O-Al contents. A reaction between 

oxalate ions and TMA molecules could result in decreasing O-C=O peak intensities at the 

structures’ surface. The inconsistent photocatalytic activities of the TMA treated AAO sample 

might be caused by the decreased Al-OH content while carbon contaminations are present at a 
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similar amount compared to the as-prepared sample. Immersing AAO samples in aqueous media 

could dissolve oxalate ions incorporated into the AAO structure during anodization. XPS spectra 

of an AAO structure soaked in H2O demonstrate a decreased Al-OH signal compared to the as-

prepared sample (Figure 3d). Moreover, the O-C=O content and C-O bond signal are decreasing. 

We assume that the H2O post-anodization treatment dissolves oxalic acid molecules which might 

then partially react with the AAO surface to form Al-oxalate. Remaining oxalic acid species might 

be physisorbed at the surface. It was previously reported that treatments in aqueous solutions can 

lead to the dissociation of incorporated electrolyte ions in anodized metal oxides.41 In this way, 

the amount of ions inside the AAO matrix gets reduced. A H2O treatment might be capable of 

removing electrolyte ions from the alumina matrix by dissolution, but the ions then present in 

solution cannot be further decomposed or chemically bound. Significant decrease of the 

photocatalytic performance of H2O immersed AAO structures over consecutive measurements 

could be caused by the partial dissolution of oxalate species from the matrix during the post-

anodization treatment. However, since these species could not be decomposed in the H2O 

treatment, they could have physisorbed at the surface and are degrading during the photocatalytic 

reaction resembled by decreasing activities with increasing measurement numbers.  

If the aqueous solution contains oxidizing species such as H2O2, the removed electrolyte ions can 

be further decomposed. The destruction of oxalate species by H2O2 results in the complete 

oxidation of the ions to carbon dioxide (CO2).42 As depicted in Figure 3g, immersion of AAO into 

H2O2 removes Al-OH groups from the surface as indicated by the Al2p peak profile. Moreover, the 

content of O-C=O groups decreases while Al-O-Al groups increase (C1s and O1s peaks). Oxalic 

acid species are likely dissolved in this treatment and could potentially react with Al-OH groups 

at the surface to form stable Al-oxalate complexes explaining the increasing Al-O-Al content. In 
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addition, H2O2 could act as electron acceptor and thus accelerate the formation of Al-oxalate.  The 

photocatalysis activity stabilization for the H2O2 treatment is probably caused by the saturation of 

surface groups and removal of electrolyte ions from the surface as observed in the XPS 

measurements. The proposed formation of Al-oxalate results in a stable surface chemistry which 

is not affected by the solution utilized in the photocatalysis measurements or the photocatalytic 

reactions themselves. Moreover, no additional washing out of electrolyte ions can occur because 

the ions are already removed, decomposed, or saturated after the post-anodization treatments. 

H3PO4 is often applied for pore-widening of AAO structures and thus, it is known that it selectively 

widens the pores by etching alumina.16,17 During the alumina dissolution, this etching process 

simultaneously releases the incorporated electrolyte species from the structure.16 Since aluminum 

ions are released into the solution by the etching, it is possible that they react with the dissolved 

electrolyte ions to form side-products such as aluminum oxalate. Figure 3f demonstrates 

decreasing peaks of O-C=O, C-O, and C-C/C-H bonds and a slight decrease of the OH-Al/O-C 

peak at 533.6 eV compared to the as-prepared sample. The latter one is still higher than for the 

H2O and H2O2 treatment. Furthermore, the peak at 531.6 eV corresponding to Al-O-Al or O=C 

groups is increased compared to the as-prepared structure but lower than the for the other aqueous 

treatments. Since this peak energy is also characteristic for O=P, O-P, and Al-O-P groups, it cannot 

be unambiguously assigned to one of these groups for the H3PO4 treatment. Besides formation of 

Al-oxalate complexes, reactions of phosphoric acid with Al ions are also possible leading to the 

formation of Al-phosphate explaining peak increments in the XPS spectra. The Al2p peak shows a 

similar ratio of both sub-peaks which was not observed for any of the other treatments. This is also 

caused by the additional groups featuring the same peak energies, namely Al-O-P at 76.5 eV as 

Al-OH and AlPO4 at 74.4 eV as Al-O-Al groups. The additional P2p peak also reveals the presence 
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of phosphor containing groups. Specifically, H3PO4 at 136.3 eV and (PO4)3- and P-O-Al groups at 

134.2 eV are detected. For samples immersed in H3PO4, formation of phosphor containing 

aluminum groups might reduce the overall photocatalytic activity due to changes in the dye 

adsorption at the AAO surface. Hence, these structures feature a lower mean activity after three 

photocatalysis measurements. However, the activity variation is even lower than for the H2O2 

treated sample which probably originates from stabilization of the surface chemistry by formation 

of Al-phosphate groups. 

 



 18

 

Figure 3. XPS measurements reveal the influence of different post-anodization treatments on the surface chemistry of AAO 
structures. The AAO samples are (a) as-prepared, (b) annealed at 450 °C for 1 h, (c) treated with 15 TMA pulses in an ALD system, 
(d) exposed to H2O for 24 h, (e) immersed into H2O2 for 24 h followed by H2O for 24 h, and (f) soaked into 5 wt% H3PO4 for 
1 min. 
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The photocatalysis measurements of ALD-functionalized AAO structures presented in Figure 1 

can be well explained with the results from the XPS study. TiO2-coating of as-prepared and post-

anodization surface modified AAO samples show stable photocatalytic activities over three 

measurements. The variations between the first and third measurement are very small and all tested 

templates benefit from the TiO2 functionalization by exhibiting increased photocatalytic activities 

compared to the uncoated counterparts depicted in Figure 2. Hence, the photocatalytic 

performance is improved with TiO2 coating, but the ratio when comparing the individual 

treatments remains constant – as-prepared and H2O2 modified templates demonstrate similar 

photocatalytic activities but the H3PO4 treated sample shows a lower activity. This is in good 

agreement with the high chemical stability of TiO2.36 Contrary, the photocatalytic performance of 

Fe2O3-functionalized AAO structures is strongly influenced by the post-anodization surface 

treatment. As discussed above, as-prepared templates coated with Fe2O3 show decreasing activities 

over consecutive measurements which might be caused by the reaction of electrolyte ions in the 

as-prepared AAO structure that react with Fe2O3 when activated by charge carriers during the 

photocatalytic processes. This could induce chemical modification of Fe2O3 at the interface to the 

AAO template which could result in an activity decline over multiple measurements. The constant 

photocatalytic activities of H2O2 and H3PO4-treated AAO structures are maintained for Fe2O3 

functionalization. Hence, improving the chemical stability of the templates’ surface is beneficial 

for studying chemically less stable photocatalysts such as Fe2O3. Depositing Fe2O3 onto AAO 

templates modified with H3PO4 significantly boosts the photocatalytic performance compared to 

functionalizing a H3PO4 treated AAO structure with TiO2. Coating Fe2O3 onto the treated AAO 

template might not only result in the growth of Fe2O3, but might also lead to the formation of iron 

phosphate or iron hydroxy phosphate compounds based on the presence of phosphate groups at 
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the interface between the surface modified AAO template and the ALD prepared Fe2O3 layer.43–45 

These materials also exhibit good photocatalytic activities as identified by previous studies.43–48 

Local formation of iron phosphate or iron hydroxy phosphate at the AAO/Fe2O3 interface might 

explain the significant performance increase when H3PO4-treated AAO templates are 

functionalized with Fe2O3 instead of TiO2. 

As indicated by the XPS measurements, different post-anodization treatments reduce the content 

of Al-OH groups as well as C-O and C-H groups inherent in the AAO structures after fabrication. 

This study emphasizes that consideration of post-anodization treatments and their influence on the 

stability of AAO templates is crucial to ensure reliable and reproducible results. Consequently, 

these findings could further expand the utilization of AAO structures as templates for functional 

materials in the future. 

 
 

 

CONCLUSION 

To sum up, post-anodization treatments of AAO structures modify the surface chemistry as 

revealed by XPS measurements. Functionalizing post-anodization modified AAO samples with 

TiO2 results in stable photocatalytic performances over consecutive measurements, because TiO2 

itself is a chemically very stable material. Thus, it is not influenced by the surface chemistry of the 

underlying AAO template. Contrary, the photocatalytic stability of AAO structures functionalized 

with Fe2O3 as a chemically less stable photocatalyst is significantly affected by the post-

anodization treatment. Functional groups originating from electrolyte ions incorporated into the 

AAO matrix during anodization can be reduced by different treatments. Modifications of the 
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surface chemistry by these treatments determine the photocatalytic behavior of the respective AAO 

template structures. Especially the stability of the photocatalytic activity over consecutive 

measurements can be enhanced when aqueous solutions containing H2O2 or H3PO4 are utilized. 

These results could assist the characterization of new functional materials in the future by 

employing chemically stable nanostructured templates, such as post-anodization modified AAO. 
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Table S1. XPS peak energies of the subpeaks identified for each sample. 

Post-anodization treatment Al2p peak energies /eV C1s peak energies /eV O1s peak energies /eV P2p peak energies /eV 

As-prepared 74.3, 76.2 274.8, 286.5, 289.3 531.4, 532.9 - 

Annealed 74.3, 76.9 284.8, 286.6, 288.8 531.2, 533.0 - 

TMA pulses 74.3 284.8, 286.2, 289.3 531.3, 532.9 - 

H2O 74.3, 76.4 284.8, 286.3, 289.0 531.7, 533.6 - 

H2O2 74.5 284.8, 286.1, 289.3 531.7, 532.9 - 

H3PO4 74.4, 76.5 284.8, 286.8, 290.6 531.6, 533.6 134.2, 136.3 
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ABSTRACT: Spectrally tunable nanoporous anodic alumina
distributed Bragg reflectors (NAA-DBRs) are modified with
titanium dioxide (TiO2) coatings via atomic layer deposition and
used as model optoelectronic platforms to harness slow light for
photocatalysis under visible−NIR illumination. Photocatalytic
breakdown of methylene blue (MB) with a visible absorbance
band is used as a benchmark reaction to unveil the mechanism of
slow light-enhanced photocatalysis in TiO2−NAA-DBRs with a
tunable photonic stop band (PSB) and thickness of TiO2.
Assessment of the optical arrangement between MB’s absorbance
band and the PSB of TiO2−NAA-DBRs is used to identify and
quantify slow light contributions in driving this model photo-
catalytic breakdown reaction. Our findings reveal that photo-
degradation rates rely on both the spectral position of PSB and thickness of the semiconductor. The performance of these
photocatalysts is the maximum when the red edge of the PSB is spectrally close to the red or blue boundary of the MB’s absorbance
band and to dramatically decrease within the absorbance maximum of MB due to light screening by dye molecules. It is also
demonstrated that TiO2−NAA-DBRs featuring thicker photoactive TiO2 layers can harvest more efficiently incident slow light by
generating extra pairs of charge carriers on the semiconductor coating’s surface. The crystallographic phase of TiO2 in the functional
coatings is found to be critical in determining the performance of these model photocatalyst platforms, where the anatase phase
provides ∼69% higher performance over its amorphous TiO2 form. This study provides opportunities toward the development of
energy-efficient photocatalysts for environmental remediation and energy generation and other optoelectronic applications.

KEYWORDS: heterogeneous photocatalysis, nanoporous anodic alumina, photonic crystals, atomic layer deposition, photonic stop band,
titanium dioxide

1. INTRODUCTION

Emerging global challenges in energy consumption and
generation and emissions of toxic pollutants to the environment
have led to exponentially increasing medical conditions
associated with pollution and dramatic climatic phenomena.
Addressing these issues will require the development of
sustainable, ecological, safe, and energy-efficient technologies.
Of all the emerging technologies available, heterogeneous
photocatalysis“photocatalysis”is a sustainable and energy-
efficient light-driven process, which makes it possible to
transform clean sunlight energy into electron−hole pairs (e−−
h+, charge carriers) when incident photons interact with the
surface of semiconductors. Photoexcited e−−h+ pairs localized
on the semiconductors’ surface can then be harnessed to drive
secondary reactions1 for applications such as water purifica-
tion,2,3 air treatment,4 clean hydrogen (H2) energy gener-
ation,5,6 and carbon dioxide (CO2) reduction.7 However, the

bench-to-field enterprise of translating fundamental knowledge
in basic photocatalysis science into practical technologies for
real-world applications remains challenging. Photocatalytic
performance of the existing photocatalyst platforms is severely
constrained by factors such as generation efficiency and
recombination of charge carriers, surface reactivity, and
inefficient use of high irradiance spectral regions of the solar
spectrum (i.e., visible and NIR, which account for ∼47 and
∼51% of sunlight energy, respectively).8 As such, significant
efforts have been devoted on developing advanced materials for
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effective electron−hole separation and increasing surface
reduction−oxidation reaction sites for visible light-driven
photocatalysis via approaches such as substitutional doping,9,10

deposition of co-catalysts,11,12 and nanostructural engineering of
semiconductors.13,14 Of all these, engineering nanostructural
engineering of semiconductor materials in porous photonic
crystals (PCs) enables new ways of harnessing interactions
between atoms and incident electromagnetic waves for photo-
catalysis. These platform materials provide (i) dynamic paths to
enhance the transfer of photopromoted electrons and holes, (ii)

a high number of functional redox centers with a high specific
surface area, and (iii) a nanoporous architecture that provides
enhanced flow of reduction−oxidation species.15 Rational
design of nanoporous semiconductor PCs also enables
enhanced photon−semiconductor interactions through optical
phenomena such as multiple scattering, Bragg diffraction, slow
light, light recirculation, and surface plasmons.16−18

Zheng et al. demonstrated that titanium dioxide (TiO2)
inverted opal PCs featuring a photonic stop band (PSB) at 660
nm outperform benchmark P25 TiO2 nanoparticles by ∼52% in

Figure 1. Engineering of TiO2−NAA-DBRs by combining anodization and ALD. (a) Structure of NAA-DBRs engineered with changing period length
(LTP) and thickness of the TiO2 layer (tTiO2

) modified by combined variation of the anodization period and number of ALD cycles. (b) Chemical and

electronic structure of TiO2−NAA-DBRs under light illumination in water. (c) Optical transmission of a representative TiO2−NAA-DBRs with PSB
and its blue and red boundaries (edges) where the velocity of incoming photons is represented as fast and slow across the spectrum, with the inset
showing a digital image of the TiO2−NAA-DBR. (NB: TiO2−NAA-DBR fabricated with an anodization period,TP = 1200 s; thickness of the deposited
TiO2 layer, tTiO2

= 0.5 nm; andmedium filling the nanopores = air). (d) Digital pictures provide a visual demonstration of the light-driven breakdown of

MB by TiO2−NAA-DBRs under visible−NIR illumination (NB: change in color from blue to transparent indicates successful degradation of these
organic molecules).
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breaking down methylene blue (MB)a model organic with
the maximum optical absorption at 664 nmunder visible light
irradiation.19 Enhancements in optically driven breaking down
were attributed to “slow light” effect, which is a characteristic
light−matter interaction in PC structures where incident
photons are dramatically slowed at the blue and red boundaries
of the PC’s PSBwavelength ranges within which light flow is
forbidden by the PC.18−20 The number of photon-to-semi-
conductor atom interactions at the PSB’s blue and red
boundaries increases and increases the number of incident
photons absorbed by the semiconducting material, enabling
photocatalytic enhancements.13 This approach can be further
enhanced by deposition of co-catalysts (i.e., noble metal and
semiconductors) via decoration with nanoparticles,21−23 atomic
layer deposition (ALD),24−26 and sol−gel method.27−29 For
instance, Sopha et al. demonstrated a photocatalytic enhance-
ment of ∼72% in photodegrading MB under UV light
illumination after precisely depositing TiO2 nanotubes with
uniform TiO2 coatings of 11 nm thickness by ALD.24 Organic
breakdown enhancements were attributed to the efficient charge
carrier separation of the ALD-derived TiO2 coating, which is
strongly supported by a high specific surface area of TiO2

nanotubes. Although nanoporous semiconductor PCs such as
TiO2 inverse opals and TiO2 nanotubes are widely employed for
photocatalytic reactions, the fabrication of these PCs has
intrinsic constraints and drawbacks such as poor controllability
of the optical features of PC’s PSB, long processing time (i.e.,

TiO2 inverse opals),
13,30,31 and light scattering associated with

asymmetric etching of the nanotubes over extended exposure to
hydrofluoric acid electrolytes (i.e., TiO2 nanotubes fabricated by
electrochemical oxidation of titanium).32,33

Recent efforts have focused on developing new forms of
nanoporous semiconductor PCs to address these limitations for
maximizing photocatalytic efficiency. Among these, anodization
of aluminum enables the development of nanoporous anodic
alumina (NAA)-based PCs based on engineered optical features
throughout the spectrum.34−40 Although NAA is an electronic
insulator (i.e., electronic band gap∼9 eV) and cannot be directly
applied in photocatalysis,41 functionalizing the nanoporous
structure of NAA-PCs with light-responsive semiconductor
layers has opened a new pathway to overcome this drawback.
Photocatalytic breakdown of model organic pollutants under
visible−NIR light illumination by TiO2-functionalized NAA-
PCs has been recently demonstrated. These model PC
structures include gradient index filters (GIFs),42 distributed
Bragg reflectors (DBRs),43,44 optical microcavities (μQVs),45

and broadband DBRs (BDBRs).46 Nevertheless, the sol−gel
method used to deposit photoactive TiO2 layers on the surface
of these NAA-PCs has limited controllability in the thickness
and homogeneity of the deposited semiconductor layers.
Herein, we present TiO2-functionalized NAA-based DBRs

optoelectronically engineered by combining pulse anodization
and ALD for enhanced photocatalysis. The architecture of
TiO2−NAA-DBRs was engineered by judicious modification of

Figure 2. Fabrication and structural characterization of NAA-DBRs produced by STPA. (a) Full-view anodization profile to fabricate NAA-DBRs with
TP = 1400 s and NP = 150 pulses. (b) Magnified view of current density and voltage pulses of the blue rectangle of (a) with the description of
anodization parameters (i.e., Jmin, Jmax, tmin, tmax, and TP). (c) Illustration of NAA-DBRs’ architecture (left) with a definition of their geometric features
[right; nanopore diameter (DP) and period length (LTP)]. (d) Top-view FEG-SEM image of an NAA-DBR showing nanopores with aDP of 15± 2 nm
(scale bar = 500 nm). (e) Full-view cross-sectional FEG-SEM image of an NAA-DBR generated by STPA profiles (CA = initial constant anodization
step) (scale bar = 3 μm). (f) Magnified-view cross-sectional FEG-SEM image of an NAA-DBR with details of porosity modulations with LTP = 214 ±
22 nm (i.e., denoted by red arrows and horizontal dotted lines) (scale bar = 500 nm).
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input anodization period and surface functionalization (i.e.,
thickness of ALD-deposited TiO2 layers) (Figure 1a). The
optoelectronic and chemical properties of the resulting TiO2−

NAA-DBRs were comprehensively characterized (Figure 1b,c).
Photocatalytic efficiency of TiO2−NAA-DBRs was analyzed
through visible−NIR light-induced breakdown of MB (Figure
1d). Analysis of spectral arrangement of MB’s absorbance band
and the red boundary of TiO2−NAA-DBRs’ PSB was
comprehensively studied to identify and estimate photocatalytic
enhancement attributed to slow light.

2. EXPERIMENTAL SECTION

2.1. Materials. Circular aluminum (Al) chips (99.9997%
purity, 0.5 mm thickness) with a diameter of 200 mm were
purchased from Goodfellow Cambridge Ltd. (UK). Copper(II)
chloride (CuCl2), MB (C16H18ClN3S, MB), hydrochloric acid
(HCl), and hydrogen peroxide (H2O2) were acquired from
Sigma-Aldrich (Australia). Perchloric acid (HClO4), titanium
tetraisopropoxide (C12H28O4Ti, TTIP), 4-chlorophenol
(ClC6H4OH, 4-CP), sulfuric acid (H2SO4), and ethanol
(C2H5OH, EtOH) were supplied by Merck Chemicals
(Germany). Milli-Q water (18.2 MΩ cm) was used to prepare
all aqueous solutions.
2.2. Fabrication of NAA-DBRs. NAA-based DBRs were

fabricated by stepwise pulse anodization (STPA).43 Circular Al
chips were sequentially cleaned with EtOH and H2O at room
temperature for 15 min under sonication and air stream-dried.
Electropolishing of circular aluminum chips was performed in a
mixture electrolyte with a composition of 4:1 (v/v) EtOH/
HClO4 at 5 °C and 20 V for 3 min under stirring. After this,
aluminum chips were anodized by a current density input profile
in 1.1 M H2SO4 electrolyte modified with 25 vol % of EtOH at
−1 °C. Ethanol prevented the aqueous-based acid electrolyte
from freezing at−1 °Cwhile minimizing the progressive etching
of the NAA structure during anodization.47 Circular aluminum
chips were then electrochemically oxidized in custom-built
electrochemical reactors under controlled temperature con-
ditions. The anodizing electrolyte was constantly stirred at∼300
rpm throughout the anodization process. Current density−time
profiles were generated using a LabVIEW application. Figure
2a,b shows details of an anodization profile with a visual
description of the anodization parameters in the input current
density profile. A constant current density step at 1.120 mA
cm−2was performed for 10min to stabilize the growth rate of the
anodic film. Anodization was then automatically changed to the
STPA mode. In this step, the input current density was stepwise
pulsed between high (Jmax = 1.120 mA cm−2) and low (Jmin =
0.280 mA cm−2) values of current density for 150 pulses (NP).
The anodization period (TP) or time between consecutive
pulses (eq 1) was varied from 900 to 1400 s with a step of 100 s.

T t tP max min= + (1)

where tmax and tmin are the times for Jmax = 1.120 mA cm−2 and
Jmin = 0.280 mA cm−2, respectively, and the time ratio (tmax/tmin)
was set to 1:4.
2.3. Optoelectronic Functionalization of NAA-DBRs.

The surface of nanopores in NAA-DBRs was coated with
semiconducting layers of TiO2 via ALD.48,49 TiO2 deposition
was performed in a customized ALD reactor operated in a stop-
flow mode. The system was heated to 150 °C and a constant
nitrogen (6.0) flow of 2.5 L h−1 was pumped as a carrier gas.
Milli-Q water at room temperature and TTIP heated to 85 °C
were used as precursors with a pulse time of 0.05 and 2 s,

respectively. Duration of exposure and pumping was set to 60
and 90 s for these half-reactions, respectively. In one complete
ALD cycle, 0.03 ± 0.006 nm of TiO2 was deposited. Three
different thicknesses of deposited TiO2 layers (tTiO2

= 0.5, 1, and

2 nm) were produced by systematic modification in the number
of ALD cycles applied (i.e. ALD cycles = 20, 36, and 58,
respectively). Deposited film thicknesses were confirmed by
analyzing deposited layers on planar reference substrates (i.e.,
silicon chips) by optical ellipsometry using a SENpro
ellipsometer (Sentech Instruments, Germany), where the
reference substrates were coated by the same processes used
to modify the NAA-DBRs. To elucidate the impact of the
crystallographic phase of TiO2 on the photocatalytic efficiency
of TiO2−NAA-DBRs, TiO2−NAA-DBRs with TP = 1200 s and
tTiO2

= 2 nm (corresponding to 58 cycles) were annealed at 450

°C on a hot plate for 1 h under an ambient atmosphere.
2.4. Optical Characterization of NAA-DBRs. Before

acquisition of transmission spectra, the Al substrate remaining
after anodization was selectively etched at the backside of TiO2−

NAA-DBRs in a reactant mixture solution of HCl−CuCl2, using
a 5 mm-diameter circular mask. Transmission spectra of these
TiO2−NAA-DBRs in air and water were measured at normal,
from 200 to 900 nm, using a UV−visible spectrophotometer
(Cary 300, Agilent, USA). Optical characteristics of the PSB of
these TiO2−NAA-DBRs, namely, position of central wave-
length, λPSB; full width at half-maximum, FWHMPSB; intensity,
IPSB; and red-edge positions, λPSB‑red, were estimated by fitting
the PSB to Gaussian fittings. The absorbance spectrum of 5 mg
L−1 ofMB in a plastic cuvette of 10mmpath length was acquired
using a UV−visible spectrophotometer. TiO2−NAA-DBRs in
air were also characterized using digital images acquired in a
Canon EOS 700D digital camera under natural illumination.

2.5. Assessment of Photocatalytic Efficiency of TiO2−

NAA-DBRs. Photocatalytic efficiency of TiO2−NAA-DBRs
produced with changing TP (i.e., TP = 900 to 1400 s with ΔTP

= 100 s) and tTiO2
(i.e., tTiO2

= 0, 0.5, 1, and 2 nm) was assessed

using light-induced breakdown of MB, with a distinctive
absorbance band (λAbs‑MB = 664 nm) in the visible spectrum,
as a model photocatalytic reaction system (Figure S1a
Supporting Information). 8 mL mixtures containing 5 mg L−1

of MB and 100 mM H2O2 were pipetted into quartz containers.
TiO2−NAA-DBRs were kept normal to the light source, using
customized holders. TiO2−NAA-DBRs were dipped into the
reactant mixture in the dark and stirred to reach the equilibrium
between adsorption and desorption on the photocatalyst
surface. Light-induced breakdown reactions were performed
within dark reactors connected to halogen lamps of 150 W
(3000 lumen), simulating visible−NIR light. The optical
absorbance of the reactant mixture at 664 nm was quantified
every 15 min by UV−visible spectroscopy. Concentration of the
model organic at these reaction times was calculated from the
linear correlation between the absorbance maximum intensity
and concentration of MB (Figure S2Supporting Informa-
tion). The Langmuir−Hinshelwood kinetic model was used to
describe the kinetics of heterogeneous photocatalytic reactions.
Under the conditions of our study (i.e., [MB] < 10−3 M), this
kinetic model follows a pseudo-first-order kinetics, making it
possible to quantify the photocatalytic conversion ratio (Ct/Co)
and kinetic constant (k) of the model reaction using eq 250

C C ktln( / )t o− = (2)
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Figure 3. Analysis of the chemical composition of TiO2−NAA-DBRs produced by a combination of STPA and ALD. (a) EDX spectra of TiO2−NAA-
DBRs produced with TP = 1400 s and varying thicknesses of optoelectronic TiO2 coatings (tTiO2

). (b) Analysis of relative percentages of Ti atoms by

EDX in TiO2−NAA-DBRs produced with varying tTiO2
shown in (a). The inset contains digital images depicting color of these TiO2−NAA-DBRs. (c)

Schematics illustrating the chemical composition of TiO2−NAA-DBRs produced with varying tTiO2
= 0, 0.5, 1, and 2 nm.
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Figure 4. Optical engineering of TiO2−NAA-DBRs by modification of fabrication parameters and media filling the nanopores. (a,b) Optical
transmission of TiO2−NAA-DBRs produced withTP = 1400 s and varying tTiO2

, in air and water, respectively. (c) Definition of PSB’s features of TiO2−

NAA-DBRs with baseline (y0), central wavelength position (λPSB), intensity (IPSB), position of blue and red edges (λPSB‑blue and λPSB‑red), and full width
at half-maximum (FWHMPSB) (medium: air). (d,e) Linear dependence of λPSB with TP for NAA-DBRs in air and water, respectively (left), and bar
charts showing the slope of λPSBwithTP for TiO2−NAA-DBRs fabricated with a tTiO2

of 0, 0.5, 1, and 2 nm (right). (f) Linear correlation of λPSB‑redwith

TP for NAA-DBRs produced with tTiO2
= 0 nm in water (left) and a bar chart showing the slope for the linear shift of λPSB‑red with TP for TiO2−NAA-

DBRs produced with a tTiO2
of 0, 0.5, 1, and 2 nm (right). (g) Digital images showing variation of color of TiO2−NAA-DBRs with TP and tTiO2

.
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where Ct is the concentration of MB (in mg L−1) at illumination
time t (in h) andCo is the concentration of MB (in mg L−1) after
stirring in the dark for 30 min.
Light-induced breakdown rates (r) were calculated as the

product of the kinetic constant (k) and the initial concentration
of MB after 30 min in the dark (Cdark), as described in eq 350

r k Cdark= · (3)

where average values of Cdark for MB after 30 min adsorption
onto TiO2−NAA-DBRs were estimated to be 5 ± 2% (0.23 ±

0.09 mg L−1) of Co.
To fully understand the photocatalytic degradation mecha-

nism in TiO2−NAA-DBRs, light-induced breakdown of MB in
the absence of H2O2was investigated. Light-induced breakdown
of 4-CP (λAbs‑4‑CP = 225 nm) (Figure S1bSupporting
Information), a colorless and resilient organic pollutant, by
TiO2−NAA-DBRs produced withTP = 1200 s and tTiO2

= 0.5 nm

under controlled visible−NIR light irradiation conditions was
also studied as a control experiment to elucidate the photo-
catalytic breakdown mechanism. Concentration of 4-CP at
specific time intervals was calculated from a calibration line
establishing a correlation between 4-CP concentration and its
absorbance maximum intensity (Figure S2Supporting In-
formation).
2.6. Chemical and Structural Characterization of NAA-

DBRs. NAA-DBRs were characterized by field emission gun
scanning electron microscopy (FEG-SEM Quanta 450, FEI,
USA). FEG-SEM images were analyzed using ImageJ.51 Freshly
prepared and TiO2-functionalized NAA-DBRs were analyzed by
energy-dispersive X-ray (EDX) spectroscopy during FEG-SEM
characterization, to determine their elemental chemical
composition.

3. RESULTS AND DISCUSSION

3.1. Fabrication and Structural Characterization of
NAA-DBRs. Figure 2a depicts a full-view anodization profile
applied to fabricate NAA-DBRs with TP = 1400 s. A magnified
view of this anodization profile shows that the output voltage
pulses follow closely the input current density pulses with a short
time lag (∼0−13 s) attributed to the presence of a barrier oxide
layer (∼15 nm)40 at the bottom NAA, which regulates the
transfer of electrons and ionic species (Figure 2b). Full and
magnified views of anodization profiles used to produce NAA-
DBRs with TP = 900 to 1400 s withΔTP = 100 s are compiled in
Figure S3 (Supporting Information), demonstrating that the
anodization conditions and parameters make it possible to
effectively translate input current density pulses into in-depth
modulations of porosity in NAA. Figure 2c illustrates the
architecture of NAA-DBR with key structural features such as
nanopore diameter (DP) and period length (LTP) inNAA-DBRs.
Figure 2d−f shows representative top- and cross-sectional-

view FEG-SEM images of an NAA-DBR produced with TP =
1400 s. The top-view FEG-SEM image depicts randomly
distributed nanopores all over the surface of NAA-DBRs, with a
DP of 15± 2 nm (Figure 2d). Cross-sectional examination of the
NAA-DBR features stacked layered structures of NAA with
stepwise porosity modulation generated by STPA (Figure 2e). A
magnified view of this FEG-SEM image shows details of
nanopores that follow precisely the STPA profile applied, with
an average LTP (indicated by red arrows and horizontal dotted
lines) measured to be 214 ± 22 nm (Figure 2f). This geometric

feature can be structurally engineered by TP to spectrally control
the optical features of NAA-DBRs.40,43,44

3.2. Chemical Composition Analysis of TiO2−NAA-
DBRs. NAA-DBRs were coated with optoelectronic coatings of
TiO2 by ALD. The TiO2 coating provides the essential
photocatalytic properties for NAA-DBRs, the chemical structure
of which will otherwise be electronically insulating due to the
large energy band gap of Al2O3 (∼9 eV). Figure 3a displays the
elemental composition of TiO2−NAA-DBRs fabricated with
different tTiO2

of 0, 0.5, 1, and 2 nm. Elements present in the as-

produced and TiO2-functionalized NAA-DBRs include Al, Ti,
O, and S atoms, where Al, Ti, and O atoms correspond to
amorphous aluminum oxide (Al2O3) and titanium dioxide
(TiO2), and S atoms are introduced into Al2O3 from the sulfuric
acid-based electrolyte throughout anodization. Figure 3b reveals
that the relative percentage of Ti atoms increases from 0 ± 0 to
22 ± 2% when tTiO2

increases from 0 to 2 nm, respectively.

Digital image analysis shows the change in interferometric color
of the as-produced NAA-DBRs to TiO2−NAA-DBRs with tTiO2

= 0.5 nm from orange to light brown. Further increase in tTiO2
did

not change the interferometric color of TiO2−NAA-DBRs.
These analyses demonstrate successful deposition and incre-
mental thickness of thin optoelectronic TiO2 coatings onto the
surfaces of NAA-DBRs by ALD (Figure 3c).

3.3. Optical Engineering of TiO2−NAA-DBRs. The
characteristic PSB of TiO2−NAA-DBRs can be tuned with
precision by judiciously manipulating anodization and surface
functionalization parameters. Figure 4a shows the optical
transmission spectrum of TiO2−NAA-DBRs fabricated with a
tTiO2

of 0, 0.5, 1, and 2 nm, in air. It is apparent that the central

position (λPSB) and full width at half-maximum (FWHMPSB) of
the PSB of TiO2−NAA-DBRs slightly red shifts from 486 ± 17
to 506 ± 18 nm and narrows from 68.2 ± 6.8 to 38.2 ± 3.8 nm
with increasing tTiO2

, respectively, while its intensity (IPSB)

remains relatively constant (IPSB ∼ 74.3 ± 2.8 a.u.). A similar
trend is observed for TiO2−NAA-DBRs in water, where λPSB and
FWHMPSB of the characteristic PSB of TiO2−NAA-DBRs
slightly red shifts from 517 ± 20 to 531 ± 20 nm and narrows
from 39.0 ± 3.9 to 22.8 ± 2.2 nm with increasing tTiO2

,

respectively. IPSB also remains relatively constant (i.e., ∼14.4 ±

2.5 a.u.) (Figure 4b). Optical transmission spectra of TiO2−

NAA-DBRs as a function of TP in air and water also reveal a
similar trend (Figures S4 and S5Supporting Information,
respectively). These results are attributable to the increase in the
index of refraction (n) within nanopores after coating (i.e., nTiO2

= 2.61 RIU > nAl2O3
= 1.77 RIU) as well as the physical reduction

of the nanopore diameter with progressive increasing deposition
of thin TiO2 layers. When changing the medium inside the
nanopores from air to water, significant changes in the optical
features of the TiO2−NAA-DBRs’ PSB are observed, where λPSB
red shifts at an average rate of 27 ± 4 nm, FWHMPSB narrows at
an average rate of 19.4 ± 7.1 nm, and IPSB decreases at a rate of
59.9± 2.4 a.u. These changes are attributed to the change in the
index of refraction of the medium filling the nanopores from air
(nair = 1.00 RIU) to water (nwater = 1.33 RIU), as well as
absorption of incoming light by water molecules infiltrated into
the nanopores. The optical characteristics of TiO2−NAA-DBRs’
PSB are graphically described in Figure 4c, where the two optical
features, blue and red boundary (edge) of the PSB, associated
with the photocatalytic breakdown enhancement of TiO2−
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NAA-DBRs by “slow light” effects are denoted. Figure 4d
presents a linear relationship between λPSB and TP for TiO2−

NAA-DBRs with tTiO2
= 0 nm (i.e., as-produced NAA-DBRs),

where λPSB is red-shifted at a rate of 0.41 ± 0.04 nm s−1 with the
anodization period. The bar chart shows that the linear fitting
slope for TiO2−NAA-DBRs with a tTiO2

from 0.5 to 2 nm is

comparable to that of the as-produced NAA-DBRs (i.e., 2−8%).
The trend for these analyses is also similar for TiO2−NAA-

DBRs infiltrated with water (i.e., reacting medium), where λPSB
of the as-produced NAA-DBRs is red-shifted at a rate of 0.51 ±
0.03 nm s−1 with the anodization period, and the slope of the
linear fittings for TiO2−NAA-DBRs with a tTiO2

from 0.5 to 2 nm

only differs minimally (i.e., 0−4%) (Figure 4e). Figure S6
(Supporting Information) compiles the linear fittings for the
dependence of λPSB on TP for TiO2−NAA-DBRs with a tTiO2

from 0 to 2 nm in air and water. It should be noted that the slope

Figure 5. Light-induced breakdown assessment ofMB by TiO2−NAA-DBRs with combinedTP and tTiO2
modification. (a−c) Kinetics of light-induced

breakdown MB by TiO2−NAA-DBRs fabricated with varying TP and tTiO2
(NB: black dotted line denotes the light-induced breakdown of MB in a

control NAA-based DBR without functional coating). (d−f) Bar charts of kinetic constant (k, left) and reaction rate (r, right) for light-induced
degradation of MB by TiO2−NAA-DBRs produced with a tTiO2

of 0.5, 1, and 2 nm, respectively, under visible−NIR irradiation (NB: insets display the

chemical structure of MB molecules and error bars are standard deviation from three experiments).
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of the linear fittings displayed for TiO2−NAA-DBRs infiltrated
with water is higher than that of air. Therefore, it can be
concluded that although TP and the medium inside the
nanopores of TiO2−NAA-DBRs play significant roles in
engineering TiO2−NAA-DBRs’ λPSB, this optical feature is
weakly dependent on tTiO2

. In this study, photocatalytic reactions

were conducted in aqueous solutions. As such, it is critical to
determine the red boundary position of TiO2−NAA-DBRs’ PSB
in water, since this is the spectral region where incident photons
interact with the semiconductor coating to generate charge
carriers involved in photocatalytic reactions. Red-boundary slow
light increases the number of photon-to-semiconductor
interactions in these photonic structures, enabling a means of
harnessing this optoelectronic phenomenon to boost photo-
catalytic rates.43,46The red boundary of TiO2−NAA-DBRs’ PSB
is estimated using eq 4

1

2
FWHMPSB red PSB PSB

ikjjj y{zzzλ λ= + ×
‐ (4)

Figure 4f presents the correlation between λPSB‑red and TP,
where λPSB‑red red shifts linearly with the anodization period at
0.56 ± 0.02 nm s−1 for the as-produced NAA-DBRs. Logically,
the slope of the linear correlation between λPSB‑red and TP is
comparable between the as-produced NAA-DBRs and TiO2−

NAA-DBRs with a tTiO2
from 0.5 to 2 nm (i.e., 1−4%). Figure 4g

shows digital images of TiO2−NAA-DBRs featuring changing
interferometric colors with TP and tTiO2

, in air. The as-produced

NAA-DBRs produced with a distinct anodization period display
an array of colors in air (i.e., purple, green, dark green-yellow,
light green-yellow, orange, and orange, forTP = 900, 1000, 1100,
1200, 1300, and 1400 s). This feature is found to undergo a red
shift with TP due to the change in the PSB’s position throughout
the visible spectrum. A similar red-shift trend is also observed for
TiO2−NAA-DBRs produced with increasing TP and tTiO2

from

0.5 to 2 nm. When the surface of the as-produced NAA-DBRs is
coated with 0.5 nm TiO2 semiconducting layers, the
interferometric color undergoes a slight red shift. This result
can be ascribed to the change in the local index of refraction of
the PC structure and the associated shift in λPSB. However, no
apparent change in interferometric color is found when tTiO2

is

further increased from 0.5 to 2 nm in TiO2−NAA-DBRs. For
instance, while the color of NAA-DBRs fabricated with TP =
1300 s red shifts from orange to light brown color when the
surface is coated with 0.5 nm of TiO2 (i.e., λPSB = 674 to 692 nm
with ΔλPSB = 18 nm), further increase in tTiO2

shows that the

interferometric color remains relatively unchanged (i.e., λPSB =
692 to 701 nm and ΔλPSB = 9 nm), due to a reduced shift in
ΔλPSB.
3.4. Photocatalytic Assessment of TiO2−NAA-DBRs.

The photocatalytic efficiency of TiO2-functionalized NAA-
DBRs featuring varying period length and thickness of
semiconductor coating was assessed through light-induced
breakdown of an MB under an illumination consisting of
visible−NIR light. The absorbance band maximum of MB (i.e.,
λAbs‑MB = 664 nm) was used as an indicator to quantify the
kinetic constant (k) and reaction rate (r)breakdown perform-
ance indicatorsof the model photocatalytic reaction driven by
visible−NIR irradiation in TiO2−NAA-DBRs. The spectral
distribution of the light source was ∼0.1% UV, ∼64.9% visible,
and ∼35.0% NIR (Figure S7Supporting Information). H2O2

solution was introduced to the reacting mixture to photo-

generate extra electron−hole carriers in TiO2−NAA-DBRs for
photodegradation of MB. Figure 5a−c shows the pseudo-first-
order kinetic trend for the light-induced breakdown of MB by
TiO2−NAA-DBRs produced with tTiO2

= 0.5, 1, and 2 nm,

respectively, where the slope of the linear fittings corresponds to
the kinetic constant. Control experiments performed with the
as-produced NAA-DBRs (i.e., denoted by the dotted black lines)
show that there is no light-induced breakdown reaction in the
absence of photoactive TiO2 layers (i.e., k = 0 h−1). This
indicates that photodegradation of MB is entirely driven by the
TiO2 coatings within these NAA-DBRs. Figure 5d−f (left) and
Table S1 (Supporting Information) compile k values obtained in
bar charts and table, respectively. Their product with Cdark,
which corresponds to the reaction rates, is summarized in Figure
5d−f (right) in the form of bar charts. The k value for TiO2−

NAA-DBRs with tTiO2
= 0.5 nm and TP = 900, 1000, 1100, 1200,

1300, and 1400 s was 0.86± 0.19, 1.23± 0.22, 1.07± 0.18, 3.95
± 0.68, 1.72 ± 0.18, and 1.33 ± 0.37 h−1, respectively (Figure
5d). The best-performing photocatalyst platforms for tTiO2

= 0.5

nm (i.e., TiO2−NAA-DBRs with TP = 1200 s) provide a ∼56−
78% higher performance than that of other TiO2-functionalized
NAA-based DBRs featuring shorter or longer TP.
When the nanopores of NAA-DBRs were coated with 1 nm

optoelectronic TiO2 coatings, the kinetic constant for TP = 900,
1000, 1100, 1200, 1300, and 1400 s was 2.15± 0.15, 1.14± 0.23,
0.47 ± 0.08, 1.64 ± 0.22, 0.35 ± 0.13, and 0.58 ± 0.17 h−1,
respectively (Figure 5e). The highest kinetic constant value was
provided by TiO2-functionalized NAA-based DBRs with TP =
900 s, with a ∼24−84% higher efficiency than that of those
nanoporous DBRs fabricated with longer TP. This trend is also
similar for TiO2−NAA-DBRs with tTiO2

= 2 nm, where the

photocatalytic efficiency of TiO2-modified NAA-based DBRs
with TP = 900 s (i.e., k = 2.85 ± 0.30 h−1) is ∼14−78% higher
than that of TiO2-modified NAA-based DBRs fabricated with a
longer anodization period (i.e., TP = 1000 s, k = 1.02 ± 0.18 h−1;
TP = 1100 s, k = 0.62 ± 0.07 h−1; TP = 1200 s, k = 1.46 ± 0.14
h−1;TP = 1300 s, k = 2.44± 0.28 h−1; andTP = 1400 s, k = 2.20±
0.36 h−1) (Figure 5f). The trends observed for these k values
associated with the photoinduced breakdown of MB by TiO2−

NAA-DBRs with changing TP at tTiO2
= 0.5, 1, and 2 nm were

relatively similar to their reaction rates, where rwas rmax = 0.90±
0.16, 0.49 ± 0.03, and 0.65 ± 0.07 mg L−1 h−1 and rmin = 0.20 ±
0.04, 0.08 ± 0.03, and 0.14 ± 0.02 mg L−1 h−1 for tTiO2

= 0.5, 1,

and 2 nm, respectively. Assessment of the spectral position
between the MB’s absorbance band and TiO2−NAA-DBRs’
PSB provides a means of elucidating how “slow light” effects can
be rationally engineered to harvest photons efficiently and
enhance photocatalytic reactions. The propagation of incoming
photons is forbidden in this region of the PSB. As such, photons
within this spectral region cannot be efficiently used for driving
photocatalytic reactions. Nevertheless, photons around the blue
and red boundaries of the PCs’ PSBleft and right regions of
the bandcan be harnessed to boost photocatalytic reaction
rates. The speed of incoming photons localized in the high and
low (i.e., PSB’s red and blue boundary, respectively) dielectric
parts of the PC’s structures is strongly reduced. Slow light
localized at the PSB’s red edge increases the number of
interactions between photons and semiconductor within PC
structures, enabling additional light-induced generation of e−−
h+ pairs by ALD-deposited TiO2 coatings on the nanopores of
NAA-DBRs.43,46 To elucidate photocatalytic enhancements
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associated with slow light, we analyzed optical alignment of
MB’s band and PSB’s red boundary of TiO2−NAA-DBRs with a
combinational variation of anodization period and functional
coating deposition time in water and correlated these with their
corresponding k values (Figure 6a−c and Table S1Supporting
Information). Analysis of λPSB‑red of TiO2−NAA-DBRs with tTiO2

= 0.5, 1, and 2 nm indicated that λPSB‑red remains practically
constant (i.e., maximum deviation of ∼2%) for individual TP

values used in our study. The position of the red edge of TiO2−

NAA-DBRs’ PSB with the anodization period was estimated to
be 542± 1 (900 s), 592± 8 (1000 s), 637± 8 (1100 s), 685± 6
(1200 s), 767± 3 (1300 s), and 823± 6 nm (1400 s). Therefore,
variance of k for TiO2-functionalized NAA-based DBRs
fabricated with fixed TP (i.e., λPSB‑red) and varying tTiO2

can be

exclusively attributed to the effect of the semiconductor layer
thickness. Figure 6a shows that when λPSB‑red of TiO2−NAA-
DBRs with TP = 1200 s is located within the red boundary of
MB’s absorbance band and away from its maximum (∼21 nm
away), a maximum kinetic constant (kmax) of 3.95 ± 0.68 h−1 is
achieved for tTiO2

= 0.5 nm. Photocatalytic efficiency of TiO2-

modifiedNAA-basedDBRs engineered with otherTP is found to

be ∼56−78% lower. This is particularly apparent for those PCs
fabricated with TP < 1200 s, where the red boundary of TiO2−

NAA-DBRs’ PSB is within the absorbance maximum of MB.
This could be attributed to the screening effect, by which MB
prevents incoming light from flowing across the reacting mixture
before electromagnetic waves can interact with functional
semiconductor layer of these NAA-based DBRs to generate
reactive species. Our observations indicate that the light-
induced breakdown efficiency of TiO2-functionalized NAA-
based DBRs fabricated with TP longer than 1200 s undergoes a
slight recovery with respect to that of their counterparts
produced with a shorter anodization period despite having their
PSB’s red boundary at a position that is far away from the
absorbance band of MB (∼103−159 nm). This slight photo-
catalytic enhancement can be ascribed to the geometric features
(i.e., pore length, LP) of the overall PC structure. When total
thicknesses of the PC structures increases, the light absorption of
the overall composite structure enhances due to the increased
area of the semiconductor.52,53 Figure 6b indicates that when
λPSB‑red of TiO2-modified NAA-based DBRs fabricated withTP =
900 s and tTiO2

= 1 nm is closely located to MB’s blue boundary

of absorbance and away from its maximum (∼122 nm), a

Figure 6. Effect of the fabrication parameters and the crystallinity on the light-induced efficiency of TiO2−NAA-DBRs to breakdown MB. (a−c)
Relative optical alignment of PSB’s red-edge TiO2-functionalized NAA-basedDBRs (λPSB‑red) fabricated with varying anodization period and thickness
of functional coating in water and MB’s absorbance band, with the corresponding k values for different tTiO2

of 0.5, 1, and 2 nm, respectively. (d)

Photocatalytic degradation kinetics of MB by TiO2−NAA-DBRs fabricated with TP = 1200 s and tTiO2
= 2 nm, and different crystallographic phases of

TiO2 (NB: black dotted line indicates the photoinduced breakdown of MB by a control NAA-based DBR with no functional TiO2 coating). (e) Bar
chart summarizing the kinetic constant values of MB by TiO2−NAA-DBRs synthesized with different TiO2 crystal phases. Insets display the
interferometric color of the respective TiO2−NAA-DBRs in air (NB: error bars indicate the standard deviation from three experiments).
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maximum kinetic constant of 2.15 ± 0.15 h−1 is achieved. The
photocatalytic performance of this system is found to
dramatically decrease (∼78%) with increasing TP when the
PSB’s red boundary of these model semiconductor PCs enters
within the higher absorbance intensity of the absorbance band of
MB until TP = 1100 s. This is associated with MB’s screening
effect. The second highest k value is provided by TiO2-
functionalized NAA-based DBRs produced with an anodization
period of 1200 s (k = 1.64 ± 0.22 h−1). This observation is in
excellent correlation with results obtained for TiO2−NAA-
DBRs shown in Figure 6a. The photoinduced breakdown of MB
by TiO2−NAA-DBRs decreases with further increase in TP by
∼72 ± 18%. This trend is further confirmed when analyzing the
results for TiO2-modified NAA-based DBRs produced with
TiO2 functional layers with a nominal thickness of 2 nm (Figure
6c). These PCs achieve a maximum kinetic constant of 2.85 ±

0.30 h−1 when the PSB’s red boundary is within MB’s blue
boundary (i.e., TiO2−NAA-DBRs fabricated with TP = 900).
When λPSB‑red is positioned within the absorbance band of MB
(i.e., TP 1000 and 1100 s), the photodegradation efficiency of
TiO2−NAA-DBRs decreases by ∼78% due to screening effect.
As the PSB’s red boundary of ALD-coated NAA-DBRs is
progressively positioned further away from the absorbance band
of MB (i.e., TP = 1200 and 1300 s; ∼21−103 nm), the
photocatalytic performance of TiO2−NAA-DBRs undergoes a
recovery of ∼86% of the maximum k value. It can be concluded
that when the red boundary of the PSB of TiO2−NAA-DBRs is
positioned nearby MB’s red or blue absorbance boundaries, the
best light-induced breakdown efficiency by these composite PC
structures is achieved for specific tTiO2

(Figure 6a−c). The

highest photoinduced breakdown efficiency of TiO2−NAA-
DBRs with tTiO2

= 0.5, 1, and 2 nm follows the order tTiO2
= 0.5 >

2 > 1 nm. These findings indicate that the thinnest TiO2 layers
(i.e., tTiO2

= 0.5 nm) in TiO2−NAA-DBRs is the most optimal

tTiO2
for utilizing slow light effects in enhancing the photo-

catalytic performance when compared to thicker TiO2 layers
(i.e., tTiO2

= 1 and 2 nm). The kinetic constant values with tTiO2
=

0.5, 1, and 2 nm for all anodization periods were estimated to be

1.69 ± 1.14, 1.05 ± 0.72, and 1.76 ± 0.87 h−1, respectively. The
overall best photoinduced breakdown efficiency is achieved by
the thickest TiO2 coatings deposited via ALD (i.e., tTiO2

= 2 nm).

This result could be attributable to additional e−−h+ pairs
generated from the bulk of the semiconductor coating.
However, our results demonstrate that thinner layers would be
more favorable to harness slow photons. The morphology of
thin films grown within nanoporous materials via ALD might
also lead to the formation of multiple clusters of the
semiconductorthrough a Volmer−Weber growth mecha-
nismrather than a continuous thin film.54,55 This might in
part determine the photocatalytic efficiency of the composite
semiconductor structure. Analysis of surface roughness in model
ALD-grown TiO2 layers deposited on silicon wafers demon-
strate that the longer the deposition time, the smoother the
surface of the semiconductor film (Figure S8Supporting
Information). However, further studies will be needed to fully
characterize the morphology of ALD-deposited TiO2 layers
within NAA-DBRs. Another important factor that contributes to
the efficiency of semiconductors in photocatalysis is their
crystallographic phase. Figure 6d shows the light-induced
breakdown kinetics of MB by TiO2−NAA-DBRs fabricated
with an anodization period of 1200 s and an ALD coating time of
2 nm with different crystallographic phases of TiO2 (i.e.,
amorphous and anatase). The slope of the linear fittings, k, is
summarized into bar charts in Figure 6e. The crystallographic
phase of ALD-modified TiO2 layers in pristine TiO2−NAA-
DBRs is amorphous. When TiO2−NAA-DBRs were annealed at
450 °C, the crystallographic phase of TiO2 was transformed into
the anatase phase. Our analysis indicates that transformation of
the crystallographic phase of TiO2 from amorphous to anatase
significantly enhances the photocatalytic performance of TiO2−

NAA-DBRs, from 1.12 ± 0.11 to 3.65 ± 0.37 h−1 (i.e., ∼69%
enhancement). This result could be ascribed to the crystal facets
in anatase TiO2.

45,56,57 Holes and electrons have tendencies to
be trapped within the crystal facets of anatase TiO2, enabling
efficient separation between these charge carriers for boosting
photocatalytic reactions and improving the photocatalytic
performance. A digital image showing the interferometric

Figure 7. Investigation of the photocatalytic degradation mechanism in TiO2-functionalized NAA-DBRs. (a) Kinetics of light-induced breakdown of
MB by these model composite PC structures showing the effect of H2O2 (NB: black dotted line indicates breakdown of MB in an NAA-based DBR
with no TiO2 coating). (b) Absorbance spectra of MB over illumination time from 0 to 1 h with an interval of 0.25 h photodegraded by a TiO2-
functionalized NAA-DBR fabricated with an anodization period of 1200 s and a coating thickness of 0.5 nm. (c) Comparative kinetics of light-induced
breakdown ofMB and 4-CP bymodel TiO2−NAA-DBRs (NB: black dotted line indicates breakdown ofMB and 4-CP in amodel nanoporous PCwith
no TiO2 coating).

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.1c03320
ACS Catal. 2021, 11, 12947−12962

12957



color change in TiO2−NAA-DBRs from amorphous (i.e.
orange) to anatase (i.e., white) phase indicates successful
transformation of the crystallographic phase of TiO2.
3.5.Mechanismof Light-Induced BreakdownofMBby

TiO2−NAA-DBRs. A combinational photoinduced breakdown
mechanism is proposed to explain the degradation of MB by
TiO2-functionalized NAA-based DBRs driven by visible−NIR
excitation (Figure 7). Upon light irradiation, photoexcited
electron−hole pairs are generated in the conduction and valence
bands (CB and VB) of the TiO2 coating, respectively.
Photoexcited electronic holes oxidize H2O molecules in the
reactant mixture. This in turn generates OH• radicals on the
photocatalyst, which can subsequently transform and degrade
the organic molecule into CO2 and H2O. Simultaneously,
photogenerated electrons react with H2O2 added to produce
OH• radicals and OH− ions. These species undergo more
oxidation, leading to extra OH• radicals by light-excited
electronic holes in the VB of the semiconductor coating. Figure
7a presents the light-induced breakdown of MB by a TiO2-
modified NAA-based DBR (TP = 1200 s and tTiO2

= 0.5 nm)

without and with hydrogen peroxide in the reacting mixture (i.e.,
at [H2O2] = 0 and 100 mM). MB degrades up to some extent
with no hydrogen peroxide in the solution, where the quantified
kinetic constant is 1.04± 0.03 and 3.95± 0.68 h−1 at [H2O2] = 0
and 100 mM, respectively. As such, this mechanism alone
cannot explain the whole light-driven breakdown of MB
molecules by these TiO2-functionalized nanoporous PCs. The
electronic band gap of TiO2 coatings of varying thickness was
determined via optical ellipsometry (Figure S9Supporting
Information). Our results indicate that the electronic band gap
relies on the thickness of the ALD-deposited TiO2 coating, with
values ranging from ∼3.675 eV at 2.0 nm to ∼3.700 eV at 0.5
nm. These values would suggest that the average electronic band
gap of the TiO2 coatings used in our study (i.e., 0.5, 1.0, and 2.0
nm) is ∼3.7 eV (∼335 nm, UV-A range of the spectrum). As
such, these functional TiO2 coatings cannot directly harvest
visible photons for photocatalysis. However, we have previously
demonstrated that alignment of the characteristic red edge of the
PSB of TiO2-functionalized NAA-based PCs just above the
electronic band gap of TiO2 (i.e., ∼400−450 nm, low visible
spectral range) results in a photocatalytic efficiency enhance-
ment.45 Another contributing mechanism would involve dye
sensitization, where singlet and triplet states in MB molecules
would be induced by intersystem crossing when the dye-
sensitized TiO2−NAA-DBRs are illuminated by visible−NIR
irradiation.46,58 The subsequent process contains photogen-
erated e− injected into the CB of the semiconductor coating,
where these e− reduce chemically absorbed oxidant O2 groups
on the surface of the semiconducting coating to produce
superoxide radical anions O2

− and OH• radicals. These species
would also play an important role in the light-induced
breakdown of organic molecules. Figure 7b depicts the
absorbance band of MB photodegraded by representative
TiO2−NAA-DBRs over illumination time (t) from 0 to 1 h
with an interval of 0.25 h. Before irradiation of visible−NIR light,
two absorbance maxima of MB were measured at 622 and 664
nm, which corresponds to dimers and monomers, respectively.
Upon light irradiation, these absorbance peaks of MB slightly
blue shift their position with increasing t, from 0 to 0.5 h (i.e.,
from 622 to 621 nm and from 664 to 661 nm, respectively),
before these peaks merged into a single peak (i.e., 634 nm) at t =
0.75 h. The single absorbance maximum of MB further blue

shifts with increasing t to 1 h (i.e., 629 nm). Zhang et al.59 studied
the light-induced oxidizing N-demethylation of MB in TiO2

suspensions driven by ultraviolet light. MB was suggested to
undergo stepwise N-demethylation (i.e., one methyl group is
removed one at a time), in which these were confirmed by the
gradual absorbance maximum of MB shifting toward the blue
region of the spectrum. Estimated Gaussian fittings and values of
the two absorbance peaks of MB have also been summarized in
Figure S10 and Table S2 (Supporting Information). It is found
that enhanced photocatalysis rates of TiO2−NAA-DBRs by
visible−NIR light excitation are critically determined by the
spectral alignment between the PSB’s red boundary (λPSB‑red) of
TiO2-functionalized NAA-DBRs and the MB’s optical absorb-
ance band. At the PSB’s red boundary, photon propagation
through the PC structure is slowed dramatically. This extends
the lifespan of visible photons within the semiconducting layer
and increases the frequency of photon−semiconductor
interactions, generating additional e−−h+ pairs to accelerate
photocatalytic reactions. When λPSB‑red of TiO2-functionalized
NAA-DBRs is positioned closely to the red or blue boundaries of
the MB absorbance band, the light-driven breakdown efficiency
of these composite PC structures to decompose MB is achieved
for specific tTiO2

. This enhancement is attributable to slow light

effect. However, when λPSB‑red of TiO2−NAA-DBRs is under the
maximum optical absorbance of MB, the screening effect by MB
molecules dramatically worsens the overall capability of the
composite PC structure to breakdown MB molecules upon
photonic activation. It is also found that the longer total pore
length of TiO2−NAA-DBRs may play a minor role in improving
the light-induced breakdown efficiency of these PCs when the
PSB’s red boundary is far away from the absorbance band ofMB.
While TiO2−NAA-DBRs fabricated with tTiO2

= 0.5 nm provide

the most optimal tTiO2
for harnessing slow photons, additional

e−−h+ pairs from a thicker semiconducting TiO2 layer in TiO2−

NAA-DBRs (i.e., tTiO2
= 2 nm) can also contribute to the increase

in overall light-induced breakdown efficiency of these composite
PC structures. Analysis of the effect of the crystal phase of
titanium dioxide functional coatings on the breakdown
efficiency of TiO2−NAA-DBRs reveals that anatase semi-
conducting TiO2 layers can achieve superior photocatalytic
performances than their amorphous TiO2−NAA-DBR ana-
logues.
Figure 7c presents the light-driven breakdown of 4-CP and

MB by a representative nanoporous composite DBR. The
breakdown efficiency of TiO2−NAA-DBRs to break 4-CP is
significantly lower when compared to that of MB (k4‑CP = 0.24±
0.02 h−1 and kMB = 3.95 ± 0.68 h−1, respectively), which is
expected as 4-CP are much more resilient molecules.60 The
absorbance maxima of 4-CP and MB are 225 and 664 nm,
respectively. Therefore, the photodegradation of 4-CP does not
rely on the slow photon enhancement since the absorbance
maximum of 4-CP is located far away from the red and blue
edges of the composite nanoporous PC. It is also important to
note that in contrast to positively charged MB molecules, 4-CP
molecules are negatively charged and thus pushed away by the
negatively charged surface of titanium oxide under the
conditions of study. This, as a result, prevents 4-CP molecules
from being efficiently absorbed onto the surface of TiO2−NAA-
DBRs and reduces the light-driven breakdown efficiency of these
model semiconductor PCs. Nevertheless, TiO2-functionalized
NAA-based DBRs are still able to photodegrade 4-CP under
visible−NIR irradiation. Kim and Choi60 investigated the visible
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light-driven breakdown reaction of 4-CP in water, using TiO2

powder. Their observations show that the visible light reactivity
is attributable to complexation of phenolic compounds on the
surface of TiO2. According to this light-induced breakdown
mechanism, direct transfer of electrons from the semiconductor
to the surface-complexed phenol groups upon absorption of
visible photons is the driving force through which oxidative
degradation of 4-CP occurs.
3.6. Benchmarking of TiO2−NAA-DBRs. Table 1

compiles the visible light-driven breakdown efficiency of
benchmark photocatalyst platforms in breaking MB molecules.
It is apparent that NAA-based DBRs functionalized with TiO2

coatings via ALD provide better light-induced breakdown
efficiency (∼84%) than that of conventional P25 TiO2

nanoparticles due to their constrained ability to only absorb
UV light for driving photocatalytic reactions.19 It is also found
that our model composite PCs have superior performance to
that of TiO2-based inverse opals to breakdown MB under light
induction, with 67% enhancement.19 Nevertheless, a direct
comparison would not be appropriate due to differences in
conditions (i.e., catalyst loading, power of illumination, and
effective surface area). We have recently engineered various
NAA-based photocatalyst platforms and studied their light-
driven breakdown efficiency to destroy MB and other organics.
These NAA-based photocatalyst platforms include PC struc-
tures such as GIFs,42 DBRs,43,44 μQVs,45 and BDBRs,46 the
inner surface of which was functionalized with light-active TiO2

coatings via the sol−gel approach. Since similar experimental
conditions are employed, direct performance comparison
between these NAA-based photocatalyst platforms is possible.
It is apparent that TiO2-functionalized NAA-DBRs developed in
this study perform significantly better than TiO2−NAA-BDBRs
(72%) produced via sol−gel.46 ALD-TiO2−NAA-DBRs also
outperform TiO2−NAA-GIFs in breaking down MB molecules,
with an enhancement of 47% due to a more efficient light
collection associated with the spectrally broad PSB of NAA-
DBRs.42 While TiO2−NAA-DBRs outperform TiO2−NAA-
μQVs in light-driven breakdown of MB, the photocatalytic
enhancement is small (10%).45 This result could be associated
with the recirculation of incoming visible−NIR photons and
their strong confinement within the composite PC structure.
Different surface functionalization techniques for TiO2−

NAA-DBRs reveal that the light-driven breakdown efficiency of
TiO2−NAA-DBRs fabricated by ALD is superior to those
fabricated with the sol−gel method (23%).43 This result could
be associated with the more precise control over the thickness,

composition, and homogeneity of TiO2 layers achieved by ALD
when compared to their counterparts deposited via the sol−gel
method. To summarize, the photocatalytic comparison in this
study demonstrates that ALD-TiO2−NAA-DBRs are promising
photocatalyst platforms to boost photocatalytic reactions by
rationally managing photons at the nanoscale.

4. CONCLUSIONS

We have generated new insights into the development of high-
performing photocatalytic platforms that can harness slow light
to maximize generation of charge carriers under visible−NIR
illumination. NAA-DBRs with highly versatile and controllable
optical properties were fabricated by STPA and used as model
PC platforms to identify enhancements in breakdown efficiency
associated with slow light effects. Modification of NAA-DBRs
with thin, functional, optoelectronic, and semiconducting layers
of titanium dioxide by atomic layer deposition enabled
enhanced optoelectronic conversion rates for boosting photo-
catalytic reactions. The combined effect of anodization and
thickness of ALD TiO2 layers on the light-induced breakdown
efficiency of TiO2−NAA-DBRs were studied using the photo-
degradation of MB as a model reaction under visible−NIR light.
Analysis of relative optical alignment of the absorbance band of
MB, PSB’s red boundary, and the corresponding light-driven
breakdown efficiencies was used to elucidate the mechanistic
contribution of slow light effect in these reactions driven by
TiO2−NAA-DBRs. Our study demonstrates that when the
PSB’s red boundary of TiO2−NAA-DBRs is positioned near the
red or blue edge of the absorbance band of MB, the
photocatalytic efficiency is the maximum. The maximum
breakdown rate of MB was achieved by TiO2-functionalized
NAA-based DBRs fabricated with an anodization period of 1200
s and a coating thickness of 0.5 nm (i.e., k = 3.95 ± 0.68 h−1).
However, the screening effect by MB molecules worsens the
light-induced breakdown efficiency when TiO2−NAA-DBRs’
red edge is positioned within the spectral region of maximum
absorbance of MB. Our results indicate that NAA-based PCs
featuring thinner TiO2 coatings achieve the highest photo-
catalytic efficiency associated with slow light effect. However,
the overall breakdown efficiency of TiO2−NAA-DBRs with
thicker semiconductor layers is higher in the broad visible
spectrum due to extra electron−hole pairs generated from the
bulk of the TiO2 layer in TiO2−NAA-DBRs. It is also found that
at those regions far from the absorbance band of MB, longer
total pore length and anatase crystal phase also contribute to the

Table 1. Comparison of Kinetic Constant (k) for the Light-Induced Breakdown of MB by Various Benchmark TiO2-Based
Photocatalysts Excited by Visible Light

photocatalyst P25 TiO2
nanoparticles

TiO2 inverse
opal

TiO2−NAA-
BDBRs

TiO2−NAA-
GIFs

TiO2−NAA-
μQVs

TiO2−NAA-
DBRs

TiO2−NAA-
DBRs

optical mechanism slow photon slow photon slow photon light
recirculation

slow photon slow photon

TiO2 deposition
method

sol−gel sol−gel sol−gel sol−gel ALD

k (h−1) 0.64 1.32 1.12 2.10 3.55 3.04 3.95

catalyst loading
(mg L−1)

200 200

effective surface area
(cm2)

5 1 1 1 1 1

power (W) 500 500 150 150 150 150 150

MB concentration
(mg L−1)

5 5 5 5 5 5 5

references 19 19 46 42 45 this study
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improvement of the resulting light-driven breakdown efficiency
of TiO2−NAA-DBRs.
Our findings indicate that TiO2−NAA-DBRs fabricated by

STPA and ALD are promising photocatalyst platforms that can
outperform other benchmark photocatalysts in photodegrada-
tion of organic molecules. These findings provide exciting
venues to rationally design and engineer light−matter
interactions in PC semiconductors for multiple light-harvesting
applications.
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Figure S1. Optical absorbance spectrum of 5 mg L –1 aqueous solution of: (a) methylene blue (MB) and 

(b) 4-chlorophenol (4-CP). The absorbance band maxima for MB and 4-CP were at λabs–MB = 664 nm 

and at λabs–4-CP = 225 nm, respectively (NB: absolute absorbance intensity of MB and 4-CP at the central 

position of the absorbance band maxima were ~2.8 and 1.0 a.u., respectively). 

 

Figure S2. Linear correlation between absorbance maximum intensity and concentration of methylene 

blue (MB) and 4-chlorophenol (4-CP) (NB: concentration range from 0.00244 to 10 mg L–1). The linear 

correlation for MB and 4-CP were: AbsMB (a.u.) = 0.1697 [MB] (mg L–1) and Abs4-CP (a.u.) = 0.0478 [4-

CP] (mg L–1) , respectively. The R2 value for MB and 4-CP were 0.99923 and 0.99980, respectively. 
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Figure S3. Full-view and magnified view of stepwise pulse anodization (STPA) profiles used to fabricate 

NAA–DBRs with anodization period (TP) of: (a) 900 s, (b) 1000 s, (c) 1100 s, (d) 1200 s, (e) 1300 s and 

(f) 1400 s. 
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Figure S4. Transmission spectra of TiO2–NAA–DBRs produced with varying TiO2 thicknesses (tTiO2) of 0, 

0.5, 1 and 2 nm, and anodization period (TP) of: (a) 900 s, (b) 1000 s, (c) 1100 s, (d) 1200 s, (e) 1300 s 

and (f) 1400 s (NB: media = air). 

 



Harnessing Slow Light in Optoelectronically Engineered Nanoporous Photonic Crystals for Visible Light-Enhanced Photocatalysis 

S-5 

 

 

Figure S5. Transmission spectra of TiO2–NAA–DBRs produced with varying TiO2 thicknesses (tTiO2) of 0, 

0.5, 1 and 2 nm, and anodization period (TP) of: (a) 900 s, (b) 1000 s, (c) 1100 s, (d) 1200 s, (e) 1300 s 

and (f) 1400 s (NB: media = water). 
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Figure S6. Linear correlation of the central position of characteristic PSB (λPSB) and anodization period 

(TP) of TiO2–NAA–DBRs produced with varying TiO2 thicknesses (tTiO2) and media infiltration into the 

nanopores: (a) 0 nm in air, (b) 0.5 nm in air, (c) 1 nm in air, (d) 2 nm in air, (e) 0 nm in water, (f) 0.5 nm 

in water, (g) 1 nm in water and (h) 2 nm in water. 
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Figure S7. Spectrum of simulated visible–NIR light irradiation source used for photocatalysis in our 

study (i.e. 0.1% UV (350–400 nm), 64.9 % visible (400–750 nm), and 35.0% NIR (800–1025 nm)). The 

irradiation spectrum was measured using an optical fiber spectrometer (USB 4000, Ocean Optics, 

USA). 
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Figure S8. Atomic force microscopy characterization of model TiO2 films deposited onto silicon wafers 

at different deposition times/ALD cycles under the same conditions used in our study with: (a) bare 

silicon wafer, (b) tTiO2 = 0.5 nm, (c) tTiO2 = 1.0 nm, and (d) tTiO2 = 2.0 nm. (NB: the maximum surface 

roughness determined by AFM where 1.71, 2.18, 1.77, and 1.21 nm, respectively). 
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Figure S9. Spectral ellipsometry of TiO2 thin films demonstrating the dependence of the electronic 

band gap on the film thickness deposited via ALD. The TiO2 films were deposited onto a planar silicon 

substrate by ALD using the same process as described for the TiO2–NAA–DBRs. The number of applied 

ALD cycles was modified to produce TiO2 thicknesses of 2.5 nm, 8.5 nm, 15.5 nm, and 18.5 nm. TiO2 

films were characterized with a spectroscopic ellipsometer (Semilab SE-2000) at room temperature, 

and at an incident angle of 70°, in the visible-near infrared regions. The ellipsometric parameters Ψ 

and Δ are measured in the range of 0.55–5 eV. The optical constants of TiO2 are fitted using Semilab’s 
SEA software with the Forouhi-Bloomer (F-B) dispersion model,1-2 and the goodness of the fit was 

considered when the root mean square error (RMSE) was less than 1.  

1. Fujiwara, H., Spectroscopic Ellipsometry. Principles and Applications. John Wiley and Sons Ltd.: 

England, 2007. 

2. Forouhi, A. R.; Bloomer, I., Physical Review B 1986, 34 (10), 7018–7026. 

 

Figure S10. Estimated Gaussian fittings of the absorbance of double-peak (deconvoluted) feature of 

MB photodegraded by TiO2–NAA–DBRs fabricated with TP = 1200 s and tTiO2 = 0.5 nm at an illumination 

time (t) of (a) 0 h, (b) 0.25 h, (c) 0.5 h, (d) 0.75 h and (e) 1 h. 
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Table S1. Compilation of k and λPSB–red for photodegradation of MB by TiO2–NAA–DBRs produced 

with varying TP and tTiO2. 

TP (s) tTiO2 = 0.5 nm tTiO2 = 1 nm tTiO2 = 2 nm 

 λPSB–red (nm) k (h–1) λPSB–red (nm) k (h–1) λPSB–red (nm) k (h–1) 

900 540 ± 14 0.86 ± 0.19 543 ± 14 2.15 ± 0.15 542 ± 14 2.85 ± 0.30 

1000 594 ± 15 1.23 ± 0.22 599 ± 15 1.14 ± 0.23 584 ± 15 1.02 ± 0.18 

1100 646 ± 16 1.07 ± 0.18 634 ± 16 0.47 ± 0.08 632 ± 16 0.62 ± 0.07 

1200 688 ± 17 3.95 ± 0.68 678 ± 17 1.64 ± 0.22 689 ± 17 1.46 ± 0.14 

1300 770 ± 19 1.72 ± 0.18 766 ± 19 0.35 ± 0.13 764 ± 19 2.44 ± 0.28 

1400 826 ± 21 1.33 ± 0.37 816 ± 20 0.58 ± 0.17 826 ± 21 2.20 ± 0.36 

 

Table S2. Estimated absorbance maximum of the photodegradation of double-peak feature of MB by 

TiO2–NAA–DBRs produced with TP = 1200 s and tTiO2 = 0.5 nm over various illumination time (t). 

t (h) Wavelength (nm) 

 Peak 1 Peak 2 

0 622 ± 6 664 ± 1 

0.25 623 ± 7 663 ± 1 

0.5 621 ± 11 661 ± 2 

t (h) Merged Peak 

0.75 634 ± 1 

1 629 ± 1 
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Enhancing the Photocatalytic Activity by Tailoring an Anodic
Aluminum Oxide Photonic Crystal to the Semiconductor
Catalyst: At the Example of Iron Oxide

Carina Hedrich,* Anna R. Burson, Silvia González-García, Víctor Vega, Victor M. Prida,

Abel Santos, Robert H. Blick, and Robert Zierold*

Photonic crystals (PhCs) are interesting structures for photocatalytic

applications because of their capability of harnessing distinct forms of

light–matter interactions within the PhCs. Of all these, overlapping one of the

photonic stopband’s (PSB) edge with the absorption of the PhC material or

adsorbed molecules improves their excitation and generated charge carriers

can subsequently induce photocatalytic reactions. The PSB position of anodic

aluminum oxide PhCs (AAO-PhCs) can be easily adjusted by modifying the

anodization proûle. Herein, AAO-PhCs are designed to match the band gap of

a model semiconductor enabling a general photocatalytic activity

enhancement independent of the chemical to be decomposed. Fe2O3, as an

example photocatalyst, is coated onto AAO-PhCs to demonstrate efficient

photocatalytic systems by utilizing the slow photon effect. Tailored

Fe2O3-AAO-PhCs with their PSB edge at 564 nm matching the Fe2O3 band

gap exhibit generally enhanced degradation of three different organic dyes

while a signiûcant activity decrease is observed when the PSB edge does not

overlap with the Fe2O3 absorption. Furthermore, photocatalyst degradation

can be reduced down to only 4% activity loss over six consecutive

measurements by an ultra-thin alumina coating.
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1. Introduction

Puriûcation of water is particularly im-
portant nowadays to ensure the supply
of drinking water to society, especially in
light of major challenges such as climate
change and overpopulation.[1,2] Access
to drinking water has been deûned as
Sustainable Development Goal (SDG)
number 6 by the United Nations.[3]

Thus, cheap, reusable, sustainable,
and decentralized water puriûcation
systems are urgently needed. Photo-
catalysts came into focus over the last
decades as they use sunlight to induce
chemical reactions, e.g., degradation
of various pollutants in water.[4–8]

Since the discovery of photocataly-
sis, titanium dioxide (TiO2) has become
the benchmark photocatalytic material
due to its availability, inertness, stabil-
ity, and good photocatalytic properties
in different processes.[9–12] However, it
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suffers from insufficient use of the solar light spectrum since
UV light—which is only 5–10% of the sunlight spectrum at
the Earth’s surface—is required to initiate photocatalytic pro-
cesses in TiO2.

[13] Besides strategies to tune the excitation of
TiO2 toward the visible range such as doping or creation of oxy-
gen vacancy defects,[14] other photocatalytically active materials,
namely various oxides, sulûdes, and nitrides, or combinations
among them are also intensively studied.[6,7,15–19] Iron (III) ox-
ide (hematite, Fe2O3), for example, is a promising photocata-
lyst because it is abundant on Earth and its electronic band gap
is located in the visible region of the electromagnetic spectrum
(≈1.7–3.1 eV).[17,20,21] Accordingly, irradiance-rich sunlight spec-
tral regions can be harvested to excite iron oxide and thereby in-
duce photocatalytic reactions such as oxidative water puriûcation.
Moreover, Fe2O3 is a non-toxic material, which could be applied
in the decontamination of drinking water. Nevertheless, the gen-
eration of charge carriers in Fe2O3 is often inefficient or the fast
charge carrier recombination prevents the induction of reactions
by the charge carrier.[22–24] To overcome this limitation, combin-
ing Fe2O3 with other semiconductors to form heterojunctions
has been demonstrated as an approach to improve charge carrier
separation.[22,25,26] Alternatively, engineering light–matter inter-
actions between incoming light and Fe2O3 by tailoring the struc-
ture of the semiconductor also provides an effective means of in-
creasing the generation yield of charge carriers. This approach
also applies to many other semiconductors featuring low charge
carrier generation rates. For example, the so-called slow photon
effect in photonic crystals (PhCs) can be rationally engineered for
this purpose.[27–29]

PhCs are structures composed of periodically arranged mate-
rials with different dielectric constants. These periodic variations
within the structures result in photonic stopbands (PSBs)—also
denoted as photonic band gaps—wherein photons with the re-
spective wavelength cannot propagate through the PhC and are
therefore reüected at the PhC’s surface.[30-33] At the blue and
red edges of the PhC’s PSB, the group velocity of photons is
strongly reduced, which is referred to as the slow photon effect
(Figure 1a). These photons have more time to interact with the
PhC material and thus, the interaction probability between in-
cident photons and atoms of the material is increased.[27,28,34]

Consequently, charge carrier generation in semiconductor-based
PhCs can be enhanced by utilizing the slow photon effect when
one edge of the PSB is aligned with the electronic band gap of
the semiconductor. PhCs can be realized in one, two, or three
dimensions.[31,32] Especially two- and three-dimensional PhCs
are interesting for photocatalytic applications because they can
consist of porous structures that provide high surface areas and,
accordingly, many possible reaction sites. The most common
semiconductor-based three-dimensional PhC structures are in-
verse opals, which are characterized by a semiconductor matrix
around hollow spheres.[12,27,28,34-36] However, PhCs can also be
fabricated by tailoring the anodization of aluminum.[37-40] An-
odic aluminum oxide (AAO) structures consist of cylindrical,
self-organized, highly ordered pores inside electrochemically pre-
pared aluminum oxide. The pores of AAO feature distinct geo-
metrical parameters, namely pore diameter, interpore distance,
and pore length, which can be adjusted by tuning the electro-
chemical anodization parameters.[39,41-43] Speciûcally, the applica-
tion of pulse-like anodization approaches modiûes the pore mor-

phology from straight to periodically diameter-modulated struc-
tures (Figure 1b). Such modulated structures act as PhCs and
their PSB can be precisely tailored across the UV to IR spectral
range through judicious input anodization parameters.[37-40]

On the one hand, tuning the PSB position of semiconductor-
functionalized AAO-PhCs to overlap the PSB edge with the
absorption wavelength of chemical pollutants boosts the pho-
todegradation efficiency of these platforms.[29,44-46] The photocat-
alytic activity of such tailor-made aligned AAO-PhCs is enhanced
by the slow photon effect for the speciûc chemical, but it de-
creases when the photocatalytic decomposition of compounds
with absorption bands off-side the PSB edge is tested. In the lat-
ter case, the slow photon effect no longer enhances the activity
because the PSB edge ismisaligned with the compounds’ absorp-
tion maximum.
On the other hand, Liu et al. reported an enhanced photocat-

alytic degradation of organic dyes serving as model water pollu-
tants when the PSB edge matches the band gap of TiO2, which
was coated onto the AAO-PhC structure by sol–gel chemistry.
However, TiO2 excitation requires irradiation by UV light. To use
the visible range of the electromagnetic spectrum, a semiconduc-
tor with a ûtting band gapmust be employed to increase the pho-
tocatalytic activity of a functionalized AAO-PhC. Thus, Fe2O3 is
utilized in this study as a photocatalytically active semiconductor
featuring a band gap in the visible region.[23,24]

Ideal photocatalysts for puriûcation systems should be
durable, meaning they can be utilized multiple times without
signiûcant loss of their photocatalytic activity.[4,52] Altering and
destruction of Fe2O3 upon irradiation, and consequently, a cor-
responding reduction of their photocatalytic performance is of-
ten observed for this photocatalyst material.[11,53,54] This phe-
nomenon is denoted as photocorrosion or photodissolution since
structural changes and decomposition processes of the Fe2O3

are induced by the illuminating (solar) light applied in photocat-
alytic processes to excite the semiconductor. Hence, the photo-
catalyst surface has to be protected to avoid such degradation,
which could, for example, be realized by coating ultra-thin layers
of metal oxides on top of the Fe2O3 ûlm.[11,53–60]

Apart from the PSB edge alignment with the semiconduc-
tor band gap, the ûlm thickness of the semiconductor might
be crucial for optimizing the photocatalytic performance of
semiconductor-coated AAO-PhCs because it determines the
charge carrier dynamics within the semiconductor as well
as the mass transfer of photocatalytic reactants within the
pores.[11,20,22-24] Speciûcally, the minority charge carrier diffusion
length in Fe2O3 is only a few nanometers[20] whereby a low ûlm
thickness of Fe2O3 is therefore beneûcial to achieve high pho-
tocatalytic activities. On the contrary, thicker ûlms of at least a
few tens of nanometers are required to ensure complete absorp-
tion of the incident sunlight by Fe2O3.

[20,47] Tailor-made func-
tionalized AAO-PhCs provide new opportunities to balance these
opposing effects by structural engineering of the nanostructure.
Fe2O3 thin ûlms deposited in the pores possess low thicknesses
in the radial direction of the pores (i.e., diameter) while they
cover a few tenths of micrometers in the pores’ axial direction
(i.e., length). Herein, atomic layer deposition (ALD) of Fe2O3 is
applied to enable precise control over the deposited ûlm thick-
ness on the sub-nanometer scale.[48-51] Accordingly, ALD is well-
suited as a functionalization technique to develop composite
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Figure 1. Schematic of photonic crystals, their optical properties, and the construction of Fe2O3-functionalized anodic aluminumoxide photonic crystals.
a) Due to the periodic modulation of the refractive index, a PhC exhibits a photonic stopband (PSB) which does not allow light propagation of speciûc
wavelengths within the structure. Incoming light of this spectral region is reüected at the samples’ surface. Due to the slow photon effect, light–matter
interactions within the PhC are increased at the blue and red edges of the PSB (marked in the scheme). The position of the PSB edges can be tuned
by controlling the preparation process to overlap with either the absorption of a dye (continuous grey line) or with the band gap of a semiconductor
(dashed grey line), corresponding to the red and the blue edge, respectively. Depending on this alignment, the slow photon effect enhances the light
absorption within the PhC structure by accelerating the excitation of the dye (upper right scheme) or of the semiconductor (lower right scheme). b) An
AAO-PhC is exemplarily shown, featuring periodic diameter modulations of the pores. c) The AAO-PhC template is fabricated by pulse-like anodization
of aluminum. Herein, the structures’ surface is subsequently coated via atomic layer deposition of Fe2O3.

semiconductor–AAO PhCs to study the photocatalytic perfor-
mance of the structure with respect to the Fe2O3 ûlm thickness.
In this work, we demonstrate how the photocatalytic activity of

Fe2O3 coatings in structurally engineered AAO-PhCs can be en-
hanced by making use of the slow photon effect when the struc-
tures’ PSB edge is aligned with the band gap of the semicon-
ductor. Fe2O3-AAO-PhCs are prepared by pulse-like anodization
of aluminum and subsequent ALD coating of Fe2O3 with differ-
ent thicknesses (Figure 1c). Moreover, ultra-thin aluminum ox-
ide (Al2O3) layers are also deposited onto optimized Fe2O3-AAO-
PhCs by ALD to avoid photocorrosion and extend the lifetime
of the semiconductor over repeated photocatalytic cycles. Fe2O3-
AAO-PhCs’ optical properties are characterized by UV–vis re-
üection measurements, and the photocatalytic performances are
assessed with respect to the Fe2O3 ûlm thickness. Speciûcally,
Fe2O3-AAO-PhCs are immersed into aqueous solutions of model
organic dyes—methylene blue (MB), rhodamine B (RhB), and
methyl orange (MO)—and irradiated by visible light to analyze

their photocatalytic degradation of the dyes. The structures’ PSB
characteristics and Fe2O3 ûlm thicknesses are related to photo-
catalytic performances.

2. Results and Discussion

2.1. Fabrication and Optical Characterization of AAO-PhCs

AAO-PhCs with PSB edges located at wavelengths that match
the Fe2O3 band gap are produced by applying rectangular cur-
rent density pulses during the electrochemical oxidation of alu-
minum in oxalic acid (H2C2O4, 0.3 M) electrolyte, as shown in
Figure 2. The voltage signal response (output) of the aluminum
chip anodized under these conditions follows the rectangular cur-
rent density pulses with distortion of the pulse shape. The output
pulses resemble a capacitor response with increase and decrease
that follows the input current density with a certain temporal de-
lay due to the recovery process of the barrier layer oxide at the
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Figure 2. Fabrication and characterization of AAO-PhCs by pulse-like anodization in oxalic acid. a) Rectangular current pulses are applied to the alu-
minum chip after an initial constant current period. The voltage at the sample follows the pulse behavior with distortion of the pulse shape due to the
recovery effects of the barrier oxide layer. b) UV–vis reüection measurements reveal the PSB position of AAO-PhCs. The PSB position redshifts when the
pores are inûltrated with H2O compared to air due to the increased refractive index of the medium. The dashed lines indicate the positions of the PSB
maximum (green line), the PSB blue edge (blue line), and the PSB red edge (red line). The PSB maximum is obtained by a Gaussian ût of the data, while
the PSB edges are deûned as the inüection points of the reüection peak. c,d) Photographs of the AAO-PhC samples. The AAO sample is indicated by the
brown dotted circle. The aluminum backside of the sample is wet-chemically removed in (d), whereby the green color in reüection becomes visible.

bottom side of the nanopores (i.e., growth front of the anodic
ûlm).[61-64] Moreover, the pulses are also asymmetric in shape.
These pulses result in the formation of gradient-index ûlter-like
structures, which are characterized by a smooth variation of pore
diameter in depth (scanning electron microscope (SEM) images
are shown in Figure S1, Supporting Information).[29,65,66] Such
AAO structures exhibit PSBs in the visible light range, as exem-
plarily shown in Figure 2b. The PSB position is determined by the
pulse period (tpulse) and undergoes a red shift when the pores are
inûltrated with water (H2O) compared to air. The increment of
the refractive index of the pore-ûlling medium (i.e., change from
air to H2O)

[67] leads to an increment of the effective refractive
index of the ûlled AAO structure and simultaneous reüection in-
tensity decrease. Analysis of the PSB properties is shown for the
measurement inH2Oby the dashed lines. The blue line indicates
the PSB blue edge, the red line resembles the PSB red edge, and
the green line is the position of the PSBmaximum (i.e., its maxi-
mum in intensity). Note, the inüection points of smoothed reüec-
tion data are calculated as the PSB edges (ÿPSB,blue; ÿPSB,red), while
the peak maximum wavelength of a Gaussian ût deûnes the PSB
maximum position ÿPSB. When the aluminum backside of the
AAO-PhCs sample is present (Figure 2c), samples produced with
tpulse = 275 s appear yellow in an optical photograph. When the

aluminumbackside of the underlying chip is removed, the refrac-
tive index contrast between the AAO-PhC and the background is
higher and the green color reüected by the structures’ PSB be-
comes visible, as demonstrated in Figure 2d.
Tuning tpulse in the anodization or coating the samples with dif-

ferent thicknesses of Fe2O3 by ALD after their production mod-
iûes the PSB positions. Since the photocatalytic performance
of semiconductor-modiûed AAO-PhCs is assessed in an aque-
ous medium, the structures’ optical properties are characterized
when the pores are inûltrated with deionized water (DI-H2O).
Figure 3a depicts the reüection spectra of as-produced, DI-H2O-
inûltrated AAO-PhCs fabricated with tpulse of 175, 270, 275, 300,
335, and 450 s, respectively. Note, the PSB characteristics are de-
noted as ÿPSB (ÿPSB,blue; ÿPSB,red), where the PSB maximum wave-
length ÿPSB is calculated by a Gaussian ûtting while the inüec-
tion points of the PSB deûne the blue (ÿPSB,blue) and red edges
(ÿPSB,red). Here, the ÿPSB and the PSB edges change from 455 nm
(ÿPSB,blue = 428 nm; ÿPSB,red = 477 nm) up to 858 nm (844 nm;
883 nm)with increasing pulse duration (Figure 3b) at ameasured
average rate of 1.5 ± 0.1 nm s−1. Since the reüection intensity
of the samples applied in the photocatalysis measurements in
this study (fabricated with tpulse = 270 s and tpulse = 275 s) are in
the same absolute range, an effect of the PSB reüection intensity
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Figure 3. Optical properties of AAO-PhCs anodized by applying different pulse durations and coated with Fe2O3 by ALD after production. a) Normalized
reüection spectra of samples anodized with varying pulse durations show a red shifting of the PSB position upon increasing the pulse duration. b) The
PSB maximum wavelength depends linearly on the applied pulse duration tpulse with a slope of 1.5 ± 0.1 nm s−1. The error of the ût is 0.97. c) The
PSB position is almost independent of the applied ALD cycle number for AAO-PhCs anodized with tpulse = 275 s and subsequently coated with Fe2O3
by ALD Here, the error bars denote the blue and red edge of the PSB while the data point represents the PSB maximum position ÿPSB. d) Depositing
ultra-thin Al2O3 layer on AAO-PhCs prepared with 275 s pulse duration and previously coated by 385 cycles Fe2O3 does not signiûcantly inüuence the
PSB positions. (Reüection spectra for the samples characterized in (c,d) are shown in Figure S3 (Supporting Information).

on the photocatalytic performance for comparing the samples is
herein not expected.
The PSB maximum wavelength and the blue and red edge of

AAO-PhCs produced by 275 s pulse duration and coated with dif-
ferent cycle numbers of Fe2O3 by ALD are shown in Figure 3c.
Within one Fe2O3 ALD cycle, 0.016 ± 0.003 nm Fe2O3 are de-
posited and, accordingly, the applied ALD cycle numbers of 0,
77, 154, 231, 308, 385, and 462 cycles correspond to nominal ûlm
thicknesses of 0, 1, 2, 3, 4, 5, and 6 nm Fe2O3, respectively. Thick-
nesses of ALD-deposited ûlms were analyzed by spectral ellip-
sometry on planar silicon reference substrates (Figure S2, Sup-
porting Information). TheAAO-PhCs exhibit similar PSBproper-
ties after ALD coating with a few nm of Fe2O3 and an overcoating
by an ultra-thin aluminumoxide layer (Figure 3d), all in the range
of the error obtained during AAO-PhC fabrication. Analysis of
the AAO-PhCs’ optical properties reveals that the PSB edges of
samples coated with 77, 231, 385, and 462 Fe2O3 cycles by ALD
overlap with the electronic band gap of Fe2O3 of ≈2.2 Ev,[23,24]

which corresponds to a wavelength of ≈564 nm. Here, a speciûc
wavelength value is given for each PSB edge, whereby the <edge=
region, which is essential for the slow photon effect, extends over
a few nanometers. In Figure S3 (Supporting Information), the in-
üuence of Fe2O3 and Al2O3 coating on the PSB characteristics of
AAO-PhCs fabricated with pulse durations of 270 and 335 s are
shown compared to uncoated samples.

AAO-PhCs produced with similar pulse-like an-
odization approaches have previously been reported in
literature.[29,40,44–46,61,64–86] These structures show different
PSB characteristics, namely position, width, intensity, and
shape, depending on the anodization conditions. The herein
presented proûle utilizing rectangular current pulses in H2C2O4

leads to similar AAO-PhCs as the existing approaches regarding
the PSB reüection intensity and width. For example, reüec-
tion intensities reported in literature vary between 10% and
95%, depending on the applied conditions, while full width at
half-maximum (FWHM) values from 16 nm up to 202 nm are
observed.[65,67,73,81,82]

To functionalize AAO-PhCs produced inH2C2O4 with a photo-
catalytic active material, in literature the structures were coated
with TiO2 by sol–gel chemistry.[29,44,45,80,85] It was reported that
the coating red-shifted the PSB position of the samples due to
the higher refractive index of TiO2 compared to that of anodic
Al2O3.

[29,80] Furthermore, the coating reduced the AAO-PhC pore
diameter, which induced a red shift of the PSB position. In 2021,
Lim et al. deposited thin layers of TiO2 onto AAO-PhCs by ALD,
with ûlm thicknesses below 2 nm. Since the thicknesses are
much lower and better controlled than for sol–gel deposition pro-
cesses, none of these samples signiûcantly shifted the PSB po-
sition. Similarly, herein only slight shifts of the PSB positions
were observed for AAO-PhCs anodized with pulse durations of
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Figure 4. Photocatalytic performances of Fe2O3-AAO-PhCs functionalized
by different ALD cycle numbers. The photocatalytic activity depends on the
pulse duration applied in anodization and the number of Fe2O3 cycles of
the ALD process. For both AAO-PhC types anodized with different pulse
durations tpulse, the deposited Fe2O3 ûlm thickness in combination with
the PSB characteristics determines the photocatalytic performance. Anal-
ysis of the PSB edge positions with respect to the Fe2O3 band gap reveals
that the highest activity is achieved when the PSB blue edge overlaps with
the semiconductor band gap due to the slow photon effect. Note that the
AAO-PhC coated by 385 ALD cycles for both sample types is most effective
in photocatalytically degrading MB.

270, 275, and 335 s after coating with iron oxide and/or Al2O3 by
ALD.

2.2. Photocatalytic Activity of Fe2O3-AAO-PhCs

The photocatalytic performance of Fe2O3-functionalized AAO-
PhCs with PSB edges located in the region of the Fe2O3 band
gap depends on the Fe2O3 ALD cycle numbers. The Fe2O3 thick-
ness, which corresponds to the different ALD cycles, is known
to affect the charge carrier generation and recombination.[11] For
Fe2O3-AAO-PhCs produced by 270 s pulse duration within an-
odization, the photocatalytic activity ofMBdegradation is the low-
est (1.38 ± 0.03 h−1) for 154 ALD cycles, while the highest activity
of 1.93 ± 0.02 h−1 is observed for a sample coated with 385 cycles
(Figure 4). As depicted in Figure 4, the alignment of the PSB edge
with the Fe2O3 band gap is the best for the 385 ALD cycle sample,
which shows the highest photocatalytic activity. However, the dif-
ferent photocatalytic performances depending on the ALD cycle
numbers cannot be explained by only considering the PSB edge
alignment to the Fe2O3 band gap. Instead, additional factors such
as ûlm thickness and surface roughness must be considered. It
is reported in literature that the ûlm thickness of semiconduc-
tors determines their charge carrier dynamics, i.e., charge carrier
generation and recombination.[11] For Fe2O3, fast charge carrier
recombination and low carrier mobility are common drawbacks
to its application in photocatalytic processes.[22-24]

Apart from determining the charge carrier dynamics, the
deposited ûlm thickness also inüuences the mass transfer of
molecules into and out of the pores of AAO-PhCs. The ALD-
coated material narrows the pore diameter increasing the pores’

Table 1. Characterization of surface roughness of Fe2O3 layers deposited
by ALD with different cycle numbers. The silicon/ silicon dioxide wafers
were coated in the same ALD processes as the AAO-PhCs.

ALD cycle number Film thickness /nm Surface roughness
/nm

0 0 1.71

77 1 3.83

154 2 2.02

231 3 1.83

308 4 1.55

385 5 1.53

462 6 1.52

aspect ratio. Thus, the diffusion of molecules taking part in the
photocatalytic reaction within the pores gets increasingly con-
strained by the increasing ALD cycle number.[87–89] Hence, it is
expected that this diffusion limitation leads to a decrease in the
photocatalytic activity when a certain ûlm thickness is reached.
The surface roughness of our ALD-deposited Fe2O3 ûlms de-
creases with increasing cycle number, as summarized in Table 1.
The atomic forcemicroscopy (AFM) images of the different ûlms
are shown in Figure S3 (Supporting Information). Nucleation
of individual Fe2O3 islands occurs via the Volmer-Weber growth
mechanism, which will grow together with increasing ALD cycle
number, resulting in a continuous Fe2O3 layer.

[48,90,91] Due to the
higher roughness of 3.83 nm after 77 ALD cycles, the materials’
surface area is higher for lower ALD cycle numbersmeaning that
more active surface sites are available for the photocatalytic reac-
tions. Therefore, the photocatalytic activity is strongly increased
for 77 Fe2O3 cycles compared to that of Fe2O3-functionalized
AAO-PhCs with lower surface roughness. Interestingly, 154 ALD
cycles still feature a higher surface roughness of 2.02 nm com-
pared to that quantiûed in Fe2O3 ûlms produced at higher cycle
numbers (<1.55 nm), but this does not affect the photocatalytic
reaction strongly.
Taking all these effects (i.e., PSB edge alignment, charge car-

rier dynamics, diffusion limitation, and surface roughness) into
account, the photocatalytic activities of all Fe2O3-functionalized
AAO-PhCs produced with a pulse duration of 270 s can be mech-
anistically explained by the following: Application of 77 ALD cy-
cles results in a photocatalytic activity of 1.82 ± 0.07 h−1 due to
the high surface area of the Fe2O3 ûlm caused by the large sur-
face roughness of 3.83 nm. The inüuence of the surface area on
the photocatalytic activity decreases with increasing ALD cycle
number because the surface roughness—and thereby the avail-
able surface area—is reduced down to < 1.55 nm. For 154 cy-
cles, the lowest activity of 1.38 ± 0.03 h−1 is observed. Note that
the PSB edge is also not perfectly matched with the semiconduc-
tor band gap, contributing to the reduced effect. Further increas-
ing the Fe2O3 cycles of the ALD process (231 and 308 cycles, re-
spectively) results in an increased photocatalytic activity since the
ûlm thicknesses allow for more charge carrier generation with-
out recombination, even though the optical properties are not
optimized to make use of the slow photon effect. The highest
activity of 1.93 ± 0.02 h−1 is observed for the sample coated by
385 cycles Fe2O3 because the ûlm thickness seems to be optimal.
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Speciûcally, enough charge carriers can be generated without re-
combination while mass transfer into and out of the pores is pos-
sible to a sufficient extent. A thicker Fe2O3 ûlm (462 cycles) leads
to reduced photocatalytic activity 1.71 ± 0.02 h−1, which might be
attributed to a combination of different effects. First, the thicker
ûlm might not be optimal regarding the charge carrier separa-
tion due to the fast recombination and low diffusion length of
the generated charge carriers.[20] Second, themass transfer ofMB
molecules and degradation products might be limited due to the
smaller pore diameter.
The ALD cycle number of deposited Fe2O3 also determines

the photocatalytic activities of AAO-PhCs anodized by using a
pulse period of 275 s (Figure 4). Similar to the samples anodized
with 270 s pulse duration, surface roughness dominates the ac-
tivity when comparing the AAO-PhC coated by 77 cycles Fe2O3

(1.65 ± 0.01 h−1) to the sample functionalized with 154 cycles
(1.61 ± 0.01 h−1). Increasing the ALD cycle number to 231 raises
the photocatalytic activity to 1.97 ± 0.02 h−1, which is probably
caused by a combination of the ûlm thickness increment and
the alignment of the PSB to the semiconductor band gap. Since
the PSB edge of the sample coated with 308 cycles does not over-
lap with the Fe2O3 absorption, the photocatalytic activity is lower
(1.72 ± 0.04 h−1) than in the previous sample. The deviation of
the PSB blue edge from the Fe2O3 band gap can be explained
by variations of the anodization parameters such as tempera-
ture or electrolyte volume. Nevertheless, this deviation demon-
strates the importance of precisely aligning the PSB edge with
the semiconductor band gap to use the slow photon effect. The
AAO-PhC functionalized by 385 ALD cycles features the highest
activity (2.05 ± 0.04 h−1), as already observed in the AAO-PhCs
produced by 270 s pulse duration. The PSB edge alignment en-
hances the photodegradation reaction by the slow photon effect.
Apart from that, these AAO-PhCs’ ûlm thickness seems to be op-
timal regarding charge carrier generation, separation, and avail-
able pore diameter for mass transfer. Speciûcally, the generated
charge carriers can induce MB photodegradation reactions be-
fore they vanish by recombination, which is a competitive pro-
cess. Moreover, even though the AAO pore diameter is reduced
by applying 385 Fe2O3 cycles in ALD, mass transfer of molecules
taking part in the photoreaction within the pores is still possible
to a sufficient amount. In contrast, further increase of the Fe2O3

thickness by using 462 ALD cycles reduces the AAO-PhCs’ pho-
tocatalytic activity (1.60 ± 0.02 h−1) due to increasingly hindered
diffusion of reactants.
To sum up, the photocatalytic performance of Fe2O3-

functionalized AAO-PhCs depends on the alignment of the PSB
edgewith the semiconductor band gap as well as on the deposited
Fe2O3 ûlm thickness. Precise control of the PSB edge position
is crucial to enhance the photocatalytic activity by the slow pho-
ton effect. The Fe2O3 coating thickness needs to be optimized
regarding the charge carrier dynamics and the mass transfer of
molecules inside the AAO pores.

2.3. Photocatalytic Performance of Al2O3-Protected
Fe2O3-AAO-PhCs

Ideal photocatalysts should not only have high initial activity, but
this should also be maintained over multiple repetitions of the

photocatalytic reactions. For Fe2O3, maintaining the photocat-
alytic properties is often challenging, since photocorrosion—also
referred to as photodissolution—is a common issue.[11,53,54] This
phenomenon describes the (partial) destruction of the material
induced by irradiation utilized in photocatalytic processes to in-
duce the charge carrier generation and, thereby, the reaction. To
avoid this destruction of the structure and the corresponding de-
crease of its photocatalytic activity, the device has to be protected,
for example, by coating another material on top.[11,53,54,94]

The photocatalytic activity of Fe2O3-coated AAO-PhCs de-
creases with an increasing number of photocatalysis measure-
ments due to photocorrosion of the material. Still, it can be
avoided when the structures are protected by ultra-thin layers of
Al2O3, as shown in Figure 5. Repetition of photocatalysis mea-
surements with AAO-PhCs anodized by employing 275 s pulse
time and coated with 231 and 308 Fe2O3 cycles by ALD decreases
the photocatalytic activity by 27% for both samples in their third
measurements compared to the ûrst ones (Figure 5a). This is
probably caused by photocorrosion of the photocatalyst mate-
rial, namely here Fe2O3, which has also been reported in pre-
vious publications.[54,93,95,96] A structural change at the surface
of Fe2O3-AAO-PhCs is visible by SEM images taken after three
photocatalysis measurements compared to the same sample be-
fore the ûrst photocatalysis reaction (Figure 5b). As depicted in
Figure 5c, the photocatalytic performance of AAO-PhCs func-
tionalized with 385 cycles Fe2O3 can be stabilized when ultra-
thin Al2O3 layers are coated on top by ALD. Within one ALD cy-
cle, 1.4 ± 0.03 Å of Al2O3 is deposited. Although ultra-thin Al2O3

ûlms of 2, 4, 6, and 8 cycles are used as protection layers, they can
prevent the structural decomposition (Figure 5d), which was al-
ready shown in literature for similar applications.[55-60,97] The ini-
tial photocatalytic activity of Al2O3-protected Fe2O3-AAO-PhCs is
lower than the unprotected one, but it remains constant for mea-
surement repetitions and can outperform the unprotected struc-
tures after four measurements. For better comparison, the pho-
tocatalytic activity in Figure 5c is given as a percentage relative
to the activity in the ûrst measurement of the sample without the
Al2O3 protection layer. With an increasing number of Al2O3 ALD
cycles, the initial photocatalytic performance of the AAO-PhCs
decreases and saturates at 54% (6 and 8 cycles). However, these
activities are stable over three measurements in contrast to the
sample without protective layer. Since the Fe2O3-AAO-PhC pro-
tected by 2 ALD cycles of Al2O3 features the highest initial activ-
ity of 67% when comparing the different numbers of Al2O3 ALD
cycles, it was further used to test its performance over measure-
ment repetitions compared to the unprotected sample. While the
activity of the latter one is signiûcantly decreasing with increas-
ing measurement number by 44%, there is only a slight decrease
of 4% in the activity of the structure protected by 2 ALD cycles.
Furthermore, the absolute activity of the Fe2O3-AAO-PhC coated
with 2 ALD cycles of Al2O3 is higher than that of the unpro-
tected one from the fourth measurement onwards. Accordingly,
an ultra-thin Al2O3 protection layer can stabilize the photocat-
alytic performance of Fe2O3-AAO-PhCs over multiple measure-
ments by preventing photocorrosion of the photocatalytically ac-
tive material. Since this stabilization is shown to be effective in
terms of avoiding an activity decrease within six measurements,
it is expected that the samples will be stable over multiple tests.
Here it should be mentioned that, in contrast to the unprotected
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Figure 5. Photocorrosion and stabilized photocatalytic activity after depositing ultra-thin protection layers by ALD. a) The photocatalytic performance
of AAO-PhCs functionalized with different ALD cycle numbers decreases with increasing measurement numbers due to photocorrosion of the Fe2O3
ûlms. b) SEM images of the structures’ top surface before and after photocatalysis measurements demonstrate structural changes of the sample.
c) Protection of Fe2O3-AAO-PhCs by ultra-thin layers of Al2O3 by ALD stabilizes their photocatalytic performance over increasingmeasurement numbers.
Although the initial activity is decreased compared to the unprotected structure, coating only 2 cycles of Al2O3 onto the structure outperforms the bare
Fe2O3-AAO-PhC after four measurements. d) The SEM image of the sample protected by 2 cycles of Al2O3 was taken after photocatalysis measurements
and showed no sample destruction at the surface.

Fe2O3-AAO-PhC, Photo-Fenton reactions can be suppressed on
the Al2O3-protected sample since less iron ions are present at the
samples’ surface.[4] This might contribute to the observed reduc-
tion of the initial photocatalytic activity since the Photo-Fenton
reaction would be beneûcial for the overall apparent photocat-
alytic activity.

2.4. Photocatalytic Activity Enhancement for Degradation of
Different Dyes

Fe2O3-AAO-PhCs with the PSB edge aligned with the Fe2O3 band
gap possess a generally enhanced photocatalytic activity for pho-
todegradation of different organic dyes, which is found to be in-
dependent of the model organic absorption characteristics. In
contrast, existing literature reports mostly of titanium dioxide
functionalized AAO-PhCs for photocatalytic decomposition of or-
ganic molecules (dyes and colorless compounds) using struc-
tures with the PSB edge aligned with one speciûc dye.[29,44,45,85]

As presented in Figure 6, the photocatalytic performance of
AAO-PhCs with the PSB edge aligned to the Fe2O3 band gap and
coated with the optimized semiconductor layer, i.e., 385 cycles of
Fe2O3 and 2 cycles of Al2O3, features an increased activity com-
pared to their uncoated counterparts for all three dyes. Depend-

ing on the dye, different activity enhancements by the factors 1.11
(MB), 1.49 (RhB), and 1.35 (MO) are observed. The slow photon
effect can be effectively used for the photodegradation of all com-
pounds because it is solely related to the Fe2O3-AAO-PhCs struc-
ture and materials. The activity enhancement also becomes clear
when comparing the percentage removal of the dyes by the coated
sample with the uncoated one. The uncoated sample decomposes
61 ± 2% of MB, 21 ± 2% RhB, and 16 ± 2% MO within one
hour of reaction under the conditions used herein. The optimized
Al2O3-protected Fe2O3-AAO-PhC shows dye removal of 68 ± 2%
for MB, 29 ± 2% for RhB, and 22 ± 2% for MO. When the ac-
tivity increase is based on the adjustment of the AAO-PhCs’ PSB
edge with the absorption of an organic molecule, the slow pho-
ton effect will only work for degrading these speciûc molecules.
In Figure 6, such properties are observed for the Fe2O3-AAO-
PhC with its PSB edge overlapping the absorption maximum of
MB. For degrading MB, the photocatalytic performance of the
Fe2O3/Al2O3 functionalized sample is enhanced compared to the
pristine sample by a factor of 1.07 due to the slow photon effect.
The performance is only slightly increased because the PSB red
edge overlaps with the MB absorption maximum, thus causing
screening of incoming light by the MB molecules. As expected,
no activity increase can be observed for decomposing RhB be-
cause the optical properties of the dye and the PhC structure
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Figure 6. The degradation of different organic dyes asmodel pollutants of water demonstrates the general activity enhancement by the slow photon effect
when the PSB of AAO-PhCs is aligned with the band gap of the semiconductor photocatalyst. The Fe2O3-functionalized samples are coated by 385 cycles
of Fe2O3 and 2 cycles of Al2O3. a) Fe2O3-functionalized AAO-PhCs with the PSB edge matching the Fe2O3 band gap show signiûcantly enhanced
photocatalytic performance for degrading different organic dyes compared to the uncoated AAO-PhC structure. Only minor differences are observed for
AAO-PhCs featuring a PSB edge at the absorption maximum of methylene blue. Note that the percent activity normalized to the photocatalytic activity
of the coated sample with the PSB edge located at the Fe2O3 band gap is compared. The quantitative values of the activity for this sample are displayed
for the different dyes. b) Absorbance spectra of the other organic dyes show the spectral alignment of the AAO-PhCs’ PSB characteristics with respect
to the different dyes and the band gap of Fe2O3. The labeling of the AAO-PhCs denotes the PSB edge position (at the Fe2O3 band gap or at the MB
absorption) and whether the structure is coated with Fe2O3 (c.) or not (unc.).

do not match at all. The difference in the photocatalytic perfor-
mance for theMOdegradation of the coated AAO-PhC compared
to its uncoated counterpart is within the measurement accuracy
as the overall absolute activity is much lower than for the other
dyes. Such small concentration changes are within the statistical
error associated with the detector used in the UV–vis measure-
ment. Moreover, calculations of the dye removal rates demon-
strate that there is no signiûcant difference between the Fe2O3-
functionalized AAO-PhC and the uncoated sample when the PSB
edge overlaps with the absorption of MB. Speciûcally, the func-
tionalized sample is capable of degrading 46 ± 2% MB, 22 ± 2%
RhB, and 14± 2%MOwhile the uncoatedAAO-PhC decomposes
43 ± 2% MB, 21 ± 2% RhB, and 15 ± 2% MO within one hour.
The photocatalytic activity enhancement for degrading differ-

ent organic compounds with the same Fe2O3-AAO-PhC proves
that aligning the PSB edge with the semiconductor band gap re-
sults in a generally applicable slow photon effect, which is inde-
pendent of the molecules to be degraded. The herein presented
results of Fe2O3-AAO-PhCs are phenomenological in agreement
with similar previously reported types of PhC structures, namely
Fe2O3 inverse opals

[92,98] and TiO2-functionalized AAO-PhCs.
[80]

Furthermore, our study demonstrates the combination of Fe2O3

as a low-cost, visible light active photocatalyst with AAO-PhCs as
widely tailorable template structures.

3. Conclusion

Fe2O3-AAO-PhCs were fabricated by combining pulsed alu-
minum anodization with ALD. The structures’ optical and pho-
tocatalytic properties were systematically investigated by varying
the period duration of the pulse-like anodization and the number
of ALD cycles for Fe2O3 deposition by ALD. Optimized structures
with the PSB edge overlapping with the semiconductor band gap
were tested with further photocatalysis measurements and ad-

ditional ultra-thin coatings of Al2O3 were applied as protective
layers.
Previous literature reports mostly matched a PSB edge of

AAO-PhCs with the absorption maximum of one chemical to be
degraded. This approach facilitates the excitation of molecules
of the respective chemical adsorbed at the AAO-PhCs surface
by the slow photon effect. However, there is no activity increase
for photocatalytic decomposition of different compounds when
the PSB edge positions do not match their absorption proûle.
In contrast, we have demonstrated a general photocatalytic ac-
tivity enhancement of semiconductor functionalized AAO-PhCs
for degrading various organic compounds when the PhCs’ PSB
edge is aligned with the band gap of a semiconductor in the
visible range of the electromagnetic spectrum. This activity en-
hancement is caused by the slow photon effect in the PhC struc-
ture, i.e., stimulated excitation of the semiconductor. Thus, it
is independent of the chemical being degraded and its sensi-
tivity to the PSB edge positions was shown. Moreover, Fe2O3

was ûrst applied as a semiconductor coating for tailored AAO-
PhCs and we proved an increased photocatalytic performance
by employing the slow photon effect. The ALD-deposited Fe2O3

ûlm thickness was optimized with respect to the structures’ op-
tical properties, charge carrier dynamics, and mass transfer of
molecules within the porous structure to allow for high pho-
tocatalytic reaction rates. Furthermore, coating ultra-thin layers
of Al2O3 onto the Fe2O3-AAO-PhC structures maintained the
photocatalytic properties over multiple measurements and could
avoid photocorrosion of the Fe2O3 ûlm. Preparing Fe2O3-AAO-
PhCs which feature higher absolute reüection intensities at their
PSB might further increase the photocatalytic activity of these
structures in the future as the interaction probability between in-
coming photons and the semiconductor will be further increased.
Such higher reüection intensities can, for example, be realized
by wet-chemical pore widening subsequent to the anodization of
AAO-PhCs.[76,77]
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Due to their pore structure, AAO-PhC samples could be fab-
ricated as through-hole membranes by removing the remaining
aluminum and opening the pore bottoms after anodization.[43,99]

Such tailor-made through-hole AAO-PhC membranes function-
alized with a semiconductor by ALD and aligned regarding their
PSB edge position and band gap, respectively, might be utilized
for water puriûcation by ûltration in combination with in situ
photocleaning. Besides Fe2O3, ALD offers a large variety of cheap
and earth-abundant photocatalysts to be deposited, such as ti-
tanium dioxide, zinc oxide, or tungsten oxide.[48] Coating AAO-
PhCs with these materials or combinations of them might allow
for even more efficient use of solar light for photocatalytic reac-
tions. Moreover, the application of semiconductor-functionalized
AAO-PhCs in photoelectrochemical processes could expand the
utilization of such structures and provide low-cost and easy-
to-manufacture material platforms for reactions such as water
splitting.

4. Experimental Section

Materials: Aluminum (Al) chips (99.9997%, thickness 0.5 cm, 2 cm di-
ameter) were purchased from Goodfellow GmbH (Germany). Oxalic acid
(H2C2O4), perchloric acid (HClO4), ethanol (C2H5OH, EtOH), isopropyl
alcohol (IPA), hydrochloric acid (HCl), copper (II) chloride dihydrate
(CuCl2 · 2 H2O), nitric acid (HNO3), methylene blue (C16H18ClN3S, MB),
rhodamine B (C28H31ClN2O3, RhB), methyl orange (C14H14N3NaO3S,
MO), and hydrogen peroxide (H2O2) were supplied by Merck Chemicals
(Germany) and used as received. Ferrocene (C10H10Fe, Cp2Fe) was pur-
chased from Alfa Aesar (Germany). Trimethylaluminum (C3H9Al, TMA)
was received from Strem Chemicals (France). Milli-Q water (>16 MΩ cm,
DI-H2O) was used to prepare the aqueous solutions and as a precursor in
the aluminum oxide ALD process.

Fabrication of AAO-PhCs: AAO-PhCs were produced by rectangular
pulse anodization of Al under current density control conditions. Before
anodization, the Al chips were cleaned for 30 min, respectively, in IPA and
DI-H2O and dried with a nitrogen stream. Afterward, electropolishing of
the Al chips in 1:4 (v:v) solution of HClO4 and EtOH was conducted for
3min at 20 V and 5 °C. Anodization was carried out in 0.3MH2C2O4 aque-
ous solution at 6°C. The applied anodization proûle began with a constant
current period tconst for 60 min at a current density jconst of 4.2 mA cm−1

to initiate the formation of pores. Subsequently, 150 rectangular current
pulses were applied. These consisted of alternating low and high current
density levels jlow = 0.6 mA cm−1 and jhigh = 4.2 mA cm−1 applied
over the periods tlow and thigh, respectively. The low current density pe-
riod was four times as long as the one of high current density, and the
duration of one rectangular pulse tpulse was calculated by the sum of tlow
and thigh. The number of rectangular current pulses Nrp multiplied with
the individual pulse duration tpulse deûned the total time over which the
rectangular pulses were applied (trp). AAO-PhCs with different pulse du-
rations, namely, 175, 270, 275, 300, 335, and 450 s, were anodized. After
anodization, the AAO-PhC samples were washed with DI-H2O and dried
under nitrogen (N2) üow. They were immersed into 30 wt.%H2O2 for 24 h,
rinsed with DI-H2O, and dried with N2 stream.

ALD Coating of AAO-PhCs: ALD functionalization of AAO-PhCs was
performed in a home-built ALD system operated under stop-üow condi-
tions. Nitrogen (6.0, SOL) was used as carrier gas with a constant üow
of 2.5 l h−1. For depositing Fe2O3, the system temperature was 200 °C.
Cp2Fe heated to 130 °C and ozone (O3) at room temperature (generated
by an OzoneLab OL80W ozone generator; Ozone Services, Canada, from
O2 (5.0) by Westfalen) were used as precursors with pulse times of 1.5 s
and 0.08 s, respectively. Exposure and pump times were 60 and 90 s during
the Cp2Fe half-reaction. In the O3 half-reaction, exposure and pump dura-
tions of 30 and 90 s, respectively, were applied. Note, the O3 half-reaction
was repeated twice within one ALD cycle of Fe2O3 deposition to ensure

sufficient O3 diffusion within the reaction chamber without venting
the system. The growth per cycle (GPC) for Fe2O3 deposition was
0.016 ± 0.003 nm. To functionalize the AAO-PhCs, 77, 154, 231, 308, 385,
and 462 cycles were applied to achieve different ûlm thicknesses.

ALD of Al2O3 was conducted at 150 °C system temperature utilizing
TMA and DI-H2O at room temperature as precursors. Both half-reactions
consisted of 0.05 s precursor pulse, 60 s exposure, and 90 s pumping. The
GPC was 0.14± 0.003 nm, and 2, 4, 6, or 8 cycles of Al2O3 deposition were
conducted to generate an ultra-thin protection layer at the Fe2O3 coated
samples with optimized ûlm thickness.

The ûlm thicknesses obtained within the respective ALD process were
characterized by spectroscopic ellipsometry (SENpro ellipsometer, Sen-
tech Instruments, Germany) on planar silicon reference substrates that
were coated within the same ALD process as the AAO-PhCs. Atomic force
microscopy (AFM) characterization of model Fe2O3 ûlms was conducted
using a Dimension 3100 Atomic Force Microscope (Bruker, USA) to de-
termine the surface roughness of the ûlms. The measurements were con-
ducted on Fe2O3 ûlms deposited onto silicon wafers applying ALD cycle
numbers under the same conditions used in the study.

Optical Characterization: Optical characterization of AAO-PhCs was
conducted by UV–vis spectroscopy in transmission and reüection using
a Flame Extended Range Spectrometer (OceanOptics, Germany). Previ-
ously, the Al backsides of the AAO-PhC samples were removed by etching
in a saturated CuCl2/HCl solution. Only the Al area below the AAO was
removed by deûning it with a Kapton mask featuring a circular hole at the
AAO position. Transmission spectra were measured in a home-built setup
consisting of a deuterium-halogen light source DH-2000-BAL (OceanOp-
tics, Germany), whose light was guided by a glass-ûber cable through a
collimator to the sample, which was placed in normal incidence. The trans-
mitted light was collected by a collimator and guided by a glass-ûber cable
until it reached a Flame Extended Range Spectrometer (OceanOptics, Ger-
many). Reüection measurements were conducted using the deuterium-
halogen light source DH-2000, a glass-ûber cable, and the Flame Extended
Range Spectrometer (OceanOptics, Germany) for data acquisition at nor-
mal incidence. The reüection measurements were conducted for AAO-
PhCs ûlled with air and DI-H2O. The spectral range for all measurements
was 220 to 1020 nm with a resolution of 1 nm.

OriginPro 2021 software was used to analyze the PSB properties. The
peak central wavelength was determined as PSB position by applying a
Gaussian peak ût of the reüection data. To identify the PSB edges, the re-
üection data were smoothened using 200 data points, the second deriva-
tive was calculated, and the intersection points with the x-axis deûned the
PSB edge positions.

Photocatalytic Characterization: The photocatalytic activity of AAO-
PhCs was studied by the degradation of organic dyes as model pollu-
tants of water under simulated solar light irradiation. AAO-PhCs were
mounted into a custom-built reaction chamber made of polyether ether
ketone (PEEK) featuring a glass window for light irradiation. The sam-
ple was placed at normal incidence to a LE.5211 light source (Euromex
Microscopen bv, Netherlands) generating visible-near infrared light (SI).
The AAO-PhC was exposed to the solution inside the reaction chamber
which was a mixture of 8 mL 2.5 mg L−1 dye solution and 200 mm H2O2.
The solution was ûlled into the reaction chamber one hour before start-
ing the photocatalysis measurement. The chamber was kept in darkness
to enable adsorption-desorption equilibrium of the dye molecules at the
AAO-PhC surface. Methylene blue, rhodamine B, and methyl orange were
used as dyes featuring different absorptionmaxima, namely 664 nm (MB),
551 nm (RhB), and 446 nm (MO). After starting the illumination of the
sample inside the dye solution, the absorbance of the reaction solution
was measured by UV–vis spectroscopy every 5 min during 1 h total degra-
dation time. A halogen light sourceHL-2000 (OceanOptics, Germany) and
a Flame Extended Range Spectrometer (OceanOptics, Germany) were uti-
lized for the UV–vis transmissionmeasurement, whereby 1mL of the reac-
tion solution was pipetted into a cuvette, analyzed, and pipetted back into
the reaction chamber. According to Lambert-Beer’s law, the dye concen-
tration is linearly proportional to its absorbance and can therefore be cal-
culated after calibration with known concentrations. The dye degradation
efficiency of AAO-PhCs was analyzed assuming Langmuir-Hinshelwood
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kinetics, which typically describes photocatalytic reactions in heteroge-
neous phases. For diluted solutions (concentration smaller than 10−3 m),
the Langmuir–Hinshelwood model could be simpliûed to pseudo-ûrst-
order kinetics and the apparent rate constant k was obtained from ana-
lyzing the concentration decrease over time (Equation 1):

ln

(

c

c0

)

= −k × t (1)

Here, the concentration of the dye after certain time steps is character-
ized by c, c0 denotes the dye concentration at the beginning of the mea-
surement (t = 0 h), and t is the reaction time.
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Figure S1. SEM images of AAO-PhCs produced with a pulse period of tpulse 275 s. (a) The top-view SEM 

image indicates the presence of unordered, cylindrical-shaped pores featuring an average diameter of 

32 ± 23 nm of the pores at the AAO-PhC surface. (b) The periodic diameter modulation of the pores in 

depth is shown in cross-section SEM. According to the voltage pulses, the structures’ pore diameter is 

constantly modulated in depth between 15 ± 6 nm and 30 ± 5 nm. Periodicities of these diameter 

modulations are set by the rectangular current density pulse duration tpulse. 
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Figure S2. Film thicknesses of Fe2O3 and Al2O3 layers deposited by ALD were determined by spectral 

ellipsometry. Note, planar silicon wafers were used as substrates for the ellipsometry measurements. 

(a) The Fe2O3 process is characterized by a growth rate of 0.016 ± 0.003 nm per ALD cycle. (b) The 

herein used Al2O3 deposition process features a growth per cycle of 0.14 ± 0.003 nm. 

 

 

 

 

 

 

 

Figure S3. Optical properties of AAO-PhCs anodized by applying different pulse durations and coated 

with Fe2O3 by ALD after production. (a) Reflection spectra of Fe2O3-AAO-PhCs anodized with tpulse = 

275 s and coated with different cycles of Fe2O3. (b) Reflection spectra of AAO-PhCs produced with tpulse 

= 275 s, coated with 385 cycles Fe2O3 and subsequently protected by ultra-thin Al2O3 coatings by 

applying different numbers of ALD cycles. (c) Reflection spectra and (d) PSB properties analysis of AAO-

PhCs prepared with 270 s pulse duration and functionalized by Fe2O3. (e) Reflection data and (f) PSB 
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characteristics of samples fabricated with tpulse = 335 s without coating and after coating by 385 cycles 

Fe2O3 and 2 cycles Al2O3. 
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Figure S4. AFM images of Fe2O3 films deposited by different ALD cycle numbers corresponding to Table 

1. The AFM measurements were done on Fe2O3 films of the respective cycle number deposited onto 

planar silicon wafers. Note, dust particles were excluded from the surface roughness analysis.   
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ABSTRACT: The use of solar energy for photocatalysis holds great potential for
sustainable pollution reduction. Titanium dioxide (TiO2) is a benchmark material,
e ective under ultraviolet light but limited in visible light utilization, restricting its
application in solar-driven photocatalysis. Previous studies have shown that
semiconductor heterojunctions and nanostructuring can broaden the TiO2’s
photocatalytic spectral range. Semiconductor heterojunctions are interfaces formed
between two di erent semiconductor materials that can be engineered. Especially,
type II heterojunctions facilitate charge separation, and they can be obtained by
combining TiO2 with, for example, iron(III) oxide (Fe2O3). Nanostructuring in the
form of 3D inverse opals (IOs) demonstrated increased TiO2 light absorption e/ciency of the material, by tailoring light-matter
interactions through their photonic crystal structure and specifically their photonic stopband, which can give rise to a slow photon
e ect. Such e ect is hypothesized to enhance the generation of free charges. This work focuses on the above-described e ects
simultaneously, through the synthesis of TiO2−Fe2O3 IOs via multilayer atomic layer deposition (ALD) and the characterization of
their photocatalytic activities. Our results reveal that the complete functionalization of TiO2 IOs with Fe2O3 increases the
photocatalytic activity through the slow photon e ect and semiconductor heterojunction formation. We systematically explore the
influence of Fe2O3 thickness on photocatalytic performance, and a maximum photocatalytic rate constant of 1.38 ± 0.09 h−1 is
observed for a 252 nm template TiO2−Fe2O3 bilayer IO consisting of 16 nm TiO2 and 2 nm Fe2O3. Further tailoring the
performance by overcoating with additional TiO2 layers enhances photoinduced crystallization and tunes photocatalytic properties.
These findings highlight the potential of TiO2−Fe2O3 IOs for e/cient water pollutant removal and the importance of precise
nanostructuring and heterojunction engineering in advancing photocatalytic technologies.

KEYWORDS: atomic layer deposition, inverse opal, photocatalysis, photoinduced crystallization, semiconductor heterostructure,
multilayer thin films

1. INTRODUCTION

Solar-driven photocatalysis has emerged as a promising self-
sustainable technology for removing water pollutants by
harnessing solar energy to decompose organic contami-
nants.1−3 Among various photocatalysts, titanium dioxide
(TiO2) is a benchmark material based on its excellent chemical
stability, biocompatibility, and photocatalytic activity under
ultraviolet (UV) light irradiation.4−7 However, its wide band
gap prevents the utilization of visible light, which constitutes
the majority of the sunlight spectrum, and thereby limits its
practical applications. In recent years, e orts have been made
to improve the light harvesting of TiO2 by various strategies,
such as doping with other elements, formation of semi-
conductor heterostructures, or nanostructuring of the materi-

al.6−8 The latter approach is based on increasing the surface
area and light trapping in such structures.
Inverse opals (IOs) are an example of a nanostructured

material characterized by a periodically ordered porous
structure. They o er the possibility to tune light-matter
interactions within the structure based on their photonic
crystal (PhC) structure.9,10 PhCs feature so-called photonic
stopbands (PSBs), i.e., spectral regions in which light of the
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respective wavelength cannot propagate through the structure
and thus, the light is reflected by the PhC three-dimensional
(3D) structure.9,11 The PSB position is determined by the
composition and geometry of the PhC, namely the refractive
indices of the utilized materials and the structural parameters,
such as template size and spacing.9,12,13 Hence, modifications
of the IO’s structural parameters enable the tuning of the PSB
position and allow, for instance, to position it across the whole
UV to infrared range. Note, the group velocity of photons
inside a PhC is strongly reduced at the PSB edges due to the
slow photon e ect.14,15 This e ect leads to an increment of the
interaction probability of photons with the PhC material.
Consequently, the generation of free charge carriers by

absorption of photons in a semiconductor photocatalyst
nanostructured within an IO 3D structure can be enhanced
when the material’s electronic band gap is aligned with the
PhC’s PSB edge and, thus, potentially boost its’ photocatalytic
performance. Another approach to further improve the activity
of a photocatalyst is to facilitate charge separation. Combining
di erent semiconductors results in heterojunctions at the
interfaces, which tune the migration of free charge carriers
through the structure.8,16 Specifically, type II heterojunctions
of two semiconductors direct electrons (e−) and holes (h+) to
the di erent materials, thereby, separating them and reducing
their recombination. For example, iron(III) oxide (Fe2O3) as a
visible light-active semiconductor photocatalyst can be
combined with TiO2 to improve charge separation and to
widen the light absorption range, potentially leading to a
further increase in photocatalytic performance. Fe2O3 is
abundant on Earth, cheap, and nontoxic, rendering it a
promising candidate for photocatalytic applications.17,18

However, inherent limitations such as ine/cient charge carrier
generation or fast recombination of photogenerated charge
carriers need to be overcome.19−21 Previous reports about
TiO2−Fe2O3 heterostructure thin films and Fe2O3 coated TiO2

nanostructures prove the concept of enhancing the photo-
catalytic properties by adding Fe2O3 as visible light absorbing
material to TiO2 due to semiconductor heterojunction
formation.19,22−32

Moreover, Liu et al. and Pylarinou et al. reported further
improvement of the photocatalytic activity of TiO2 IOs when

decorating them with Fe2O3 nanoparticles or nanoclusters,
respectively, based on the slow photon e ect when the PSB
edge is aligned with the Fe2O3 band gap.33,34 Liu et al.
synthesized the nanoparticles at the TiO2 IOs by a hydro-
thermal method, while Pylarinou et al. utilized a chemisorp-
tion-calcination-cycle technique to deposit Fe2O3 nano-
clusters.33,34 However, coating TiO2 IOs with Fe2O3 films to
encapsulate the complete TiO2 film has not been reported yet.
Such structure could a ect the photocatalytic performance
because only either Fe2O3 or TiO2 is in contact with the
environment, thereby further increasing the importance of
charge carrier separation. Since Fe2O3 often su ers from a
short hole di usion length of only a few nanometers and, thus,
limited charge carrier separation, precise control over the film
thickness is essential.6,18 Besides forming semiconductor
heterojunctions to facilitate charge separation, the fabrication
of Fe2O3 thin films by atomic layer deposition (ALD) allows
for very defined thicknesses based on the self-limiting reactions
during the ALD process.35 Hence, the Fe2O3 film thickness can
be optimized for maximum photocatalytic performance.
Here, we report on the synthesis of TiO2−Fe2O3 multilayer

inverse opals by ALD and assessment of their photocatalytic
properties. We demonstrate that the complete functionaliza-
tion of TiO2 IOs with Fe2O3 by ALD enhances their
photocatalytic properties by concomitantly forming semi-
conductor heterojunctions (material combination) and activat-
ing the slow photon e ect (nanostructuring into IOs). In
addition, the influence of the Fe2O3 thickness on the
photocatalytic performance of TiO2−Fe2O3 bilayer IOs is
studied to further improve the e/cient utilization of
photogenerated charge carriers. Moreover, TiO2−Fe2O3 IOs
are overcoated with another TiO2 thin film by ALD to
investigate the e ect on the photocatalytic performance. These
TiO2−Fe2O3−TiO2 multilayer IOs exhibit reduced photo-
catalytic activities compared to the bilayer IOs due to
nonoptimal heterojunction configuration leading to the charge
carriers’ trapping. However, the TiO2−Fe2O3−TiO2 multilayer
IOs provoke photoinduced crystallization of the amorphous
TiO2 layers to anatase, which enhances their photocatalytic
properties.

Figure 1. Schematic drawing of the fabrication of TiO2−Fe2O3 IOs and their shell composition. (a) Di erent steps in the fabrication process show
(i) self-assembly of PS spheres, (ii) an assembled PS sphere opal template, and (iii) a TiO2 inverse opal after ALD coating and burn-out of the
polymer template. The latter scheme presents cuts through the front row of spheres to visualize the hollow inside and gaps connecting neighboring
macropores. (b) The TiO2 IO structure presented in (i) and (ii) is further modified by ALD functionalization to produce (iii) TiO2−Fe2O3 bilayer
IOs and (iv) TiO2−Fe2O3−TiO2 multilayer IOs.
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2. EXPERIMENTAL SECTION

2.1. Materials. Mucasol solution was purchased from Brand
GmbH (Germany), and 5 w/v% aqueous polystyrene (PS) particles’
dispersions with particle sizes of 150 ± 3 nm and 252 ± 6 nm were
acquired from microParticles GmbH (Germany). Ultrapure “Milli-Q”
water (>16 MΩ cm, H2O) was utilized as oxidant precursor for the
ALD cycles and to prepare aqueous dispersions for colloidal self-
assembly performed on borosilicate glass cover slides from Paul
Marienfeld GmbH (Germany). Methylene blue (C16H18ClN3S, MB,
CAS 122965−43−9), and hydrogen peroxide (H2O2, CAS 7722−

84−1) were supplied by Sigma-Aldrich (Germany), while titanium
tetraisopropoxide (TTIP, CAS 546−68−9) and ferrocene (C10H10Fe,
Cp2Fe, CAS 102−54−5) were purchased from Alfa Aesar (Germany).
Nitrogen (6.0) was received from SOL (Germany), and oxygen (5.0)
was supplied by Westfalen (Germany), respectively.
2.2. Fabrication of TiO2−Fe2O3 Inverse Opals. Preparation of

TiO2−Fe2O3 IOs starts with the colloidal self-assembly of PS
particles, followed by coating of the self-assembled direct opal
structures with TiO2 by ALD, removal of the PS template,
functionalization with Fe2O3 by ALD, and optionally depositing
another TiO2 layer by ALD (Figure 1). The colloidal self-assembly
process is performed by vertical convective self-assembly of PS
particles on top of glass substrates that are immersed into PTFE
beakers containing 25 mL of PS particle dispersion (0.75 mg/mL)
and placed inside a humidity chamber (HCP108, Memmert) at 55 °C
and 70% relative humidity for 90 h. Previously to immersion, the glass
substrates were ultrasonically cleaned in 0.1 vol % aqueous mucasol
solution for 1 h, brushed with mucasol solution, and rinsed with
ultrapure H2O. The clean substrates were dried with a nitrogen
stream and plasma treated using a RF plasma barrel etcher for 20 min
(Polaron PT7160, VG Microtech). The resulting colloidal self-
assembled PS template structures were coated with TiO2 by ALD in a
custom-built reactor (Hamburg University of Technology, Integrated
Materials Systems Group). The ALD process was operated in stop-
flow mode at 95 °C and with 2 Nl/h nitrogen flow, starting after 3 h

of prevacuum. TTIP as titanium precursor was heated to 85 °C, and
H2O as oxygen precursor was kept at room temperature. During an
ALD cycle, the precursors were pulsed, exposed, and purged for 1, 30,
and 90 s (TTIP) and 0.2, 30, and 90 s (H2O), respectively, resulting
in a growth per cycle (GPC) of 0.4 Å. TiO2 cycles were repeated until
the desired coating thicknesses of 16 and 20 nm were obtained. After
ALD coating, the PS templates were removed by burn-out in a muOe
furnace in air, where samples were heated to 500 °C at a rate of 0.3
°C/min, kept at 500 °C for 30 min, and naturally cooled down to
room temperature. The obtained TiO2 IOs were further function-
alized with Fe2O3 in another custom-built ALD reactor (Universitaẗ
Hamburg, CHyN). The Fe2O3 ALD process utilized Cp2Fe at 100 °C
and O3 at room temperature (generated from O2 by an OzoneLab
OL80W ozone generator; Ozone Services, Canada) as precursors and
was operated in stop-flow mode at 200 °C. Pulse, exposure, and purge
times were 2, 60, and 90 s for Cp2Fe and 0.08, 30, and 90 s for O3,
respectively. The O3 half-cycle was twice repeated within one ALD
cycle, and the GPC of Fe2O3 deposition was determined to be 0.16 Å.
Fe2O3 coating thicknesses targeted 10 ALD pulses, 2 and 4 nm. To
prepare TiO2−Fe2O3−TiO2 multilayer IOs, another TiO2 ALD
process with the same parameters described above was applied.
Here, TiO2 thicknesses of only 2 nm were deposited.
2.3. Structural and Optical Characterization. Microstructural

characterization was conducted with a Zeiss Supra 55 VP scanning
electron microscope (SEM), both in top and cross-section view,
obtained after sectioning the IOs’ substrates with a glass cutter.
Energy-dispersive X-ray spectroscopy (EDX) measurements were
acquired with an Oxford Instruments EDX SDD detector. Optical
properties were analyzed with UV/vis spectroscopy in reflection mode
utilizing a Flame Extended Range Spectrometer while irradiating the
samples with a deuterium-halogen light source DH-2000 (Ocean-
Optics, Germany). Reflection measurements were conducted at
normal incidence for IOs filled with air and H2O. Their PSB positions
were analyzed with OriginPro 2021 software by applying Gaussian fits
to obtain the PSB central wavelength, while the PSB edges were

Figure 2. Characterization of the structural integrity and composition by SEM and EDX. (a) and (b) demonstrate the typical IO structure for (a)
16 nm TiO2 IO and (b) 20 nm TiO2−2 nm Fe2O3, both fabricated with 252 nm PS template size. (c) an EDX scan along a 20 nm TiO2−2 nm
Fe2O3 cross-section reveals a homogeneous distribution of iron and titanium. (d) Fe2O3-coated IOs present needle-like structures and larger
particles at their top surface.
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determined as inflection points of the PSBs and obtained from
reflection data smoothed using 200 data points. X-ray di raction
patterns were obtained with a Bruker D8 Discover di ractometer.
Grazing incidence di raction (GID) configuration was used with the
X-ray source fixed at an angle of 0.5°, and the detector moved along
the range from 10° to 60° with a step size of 0.01° and a step time of
5 s. Phase identification was performed using commercial software
from Bruker (Di rac.EVA 5.1) and the powder di raction file
database (PDF-2 Release 2020 RDB).
2.4. Photocatalytic Characterization. The photocatalytic

performance of TiO2−Fe2O3 IOs was assessed by monitoring the
photocatalytic degradation of methylene blue (MB) as a model
pollutant of water. A sample was mounted in a custom-built
photocatalysis cell consisting of polyether ether ketone (PEEK) and
a soda-lime glass window. The cell was filled with 8 mL MB solution
(2.5 mg/L), which included 200 mM H2O2 and was kept in darkness
for 1 h to obtain the adsorption−desorption equilibrium of molecules
at the sample surface. Afterward, the cell was illuminated with UV−

visible light from a Euromex LE.5211 light source equipped with a
Philips 64230 FO halogen bulb and the MB absorbance was measured
every 5 min. This analysis was conducted by UV−vis spectroscopy
after pipetting 1 mL of the MB solution into a cuvette and placing it
in the UV−vis absorbance setup consisting of a halogen light source
HL-2000 (OceanOptics, Germany), glass fibers, a cuvette holder, and
a Flame Extended Range Spectrometer (OceanOptics, Germany).
The analyzed volume was then transferred back into the photo-
catalysis cell. Irradiation of the photocatalysis cell was blocked during
the absorbance measurements. For further studying the MB
degradation pathway, 100 mM isopropyl alcohol (IPA) as a hole
scavenger was added to 8 mL MB solution (2.5 mg/L). The further
processing was the same as for the H2O2-containing solution. Based
on Lambert−Beer’s law, the measured MB absorbance was converted
to the concentration and the photocatalytic MB degradation was
examined by assuming Langmuir−Hinshelwood kinetics:36,37
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In this equation, c describes the concentration of the MB solution at
the time t, c0 is the concentration at the measurement start (t = 0 h),
and k denotes the apparent photocatalytic rate constant, which
measures the photocatalytic activity of a sample. Unless otherwise
stated, photocatalytic measurements were repeated three times for
each sample to calculate the photocatalytic activity’s mean value and
standard deviation. Note, the samples stayed in the same photo-
catalysis cell for the consecutive measurements to ensure the same
positioning for all measurements.
A 400 nm long-pass filter and a 425 nm short-pass filter were

installed between the light source and a sample, respectively, to assess

the influence of the irradiation spectrum on the photocatalytic
performance. For these measurements and the study with IPA
containing solutions the samples and photocatalysis cells were new
assembled. Their activity was normalized to the measured perform-
ance under the standard conditions (2.5 mg/L MB, 200 mM H2O2,
full illumination spectrum) in this assembly.

3. RESULTS AND DISCUSSION

3.1. Structural and Optical Characterization. The
fabricated IOs show, in general, good structural integrity, as
exemplarily depicted in Figure 2. SEM images of all samples
are presented in Figure S1 in the Supporting Information. Top-
view and cross-section SEM images reveal a 3D PhC structure
with ordered domains and hollow shells, characteristic of the
IOs (Figures 2a and 2b). However, vacancies and stacking
faults are also visible. These are typical defects of IO structures
originating from the self-assembly of the PS particle
templates.38,39 EDX analysis of the TiO2−Fe2O3 IOs
demonstrates coherent signals of iron and titanium throughout
the structure (Figure 2c). Since the hereby practiced ALD
processes cannot produce elemental iron and titanium, these
signals originate from their oxides.35,40 For the TiO2−Fe2O3

bilayer IOs, bigger flakes and needles at the top surface of the
PhC are observed (Figure 2d). EDX analysis indicates that
they consist of iron oxide, probably arising from the Fe2O3

ALD process as detachments from the ALD reactor walls. The
template with a smaller PS particle diameter of 150 nm
presents a challenge for the ALD precursor penetration and
homogeneous di usion within the 3D structure. Hence,
structural defects of the IO structure are observed at some
spots (Figure S1).
The fabricated IOs feature PSBs in the UV to the visible

range of the electromagnetic spectrum corresponding to their
structural characteristics, i.e., PS template particle size defining
the template size, composition of the shell, and thicknesses of
the ALD coated materials (shell thickness of the IO). Figure 3a
displays the PSB positions of pure TiO2 IOs at normal
incidence and their dependence on both the size of the PS
spheres utilized as templates and the medium inside the pores.
Increasing the PS particle diameter drives a redshift of the PSB
position based on the increased spacing of the structure. The
characterization of the optical properties not only in air, but
also in an aqueous environment is crucial as the photocatalytic
reactions will also take place in aqueous media and the PSB

Figure 3. Optical properties of the prepared IOs. (a) The template size of 16 nm TiO2 IOs determines the PSB position, which is characterized by
the PSB central wavelength (green dashed line), the PSB blue edge (blue dashed line), and the PSB red edge (red dashed line) as exemplarily
shown for one measurement. Infiltrating the IOs with H2O redshifts the PSB due to the higher refractive index of the pore-filling medium. (b)
TiO2−Fe2O3 IOs and TiO2−Fe2O3−TiO2 multilayer IOs with 150 nm template size feature PSBs around the electronic band gap of TiO2.
Templates of 252 nm lead to TiO2−Fe2O3 IOs and TiO2−Fe2O3−TiO2 multilayer IOs with PSBs overlapping with the Fe2O3 band gap. The
measurements were conducted in aqueous environment.
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position needs to be tailored for this. Comparing the reflection
spectra of TiO2 IOs in air to the TiO2 IOs filled with H2O
reveals a PSB redshift as the refractive index of H2O is higher
(1.33)41 than the refractive index of air (1.00).42,43 For the
TiO2−Fe2O3 bilayer IOs, the layer composition determines
their PSB position, as presented in Figure 3b. Nevertheless,
only slight shifts of the PSB positions are observed for TiO2−

Fe2O3−TiO2 multilayer IOs compared to TiO2−Fe2O3 bilayer
IOs. The PSBs of all samples overlap with the respective
semiconductor band gaps, i.e., TiO2 for 150 nm template size
and Fe2O3 for 252 nm template size, as indicated in Figure 3b
and Figure S2.
3.2. Photocatalytic Performance. 3.2.1. TiO2 and TiO2−

Fe2O3 Inverse Opals. Pure 16 nm TiO2 IOs with 150 nm
template size exhibit a higher photocatalytic activity of 0.98 ±

0.01 h−1 than their counterparts with 252 nm template size
(0.86 ± 0.02 h−1) due to the expected activity enhancement by
the slow photon e ect (Figure 4a). The individual photo-
catalytic activities during three consecutive measurements are
shown in Figure S3 and the MB concentration decline of the
individual measurements is depicted in Figure S4. The PSB
blue edge of the 150 nm template size TiO2 IO overlaps with
the band edge of TiO2 at around 376 nm44 (as illustrated in
Figure 3a) and thus, the slow photon e ect results in an
improved photocatalytic performance. Although larger tem-
plate sizes should lead to facilitated mass transfer of dye
molecules into and reaction products out of the structure, this
e ect is overweighed by the mismatch of the PSB position
concerning the TiO2 band gap. Hence, as expected, the slow
photon e ect does not enhance the photocatalytic perform-
ance in 252 nm template TiO2 IOs.
Additional layers of Fe2O3 significantly increase the

photocatalytic activity of the IOs compared to the reference
IO with only TiO2 (Figure 4a). This is associated with
increased light absorption and facilitation of charge carrier
separation. The location of the Fe2O3 band gap at ∼2.2 eV
expands the absorption spectrum of the IOs to wavelengths
smaller than ∼564 nm.20,21 Furthermore, coating Fe2O3 onto
the TiO2 IOs results in the formation of heterojunctions at the
materials interfaces, which should allow for e/cient separation
of the generated electron/hole pairs. The band alignment of
Fe2O3 and TiO2 is ambiguous in literature since both type I

and type II heterojunctions have been reported for such
heterostructures.22,23,25,27−29,34,45 Accordingly, the heterojunc-
tion type depends on the fabrication method and further
sample specifications, such as geometry. Based on the
publications by Cao et al. and Yang et al. about ALD-based
functionalization of TiO2 powders coated with Fe2O3 thin films
and synthesis of TiO2−Fe2O3 thin film heterostructures,
respectively, we assume that our samples feature type II
heterojunctions (Figure 4b).22,31 Hence, photogenerated
electrons move toward the conduction band (CB) of TiO2.
At the same time, holes migrate to the valence band (VB) of
Fe2O3 and can induce oxidation reactions in molecules
adsorbed at the material surface. This charge carrier separation
reduces the recombination of the free charge carriers and
results in an improved photocatalytic performance. Free
electrons can, in principle, also contribute to the degradation
of organic pollutants by inducing reactions in adsorbed
molecules. H2O2 was added to the reaction solution to aid
the generation of radicals necessary for the photocatalytic
decomposition. However, H2O2 also acts as an electron
scavenger; thus, H2O2 molecules at the photocatalysts’ surface
could trap free electrons.19 These electrons will then
contribute to the photocatalytic degradation of the organic
dye instead of moving toward the CB of the inner TiO2 layer.
Although these two competing processes (electron migration
to the TiO2 layer and electron trapping by H2O2 at the
surface) cannot be clearly distinguished by the dye degradation
measurements, both of them lead to a better separation of
photogenerated charge carriers in the photocatalyst and hence,
to an enhancement of the photocatalytic activity. Assessment
of the dye degradation of the 252 nm template sample with 16
nm TiO2−2 nm Fe2O3 coating with a MB solution containing
100 mM IPA revealed a decrease of the activity to 26%
compared to the H2O2-containing solution (Figure S5). IPA is
used as hole scavenger and the decreasing activity upon its’
presence demonstrates that photogenerated holes are crucial
for inducing the MB destruction in our samples.
A general increase of the photocatalytic activity for the 252

nm template compared to the smaller one is expected for
TiO2−Fe2O3 bilayer IOs due to the slow photon e ect, as in
this case, the IO structural PSB was designed to match the
band gap of the Fe2O3. The PSB edge of the larger template

Figure 4. (a) The photocatalytic activity of TiO2−Fe2O3 bilayer IOs depends on the TiO2 and Fe2O3 coating thicknesses and the template size due
to the alignment of the PSB with the semiconductor band gap to utilize the slow photon e ect for performance enhancement. Each sample was
measured three times. (b) Schematic drawing of the band structure and charge carrier movement in TiO2−Fe2O3 bilayer IOs. Based on the type II
heterojunction, photogenerated holes inside the valence band (VB) migrate toward the Fe2O3 layers and can induce an oxidation reaction at the
catalyst’s surface. Electrons in the conduction band (CB) either get inside the TiO2 layer or are scavenged by H2O2, which is added to the reaction
solution.
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size samples overlaps with the band gap of Fe2O3, which allows
for enhancement of the photocatalytic performance by the
slow photon e ect in Fe2O3 as observed for all TiO2−Fe2O3

bilayer IOs (Figure 4a).
Furthermore, the performance also depends on the Fe2O3

coating thickness. A rise of the Fe2O3 coating thickness from
10 ALD pulses to 2 nm improves the sample’ photocatalytic
activity based on the material’s additional light absorption. An
optimum activity of 1.38 ± 0.09 h−1 is demonstrated for
TiO2−Fe2O3 bilayer IOs composed of 16 nm TiO2 and 2 nm
Fe2O3 in comparison to 0.86 ± 0.02 h−1 of the single TiO2 IO.
The photocatalytic performance is reduced when the
illumination spectrum is limited to specific spectral regions
(Figure S6). Specifically, the utilization of a 400 nm long-pass
filter eliminates UV radiation. In this case, the photocatalytic
performance of the 252 nm template sample consisting of 16
nm TiO2 and 4 nm Fe2O3 is reduced to 75% compared to the
standard conditions. Further modification is observed when a
425 nm short-pass filter is applied. Here, the spectral range
between 425 and 530 nm is suppressed and wavelengths higher
than 530 nm are attenuated, while wavelengths shorter than
425 nm are transmitted without intensity alteration. With this
short-pass filter, the samples’ activity decreases to 66%,
demonstrating the importance of visible light radiation for
inducing photocatalytic reactions by the presented hetero-
structure IOs. Please note that the sample was only tested once
in each measurement configuration.
Nevertheless, a further increase to 4 nm Fe2O3 thickness

reduces the photocatalytic activity. Although the thicker
coating could absorb more light, it simultaneously reduces
the gap size between neighboring shells, which might limit the
di usion of dye molecules and reaction products within the IO
structure.46 Thus, the photocatalytic performance declines as
measured for both template sizes. The higher di usion path
length for charge carriers within the 4 nm Fe2O3 coating could
also result in higher charge carrier recombination rates, leading
to decreasing activities with increasing thickness. Such
performance decline with increasing Fe2O3 content was also
observed by Pylarinou et al.34 for TiO2−Fe2O3 thin film
heterostructure samples. Similar photocatalytic activities to the
TiO2−Fe2O3 bilayer IOs of 16 nm TiO2 and 4 nm Fe2O3 are
obtained for samples consisting of 20 nm TiO2 and 2 nm
Fe2O3. ALD coating onto an assembled opal template structure
presents a maximum coating thickness of ∼7.7% of the
template sphere diameter because the tetrahedral gaps, i.e., the
smallest interconnecting pores between neighboring macro-
pores, close at this thickness.47 Hence, the template sizes used
herein correspond to a theoretically estimated maximum
coating of 11.6 and 19.4 nm for 150 and 252 nm templates,
respectively. For the TiO2 deposition onto the opal templates,
further material deposition can only occur by material
transport through the octahedral gaps or at the outer surfaces
of the IO, which are in contact with the environment. Since
both template size IOs studied herein are coated with the same
TiO2 thickness, the 150 nm template IO already reached the
theoretical estimated maximum coating after the first ALD
coating, while IOs consisting of 252 nm templates still have
open tetrahedral gaps after the TiO2 deposition. During the
Fe2O3 ALD process, the tetrahedral gaps of the 252 nm
template size also get very small or even close.
Nevertheless, since the Fe2O3 coating is conducted by

utilizing TiO2 IO structures as template instead of the PS opal,
this template provides open channels between neighboring

shells at the shell contact points.39 Thus, material di usion
through these contact points is still possible after the closure of
the tetrahedral gaps by the Fe2O3 coating. Additional Fe2O3

coating may influence the charge carrier separation in the
structure because the di usion of molecules within the
structure is reduced due to the tetrahedral gap closures. The
slightly decreasing activities for the thicker coating, i.e., 20 nm
TiO2 and 2 nm Fe2O3, support the assumption that di usion
limitation a ects the photocatalytic properties because 2 nm
Fe2O3 was the best-performing thickness for TiO2 IOs of 16
nm.
Functionalizing TiO2 IOs with Fe2O3 by ALD outperforms

the photocatalytic performance of previously reported
structures, namely TiO2 IOs modified with Fe2O3 by
hydrothermal methods or chemisorption-calcination and
Fe2O3-functionalized TiO2 nanostructures.22,23,26,28,33,34 This
comparison considers samples of Fe2O3-coated TiO2 particles
or inverse opals tested by photocatalytic dye degradation.
Nevertheless, the exact value of the photocatalytic activity k
depends strongly on the reaction conditions, such as
illumination power, illumination spectrum, temperature,
catalyst loading, type of dye, and additives in the reaction
solution, which are summarized in Table S1. Hence, it is setup-
specific and we, therefore, compare here the qualitative
evolution of the photocatalytic activities upon Fe2O3

functionalization within publications on Fe2O3-modified TiO2

IOs. Our results of enhanced photocatalytic performances of
TiO2 IOs upon functionalization with Fe2O3 agree with
previous reports by Liu et al. and Pylarinou et al.33,34 In detail,
Liu et al. observed an increase in the photocurrent density by
up to 50% when TiO2 IOs were modified with Fe2O3

nanoparticles by the hydrothermal method. Similarly, Pylar-
inou et al. reported increased photocatalytic activities and
photocurrent densities when they modified TiO2 IOs with
FeOx nanoclusters by chemisorption-calcination cycles. More-
over, they showed that the enhancement depends on the
utilized iron oxide content. They attributed the maximum
improvement for low iron oxide contents to the e/cient charge
carrier separation in combination with the utilization of the
slow photon e ect. High iron oxide loadings resulted in a
performance decline due to increased surface recombination of
photogenerated charge carriers. However, the processes
involved in the photocatalytic and photoelectrochemical
reaction with the structures of the two aforementioned
publications di er from those in this work. Since both
references functionalized TiO2 IOs with iron oxide particles
or clusters, TiO2 surfaces are still in contact with the reaction
solution and charges accumulated at the TiO2 film can induce
reactions in the aqueous surrounding.
In contrast, our TiO2−Fe2O3 bilayer IOs prepared by ALD

consist of continuously capped TiO2 by the Fe2O3 layers.
Thus, charge transfer from the photocatalyst structure toward
the solution is only possible via the Fe2O3 surfaces. To the best
of our knowledge, such configuration of Fe2O3-modified TiO2

IOs has yet to be reported. Significant enhancement of the
photocatalytic performance of TiO2 powder coated with Fe2O3

by ALD was reported by Cao et al.22 Similar to our results,
they observed an optimum coating thickness of ∼2.6 nm
Fe2O3 for the photocatalytic degradation of methyl orange as
an organic dye. The structures formed type II heterojunctions,
e ectively improving the separation of photogenerated charge
carriers by reducing their recombination. Further, the IOs
fabricated herein present nanostructured materials that could
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prevent potentially hazardous leaching of photocatalytic
nanoparticles into the environment.48 The interconnected
porous structure of IOs provides a stable framework and thus,
can be considered as nanostructured solids with “bulk-like”
properties regarding the high stability of the structure and
adhesion to the substrate during operation.49

3.2.2. TiO2−Fe2O3−TiO2 Multilayer Inverse Opals. Depos-
iting an additional TiO2 thin film onto the previously
presented TiO2−Fe2O3 IOs leads to TiO2−Fe2O3−TiO2

multilayer IOs exhibiting unstable photocatalytic activities
over consecutive measurements with a reduced average
performance (Figure 5a). Specifically, the activities increase
within the first four measurements, then slightly decrease for
two measurements, and are stable for the following trial
(Figure 5b). This behavior is observed for all studied TiO2−

Fe2O3−TiO2 multilayer IOs independent of the Fe2O3 coating
thickness and the template size. Note, the average performance
is calculated from the first three measurements to compare the
multilayer IOs to the TiO2−Fe2O3 bilayer IOs. The multilayer
IOs with 150 nm template size feature average activities of 0.83
± 0.12 h−1 and 1.00 ± 0.14 h−1 for samples composed of 16
nm TiO2−2 nm Fe2O3−2 nm TiO2 and 16 nm TiO2−4 nm
Fe2O3−2 nm TiO2, respectively. In contrast, bilayer IOs of the
same template size exhibit higher activities of 1.24 ± 0.01 h−1

(16 nm TiO2−2 nm Fe2O3) and 1.13 ± 0.04 h−1 (16 nm
TiO2−4 nm Fe2O3). The MB concentration decrease within
the seven photocatalysis measurements of TiO2−Fe2O3−TiO2

multilayer IOs is shown in Figure S8. The individual
photocatalytic performances for the 150 nm template multi-
layer IOs are depicted in Figure S7. Template sizes of 252 nm
also result in decreased activities of 0.93 ± 0.20 h−1 and 0.81 ±

0.21 h−1 for samples consisting of 16 nm TiO2−2 nm Fe2O3−2
nm TiO2 and 16 nm TiO2−4 nm Fe2O3−2 nm TiO2,
respectively, compared to the bilayer samples of this template
size which show photocatalytic activities of 1.38 ± 0.09 h−1 for
16 nm TiO2−2 nm Fe2O3 and 1.25 ± 0.05 h−1 for 16 nm
TiO2−4 nm Fe2O3.
These results demonstrate that the photocatalytic properties

of a multilayer arrangement of TiO2 and Fe2O3 not depend on
the thicknesses of the individual layers but rather on the
template size. The TiO2−Fe2O3−TiO2 multilayer IOs exhibit
lower activities than those observed for TiO2−Fe2O3 bilayer
IOs. The significant decrease in the average photocatalytic
activity of multilayer IOs after three measurements compared
to the TiO2−Fe2O3 bilayer IOs can be attributed to two
e ects. First, photo-Fenton reactions at the Fe2O3 surface can
no longer contribute to MB degradation because TiO2

overcoats Fe2O3.
1 Second, the nonoptimal heterojunction

configuration in the multilayer IOs could lead to a performance
decline. Although electrons migrate toward the TiO2 layers and
the 2 nm outer TiO2 film, the holes could be trapped inside the
Fe2O3 layers (see schematic drawing in Figure 5c). Organic
dye degradation is often mainly driven by oxidative processes
involving holes, but both charge carrier types can contribute to

Figure 5. (a) The mean photocatalytic activity of TiO2−Fe2O3−TiO2 multilayer IOs after three measurements depends on the composition and
template size but shows a significant standard deviation. (b) The individual activities during seven consecutive measurements of 16 nm TiO2−2 nm
Fe2O3−2 nm TiO2 and 16 nm TiO2−4 nm Fe2O3−2 nm TiO2 multilayer IOs for the 252 nm template increase during the first four measurements,
slightly decrease in the following two measurements and are stable afterward. (c) The band structure of TiO2−Fe2O3−TiO2 multilayer IOs depicts
trapping of photogenerated holes inside the Fe2O3 layers due to adding another TiO2 layer. Electrons in the CB move toward the TiO2 layers, and
those located in the outer layers can induce reductive reactions in the surrounding electrolyte or get scavenged by H2O2 molecules. (d) XRD
patterns show anatase TiO2 peaks for Fe2O3 functionalized TiO2 IOs after photocatalysis measurements. Multilayer structures exhibit significantly
higher peak intensities, indicating that this composition provokes photoinduced crystallization of the TiO2 layers.
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the decomposition. The H2O2 added to the dye solution herein
also acts as an electron scavenger and, therefore, could use the
electrons generated in the outer TiO2 layers to induce
photocatalytic reactions. However, electrons that migrate
from the Fe2O3 layers toward the inner TiO2 layer and the
holes trapped in the Fe2O3 layers are not available for
photocatalytic reactions. Correspondingly, the photocatalytic
activity is strongly reduced compared to TiO2−Fe2O3 bilayer
IOs. IPA was utilized as hole scavenger for the 16 nm TiO2−4
nm Fe2O3−2 nm TiO2 trilayer IO to elucidate the influence of
holes on the photocatalytic performance (Figure S5). With 100
mM IPA, the activity decreases to 27%, revealing that holes
that migrate from the outer TiO2 layer to the TiO2 surface
significantly contribute to the dye degradation in the
surrounding MB solution.
3.2.3. In Situ Photoinduced Crystallization of TiO2. The

configuration of TiO2−Fe2O3−TiO2 multilayer IOs provokes
photoinduced crystallization of TiO2 as characterized by XRD
measurements (Figure 5d). The above-mentioned trapped
holes contribute to the photoinduced crystallization of the
inner TiO2 layer, which is enhanced by multilayer IOs (Figure
5d). While the TiO2 IO is still amorphous after the
photocatalytic performance measurements, the TiO2−Fe2O3

bilayer IO with 4 nm Fe2O3 coating features a slight peak at
25° corresponding to the anatase main peak (PDF 00−064−

0863). Utilizing the Scherrer equation with a shape factor of
0.9 gives an estimated average crystallite size of 9.2 nm.50 The
TiO2−Fe2O3−TiO2 multilayer IO reveals intense peaks of the
anatase phase and one peak, which indicates either brookite or
hematite. The anatase (101) peak at ∼25° indicates crystallite
sizes of 19.2 and 20.4 nm for the sample composed of 16 nm
TiO2−4 nm Fe2O3−2 nm TiO2 after three and seven
measurements, respectively. All peaks are present after three
photocatalysis measurements and remain constant after seven
measurements.
Moreover, the crystallite size is in the same range as the

thickness of the inner TiO2 layer. Control experiments with
Fe2O3 coated samples before the photocatalysis measurements
(Figure 5d) and another control after 17 h in the reaction
solution in darkness (Figure S9), i.e., the accumulated duration
of 7 measurements, showed only shallow intense peaks in the
XRD patterns corresponding to a crystallite size of 3.3 nm. As
indicated by the crystallite sizes, crystallite growth occurs
mainly within the first three measurements for which
increasing activities are observed. Thus, we assume that
Fe2O3 incorporation triggers the crystallization under illumi-
nation. The photoinduced crystallization is amplified for
TiO2−Fe2O3−TiO2 multilayer IOs as the additional material
interfaces and charge carrier trapping can facilitate the
crystallization. It was previously reported that Fe ions inside
the TiO2 lattice can create oxygen vacancies.

51,52 These defects
can serve as nucleation sites for the crystallization of the TiO2

film due to charge imbalances and structural distortion. In the
TiO2−Fe2O3−TiO2 multilayer IOs, Fe ions present local
defects in the amorphous TiO2 lattice at the interfaces of the
TiO2 and Fe2O3 layers. In addition, the energy absorbed by the
material during photoexcitation can also contribute to the
crystallization process by providing the energy required for the
crystallization.53 The photogenerated charge carriers can
transfer energy to neighboring atoms, which can promote
structural rearrangement such as crystallization.
TiO2 crystallization observed in this work is probably

promoted by the band alignment of the individual materials.

For TiO2−Fe2O3 bilayer IOs, the material interfaces, oxygen
vacancies, and charge carriers already elicit crystallization of
small parts of the TiO2 as indicated by the minor peak in the
XRD pattern. Adding another TiO2 layer to the structure, i.e.,
the outer TiO2 layers in case of the TiO2−Fe2O3−TiO2 trilayer
IOs, increases the number of material interfaces and confines
photogenerated charge carriers to certain areas of the
photocatalyst structure. Since holes migrate to the VB of
Fe2O3 (Figure 5c), they are trapped inside the trilayer
structure. Hence, these holes increase charge imbalances at
the Fe2O3/TiO2 interfaces. In this way, they create additional
nucleation sites for crystallization, and the required activation
energy can be obtained from further photogenerated charge
carriers in the material. Note, in contrast to the trilayer IOs,
holes are not trapped in bilayer IO structures because they can
move toward the Fe2O3 surface surrounded by the electrolyte
and release their energy by inducing oxidation reactions in
molecules adsorbed at the Fe2O3 surface. Both e ects, the
increased number of interfaces and the charge carrier trapping
inside the multilayer structure are hypothesized to contribute
to the strong photoinduced crystallization of the inner TiO2

layer in the TiO2−Fe2O3−TiO2 multilayer IOs. This photo-
induced crystallization into the anatase phase improves the
photocatalytic performance of the structures due to the higher
inherent photocatalytic activity of anatase compared to
amorphous TiO2.

4 In addition, photoinduced crystallization
could help to avoid shrinkage of porous structures and strong
atom di usion at interfaces, which are typical structural
alterations induced by thermal crystallization.54 The increasing
photocatalytic activities of the TiO2−Fe2O3−TiO2 multilayer
IOs within the first four measurements correspond to the
crystallization of the TiO2. The presence of oxygen vacancies,
as introduced by the Fe2O3 layers, promotes charge carrier
transport in TiO2 and improves the photocatalytic proper-
ties.51,52,55−57 Assuming that oxygen vacancies trigger the
crystallization and are responsible for the high photocatalytic
activity, a decline in their concentration would result in a
reduced photocatalytic performance. Assuming that the oxygen
vacancy content reaches a maximum during the crystallization
process and decreases and vanishes in the final stage of the
TiO2 crystallization, fits with the fact that the photocatalytic
activity first increases and then slightly decreases until a stable
performance is observed for the anatase structure. In situ XRD
at a synchrotron during the photocatalysis characterization of
the trilayer IOs could shed light on the details of the
crystallization mechanism.
The emergence of photoinduced crystallization of TiO2 in

TiO2−Fe2O3 multilayered structures was not previously
reported. It could enable the fabrication of crystalline materials
on templates unsuited for high-temperature treatments. This
could, for example, be realized by incorporating ultrathin
Fe2O3 layers into thicker TiO2 films to generate oxygen
vacancies inside the complete TiO2 layer e ectively. ALD is a
commonly used technique to fabricate delta-doped structures
based on self-limiting reactions. Moreover, ALD-based
processing allows further combining Fe2O3-incorporated
TiO2 with other semiconductor photocatalyst layers to
separate photogenerated charge carriers as presented herein
for the TiO2−Fe2O3 bilayer IOs. The observed photoinduced
crystallization also emphasizes the influence of semiconductor
heterojunctions on photocatalytic performance, structural
stability, and possible tailoring. Hence, the formation of
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semiconductor heterostructures could further expand the
application of photoinduced crystallization in various fields.58

4. CONCLUSION

Modifying TiO2 inverse opals with conformal Fe2O3 layers
prepared by ALD significantly enhanced the photocatalytic
properties due to additional visible light absorption and
e/cient separation of photogenerated charges with a photo-
catalytic degradation rate improvement of 27% compared to
pure TiO2 IOs. Aligning the IOs’ PSB edge with the electronic
band gap of Fe2O3 enabled further improvement of the
photocatalytic performance by 60% due to the slow photon
e ect. Optimization of the Fe2O3 thickness resulted in a
maximum activity of 1.38 ± 0.09 h−1 for TiO2−Fe2O3 bilayer
IOs consisting of 16 nm TiO2 and 2 nm Fe2O3 coating. TiO2−

Fe2O3−TiO2 multilayer IOs demonstrated reduced photo-
catalytic activities due to the nonoptimal band structure
alignment of the individual layers. Nevertheless, the band
structure provoked photoinduced crystallization of TiO2,
resulting in an increase of the photocatalytic activity within
the first four photocatalysis measurements due to anatase
formation, which is known to enhance the performance
compared to amorphous TiO2. In the future, in situ XRD at a
synchrotron during the photocatalysis characterization could
be conducted to elucidate the mechanism of photoinduced
crystallization in detail. Moreover, fine-tuning the structural
and optical properties of PhCs, e.g., by optimizing the IO
thickness, in combination with precise adjustment of semi-
conductor heterostructures could further improve photo-
catalysts’ performance.
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analysis and visualization; validation; writing-review and
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Figure S1. SEM micrographs of TiO2-Fe2O3 IOs and TiO2-Fe2O3 multilayer IOs fabricated with 

different layer thicknesses and template sizes. 
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Figure S2. Optical properties of all prepared IOs measured in aqueous environment. The samples 

were prepared with PS particle template sizes of (a) 150 nm and (b) 252 nm. 

 

 

 

Figure S3. Individual photocatalytic activities of three consecutive measurements for TiO2 IOs 

and TiO2-Fe2O3 bilayer IOs. Different TiO2 and Fe2O3 thicknesses were tested for template sizes 

of (a) 150 nm and (b) 252 nm. The  
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Figure S4. Dye concentration decrease during three consecutive photocatalysis measurements for 

TiO2 IOs and TiO2-Fe2O3 bilayer IOs. The data represents the MB degradation by (a) 16 nm TiO2 

IOs, (b) 16 nm TiO2310 pulses Fe2O3, (c) 16 nm TiO232 nm Fe2O3, (d) 16 nm TiO234 nm Fe2O3, 

and (e) 20 nm TiO232 nm Fe2O3. 
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Figure S5. Assessment of the photocatalytic activities with MB solution containing 100 mM IPA 

as hole scavenger. Both, the 16 nm TiO232 nm Fe2O3 bilayer IO and the 16 nm TiO234 nm Fe2O34
2 nm TiO2 trilayer IO demonstrate significant reduction of their photocatalytic activity compared 

to standard conditions. Each sample was measured three times with IPA containing solution. 

 

 

Figure S6. Photocatalytic activities under standard illumination conditions without a filter, with a 

400 nm longpass (LP) filter, and with a 425 nm shortpass (SP) filter, respectively. (a) Activities of 

the 16 nm TiO234 nm Fe2O3 bilayer IO normalized to the illumination without filter. The sample 

was measured once with each illumination spectra. (b) Optical illumination spectra of the light 

source with and without filters. 
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Table S1. Comparison of the reaction conditions and photocatalytic performances of Fe2O3-

functionalized TiO2 nanostructures. 

Sample Fabrication 

method 

Organic pollutant Illumination Photocatalytic 

activity k 

reference 

Fe2O3-coated TiO2 

powder 

Coating by ALD Methyl orange 

4 mg/L 

300 W Xe lamp 

with 420 nm 

shortpass filter 

97.4 % removal 

after 1.5 h 

22 

Fe2O3-coated TiO2 

nanocrystals 

Hydrothermal 

method 

Rhodamine B 

50 µM, H2O2 

8 W daylight white 

LED 

52 % removal 

after 1 h 

23 

Fe2O3-coated TiO2 

nanoporous 

structures 

ALD PEC 

characterization 

150 W Xe lamp  26 

Fe2O3-coated TiO2 

microrod powder 

Hydrothermal 

method 

Orange II 20 mg/L 500 W Xe lamp 

with 420 nm 

shortpass filter 

54 % removal 

after 3 h 

28 

Fe2O3-coated TiO2 

IO 

TiO2 IO by ALD, 

Fe2O3 coating 

hydrothermal 

method 

PEC 

characterization 

300 W Xe lamp  33 

Fe2O3-decorated 

TiO2 IO 

TiO2 IO by sol-gel 

method, Fe2O3 

decoration by 

chemisorption 

calcination cycles 

salicylic acid 150 W Xe lamp ~0.9 h-1, 75 % 

removal after 1.5 h 

34 

TiO2-Fe2O3 

multilayer IOs 

ALD Methylene blue 

2.5 mg/L 

150 W halogen 

lamp 

1.38 h-1; 65 % 

removal after 1 h 

This study 
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Figure S7. The individual activities during seven consecutive measurements of 150 nm template 

size 16 nm TiO232 nm Fe2O332 nm TiO2 and 16 nm TiO234 nm Fe2O332 nm TiO2 multilayer IOs 

show the same behavior as the 252 nm template size, namely increase during the first four 

measurements, slight decline in the following two measurements, and stable performance 

afterwards. 

 

 

Figure S8. MB concentration decrease during seven consecutive measurements of (a) 16 nm 

TiO232 nm Fe2O332 nm TiO2 and (b) 16 nm TiO234 nm Fe2O332 nm TiO2 multilayer IOs. 
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Figure S9. XRD pattern of a TiO2-Fe2O3 multilayer IO composed of 16 nm TiO2, 4 nm Fe2O3, 

and 2 nm TiO2. The sample was kept in the reaction solution for 17 h in darkness and does not 

show peaks indicating crystalline TiO2 phases.  
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Nanoporous Anodic Alumina Photonic Crystals for
Sunlight Harvesting Applications: A Perspective

Siew Yee Lim, Carina Hedrich, Cheryl Suwen Law, Andrew D. Abell, Robert H. Blick,
Kaline P. Furlan, Robert Zierold, and Abel Santos*

1. Introduction

The world population is projected to reach
9.8 billion by 2050.[1] Underpinning such a
drastic population growth, and its associ-
ated demands on resources and environ-
mental impact will require integrated
approaches to ensuring water security,
sustainable agriculture, and green energy
generation. Solar light is a critical natural
resource that can drive the sustainable
development of our society by addressing
emerging global challenges such as renew-
able energy supply, climate change, envi-
ronmental pollution, and green chemical
synthesis processes.[2] Theoretically, the
amount of sunlight that strikes the surface
of the earth in two hours could supply
the annual consumption of energy by the
entire world.[3] As such, fundamental and
applied developments of technologies that

can efficiently harness sunlight and convert photons radiated
by the sun into electrical, thermal, and chemical energy are
urgently needed. But existing materials suffer from a range of
physical barriers that limit their photon-to-energy conversion effi-
ciency performance. These include limited generation of electron–
hole charge carriers, fast recombination of photo-generated
charge carriers, constrained surface reactivity, and inability to
harness high irradiance sunlight regions in the visible and
NIR spectrum (i.e., �98% of sunlight energy).[4–7] Therefore,
research efforts have focused on developing advanced materials
with engineered properties specifically devised to address these
intrinsic limitations. These include: 1) modification of the elec-
tronic bandgap by doping and addition of co-catalysts atoms to
harvest visible–NIR photons;[8] 2) combination of semiconduc-
tors with plasmonic structures to concentrate electromagnetic
fields and increase localized temperature;[9] 3) increment of
surface reactive sites by combining distinct forms of porous
and carbon-based platform materials (e.g., nanotubes, graphene,
etc.) with external atoms;[10] and 4) structural engineering of
materials at the nanoscale to modify their photonic bandgap
and extend exciton diffusion length.[11,12] These engineering
approaches and combinations of them have demonstrated prom-
ising potential to maximize the efficiency of existing materials for
harvesting sunlight photons. Of all these, engineering the
structure of materials such as semiconductors at the nanoscale
in the form of photonic crystals (PCs) provides novel paths for
increasing photon-to-energy conversion rates by modulating
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Nanoporous anodic alumina (NAA) fabricated by anodization of aluminum is a

versatile platform material with tailorable geometric, optical, and chemical

features for specific light-based technologies and applications. Recent advances

in anodization technology have enabled a new generation of NAA-based photonic

crystals (PCs)—periodic dielectric nanoporous structures that selectively allow,

forbid, and confine the flow of incoming electromagnetic waves of specific

wavelengths across their structure. NAA–PCs provide exciting new opportunities

to engineer light–matter interactions with versatility across the broad spectrum,

from UV to IR. But despite these fundamental advances, demonstrations of

sunlight-harvesting technologies based on NAA–PCs are still limited. Herein,

an up-to-date summary of recent advances in NAA–PC technology is provided,

and proof-of-concept demonstrations and future pathways to propel this versatile

platform material across sunlight-harvesting technologies such as photocataly-

sis, photoelectrocatalysis, photothermal energy conversion, and solar cells are

discussed.
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the way in which these materials interact with solar electromag-
netic waves.[13] In particular, nanoporous PCs are ideal structures
for sunlight harvesting applications because these enable: 1) light
trapping capabilities to increase the frequency of photon–atom
interactions; 2) channels that favor the flow of reactive species
involved in photon-to-energy reactions; 3) high number of
reactive sites associated with their high specific surface area;
4) extended exciton diffusion length and minimized recombina-
tion rate of electron–hole pairs; 5) and capability to harvest sun-
light photons across high irradiance spectral regions.[14]

Importantly, to rationally design the structure of materials at
the nanoscale in the form of PCs also makes it possible to
harness a range of optical phenomena not attainable by other
nanostructures. These include light confinement and construc-
tive recirculation, slow photons, multiple scattering, Bragg dif-
fraction, surface plasmons, and hybrid photonic–plasmonic
modes (e.g., Tamm plasmons).[14] Nanoporous anodic alumina
(NAA) fabricated by electrochemical oxidation (anodization) of
aluminum is an ideal platform material for photonic technolo-
gies and applications.[15] The structure of NAA consists of arrays
of well-defined, self-organized, hexagonally distributed cylindri-
cal nanopores embedded in a matrix of alumina (aluminum
oxide, Al2O3). The key aspect of this platform material is its
nanoporous structure, which can be tailor-engineered in a mul-
tidimensional fashion, using a fully scalable, cost-competitive
approach compatible with existing micro- and nanofabrication
for integration into functional systems and devices.[16]

Optically, NAA is an effective medium in which spatial changes
of porosity enable a direct approach to precisely modulate the
distribution of effective refractive index in 1D, 2D, or 3D.[17]

Advances in pulse anodization—periodic modulation of input
anodizing potential or current density—have provided new
opportunities to generate in-depth, periodic modulations of
porosity along NAA’s nanopores, increasing the tuneability

degree of its effective medium and thus enabling new forms
of light–matter interactions in this platform materials.[18]

This approach has resulted in a variety of NAA–PCs, the most
representative examples of which are gradient index filters
(NAA–GIFs),[19] optical microcavities (NAA–μQVs),[20] distrib-
uted Bragg reflectors (NAA–DBRs),[21] and broadband distrib-
uted Bragg reflectors (NAA–BDBRs).[22] These NAA–PC
structures have paved the way to expand the applicability of
NAA across a range of photonic technologies requiring versatile
control of electromagnetic waves such as photocatalysis, photo-
electrocatalysis, optical encoding, sensing and biosensing, and
lasing.[23] But more fundamental and applied advances are
needed if we are to fully develop the potential of NAA-based pho-
tonic technologies for sunlight harvesting applications. In this
perspective, we focus on recent developments in NAA–PC tech-
nology and its application in sunlight harvesting disciplines
(Figure 1). We provide insights into how incoming electromag-
netic waves can be judiciously manipulated in NAA–PCs by engi-
neering their structure and optoelectronic properties through
distinct pulse anodization approaches and functionalization
methods. We provide an up-to-date overview of recent advances
in this field, and a comprehensive analysis and prospective
outlook on potential research lines that we believe will drive this
highly dynamic and promising discipline across sunlight
technologies.

2. Structure and Fabrication of NAA–PCs

2.1. NAA Structure and Formation

NAA is a matrix of alumina (aluminum oxide, Al3O2) with
embedded arrays of hexagonally arranged cells containing
a straight cylindrical pore at their center, which grows

Figure 1. Nanoporous anodic alumina (NAA) in sunlight harvesting applications.
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perpendicularly to the underlying aluminum substrate
(Figure 2a). Lithography-free, self-organized formation of highly
ordered NAA structures can be achieved by the so-called two-step
anodization process under mild conditions—top–down electro-
chemical oxidation of aluminum in acid electrolytes at moderate
electrolyte temperature and anodizing voltage or current density
(Figure 2b).[15] During the first anodization step, nanopores
nucleate across the surface of the anodic oxide film and grow
in depth through a mechano-electrochemical process driven
by the input electric field. Under specific conditions, nanopores
self-organize progressively inside the anodic film to minimize
the mechanical stress induced by the oxide-to-metal volume
expansion between adjacent nanopores at their bottom tips,
which are closed by a hemispherical cap—the barrier oxide layer
(i.e., anodic oxide growth front). After �24 h, the anodic film fea-
tures hexagonally arranged nanopores at its bottom. However,
this organization is constrained to the bottom side of the anodic
oxide film at the interface oxide–metal. So, the resultant anodic
oxide film is then chemically dissolved in an aqueous mixture of
acids to expose the underlying aluminum substrate patterned
with highly ordered concavities, which are a negative replica
of the bottom side of the original anodic film. The application
of a second anodization step under the same conditions as those
of the first step results in nanopore nucleation at the center of
each concavity across the patterned aluminum substrate (i.e.,
one nanopore per concavity). After nucleation, nanopores grow
and propagate at normal direction to the aluminum substrate
with straight coherency, from top to bottom, following the
original honeycomb-like arrangement.

The formation and dissolution of anodic oxide at the
barrier oxide layer located at the nanopore bottom tips of
NAA is determined by the electrochemical reactions shown in
Equation (1)–(6):

1) Formation of anodic oxide at the aluminum–alumina
interface

Al ! Al3þðoxÞ þ 3e� (1)

2Al3þðoxÞ þ 3O2�
ðoxÞ ! Al2O3 (2)

2Al3þðoxÞ þ 3HO�
ðoxÞ ! Al2O3 þ 3Hþ

ðaqÞ (3)

2) Dissolution of anodic oxide at the alumina–electrolyte
interface

Al2O3 þ 6Hþ
ðaqÞ ! 2Al3þðaqÞ þ 3H2OðliqÞ (4)

3O2�
ðoxÞ ! O2ðgasÞ þ 4e� (5)

2H2OðliqÞ ! O2�
ðoxÞ þOH�

ðoxÞ þ 3Hþ
ðaqÞ (6)

The structure of self-organized NAA is geometrically charac-
terized by the interpore distance (or lattice constant—DInt) and
nanopore diameter (or filling factor—DP) (Figure 2a). These geo-
metric features are tunable by the input anodizing profile and
post-fabrication treatments (i.e., pore widening by wet chemical
etching).[16]

2.2. NAA as an Effective Medium Platform

The concept of using highly ordered NAA structures as platforms
to develop 2D NAA-based photonic crystals (NAA–PCs) was first
introduced by Masuda and coworkers (Figure 3a).[24–26] In their
pioneering studies, they utilized nanoindentation by lithograph-
ically produced master stamps to pattern the surface of alumi-
num substrates with highly ordered indentations, the function

Figure 2. Structure and fabrication of NAA. a) Schematics describing the main geometric features of NAA (i.e., nanopore diameter or filling factor—DP,
interpore distance or lattice constant—DInt, and nanopore length—LP), and top view (scale bar: 1 μm), bottom view (1 μm), and general and magnified
(inset) cross-sectional view (scale bars: 250 and 50 nm, respectively) field emission scanning electron microscopy (FEG-SEM) images of NAA produced
by the two-step anodization process in 0.3M oxalic acid electrolyte at 40 V. Adapted with permission.[232] Copyright 2022, American Chemical Society.
b) Fabrication diagram describing the two-step anodization process with: aluminum substrate, nanopore nucleation (initial stage of the first anodization
step), nanopore growth, chemical wet etching to remove the sacrificial anodic layer, and nanopore development (second anodization step). Adapted with
permission.[232] Copyright 2022, American Chemical Society.
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of which was to act as nucleation sites for nanopore growth.
Upon anodization under specific potentials matching the
indentation period, ideally ordered arrays of nanopores with a
high aspect ratio grow from these indentations (one nanopore
per indentation) with straight coherency, following the pattern

pre-established by the master stamp. 2D NAA–PCs exhibit a
characteristic optical feature across their spectrum, the so-called
photonic stopband (PSB), which represents those spectral
regions within which the PC structure selective inhibits the flow
of photons of specific wavelengths when incoming electromag-
netic waves propagate across the cross-section of the NAA-based,
air-hole array structure (Figure 3b).[17] The features of the char-
acteristic PSB of NAA (i.e., central wavelength position (λPSB),
full width at half–maximum (FWHMPSB), intensity (IPSB), and
quality factor (Q )) rely intrinsically on the geometric features
of air-holes in 2D NAA–PCs (i.e., lattice constant and filling fac-
tor) (Figure 3c). This dependence makes it possible to tailor the
position of NAA’s PSB by engineering its interpore distance and
nanopore diameter through anodization and pore widening
treatment. But despite various successes to increase the interpore
distance in NAA by extending anodizing potentials in different
acid electrolytes and anodization regimes, the range of available
lattice constant is limited from �50 to �700 nm. This limitation
in turn constraints the spectral range of PSBs in 2D NAA–PCs
within the UV–visible region.[16]

So, research efforts focused on devising alternative anodiza-
tion strategies to overcome this intrinsic constraint and expand
the spectral range of NAA–PCs across the broad spectrum. Lee
and coworkers introduced the so-called “pulse-like anodization”
—periodic modulation of input anodizing voltage or current
density profile.[18a] This class of anodization approach enables
the in-depth modulation of nanopores in NAA during anodiza-
tion and thus extends our ability to engineer NAA’s PSB across a
broader range of spectral regions, with multidimensionality
(i.e., 1D and 3D), which are features not attainable by the two-
step anodization process (Figure 4a). Further to that, pulse anod-
ization also makes it possible to engineer distinct forms of PC
structures to harness other classes of light–matter interactions
in NAA–PCs such as light confinement and recirculation, and
omnidirectional reflection.[20,22] Pioneering studies in pulse-like
anodization harnessed anodizing voltage or current density
pulses switched between two anodization regimes (i.e., mild
anodization (MA) and hard anodization (HA)).[18a] Briefly, MA
is performed at the moderate anodizing voltage/current
density and yields a slow, almost linear anodic oxide growth rate
(�3–8 μm h�1). Conversely, HA is characterized by high anod-
izing voltage/current density and yields a fast, non-linear oxide
growth rate (�50–70 μm h�1), which decreases exponentially
with the thickness of the anodic film.[16] Critically, the porosity
of NAA films produced in MA and HA in the oxalic acid electro-
lyte is�10 and�3%, respectively. As such, when the input anod-
izing voltage/current density is switched between MA and HA
regimes via pulse anodization, the inner porosity of NAA oscil-
lates between�10 and�3%. This structural engineering process
is translated into highly uniform, periodic modulations of nano-
pore diameter along the nanopore axis, from top to bottom
within the anodic oxide film (Figure 4b).[18b,27] But despite its
advantages, MA–HA pulse anodization also has technical con-
straints such as the recovery time delay between anodizing input
and output response during the HA-to-MA transition associated
with the thick barrier oxide layer of NAA under HA, the extensive
Joule’s heat generated during HA, the low porosity level under
HA conditions, and the dependence of oxide growth rate with
nanopore length under HA regime.[18e,28,29] Lee and Kim

Figure 3. Optical properties of 2D nanoporous anodic alumina photonic
crystals (2D NAA–photonic crystals (PCs)). a) In-plane optical properties
of 2D NAA–PCs with x–y–z directions. b) Illustration describing the flow of
incoming photons traveling in the z- and x-directions across the effective
medium of 2D NAA–PC structures featuring straight nanopores, where
light is selectively forbidden to flow through the PC structure in the
in-plane direction (x-axis) (NB: low and high effective refractive index,
neff–low and neff–high). c) Transmission spectra at z (left) and x (right)
direction across the 3D NAA–PC structure, with a graphical description
of optical features of photonic stopband: baseline (y0), central wavelength
(λPSB), full width at half maximum (FWHMPSB), intensity (IPSB), and
photonic stopband (PSB’s) blue and red edge positions (λBlue and λRed).
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overcame this limitation by a series of multi-step anodizing volt-
age pulses with varying period and amplitude, in which the input
potential is gradually increased prior to reaching the HA
potential stage (Figure 4c).

This approach enables a more controllable methodology to
tailor and modulate the nanopore structure of NAA in depth,
with a high degree of directional coherency and precision.
Although the revised pulse anodization method addresses some
intrinsic limitations of conventional MA–HA pulse anodization
(i.e., slow current/voltage recovery and input–output time delay,
uncontrollable oscillatory kinetic behavior) and some studies
successfully realized 1D and 3D NAA–PCs via MA–HA pulse
anodization, this technology remains challenging.[21d,e] In an
alternative study, Wang and coworkers devised a more

controllable form of pulse anodization, in which anodizing volt-
age or current density pulses are applied entirely within the MA
regime.[19a]Despite the slow anodic oxide growth rate under mild
anodization conditions (i.e., �3–8 μm h�1), MA pulse anodiza-
tion has been demonstrated as a highly controllable and versatile
approach to generate multidimensional NAA-based PC struc-
tures with precisely engineering optical properties for specific
applications.[19,20] Subsequent advances in this form of pulse
anodization resulted in a variety of anodization profiles (e.g.,
sinusoidal, stepwise, pseudo-stepwise, sawtooth, Gaussian-like,
etc.) to produce a new generation of 1D NAA–PCs with versatile
PSBs across UV–visible–NIR spectrum. These include Fabry–
Pérot interferometers (NAA–FPIs), distributed Bragg reflectors
(NAA–DBRs), gradient-index filters (NAA–GIFs), apodized

Figure 4. Mild–hard (MA–HA) pulse anodization. a) Schematic showing the fabrication of 1D NAA–PCs featuring modulated pores in depth via MA–HA
pulse anodization (left), and voltage (input) and current density (output) MA–HA pulse anodization profile with: MA pulseUMA¼ 25 V and τMA¼ 180 s; and
HA pulse UHA¼ 35 V and τHA¼ 0.1 s). Adapted with permission.[18a] Copyright 2006, Nature Publishing Group. b) Cross-sectional SEM image of an NAA–
PC featuring nanoporemodulations in depth generated during theMA–HApulse anodization profile shown in (a) (left) andmagnified view of white rectangle
showing details of NAA stacks (right) . Adapted with permission.[18d] Copyright 2008, Nature Publishing Group. c) Illustration of the modified MA–HA pulse
anodization process devised by Lee and Kim to tailor-engineer the structure of NAA (left) and cross-sectional SEM image of the resulting structure with
details of nanopore modulations along the nanopore length (scale bar: 500 nm). Adapted with permission.[18f] Copyright 2010, IOP Publishing Ltd.
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gradient-index and distributed Bragg reflectors (Apo–NAA–GIFs
and Apo–NAA–DBRs), linear variable distributed Bragg reflec-
tors (NAA–LVDBRs), broadband distributed Bragg reflectors
(NAA–BDBRs), and microcavities (NAA–μQVs) (Figure 5).

2.3. Types of NAA–PC Structures

NAA–DBRs produced by stepwise pulse anodization are a class
of PC structures formed by stacked dielectric layers of NAA
featuring high and low effective refractive indexes. The PSB
of NAA–DBRs is characteristically broad and centered at the
Bragg wavelength, which corresponds to the minimum of
transmissivity of the PSB. The central wavelength of the PSB
is determined by the optical thickness of each NAA stack (i.e.,
product of effective refractive index and physical thickness).

In their seminal study, Sulka and Hnida utilized pulse
anodization with alternating MA and HA voltages to build stacks
of NAA layers with low and high porosities to generate NAA–
DBR structures.[21] The reflection spectrum of NAA–DBRs fea-
tured two broad PSBs (i.e., first and second order) with central
wavelengths located at �1800 and �3800 nm in the NIR and IR
regions, respectively. The optical properties of these NAA-based
PC structures were mechanistically validated by simulations
implementing an effective medium model representing an ideal
DBR structure. In a subsequent study, using a combination of
MA–HA pulse anodization with limited current density output
under voltage control conditions and wet chemical etching,

Martin et al. fabricated 3D NAA–DBRs with a network of
interconnected nanopores. The PSB of 3D NAA–DBRs in their
reflection and transmission spectra was broad and centered at
�650 nm. Tunability of the central wavelength of the PSB was
demonstrated by systematic modification of the periodicity in
the input MA–HA pulse anodization profile (i.e., period length
of MA layers), and by selective infiltration of the nanoporous PC
structure with liquids of varying refractive index.[30] Wang et al.
produced NAA–DBRs through a pseudo-stepwise anodization
process combining hybrid voltage pulses featuring straight
and sinusoidal sections. These pulses were translated into nano-
pores with straight and branched sections, respectively. The PSB
of these NAA-based PCs was in the visible range and was found
to blue shift, from 700 to 525 nm, upon chemical etching for
15min. A gradual blue shift of PSB was also observed in the
interferometric color displayed by these NAA–DBRs with
the etching time.[19a] Zheng and coworkers demonstrated
that the spectral position of NAA–DBRs’ PSB can also be tuned
across the visible spectrum by modifying the temperature of the
anodizing electrolyte, where the PSB undergoes a blue shift in
position when the anodization temperature decreases from 14
to 7 °C.[31] Recent research efforts have focused on improving
the properties of PSB in terms of intensity, bandwidth, and band
edges, as well as controllability of PSB position over a broader
range of wavelengths (Figure 6a). These include new anodization
waveforms, implementation of voltage compensation modes,
and manipulation of anodization parameters.[21c,32�41] NAA–
DBRs often feature vivid interferometric colors, which corre-
spond to the PSB spectral position within the visible and denote
a highly efficient reflection of light by these PC structures as
compared to other forms of NAA-based PCs. The structural
and optical characteristics of NAA–DBRs have been systemati-
cally studied by varying a range of anodization parameters such
as anodization period, time, and electrolyte temperature with the
objective of optimizing and tuning the features of their PSB
across UV–visible–NIR spectrum.[21g,h,22a,42�49] Among these
studies, a new type of NAA–DBRs with an ultra-broad PSB band-
width of �153 nm, known as broadband NAA–DBRs, has been
generated by a double exponential pulse anodization approach in
which the period in the input anodizing pulses is increased with
varying anodizing time.[22b]NAA–GIFs are a type of NAA–PCs in
which the effective refractive index of NAA varies smoothly and
periodically in depth, along the length of the nanopore. As a
result, these PC structures exhibit a PSB that is narrower than
that of their NAA–DBR counterparts by a factor of π/4.[50] Yan
et al. fabricated NAA–GIFs by an input sinusoidal anodization
current density profile.[51] It was demonstrated that the PSB of
NAA–GIFs narrowed its bandwidth by changing the period
between sinusoidal pulses, while its position shifted with the
peak-to-peak current density or amplitude of the input sinusoidal
wave. Kumeria et al. generated NAA–GIFs using a total charge-
controlled pseudo-sinusoidal anodization approach, which was
optimized in terms of the total charge per pulse (i.e., integrated
current density per voltage pulse), voltage pulse form, and the
number of pulses. The effective medium of NAA–GIFs was then
mechanistically described by the Looyenga–Landau–Lifshitz
effective medium approximation model.[52,53] Macias et al. devel-
oped a sinusoidal current profile with small current density vari-
ation to modulate the porosity of NAA along the pore axis with no

Figure 5. NAA as a platform material to develop PCs, with illustrations
showing representative NAA–PC structures: Fabry–Pérot interferometer
(NAA–FPI), distributed Bragg reflector (NAA–DBR), gradient–index
filters (NAA–GIF), apodized NAA–PCs (Apo–NAA–GIF/DBR), optical
microcavity (NAA–μQV), and hybrid plasmonic–photonic Tamm system
(TMM–NAA–PC).
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branching. The PSB of as-produced NAA–GIFs was found to
red-shift from 500 to 700 nm when the period length of the
PC structure (i.e., distance between nanopore modulations)
increased with the anodization period, and to blue-shift from
460 to 425 nm when the overall refractive index of the NAA–
GIF decreased after a pore widening treatment.[54] Santos
et al. performed a detailed study about the effect of different
anodization parameters (i.e., anodization period, amplitude,
offset, electrolyte temperature, and pore widening time) on

the characteristic PSB of NAA–GIFs produced by sinusoidal
pulse anodization under current density control.[19b] The effect
of each anodization parameter on the characteristic PSB of
NAA–GIFs was systematically analyzed, demonstrating full tune-
ability of this optical feature across the UV–visible–NIR spectral
region (Figure 6b). Building on the foundations established by
this study, other studies explored distinct forms of sinusoidal
pulse anodization to further improve the narrow bandwidth
of NAA–GIFs. These include multi-sinusoidal anodization,

Figure 6. Structural engineering of high-quality NAA–PCs by MA pulse anodization. a) Fabrication of NAA–distributed Bragg reflectors (DBRs) by MA
pulse anodization with voltage pulses consisting of a linear increase followed by a constant voltage for a duration controlled by a total charge Q0, and
linear decrease of voltage, and PSBs of NAA–DBRs produced at: 1) Q0¼ 0 C with cone-like pores and 2) Q0 ¼ 4 C with cylindrical pores. Adapted with
permission.[35] Copyright 2013, American Chemical Society. b) Fabrication of NAA–GIFs by current density-controlled sinusoidal pulse anodization with:
1) cross-sectional FEG-SEM images showing nanopores of NAA–GIFs modulated in-depth with varying anodization period, and 2) tunability of PSB of
NAA–GIFs by anodization period across UV–visible–NIR spectrum and digital pictures showing their interferometric color. Adapted with permission. [19b]

Copyright 2016, Royal Society of Chemistry. c) Fabrication of NAA–μQVs by cyclic anodization with voltage versus optical path length modulation with:
i) sinusoidal wave modulation of NAA–μQVs with a defect layer introduced by a phase shift in the anodization profile, and ii) transmission (top) and
reflection (bottom) spectra of NAA–μQVs produced at different structure lengths showing their corresponding resonance bands. Adapted with
permission. [20g] Copyright 2020, Royal Society Chemistry. d) Engineering of Tammplasmon cavities based on hybrid photonic–plasmonic NAA structures
with: i) fabrication of NAA–PCs by Gaussian-like pulse anodization, ii) cross-sectional FEG-SEM view of NAA–PCs showing the progressive modulation of
nanopores in-depth, and iii) generation of Tamm resonances by broadening of PSB of NAA–PCs and deposition of gold layer. Adapted with
permission.[79] Copyright 2021, American Chemical Society.
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integration of apodization functions with sinusoidal anodization,
feedback regime on the rate of chemical etching, and further
optimization of electrolyte concentration, temperature, and com-
position.[19c,d,e,f,55�61] NAA–GIFs were also used as PC platforms
to generate linear variable bandpass filters (NAA–LVBPFs) by
progressive pore widening of the original PC structure in phos-
phoric acid solution to engineer the effective medium both lat-
erally and in depth.[62] Another form of 1D NAA–PCs are optical
microcavities (NAA–μQVs), which are PC structures that confine
light to small volumes by resonant recirculation of electromag-
netic waves within two highly reflecting mirrors. The fabrication
of NAA–μQVs involves the introduction of defect modes in the
PC structure by various approaches. The defect mode results in
the appearance of a sharp resonance band at the center of the
characteristic PSB. One of the methods to create defects in
1D NAA–PCs is by incorporating a thin layer of nanopores with
constant porosity between two highly reflective NAA–DBRs or
NAA–GIFs. Yan et al. created a planar defect in NAA–PCs by
inserting a constant voltage in periodic voltage waveforms.
The resulting NAA–μQVs had a resonance band with an
FWHM of �18 nm after optimizing the thickness of the defect
layer.[20a] Lee et al. fabricated NAA–μQVsmade up of two lattices:
one with constant optical thickness periodicity and one with a
gradual change in optical thickness. The graded lattice was engi-
neered by progressive asymmetric modulation of the effective
medium of NAA in depth through a periodically modulated input
voltage following a sinusoidal decaying ramp.[20b] Wang et al.
demonstrated the fabrication of NAA–μQVs under voltage con-
trol MA conditions by shifting the phase of anodization wave-
form between two Bragg mirrors. The phase of the effective
refractive index of the bottom DBR was shifted with respect to
that of the top DBR to create an optical interference between
the two DBR structures, resulting in a narrow resonance peak
with an FWHM of �14 nm.[20c]

Law et al. applied an apodized stepwise pulse anodization with
a logarithmic negative function to produce NAA–μQVs. Due to
the asymmetrically modulated effective refractive index in depth
following a logarithmic change in current density amplitude, the
transmission spectra of NAA–μQVs were characterized by a
broad PSB with an intense and narrow resonance band (i.e.,
Q of�113) at its central position.[20f] Subsequent studies focused
on the optimization of NAA–μQVs to improve the quality of light
confinement, using modified approaches such as the use
of different waveforms, voltage modulation as a function of
optical path length, and optimization of anodization conditions
(Figure 6c).[20d,e,g,h,63�65] More recently, the combination of
NAA–PCs produced by Gaussian-like pulse anodization with
thin films of gold has enabled the generation of Tamm plasmon
resonances in NAA photonic–plasmonic hybrid structures
(TMM–NAA–PCs).[66–78] Tran et al. fabricated NAA–GIFs by
Gaussian pulse anodization, followed by a pore widening treat-
ment and deposition of a thin layer of gold (Figure 6d). The trans-
mission spectrum of this NAA-based Tamm plasmon system
featured a well-resolved, narrow, and intense Tamm resonance
band associated with the strong and selective confinement of
photons between the gold layer and dielectric PC system.[79]

The TMM–NAA–PC system was demonstrated as a suitable
platform technology for sensing applications.

2.4. Advantages and Challenges of NAA–PC Technology

Research efforts in the past decade have significantly advanced
NAA–PC technology and enhanced the capability and potential of
this unique material across photonic technologies, broadening
the horizon of NAA–PCs across various disciplines such as opto-
electronics, optical sensing, photovoltaics, and photocatalysis.
Despite these advances, there remain fundamental challenges
to facilitating the integration of this material into fully functional
systems and devices. For instance, an intrinsic constraint of NAA
when compared to its porous silicon or titanium dioxide counter-
parts is its low refractive index, which has been reported to vary
from �1.7 to 2.3.[19d] As a result, NAA-based PCs require an
extended minimum thickness (�10 μm) to maximize light–
matter interactions through multiple scattering across an
increasing number of stacks of NAA. This intrinsic constraint
in turn limits the integrability of this technology in applications
requiring thin film thicknesses. Future efforts should focus on
increasing the inherent refractive index of NAA to reduce the
required thickness of NAA–PC structures. This could be accom-
plished by adding dopant elements in the anodization electrolyte
or in the aluminum substrate prior to anodization, which can
then be incorporated into the structure of NAA during the anod-
ization process. Alternatively, the effective refractive index of
NAA can be locally increased by depositing layers of materials
with high refractive index such as titanium dioxide and silicon
dioxide (Table 1).

3. Functionalization of NAA–PCs

As-produced NAA is a dielectric material based on anodic alumi-
num oxide (Al2O3) with a wide electronic bandgap located within
the range 5.1–8.8 eV, which corresponds to the UV–C spectrum
(i.e., wavelength of 141–243 nm).[80,81] As such, NAA-based PCs
cannot be directly used to harvest incident sunlight since the
solar radiation arriving at the earth’s surface does not contain
any UV–B/C radiation (i.e., 100–280 nm).[82] However, this
intrinsic constraint can be overcome by functionalizing the inner
surface of NAA with a variety of photoactive materials or by tem-
plate synthesis of nanostructures based on semiconductors and
other types of light-harvesting materials. Optoelectronic func-
tionalization of NAA–PC structures can be achieved through
different methods such as sol–gel process, electrodeposition,
sputter deposition, chemical vapor deposition (CVD), and
atomic-layer deposition (ALD). These will be outlined and
described in detail throughout this section of the perspective.

3.1. Sol–Gel Method

The sol–gel process is a wet-chemical technique to deposit non-
metallic materials.[83–85] In general, a precursor solution—often
consisting of a metal alkoxide precursor—is hydrolyzed to form a
sol. This colloidal solution is then altered to a gel, which is an
interconnected, porous network of colloidal particles. Further
treatment such as drying and sintering generates a dense, solid
phase of the material.[85–87] When a template is infiltrated with
the sol prior to gelation, the gel and the subsequent film
formation occur on the surface of the template, leading to the
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formation of a solid thin film (Figure 7a,b). Sol–gel is a low-
temperature deposition method widely used to produce metal-
oxide-based coatings, the composition of which can be precisely
tuned through various synthesis routes to obtain different

material properties.[84,85] For example, dense films, aerogels,
or xerogels can be realized by this technique. However, many
metal alkoxide precursors are expensive and this deposition tech-
nique suffers from poor control over the thickness and compo-
sition homogeneity of the resultant film.[85,88] Despite these
limitations, the sol–gel method has been extensively used for dec-
ades to functionalize the inner surface of NAA-based structures
including NAA–PCs. In the context of sunlight harvesting appli-
cations, the most extensively used functional semiconductor
coating deposited via sol–gel is titanium dioxide (TiO2).
Sol–gel-deposited TiO2 functional coatings have been integrated
with various forms of NAA–PC structures (i.e., NAA–GIFs,
NAA–DBRs, and NAA–μQVs) to enable photocatalytic reactions
such as degradation of organic pollutants (vide infra).[38,47,58,64]

3.2. Electrodeposition

Wet-chemical electrodeposition method uses electrochemical
reactions to coat materials with films of conductive and semi-
conductive compounds.[89–91] Materials such as pure metals
and alloys,[89,91] elemental semiconductors, and composites[90]

can be deposited by this technique.
Typically, a conductive film working as a cathode is immersed

into an electrolyte solution, whereas the anode consists either of
the coating material or a conductive material that is inert to elec-
trochemical oxidation reaction (e.g., platinum). In the latter case,
the electrolyte must contain dissolved precursors of the material
to be deposited.[89–91] Application of an electrochemical potential
or current between the two electrodes drives electrochemical
reactions at cathode (reduction) and anode (oxidation). The
reduction reaction at the cathode results in the deposition of
material over the surface of this electrode, where the consumed
charge density determines the amount of deposited material
according to the Faraday law.[92] As such, electrodeposition is
a simple yet precise deposition technique, which allows tunable
and fast deposition rates over a variety of substrates and tem-
plates of up to several tens of micrometers per hour.[90,92]

Electrodeposition within porous templates such as NAA can also
be realized. However, a pore opening or barrier oxide layer thin-
ning step must be applied prior to electrodeposition—to over-
come the electrically insulating nature of the barrier oxide
layer (BOL). The most extensively used technique to deposit con-
ductive materials via electrodeposition within NAA structures
involves the removal of the BOL via wet or dry chemical etching
and the generation of a conductive film at the bottom side of the
anodic film via sputter deposition—to create a conductive film
(i.e., cathode). After this modification, electrodeposition of con-
ductive materials within the nanopores of NAA can be performed
by potentiostatic or galvanostatic methods (Figure 7c). The result-
ing structures can range from nanotubes to nanowires, depend-
ing on the degree of filling or deposition of material within the
nanopores. Alternatively, the BOL at the bottom of the nanopores
can be thinned down by progressive reduction of the anodizing
potential or current density at the final stage of the anodization
process.[93] For instance, stepwise reduction of the anodizing
potential results in the formation of branched pores with decreas-
ing diameter and thinner BOL. After this BOL thinning process,
electrodeposition can be directly performed inside the nanopores

Table 1. A summary of different forms of NAA–PCs and their
characteristics.

NAA–PC Structure Characteristics References

NAA–DBR Produced by stepwise pulse anodization [21,30–49]

Stepwise distribution of effective refractive

index and thickness in depth between high

and low values

Broad PSB centered at Bragg wavelength

NAA–GIF Produced by sinusoidal pulse anodization [19b,c,d,e,f,

23b,51–61]Sinusoidal modulation of effective refractive

index in depth

Narrow PSB with bandwidth π/4 narrower

than that of DBRs

NAA–μQV Produced by stepwise, sinusoidal, or apodized

pulse anodization by generating cavity section

sandwiched between two highly reflective

DBRs or a phase shift between mirrors

Symmetric or asymmetric modulation of

effective refractive index

[20,63–65,

234]

Narrow and sharp resonance band within PSB

Apo–NAA–GIF

Apo–NAA–DBR

Produced by sinusoidal or stepwise pulse

anodization modified with apodization

function in amplitude with anodization time

[20f,55]

Apodized modulation of effective medium

Narrow PSB with suppression of

characteristics sidelobes

NAA–BPF Produced by pseudo-stepwise pulse

anodization with progressive modification

of anodization period

[22a]

Stepwise, progressive modulation of

effective medium

Number and position of PSBs correspond to

each stacked BPF

NAA–LVBPF Produced by sinusoidal pulse anodization

followed by wet chemical etching

[62]

Tunable PSB as functions of anodization

period and etching time

Displayed color and PSB position gradient

along the etching path

Other forms

of NAA–PCs

Produced by Gaussian-like pulse anodization

(e.g., Gaussian, Lorentzian, Laplacian,

and logarithmic)

[66–78]

Varied modulation of effective refractive index

in depth

Tunable PSB across UV–visible–NIR spectrum

Hybrid plasmonic–

photonic structures

Tamm plasmon structure with an asymmetric

cavity formed by a gold film and a dielectric

NAA–DBR

[79]

Well-resolved, intense Tamm resonance

band in PSB
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by using the underlying aluminum as an electrode without the
need for additional backside opening and metallization.[91] In the
context of sunlight harvesting applications, electrodeposition of
metals in combination with semiconductors within NAA–FPIs is
the most extensively reported approach to date.[94–97] For exam-
ple, Kemell et al.[94] and Tan et al.[97] grew arrays of nickel and
gold nanowires within NAA templates by electrodeposition,
respectively, and combined these nanostructures with layers of
semiconductors deposited via ALD to generate composite nano-
structures for photocatalysis. Haschke et al. deposited nickel as a
back contact for the preparation of electrodes consisting of nano-
tubes deposited by ALD.[95,96] It is also important to note that
direct electrodeposition can be current-/electrode-directed or
surface-directed, at which the chemistry of the interface between
nanopore wall and electrolyte is tuned. Furthermore, electrode-
position of oxides, such as titanium dioxide from ionic liquids
and aqueous electrolytes has been reported for planar substrates.
However, the use of this electrodeposition approach within nano-
porous materials is yet to be investigated.[98,99] Although electro-
deposition of nanowires or nanotubes into NAA–PC structures
has not yet been investigated, the combination of metals depos-
ited via electrodeposition with semiconductor coatings could pro-
vide new opportunities to harness hybrid plasmonic–photonic
phenomena to maximize photon-to-electron conversion rates
across a range of sunlight harvesting applications.

3.3. Electroless Deposition

Electroless deposition (also called electroless or chemical plating)
enables the deposition of metals onto complex, shaped substrates

without an additional supply of external energy such as heat,
light, or current. Electroless deposition can be performed by
employing two different reaction mechanisms: 1) galvanic
displacement reaction and 2) reduction via a reducing agent
in aqueous solutions or ionic liquids (Figure 7d).[100] In the gal-
vanic displacement pathway, a redox reaction takes place between
metal ions with a stronger noble metal character in an electrolyte
solution and metal ions with a weaker noble metal character in a
substrate. Electron transfer between metal ions in the solution
and metal atoms in the substrate leads to the chemical reduction
of metal ions and a concomitant dissolution of the less noble
metal in the substrate during the reaction. Note that a reducing
agent is necessary when the electroless deposition is to be per-
formed on an insulating/non-conductive substrate. Therein, the
reducing agent is first oxidized at the surface such that electrons
can then be transferred to metal ions in the electrolyte, resulting
in an electroless deposition process. Reducing agents can be of
organic nature, such as glyoxylic acid, dimethylamine borane,
hydrazine, formaldehyde, or inorganic compounds (e.g., sodium
hypophosphite or silver and palladium nanoparticles), which can
be used as catalysts to drive a subsequent electroless deposition at
the surface of the template. For instance, the oxidation of com-
plexed metal ions (i.e., Co2þ to Co3þ) could be used to reduce
other metals (e.g., Ag, Pt) to coat the substrate or template.[101,102]

One advantage of electroless plating over other deposition
techniques is its simplicity in terms of instrumentation.
Furthermore, substrates of various materials and shapes, includ-
ing nanoporous templates with high aspect ratios, can be
coated with functional materials via this deposition technique.
However, often a pretreatment to achieve nano-sized catalytic

Figure 7. Schematic representation of an NAA–PC nanopore modified by different functionalization techniques. a) As-prepared nanopore featuring a
periodic diameter modulation. b) Functionalization by the sol–gel process results in a dense film at the entire surface. c) Application of electrodeposition
requires opening of the nanopore at the backside and deposition of a conductive layer as back contact prior to coating the nanopore (NB: the deposition
of material starts from the conductive layer and, depending on the process parameters, the result is either nanowires or nanotubes. d) For electroless
deposition, the nanopore surface must be modified with catalytic seeds to achieve a complete functionalized of the surface with a thin film of material.
e) Sputter deposited material covers the top surface and to a small extent the inner side of the nanopore. f,g) Chemical vapor deposition (CVD) and
atomic-layer deposition (ALD) result in a thin film coating, the conformal degree of which relies on the technique (low for CVD and high for ALD).
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seeds at the surface of the substrate material is needed to start the
catalyzed reaction of the desired functional coating. Electroless
deposition has been mainly used to plate metals and metal alloys
due to their well-defined and simple redox reactions. However,
metal oxides such as indium tin oxide, iron oxide, manganese
oxide, and lead oxide have been successfully deposited using
distinct electroless approaches.[103–106] Electroless deposition
of functional coatings with well-defined properties and charac-
teristics requires precise control over the process parameters
(e.g., ion concentrations, buffer, pH-value, temperature) to con-
trol surface chemistry and composition, shape/size, and crystal-
linity of the deposited material. In NAA templates, a variety of
metals has been deposited by electroless plating, such as
palladium—which is often used as seed material for the subse-
quent electroless deposition of other materials, silver, copper,
nickel, and cobalt.[107–110] Electroless deposition also provides
a precise means of tuning the morphology of the resultant coat-
ing, from nanotubes to nanowires, by increasing the deposition
time or by a post-deposition treatment. Electroless deposition of
gold in NAA structures has resulted in optical platforms for
plasmon surface-enhanced Raman scattering (SERS)-based
sensing applications.[111,112] Catalytic conversion of 4-nitrophe-
nol into 4-aminophenol has been demonstrated by Yu et al. by
employing gold nanotubes (GNTs) prepared by electroless plat-
ing inside NAA structures.[113] The authors demonstrated that
the pH value during the electroless plating is critical in control-
ling the formation of clusters/particles and the resultant struc-
ture of the GNTs. GNTs in NAA structures featuring smaller
cluster sizes achieved significantly higher catalytic activity as
compared to rougher functional coatings. Similarly, copper
nanoparticles have been electroless deposited into chitosan-
functionalized NAA membranes showing a significantly
improved catalytic decomposition of methyl blue compared
to pure or only chitosan-functionalized particles.[114] Silver
nanoparticles coated in an electroless fashion into poly-
dopamine-coated NAA membranes achieved remarkable
catalytic activity during the reduction of o-nitroaniline com-
pared to their silver- or poly-dopamine-coated counterparts.[115]

Despite these advances, none of the above-mentioned studies
harnessed the optical properties of NAA structures to stimulate
catalytic enhancements via photocatalytic activation. The com-
bination of plasmonic and photonic effects with functional coat-
ings and particles deposited via electroless deposition can
enable new efficient forms of light–matter interactions to boost
photocatalytic reactions driven by photons. However, to the best
of our knowledge, this combination is yet to be explored.
Previous studies on planar substrates have shown that noble
metal nanoparticles deposited onto semiconductor titania inter-
faces can increase the catalytic efficiency by utilizing local
surface plasmon resonances (SPRs) to induce and enhance
photosensitization.[116] Since the Fermi level of noble metals
is lower than that of titania, photogenerated electrons can be
quickly transferred from the TiO2 conduction band to the noble
metal particles in contact with the functional semiconductor. In
contrast, photo-excited holes remain in the valence band of
titania, which in turn reduces the probability of electron–hole
recombination and maximizes the utilization of electrons to
drive photocatalytic reactions.

3.4. Physical Deposition

Physical deposition—commonly known as sputtering or sputter
deposition—is a deposition technique in which atoms of a mate-
rial are removed from a target with the assistance of an electric
field. After removal, atoms are accelerated by the applied
electric field to create a beam of highly energetic particles
(typically ions), which are subsequently implanted onto a
substrate material.[117–120] Momentum transfer during the ion
bombardment at the substrate provokes the mechanical release
of the substrate’s material. Extracted atoms move toward the
sample stage and subsequently, they precipitate at the sample
surface and form a coating.[118–120] The mechanical removal of
the material allows for sputter deposition of a wide range of mate-
rials such as pure metals and alloys,[117–120] and semiconduc-
tors,[119,120] whereby the stoichiometry of the target material is
mostly preserved.[118,119] Note that by varying the atmosphere
and temperature during the sputtering process, in operando oxi-
dation and nitridation of the deposited material can be achieved.
The sputtering rate (i.e., the number of released target atoms per
sputtering time) is characteristic for eachmaterial andmight vary
within the range of tens to hundreds Ångströms per second.[119]

Accordingly, the deposited film thickness can be finely adjusted
by controlling the sputtering time and conditions (e.g., tempera-
ture). Since the coating is generated by released target atoms, the
maximum deposition depth into the substrate’s features is lim-
ited to a few hundreds of nanometers. Owing to the high aspect
ratio of the pores in NAA, deposition of functional coatings via
sputtering is constrained to the top surface and to a limited pen-
etration distance inside the inner surface of the pores (Figure 7e).
The utilization of sputter deposition onto NAA structures has
mainly three purposes: 1) to provide a conductive layer on either
the backside or top surface of NAA membranes (metals, espe-
cially gold, are typically deposited for this purpose); 2) to provide
or further improve the material’s properties such as catalytic or
plasmonic activity;[121–124] 3) to modify the intrinsic optical prop-
erties of NAA-based PCs[38,79,123–127]. In the latter configuration,
both the sputtered metal coating and the NAA–PC can be pre-
cisely engineered to attain specific interactions with incoming
photons. For example, Tran et al. demonstrated that combining
NAA–PCs with plasmonically active gold films deposited onto
the top surface of the dielectric nanoporous PC via sputtering
results in the generation of hybrid plasmon–polariton modes,
the so-called “Tamm plasmon resonances,” in which photons
of predefined energies are trapped between both optical
elements.[79]

3.5. ALD

ALD is a chemical vapor deposition technique based on
sequential, self-limiting reactions between gaseous precursors
and solid surfaces.[128–131] ALD provides precise control over
the thickness of deposited thin films within the Ångström
range, and can be grown up to several hundreds of nano-
meters. At least two material precursors must react alternately
with the template surface during a thermal ALD process,
which is the most widespread class of ALD processes used
to functionalize NAA structures. A typical cycle of such a
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process consists of two half-reactions. The first half-reaction
pulses the first material precursor into the reaction
chamber, where the precursor reacts with the template’s sur-
face resulting in an intermediate surface functionality.[128–131]

Afterward, the chamber is purged to remove unreacted precur-
sor molecules and by-products generated from the reaction.
The second half-reaction exposes the second precursor into
the chamber to react with the modified surface chemistry
of the template in the first half-reaction. When the reaction
has finished, the remaining precursor and by-products are
pumped away. Ideally, one monolayer of material is deposited
within such an ALD cycle. Although this cannot be fully
achieved due to steric hindrance, incomplete reactions, or
inhibiting by-products, the growth per cycle (GPC) denotes
the material thickness deposited within one ALD cycle and is
constant within the so-called ALD window—a parameter set of
temperature, precursor type, pulse lengths, and substrate
type.[128–131] As such, the deposited film thickness can be
controlled by repeating ALD cycles until the desired value is
obtained. However, the low GPC of 0.1 to 3 Å limits the
application of ALD to deposition of a few tenths of nanometers
considering reasonable process durations.[128–130] Despite this
limitation, the ALD technique is a very advantageous approach
for functionalizing NAA templates. Due to the self-limiting
nature of the reactions at the surface, NAA structures can
be coated with highly conformal films of a broad variety of
materials—this includes complex shaped or high aspect ratio
NAA–PC structures (Figure 7g).[128–132] Various materials
such as oxides, sulfides, nitrides, and pure metals can be
deposited by ALD.[128–133] ALD has been combined with
NAA because of its uniform and very accurate coating control
in terms of film quality and thickness. Different applications
of ALD-modified NAA structures in the field of solar energy
harvesting have been reported to date. For example, ALD-
deposited titanium dioxide TiO2 coatings combined with silver
functionalization within NAA structures have been explored
for photochemical reduction reactions.[94,134–138] The photo-
electrochemical (PEC) properties of NAA functionalized with
ALD-deposited antimony sulfide–nickel oxide structures,
titanium dioxide, zinc oxide, and antimony sulfide were inves-
tigated for solar cells.[139–143] All these studies focused on NAA
structures featuring straight nanopores. To date, ALD in
NAA–PC structures has only been reported in two publica-
tions. Pitzschel et al. deposited silicon dioxide and iron oxide
layers into NAA structures with nanopore modulations along
the growth axis.[144] Analysis of the magnetic properties of
these structures revealed that these rely strongly on the posi-
tion of diameter modulations in NAA. More recently, Lim et al.
demonstrated the application of ALD-coated NAA–PCs in pho-
tocatalysis.[49] In their study, NAA–DBRs were coated with
different thicknesses of TiO2 and used as model PC platforms
to study photocatalytic reactions. Their observations demon-
strated an enhanced photocatalytic degradation of a model
dye when the PSB red edge is close to the edges of the
dye absorption owing to the so-called slow photon effect.
Furthermore, it was found that the deposited layer thickness
of the semiconductor affects the photocatalytic activity by
determining the efficiency of free charge carrier generation.

3.6. CVD

CVD is a deposition technique where precursors in the gas phase
are either reacted or dissociated in a continuous flow, while by-
products are pumped out of the reactor chamber (Figure 7f ). The
main steps during the deposition process are the adsorption of
intermediate reactants or precursors on the heated substrate sur-
face, followed by diffusion on the surface, heterogeneous reac-
tion at the gas–solid interface, nucleation, growth, and
coalescence of the film. The chemical reactions or dissociation
can be further activated through heat, light, plasma, or catalytic
sites at the substrates, thereby giving rise to several different
types of CVD processes such as thermal, metalorganic, low-
pressure, hot-filament, light-activated, plasma-enhanced, and
catalyst-assisted CVD.[145] The major difference between CVD
and physical deposition methods, such as sputtering, is the mul-
tidirectional deposition instead of a line-of-site impingement
deposition. This enables CVD coatings to further penetrate
and coat the inner surface of the NAA structures and provide
conformal growth up to a certain nanopore aspect ratio—the
ratio of nanopore length to its diameter. However, since the
transport is limited by molecular diffusion and the deposition
rate is usually linked to the local precursor partial pressure, even-
tually, the precursor moving down along the NAA pores will be
consumed by the reaction on the walls, while a lower deposition
rate will be observed at the bottom resulting in a non-conformal
or uneven coating.[146] This in turn can hinder the conformal
internal coating of NAA structures featuring a high aspect ratio.
Since film growth in the CVD process depends on the precur-
sor(s) characteristics and on aspects such as flow rate, pressure,
temperature, and the presence of reaction enhancers (e.g.,
plasma), the thickness limit for conformal deposition is often
the result of a complex interplay between all these parameters.
Despite these limitations, CVD has been successfully and exten-
sively used to deposit functional coatings of a variety of materials
onto a range of NAA structures. For example, Wang et al. have
demonstrated that ultra-thin carbon films (�5 nm thick) can be
deposited onto the pores of NAA with a nanopore length of
1.64 μm, leading to enhanced broadband absorption and an
increase in the saturation of the interference color in the visible
range.[147] Following a different approach, Tavakoli et al.[148] and
Waleed et al.[149] have shown the CVD growth of methylammo-
nium and cesium halides onto Pb previously electrodeposited
into the nanopores of NAA to form hybrid composite materials.
The fabricated hybrid NAA–perovskites nanowires (NWs) struc-
tures showed an enhanced photoresponse suitable for solar cells
or photodetectors. Hybrid NAA–NW structures were also the
focus of Fan et al.,[150] who fabricated ZnO NWs into NAA struc-
tures by laser ablation-assisted CVD. The resultant structures
showed a photoresponse upon UV irradiation (300–425 nm).
Direct application in a p–n heterojunction solar cell was pre-
sented by Zhang et al.[151] for an InP NW–NAA structure, where
the NWs were deposited by metalorganic CVD. The Cu2O/
InP–NAA p–n heterojunction solar cell attained a 1.55% power
conversion efficiency (PCE) with a photocurrent density of
5.47mA cm�2, and a fill factor of about 47%. Meanwhile,
Dhahri et al.[152] and Ghrib et al.[153] have used plasma-enhanced
CVD to deposit nanocrystalline silicon on top of NAA structures.
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The resultant composite structure showed tuneability of optical
properties with deposition temperature and time. Plasma-
enhanced CVD has also been used to produce Pd–NAA hybrid
materials for plasmonic photocatalysis by Kim et al.[154] CVD has
also been used to generate free-standing nanostructures such as
nanotubes, nanowires, and nanodots using NAA as a template
(later removed) for photocatalysis, plasmonic solar cells,[155,156]

and other applications aside from sunlight harvesting, thus
not mentioned here, but covered in other reviews.[157–159]

3.7. Further Techniques to Generate Hybrid Photonic Crystal

Structures

Another approach to functionalizing NAA and tailoring its
properties for sunlight harvesting systems is the fabrication of
integrated hybrid material systems comprised of NAA structures
in combination with other materials and structures capable of
manipulating radiation. Some of these include 3D photonic crys-
tals (e.g., opals or inverted opals) and plasmonic nanoparticles
(Figure 8). Earlier works by Lu et al.[160] and Cui et al.[161]

demonstrated the potential incorporation of NAA structures into
silicon solar cells fulfilling the function of a passivating layer,
replacing thin film stacks of SiO2/SiNx, SiO2/AlOx, and AlOx

deposited by ALD or plasma-enhanced CVD (PECVD). In both
works, the authors have used a smart in situ light-induced anod-
ization process to generate the NAA template from Al films
incorporated in the Si solar cell stack. Their results show that
NAA films can effectively passivate p-type silicon wafers to a level
similar to PECVD or ALD thin film stacks, reaching interface
state and fixed charge densities of 1� 1010 cm�2 eV�1 and
2� 1011 cm�2, respectively. Qin et al.[162,163] and Wu et al.[164]

have investigated the integration of NAA structures into Si solar
cells for enhanced light absorption. Preliminary simulation
results[162,163] showed a potential increase of �23% in light
absorption in the wavelength range 280–1100 nm when
using NAA as a light trapping layer, whereas the solar cell’s

short-circuit current density was found to increase up to 131%
when a double trap NAA system is used. The experimental
realization of such systems where NAA thin films act as light-
trapping and anti-reflection layers also showed an increase in
the short-circuit current density and in the PCE, although at a
lower level than that previously predicted by simulations.[164]

This improvement was found to be dependent on the NAA
lattice period, thickness, and nanopore diameter, where further
developments were foreseen by the authors. Enhanced light
absorption was also observed for integrated systems based on
nanoparticles-infiltrated NAA. In the work by Li et al.[165] carbon
black nanoparticles were deposited inside the nanopores of NAA
by airbrush spraying from a suspension. This hybrid material
was then mounted on top of a p-type nanoporous Si substrate.
The resultant integrated material shows a very efficient absorp-
tion of �97% of infrared radiation in the 2.5–15.3 μm range.
Alternatively, Zhou et al.[166] used sputtering to decorate the
nanopores of NAA structures with Au nanoparticles, leading
to a hybrid system with a 200 nm–10 μm broadband optical
absorption with an efficiency of 99%. This capability was associ-
ated with strong multiple scattering inside the NAA pores com-
bined with a low refractive index and high density of optical
modes. The fabrication of integrated material systems with plas-
monic nanoparticles is also suitable for photocatalysis applica-
tions, even though current demonstrations focus mostly on
biosensing[167] and surface-enhanced Raman scattering.[168]

The experimental realization of such structures is done by
self-assembly of nanoparticles at the solvent interface followed
by transfer and dewetting of electron-beam-evaporated gold
films, respectively. In both cases, the resultant nanoparticles
are located on the top surface of the NAA structure. An inverse
approach with TiO2-coated NAA membranes fabricated on top of
self-assembled SiO2 beads was explored by Chung et al.[169]

These hybrid structures showed a 20% and 40% increase in
methylene blue photocatalytic degradation in comparison to
planar TiO2 and TiO2-coated NAA. The authors associate the

Figure 8. Hybrid materials based on NAA. a,b) NAA mounted as: a) passivation layer and b) anti-reflective layer in Si-based solar cells. c–e) NAA–
nanoparticle hybrid materials where nanoparticles are either: c) fully infiltrated within the NAA template, d) infiltrated within the NAA template and
in the form of a film on its top, and e) deposited on top of the NAA template. f–h) NAA–nanostructures hybrid materials where the nanostructures
are grown on top of the NAA template as: f ) flakes, g) nanopillars or nanowires, and h) mesoporous films. (i and j) NAA–3D opal photonic crystals hybrids
with illustrations showing representative i) NAA–opal and j) NAA–inverse opal structures.

www.advancedsciencenews.com www.solar-rrl.com

Sol. RRL 2022, 2200480 2200480 (13 of 32) © 2022 Wiley-VCH GmbH



increased performance with the higher surface area of the hybrid
3D system. Photocatalysis was also the focus of Najma et al., who
fabricated ZnO–NAA free-standingmembranes by hydrothermal
growth of nanosheets on top of NAA membranes.[170] The
authors associated enhanced photocatalytic performances and
antibacterial activity with the mass production and transfer of
oxygen species and Zn2þ in combination with the high aspect
ratio of the NAA membranes. Latest works have shown the capa-
bility of light-responsiveness (photocurrent generation) for inte-
grated systems comprising NAA and 3D structures such as
nanopillars,[171] 3D opal photonic crystal,[172] and periodically
ordered mesoporous carbon nanostructures.[173] TiO2 nanopillars–
NAA hybrid systems were fabricated by interfacial super-
assembly of a solution containing TTIP and Pluronic P123
template onto previously PMMA-infiltrated NAA films to grow
the nanopillars on top of the nanoporous structure. The character-
ization focuses on ion transport but points out a potential applica-
tion as an active device in energy conversion. Osmotic energy
conversion is also the application targeted by Gao et al.,[173] where
mesoporous carbon-based structures are assembled on top of NAA
structures by evaporation-induced self-assembly followed by
calcination at 450 °C. The fabricated nanofluidic heterojunction
converts salinity gradients into electricity, with a maximum power
density value of 3.46W m2, outperforming many commercial
membranes. In comparison, charged polystyrene opals with
carboxylic or amino functionalization assembled on top of the
NAA by drop cast[172] achieve a maximum value of 3.16W m2;
however, with different performances regarding maximum power
density depending on the functionalization and structural arrange-
ment of the opals. This interesting result combined with the mul-
titude of processes available to fabricate 3D opal photonic crystal
structures,[174] including recent advances in 3D printing combined
with self-assembly,[175] and 3D structures of optically relevant metal
oxides produced by ALD[176–179] opens the path for potential future
developments in this highly dynamic field. Alternative approaches
include changing the electrolyte from acidic to alkaline (i.e.,
sodium tetraborate) to increase the range of lattice constant (i.e.,
250–600 nm) on curved surfaces without oxide burning.[180]

Another interesting feature of the resultant NAA structures is that,
in contrast to their conventional counterparts produced in acid
electrolytes, their nanopore walls are not flat but feature spiky
needles, which grow perpendicularly to the nanopore axis.
Consequently, these nanopores have a larger surface area
compared to their flat counterparts, which could be harnessed
to maximize specific surface area-dependent processes after func-
tionalization. Another example of this is the combination of anodi-
zation with nanopatterning processes such as the generation of
monolayers of self-assembled polystyrene spheres for pre-structur-
ing the top surface aluminum, which upon anodization leads to a
moth-eye-like array at the backside.[181] This artificial structure can
then be functionalized to generate amoth-eye-like array of titania or
silver nanorods, which can be applied in photocatalysis and sensing
applications. Note that some of the articles mentioned in this sec-
tion do not directly demonstrate sunlight harvesting application,
but radiation manipulation and radiation interaction tuning, which
are promising capabilities of functionalized NAA structures
and hybrid integrated material systems later discussed in the
perspective section.

4. Sunlight Harvesting Applications of NAA–PCs

4.1. NAA–PCs in Solar Cells

Solar cells, also known as “photovoltaics,” are semiconductor
devices that convert solar energy into electricity by the photovol-
taic (PV) effect.[182] A basic solar cell consists of n- and p-type
semiconductor materials sandwiched in between negative and
positive electrodes, respectively. When sunlight illuminates
the solar cell, incoming photons carrying energy higher than that
of the bandgap of the semiconductor are absorbed by the mate-
rial to generate electron–hole (e�/hþ) pairs (charge carriers or
excitons). If an external circuit is formed at the n- and p-type sec-
tions of the cell, the difference in voltage drives electrons from
the p–n junction to produce electrical power. Although solar cells
are a renewable energy source that provides many advantages
such as simplicity in design and installation, sustainability,
and low maintenance, the applicability of conventional solar cells
is limited by the low PCE. This limitation is mainly attributed to:
1) thermalization of energy loss in the form of heat dissipation
through crystal lattice vibration and 2) inefficient absorption of
high irradiance sunlight photons of lower energy than that of the
bandgap of the semiconductors.[183] So, research efforts have
aimed at addressing these intrinsic limitations to enhance
PCE in solar cells through distinct approaches. In the context
of this perspective, the integration of NAA–PCs into solar cell
systems has been explored to break through some of these tech-
nological bottlenecks, harnessing the unique geometric, optical,
thermal, and electrically insulative properties of NAA to maxi-
mize photon-to-electron conversion rates in solar cell systems.
In particular, NAA-based Fabry–Pérot interferometers
(NAA–FPIs) have been integrated into PV cells as scaffolds
for PV materials,[184,185] radiative coolers,[186] electrodes,[184,187]

and antireflective coatings.[163,164,188] NAA–FPIs are composed
of straight cylindrical nanopores featuring a homogeneous dis-
tribution of effective refractive index in depth.[23a] In PV cells,
the characteristic barrier oxide layer at the bottom side of
NAA–FPIs is often selectively etched to provide a physical
connection between the n- and p-type sections of the PV cell
(Figure 9).[163,164,184–186,188] Kwon et al. developed a semi-
transparent, highly efficient, 1D nanostructured perovskite solar
cells integrating an NAA–FPI as an insulating scaffold layer
(Figure 9a).[185] NAA–FPIs are used as a template to geometri-
cally conform the PV cell precursors to generate vertically aligned
perovskite pillars, eliminating the possibility of shunting current.
The presence of NAA–FPIs in these PV cells also enables the
precise control of the perovskite layer deposition, modulation
of average variable transmittance without parasitic scattering,
and suppression of internal ion diffusion while allowing critical
improvements in long-term stability under continuous irradia-
tion. The optimized solar cell device can achieve a relatively high
PCE of 9.6%. Using a similar concept, Montero-Rama et al. pre-
pared a perovskite solar cell in which NAA–FPIs were used to
contain the components of the device (i.e., titanium
dioxide—TiO2, methylammonium lead iodide—MAPbI3, and
spiro-OMeTAD) and the aluminum substrate on its backside
functions as the cathode.[184] Despite achieving a low PCE of
0.06%, this study demonstrated that NAA–FPIs can be filled
with multiple materials to engineer their structure at the
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nanoscale and use the aluminum substrate on its backside as an
ohmic contact. On the other hand, El-Said et al. used the alumi-
num substrate of NAA–FPIs containing Cu impurities as the
photoanode in dye-sensitized solar cells (DSSCs).[187]

These composite PC structures immobilize the organic dye
and, upon light illumination, a relatively high PCE of 12.3%
is achieved. Tang et al.[186] fabricated transparent NAA–FPIs
as radiative cooler elements for crystalline silicon (c-Si) solar cells

(Figure 9b). NAA–FPIs are directly encapsulated on solar absorb-
ers to create a compact and efficient photovoltaic cooling system.
This solar cell architecture allows a temperature drop of �35.6 K
in contrast to that of bare Si wafers (i.e., up to 137.4 °C), even in
humid conditions. PV cells with integrated NAA–FPIs show a
PCE enhancement of �6% when compared to commercial PV
cells. A solar cell photovoltaic performance model in seven
representative cities across China for solar cells integrating these

Figure 9. Applicability of NAA in solar cell applications. a) NAA–Fabry–Pérot interferometers (FPIs) as scaffolds for the development of semitransparent
parallelized nanopillar perovskite solar cells with: i) scheme showing the fabrication process of perovskite solar cell with NAA–FPIs conforming perovskite
material; ii) structural and optical characterization of device performance of semitransparent nanopillar-structured perovskite solar cell with an ITO
cathode. Adapted with permission.[185] Copyright 2016, WILEY-VCH. b) NAA–FPIs as radiative coolers in crystalline silicon (c-Si) solar cells:
i) schematics showing the energy balance for solar cells; ii) measured (filled circles) and simulated (shaded areas) steady-state temperatures of the
solar cell at various solar irradiation with and without NAA–FPIs; and iii) photovoltaic performance modeling of the solar cell output electricity and
enhanced efficiency in representative cities in China. Adapted with permission.[186] Copyright 2022, Elsevier. c) NAA–FPIs as antireflective coatings
on the surface of polycrystalline silicon (pc-Si) solar cells: i) Illustration showing the light-trapping and light-scattering effect of NAA–FPIs; ii) schematic
illustrating the facilitation of charge carrier separation by the light scattering effect of NAA–FPIs; iii) device performance with current density versus
voltage curves for pc-Si solar cells with and without NAA–FPIs. Adapted with permission.[164] Copyright 2017, Elsevier.
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NAA structures has also been reported. Solar cell systems with
NAA–FPIs show an increased output energy of 16.5 kW h
(am2)�1 in Lhasa when compared with commercial PV cells, dem-
onstrating the potential use of NAA–FPIs as radiative coolers in
solar cells. NAA–FPIs have also been used as antireflective coat-
ings in Si solar cells.[163,164,188] These antireflectors can be placed
at the front,[164] back,[188] and on both sides[163] of the solar cells.
Figure 9c presents the function of NAA–FPIs as antireflectors and
the resulting photovoltaic performance in Si solar cells.[164]

Antireflective coatings based on NAA–FPIs provide: 1) light trap-
ping effect to increase optical absorption of the Si layers, and
2) light scattering effect to facilitate charge carrier separation
within the Si layers. As a result, the PCE of commercial PV cells
integrating NAA–FPIs are 12% superior to those without NAA–
FPIs. Although the most widely NAA–PC structures used for solar

cell applications are NAA–FPIs, recent studies have demonstrated
that other forms of structurally engineered NAA–PCs can be excel-
lent platforms for the development of antireflective coatings for
solar cells. Choi et al. fabricated NAA–GIFs by asymmetric pulse
anodization under potentiostatic conditions (Figure 10).[189] The
resulting NAA–GIFs were demonstrated to have super broadband
and omnidirectional antireflection properties, with minimal
reflection at any angle of incidence. The application of NAA–
GIFs onto the front surface of polymer solar cells revealed that
the PCE of these solar cell systems reached a 10.0–5.0% enhance-
ment as compared to the solar cell counterpart without NAA–GIF
coating. Table 2 collates all solar cell systems integrating NAA–
PCs, summarizing their PCE and main characteristics.

These studies reveal that NAA–PCs are promising candidates
for solar cell applications because of their optical properties (i.e.,

Figure 10. Fabrication of NAA gradient-index filters (NAA–GIFs) and integration into polymer solar cells. a) anodization profile consisting of asymmetric
stepwise potentiostatic pulses and schematic showing details of the structure of NAA–GIFs; and b) device performance with current density
versus voltage curves (left) and power conversion efficiency (right) at different angles of incidence. Adapted with permission.[189] Copyright 2017,
WILEY-VCH.
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antireflection and light trapping), which in turn make it possible
to elongate the optical path length in the active semiconducting
layer of the cell for PCE enhancement. Most of these studies
use NAA–FPIs as the antireflective coating in PV cells. Thus,
it is suggested that other NAA–PC structures, particularly
NAA–μQVs, could be integrated into solar cells for improvement
in PCE since these PC structures provide the capability to effi-
ciently recirculate and trap incoming photons with energies
within the resonance band of these PC structures. While
NAA–PCs, particularly NAA–FPIs, are highly beneficial as scaf-
folds for PV materials, NAA–FPIs are found to be less suitable as
the cathode of the solar cell. Although the use of NAA–FPI with
Cu impurities as photoanode provides relatively high PCE, the
dye-sensitized solar cell is susceptible to poor performances at
high temperature and the thermal properties of NAA–FPIs in
this type of solar cell have not been investigated. The increased
operating temperature in solar cells due to partial solar-to-heat
energy conversion would adversely affect the material reliability
and charge carrier recombination rate.[190,191] This would subse-
quently reduce the efficiency and lifetime of the solar cells. The
integration of NAA–FPIs into crystalline Si solar cell as radiative
coolers has demonstrated relatively high PCE under various cli-
matic conditions. All of the studies used one sun light intensity
(100mW cm�2) to mimic natural sunlight but no real-life
climatic conditions have been explored. Therefore, studies on
the effect of temperature, wind speed, relative humidity, and
solar irradiation on PCE of solar cells integrated with NAA–
PCs should be performed in the future to further assess the
real-life potential of this unique material across these
applications.

4.2. NAA–PCs in Photocatalysis

Heterogeneous photocatalysis—“photocatalysis”—is a sustain-
able light-driven process in which photons (electromagnetic
waves) interact with atoms (matter, photoactive materials) to pro-
duce electron–hole (e�/hþ) pairs, which then can be harnessed to
drive secondary reactions.[192] Photoactive materials for photoca-
talysis include semiconductors with well-defined energy bandg-
aps, in which the bandgap of the photocatalyst material needs to
be smaller than the energy of the incoming sunlight photons.
Since photocatalytic reactions take place at the surface of the

photoactive material, a high specific surface area is essential
to increase the number of active sites to maximize the efficiency
of photocatalytic reactions. NAA has a wide energy bandgap (i.e.,
�7–9 eV), which prevents it from being directly used as a photo-
catalyst under sunlight illumination. However, recent advances
have demonstrated that the integration of functionalized NAA–
PCs into photocatalyst platforms can provide new pathways for
increasing photon-to-electron conversion rates and enhancing
photocatalytic reactions by overcoming some of the intrinsic lim-
itations of benchmark photocatalyst platforms. Several studies
have demonstrated successful photocatalytic applications of
semiconductor-based NAA–FPIs, including CO2 reduction,[193]

bacteria disinfection,[170] and photodegradation of organic
pollutants in air[194] and water.[138,195–197] The main function
of NAA–FPIs in these systems is to serve as a supporting layer
for photocatalyst materials to ensure the mechanical robustness
of the composite material and the capillary flow of the gas or
water matrices through the nanopores of the NAA–FPIs to facil-
itate the mass transport of molecules involved in the photocata-
lytic reactions. Structural engineering of NAA–PCs have also
demonstrated promising results in enhancing photodegradation
of organic pollutants when the surface of these PC structures
is functionalized with semiconductors such as titanium
dioxide (TiO2) (Figure 11). TiO2-functionalized NAA–PC
structures include TiO2–NAA–GIFs,

[58] TiO2–NAA–DBRs,
[47]

TiO2–NAA–μQVs,
[64] and TiO2–NAA–BDBRs

[22b] (Figure 11a).
TiO2–NAA–PCs are fabricated by a range of anodization
approaches followed by a functionalization step to coat the inner
surface of NAA with TiO2 photoactive layers through the sol–gel
and ALD methods. TiO2–NAA–PCs feature characteristic PSBs
within which the propagation of incoming photons is forbidden
by the PC structure (Figure 11b).

Therefore, photons within this spectral region cannot be
efficiently used for enhancing photocatalytic reactions.
Nevertheless, various NAA–PC structures also offer a range of
optical phenomena beneficial for photocatalysis, including
Bragg diffraction, multiple scattering, slow photons, light
confinement, and constructive recirculation. The most widely
exploited optical phenomena of all to boost photocatalytic reac-
tion rates in TiO2–NAA–PCs is the so-called “slow photon”
effect.[198] The speed of incoming photons localized in the low
and high dielectric parts of the PC’s structure (i.e., blue and

Table 2. Comparison of power conversion efficiency (PCE) for solar cell system integrating NAA–PCs.

NAA–PC Function in solar cell Type of solar cell Configuration of solar cell Intensity [mW cm�2] PCE [%] References

NAA–FPI with

Cu impurities

Photoanode Dye-sensitized Dye/NAA–FPI with Cu impurities/Al/TiN/Si 100 12.3 [187]

NAA–FPI Antireflection coating

(front and rear)

Thin--film c-Si NAA–FPI/ITO/c-Si/NAA–FPI/Ag 100 11.0 [163]

NAA–FPI Antireflection coating (front) pc-Si NAA–FPI/Ag/SiNx:H/pc-Si (n-i-p)/NAA–FPI/Al 100 11.5 [164]

NAA–FPI Antireflection coating (rear) Si Si/NAA–FPI/(Si/SiO2)–DBR 100 12.5 [188]

NAA–FPI Radiative cooler c-Si – 100 11.9 [186]

NAA–FPI Cathode and scaffold Perovskite (WO3/Ag)/spiro-OMeTAD/MAPbI3/TiO2/NAA–FPI/Al 100 0.06 [184]

NAA–FPI Scaffold Perovskite ITO/MoOx/spiro-OMeTAD/AAOþperovskite/c-TiO2/FTO 100 9.6 [185]

NAA–GIF Antireflective coating

(front)

Polymer NAA–GIF/adhesive/glass/(ITO/TiO2 NPs)/PTB7-Th:PC71

BM/(V2O5/Ag)/encapsulated glass

100 10.0 [189]
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red edges of the PC’s PSB—left and right regions of the band,
respectively) is strongly reduced. Slow photons localized at the
red edge of the PSB increase the number of photon-to-surface
interactions within the PC structures, resulting in the generation

of additional e�–hþ pairs, which can be subsequently used for
driving photocatalytic reactions. In contrast TiO2–NAA–μQVs
can harness the slow photon effect along with confinement
and constructive resonant recirculation of light to drive and

Figure 11. Photocatalytic capabilities of representative TiO2–NAA–PC structures in the photodegradation of organic dye molecules (from top to bottom:
TiO2–NAA–GIF; TiO2–NAA–DBR; TiO2–NAA–μQV; and TiO2–NAA–DBR). a) Schematic showing details of the nanoporous structure of TiO2–NAA–PCs.
b) Representative optical transmission spectra of TiO2–NAA–PCs showing blue and red edges of the PSB or resonance band, where photons at the red
and blue edges slow down their group velocity after interacting with the PC structure. c) Relative optical alignment of red edges of the PSB (λPSB–red) or
resonance band (λR) of TiO2–NAA–PCs fabricated with varying anodization periods (TP) in water and the absorbance spectrum of organic dye molecules
(RhoB Rhodamine B; MB methylene blue; MO methyl orange), with the corresponding k values. TiO2–NAA–GIF: Adapted with permission.[58] Copyright
American Chemical Society. TiO2–NAA–DBR: Adapted with permission.[47] Copyright 2021, American Chemical Society. TiO2–NAA–μQV: Adapted with
permission.[64] Copyright 2019, Royal Society of Chemistry. TiO2–NAA–BDBR: Adapted with permission.[22b] Copyright 2020, American Chemical Society.
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further enhance photocatalytic reaction rates by combining two
optical phenomena in one single PC platform. Light trapping
between the two highly reflective mirrors of TiO2–NAA–μQVs
occurs within a narrow spectral range—bandwidth of the reso-
nance band—in which the number of interactions between pho-
tons and TiO2 increases, boosting the generation of charge
carriers at those spectral regions where light is poorly absorbed
by the photoactive TiO2 (i.e., visible–NIR spectrum). The photo-
catalytic performance of these TiO2–NAA–PCs was assessed by
studying the photodegradation of organic dyes (i.e., Rhodamine
B—RhoB, methylene blue—MB, and methyl orange—MO) with
well-defined absorbance bands across different spectral regions
under visible–NIR illumination.[64] To elucidate the effect of slow
photons and light confinement in enhancing photocatalytic reac-
tions, the relative spectral distance between red edges of the PSB
(λPSB–red) or resonance band (λR) of these TiO2–NAA–PCs fabri-
cated with varying anodization period (TP) in water, and the
absorbance band of organic pollutants, using the photocatalytic
degradation rate (k) as an indicator (Figure 11c). The maximum
photocatalytic performance (kmax) of TiO2–NAA–GIFs and TiO2–

NAA–BDBRs are found to be 0.39 and 0.73 h�1 for the photode-
gradation of RhoB and MO, respectively. λPSB–red for these kmax

values is positioned such that it partially overlaps with the blue
edge of the absorbance band of the organic dyes and these photo-
catalytic enhancements are ascribed to slow photon effects. The
photocatalytic performance of TiO2–NAA–GIFs and TiO2–NAA–
BDBRs with λPSB–red positioned at other spectral ranges is found
to significantly decrease, particularly when λPSB–red is aligned
with the absorbance maximum of RhoB and MO, respectively
(i.e., λAbs-RhoB¼ 554 and λAbs-MO¼ 464 nm). This decay in per-
formance was attributed to the “screening effect”, by which
RhoB and MO molecules prevent incoming light from interact-
ing with the functional TiO2 layers of these NAA–PCs to generate
reactive species to drive these photocatalytic reactions. In con-
trast, the maximum photocatalytic performance of TiO2–NAA–
DBRs (i.e., kmax¼ 3.04 h�1) is achieved when λPSB–red almost
overlaps with the absorbance maximum of MB (i.e., λAbs–

RhoB¼ 664 nm), while k values decrease with the increasing spec-
tral distance between λPSB–red and the absorbance band of MB. A
similar result was obtained for the photocatalytic degradation of
MB by TiO2–NAA–μQVs, which achieve a kmax of 3.55 h

�1 when
λR is positioned near to the absorbance maximum of MB. Thus,
these findings demonstrate that TiO2-based NAA–PCs are prom-
ising photocatalyst platforms to drive photocatalytic reactions by
rationally designing and engineering light–matter interactions in
porous PC structures. Other approaches have also explored the
use of noble metal films[38] and different deposition methods for
photoactive TiO2 layers

[49] to further improve the photocatalytic
performance of TiO2–based NAA–PC photocatalyst platforms.
Lim et al.[38] explored the potential of gold (Au)-coated
TiO2–NAA–DBRs as photocatalyst platforms to enhance
photocatalytic reactions by integrating slow light effect and
SPR. Photocatalytic improvements associated with these two
optical phenomena in Au–TiO2–NAA–DBRs were investigated
by monitoring the photodegradation of MB under visible–NIR
irradiation. This study demonstrated that slow light effect plays
a major role in the efficiency of photocatalytic degradation rates
when compared to SPR effect due to the localized nature of
generated surface plasmons in the Au layer deposited on the

top surface of TiO2–NAA–DBRs. Lim et al.[49] also used a differ-
ent approach to analyze the effect of surface functionalization of
NAA–DBRs with TiO2 for photocatalysis. NAA–DBRs were
surface-functionalized with a TiO2 layer deposited via ALD,
and used as photocatalyst platforms to harness slow photons
for photocatalytic degradation of MB under visible–NIR illumi-
nation. The combinational effect of anodization parameters and
thickness of ALD-functionalized TiO2 layers on the photocatalytic
reaction rates were investigated. This study also provides a com-
prehensive explanation of the mechanism for photocatalytic deg-
radation of MB by TiO2–NAA–DBRs under visible–NIR
illumination, which can be extended to other types of TiO2–

NAA–PC structures (Figure 12). These findings indicate that a
combinational light-induced breakdown mechanism is responsi-
ble for the photodegradation of MB molecules. Upon light illu-
mination, e�–hþ pairs are photogenerated in the conduction and
valence band of the TiO2 layers, respectively (Figure 12a). Charge
carriers then react with redox species and radicals (i.e., OH)
formed on the TiO2 layers coating the inner surface of the nano-
pores, which subsequently further oxidize the reactant mixture
adsorbed onto or close to the photoactive TiO2 layer into clean
CO2 and H2O molecules. Figure 12b depicts an illustration of
the photocatalytic degradation of MB by TiO2–NAA–DBRs under
light irradiation. The photocatalytic enhancement in the photo-
degradation of MB by TiO2–NAA–DBRs is found to be critically
determined by the relative optical distance between λPSB–red and
the absorbance band of MB associated with the slow photon
effect (Figure 12c). This optical mechanism extends the lifetime
of visible–NIR photons within the photoactive TiO2 layers coat-
ing the inner surface of NAA–DBRs. As such, the number of
photon–atom interactions increases, resulting in a higher gener-
ation of charge carriers to drive the photocatalytic reactions.
Since adsorption of MB molecules onto different TiO2–NAA–
DBRs under dark conditions may vary, photocatalytic degrada-
tion is assessed in the form of photocatalytic reaction rates (r)
(Figure 12d).

Crystallinity of TiO2 structures is also found to affect the
conductivity, reactive sites, and lifetime of e�–hþ pairs, which
subsequently improve the overall photocatalytic performance
of TiO2–NAA–DBRs (Figure 12e).

[49] TiO2–NAA–DBRs featuring
anatase phase are demonstrated to outperform their counterparts
containing the amorphous phase of TiO2 due to the higher ten-
dency to confine e�–hþ pairs for photocatalysis. This study also
demonstrates that without the addition of H2O2 in the reactant
solution, MBmolecules can still be partially degraded by the pho-
tocatalyst platform (Figure 12f ). Therefore, the photocatalytic
degradation mechanism cannot alone be explained by the slow
photon effect and its contribution to the photoinduced break-
down of MB by TiO2–NAA–DBRs. Another contributing mech-
anism would involve dye sensitization, where singlet and triplet
states are generated in MB molecules by intersystem crossing
when MB molecules are illuminated with visible–NIR light.
The e� photogenerated from this process are then injected into
the conduction band of the TiO2 layers, where the chemically
adsorbed oxidant O2 groups are reduced to produce O2

�

and�OH radicals on the surface of TiO2 layers. These redox
species and radicals are also responsible for the photocatalytic
degradation of MB molecules. Figure 12g explains the dye sen-
sitization mechanism by demonstrating N-demethylation of MB
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(i.e., one methyl group is removed at a time) through a gradual
blue shift in the absorbance maximum of MB until the two peaks
merge into a single peak at an illumination time of >0.75 h.
The photocatalytic degradation of 4-chlorophenol (4-CP) by
TiO2–NAA–DBRs was also investigated to elucidate if the photo-
catalytic degradation mechanism for this organic molecule, a
model transparent compound, is affected by slow photon effect
and sensitization (Figure 12h). It was found that TiO2–NAA–
DBRs are still able to photodegrade 4-CP under visible–NIR illu-
mination due to the complexation of phenolic compounds on the
surface of TiO2 layers, where e� are directly transferred from
surface-complexed phenol groups into the conduction band of
TiO2 layers deposited on NAA–DBRs under illumination.[199]

Therefore, the light-induced breakdown mechanism is inferred
to be attributable to a combination of slow photon and sensitiza-
tion mechanisms on the semiconducting layers of these compos-
ite photonic crystals. Other factors that affect the photocatalytic
performance of TiO2–NAA–DBRs include the total pore length
of the PC structures and the charge of the organic dye molecules,
where the former factor will increase the available reactive sites
while the latter will increase or decrease the effective absorption
of molecules on the surface of the semiconductor coating.
Table 3 compiles all structurally engineered TiO2-functionalized
NAA–PCs developed for photocatalytic degradation of various
organic pollutants, including a summary of the photocatalytic
performances of these systems in terms of kinetic constant

Figure 12. Investigation of the photoinduced breakdown mechanism for the photocatalytic degradation of MB by TiO2–NAA–DBRs driven by visible–NIR
illumination. a) Schematic showing architectural, chemical, and electronic structure of TiO2–NAA–DBRs under light irradiation in water. b) Digital images
showing a visual depiction of the photodegradation of MB by TiO2–NAA–DBRs under light illumination. c) Representative relative optical alignment of
PSBs’ red edge of TiO2–NAA–DBRs fabricated with varying TP in water and the absorbance spectrum of MB, with corresponding photocatalytic perfor-
mance (k). d) Reaction rate for photocatalytic degradation of MB by representative TiO2–NAA–DBRs under light illumination. e) Bar chart showing the
photocatalytic performance of TiO2–NAA–DBRs with different TiO2 crystal phases. f ) Photocatalytic degradation kinetics of MB by TiO2–NAA–DBRs
showing the effect of the presence of hydrogen peroxide (H2O2). g) Absorbance bands of MB over illumination time from 0 to 1 h with an interval of 0.25 h
photodegraded by representative TiO2–NAA–DBRs. h) Photocatalytic degradation kinetics of 4-chlorophenol (4-CP) and MB by representative
TiO2–NAA–DBRs. Adapted with permission.[49] Copyright 2021, American Chemical Society.
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values (k). Since the effective surface area of TiO2–NAA–PCs,
power of illumination, and concentration of organics in these
studies were the same, a direct comparison between the photo-
catalytic degradation performances of TiO2–NAA–PCs in terms
of light-induced breakdown of organic pollutants is possible. The
slow photon effect has been the most widespread optical phe-
nomenon integrated with TiO2–NAA–PCs (i.e., TiO2–NAA–
GIFs, TiO2–NAA–DBRs, and TiO2–NAA–BDBRs) to photode-
grade model organic pollutants. When we compare the
photocatalytic performances of these composite PC structures,
TiO2–NAA–DBRs generally are superior to other counterpart
NAA-based PC structures. This could be attributable to a more
efficient collection of photons associated with the broad and
intense characteristic PSB of NAA–DBR structures as well as
a better relative spectral alignment between the red edge of
the PSB and the absorbance band of organic pollutants.
However, TiO2–NAA–μQVs provide superior photocatalytic deg-
radation rates when compared to these other TiO2–NAA–PCs
due to the strong confinement and recirculation of incoming
photons across those spectral regions within the resonance band.
When TiO2–NAA–DBRs are coated with Au layers, the photoca-
talytic enhancement is lower than that of TiO2–NAA–DBRs with-
out Au coating. This shows that the slow photon and SPR effects
need to be rationally coupled to efficiently harness both optical
phenomena in TiO2-based NAA–PC photocatalyst platforms.
ALD-functionalized TiO2–NAA–DBRs demonstrated higher k

values when compared to their sol-gel TiO2–NAA–DBRs and
Au–TiO2–NAA–DBRs counterparts in the photodegradation of
MB. This result could be attributed to the better controlled thick-
ness, composition, and homogeneity of the TiO2 layers deposited
onto the inner surface of NAA–DBRs by the ALD method.
Reusability is a fundamental aspect of the development of photo-
catalyst platforms for real-life applications. TiO2–NAA–DBRs,
TiO2–NAA–μQVs, and TiO2–NAA–BDBRs have demonstrated
the outstanding photostability of these composite PC structures
to be reused in the photocatalytic degradation of organic
pollutants without losing performance after five cycles. To
summarize, these studies have demonstrated the successful
applicability of TiO2–NAA–PCs as photocatalyst platforms for
highly efficient photocatalysis. However, these studies have so
far been focused on photocatalytic degradation of organic pollu-
tants in water, particularly organic dyes, which can self-sensitize
into harmless compounds upon light illumination.

Future investigations of photocatalytic degradation of organics
should focus on colorless and resilient compounds with absor-
bance bands in the UV and visible regions of the solar spectrum.
Moreover, different photoactive materials and semiconductors
should be explored to investigate the contributions from other
factors in the photocatalytic efficiency of these model photocata-
lytic platforms. These include quantum efficiency, electron
mobility, electrochemical properties, energy bandgap, and
chemical stability. More fundamental research assessing the
capabilities and limitations of the proposed surface-functional-
ized NAA–PC platforms with different functional layers should
be performed in the future. These studies should evaluate
aspects such as photon-to-electron conversion rate, photosensi-
tivity, reproducibility, chemical selectivity, and stability. Since
the type of semiconductor and noble metal deposition methods
affect the photocatalytic performance of TiO2–NAA–PCs, other
chemical modification techniques could enable better align-
ments between photonic, electronic, and plasmonic characteris-
tics. The use of surface-functionalized NAA–PCs developed in
these studies has been mainly focused on photocatalytic degra-
dation of single organic pollutants in pure form. To translate
NAA–PC technology into fully functional prototypes for real-life
multiplexed photocatalytic applications, the photocatalytic perfor-
mance of surface-functionalized NAA–PCs should be assessed in
decontamination of a wide range of complex organic pollutants,
including real-life samples such as wastewater, groundwater,
drinking water, and extracts from contaminated soil. It is also
important to note that the versatility of surface-modified
NAA–PCs should also be demonstrated for other photocatalytic
applications, including clean hydrogen fuel generation, carbon
dioxide reduction, and air purification.

4.3. NAA–PCs in Photoelectrochemistry

PEC applications are based on the same charge carrier genera-
tion process as photocatalysis (i.e., excitation of a semiconductor
by incoming photons). But, in contrast to photocatalysis, in PEC
recombination is strongly reduced by integrating the semicon-
ductors into an external circuit leading to spatial separation of
the free charge carriers and thus increasing the reaction
efficiency.[200–202] Semiconductor materials can absorb photons
with energy larger than that of the semiconductor’s electronic
bandgap. Such absorption process creates electron–hole pairs

Table 3. Comparison of TiO2-functionalized NAA–PC-based photocatalysts with: optical phenomena, TiO2 deposition method, effective surface area
(SA), power of illumination (P), organic concentration (Corganic), photocatalytic performance (k), and reusability (R) after five photocatalytic cycles.

Photocatalyst Optical mechanism TiO2 deposition
method

SA [cm2] P [W] Corganic

[mg L�1]
k [h�1] R [%] References

MB MO RhoB 4-CP

TiO2–NAA–GIFs Slow photon Sol-gel 1 150 5 2.10 0.25 0.39 – – [58]

TiO2–NAA–DBRs Slow photon Sol-gel 1 150 5 3.04 0.32 0.35 0.15 96 [47]

TiO2–NAA–μQVs Light recirculation Sol-gel 1 150 5 3.55 0.77 1.34 – 98 [64]

TiO2–NAA–BDBRs Slow photon Sol-gel 1 150 5 1.12 0.73 0.24 – 91 [22b]

Au-TiO2–NAA–DBRs Slow photon and

surface plasmon

Sol-gel 1 150 5 2.45 – – – – [38]

TiO2–NAA–DBRs Slow photon ALD 1 150 5 3.95 – – 0.24 – [49]
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(e�–hþ pairs) as free charge carriers. The negatively charged elec-
trons are excited from the valance band (VB) to the conduction
band (CB) of the semiconductor, leaving positively charged holes
in the VB.[200,202] Both charge carriers electrons, and holes, can
induce secondary processes such as chemical reactions due to
their strongly reducing and oxidizing properties, respectively.
Reduction and oxidation reactions take place at the semiconduc-
tors’ surface where molecules are adsorbed. However, in this
process, many charge carriers are not able to reach the surface
of the semiconductor because they undergo recombination. The
integration of an external circuit around semiconductors
photoelectrodes makes it possible to address this constraint by
externally providing the necessary electrons to perform redox
reactions through photoelectrochemistry.[200,202] The working
electrode in a PEC device consists of a semiconductor bonded
to a conductive material. Upon illumination under electromag-
netic radiation of specific wavelengths, the semiconductor mate-
rial in the working electrode generates electrons and holes. The
electrical conductor bonded to the semiconductor connects the
working electrode with a counter electrode, which typically con-
sists of a noble metal such as platinum. Both electrodes are
immersed into an electrolyte solution containing the chemical
species that are to be oxidized/reduced by PEC reactions.
Furthermore, a potential or current is applied between the elec-
trodes to spatially separate the generated (e�–hþ pairs) based on
their charges.[200,202] When the semiconductor gets in contact
with the electrolyte solution, its electronic bands bend at the
semiconductor surface. The formation of this Schottky junction
equilibrates the electrochemical potential difference between
semiconductor and electrolyte as shown in Figure 13.
Depending on the (intrinsic) doping state of the semiconductor,
band bending occurs either upwards or downwards for n-type
and p-type semiconductors, respectively.[202] The bent area is
denoted as the space charge layer or depletion layer wherein
the majority charge carries—electrons in n-type and holes in
p-type semiconductors—are depleted. Application of a potential
between the electrodes of a PEC device can further enhance and
drive this effect. Due to the band bending, e�–hþ pairs are sepa-
rated after their generation according to their charges. For n-type
semiconductors, holes accumulate at their surface (Figure 13a)

while electrons move towards the surface of a p-type semiconduc-
tor (Figure 13b). The respective minority charge carriers are
removed from the working electrode by electrical transport along
the electric connector towards the counter electrode.[202] After
separation, both carrier types induce redox reactions at their
respective electrode. Since holes facilitate oxidations, these take
place at the working electrode in the case of an n-type semicon-
ductor and at the counter electrode for p-type semiconductors.
For the reduction reactions induced by the electrons, it is
vice versa—at the counter electrode for n-type and working elec-
trode for p-type semiconductors. This spatial separation of both
reactions minimizes e�–hþ recombination and therefore signifi-
cantly increases the PEC reaction efficiency compared to photo-
catalytic processes.[200,202] As for photocatalytic reactions, an
increase in the semiconductor effective surface area provides
more active sites for redox reactions since these occur at the
semiconductor’s surface. Consequently, the PEC activity of a
nanostructured semiconductor material is higher compared to
its flat, thin film counterpart for the same macroscopic area.
Hence, NAA is well-suited as a working electrode material for
PEC devices owing to its high specific surface area and its func-
tional surface, which can be precisely tailored with semiconduc-
tors and metals through a wide range of functionalization
techniques (vide supra). Several publications have used NAA
as a template to synthesize nanowires or rods for PEC applica-
tions. To this end, different semiconductors such as copper(I)
oxide (Cu2O),

[203,204] copper tungsten oxide (CuWO4),
[205] copper

bismuth oxide (Cu2BiO4),
[206] copper indium selenide

(CuInSe4),
[207] iron(III) oxide,[208] silver metal (Ag),[209] and also

heterostructures of Fe2O3–Cu2O,
[210] and nickel–bismuth–

vanadate (BiVO4)
[211] have been deposited as nanowires or nano-

rods by electrodeposition into NAA structures featuring straight
pores. Additionally, nanowire and nanotube arrays made of
Cu2ZnSnS4

[212] and iron titanate (Fe2TiO5),
[213] respectively, have

been deposited by solution-based techniques within NAA. In all
these studies, arrays of free-standing nanowires, nanorods, and
nanotubes were obtained upon selective dissolution of the NAA
template. Such an approach increases the accessible specific
surface area of nanostructures for PEC reactions. However, no
tailorable light–matter interaction can be engineered to

Figure 13. Schottky junctions formed at the surface of a semiconductor to equilibrate the energy difference between the semiconductor Fermi level (EF)
and the redox potential of the electrolyte (Eredox). Band bending occurs: a) upward for n-type semiconductors and b) downward for p-type semiconductors.
The depletion layer (DL) influences the movement of photogenerated e�–hþ pairs. a) In n-type semiconductors, hþ are accumulated at the surface and
can induce oxidation reactions in the electrolyte while e� are transported away from the interface. b) Electrons accumulate at the surface of p-type
semicondutors and can reduce adsorbed molecules there.
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maximize photon-to-electron conversion rates at specific spectral
regions.[200,202] An alternative configuration to free-standing
nanostructures is to deposit functional materials onto NAA struc-
tures by ALD for PEC applications and preserve the NAA tem-
plate as support for thin films.[214–217] Since ALD provides high
conformality, the inner surface of NAA nanopores is precisely
coated and heterostructures such as coaxial junctions can be
realized. Jiao et al. applied molybdenum sulfide (MoS2) and
functionalized NAA as a photoelectrochemical biosensor for
microRNA-155—a biomarker in the diagnostic and therapy of
cancer.[214] The working principle of this system is based on
photoexcitation of MoS2 and simultaneous change in ion-
transmitting current due to immobilization microRNA over
the NAA template.

The PEC sensing system achieves an ultrasensitive detection
range of 0.01 fM to 0.01 nM and an ultralow detection limit of
3 aM Photoelectrocatalysis—particularly water splitting—is
broadly considered a PEC process. Barr et al. fabricated coaxial
nanotubular heterostructures made of p-type nickel(II) oxide
(p-NiO) and intrinsic antimony sulfide (i-Sb2S3) (Figure 14a)

and optimized the design of the system to further improve photo-
electrochemical water splitting efficiency.[139,140]Under illumina-
tion, the composite NAA structure exhibited a current density of
0.15mA cm�2 at a potential of 1 V against a silver/silver chloride
(Ag/AgCl) reference electrode. According to the layer
arrangement of the heterostructure (i.e., type II semiconductor
heterojunction), a transfer of electrons photogenerated within
the i-Sb2S3 to the electrolyte is expected. However, this effect
could not be observed. Unexpectedly, injection of holes from
the underlying p-NiO into the electrolyte occurred. Analysis of
the structure showed that the i-Sb2S3 layer shrank and got dis-
continuous upon annealing during the ALD deposition. To pre-
vent this, further optimization of the sample design will be
required.[139,140] The Bachmann group studied the influence
of different geometrical parameters (e.g., nanopore diameter
and length) to improve the PEC properties of Fe2O3-coated
NAA structures.[95,96,215,216] They first reported on the electro-
chemical characterization of Fe2O3-functionalized NAA
structures with different pore diameters and observed an
increase in the current density with increasing diameter.[216]

Figure 14. Photoelectrochemical (PEC) applications are demonstrated for different semiconductor heterostructures. a) A NAA/p-NiO/i-Sb2S3 photo-
anode is designed to efficiently separate generated charge carriers as schematically shown in (i) and (ii). iii) Since the i-Sb2S3 layer shrank during anneal-
ing, hole injection from the underlying p-NiO layer into the electrolyte influenced the PEC properties. (iv) Nevertheless, an increase in the photocurrent
density is observed under illumination. Reproduced with permission.[140] Copyright 2015, Elsevier. b) i) Charge carrier separation in NAA/SnO2/Fe2O3/
IrO2 structures, ii) improved current density compared to systems consisting of only one or two of these materials. iii) Irradiation with simulated solar
light revealed different photocurrent increases of anodes consisting of: a) Fe2O3, b) Fe2O3/IrO2, c) SnO2/Fe2O3, and d) SnO2/Fe2O3/IrO2. Reproduced
with permission.[96] Copyright 2019, Wiley-VCH.
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Furthermore, they used this NAA architecture design to establish
a model system for studying mass and charge transport at the
electrode. Haschke et al. continued this work to optimize
Fe2O3-coated NAA structures and improved the electrocatalytic
current densities by annealing the structures prior to the PEC
characterization.[215] Additionally, they observed the existence
of an optimal pore length of 17 μm and a pore diameter of
�160 nm for efficient water splitting, where the highest current
density of 1.8 mA cm�2 was achieved at an operational 0.69 V
overpotential.[95] Compared to a control as-prepared planar elec-
trode, the current density was found to increase by a factor of
1000 through nanostructuring. Following this optimization of
the electrochemical properties of NAA templates functionalized
with Fe2O3, Bachmann and his team fabricated similar hetero-
structures consisting of tin(IV) oxide (SnO2), Fe2O3, and
iridium(IV) oxide (IrO2).

[96] This heterostructure is designed to
separate the photoexcited charge carriers in the Fe2O3 layer
efficiently, as depicted in Figure 14b.

Generated electrons are transferred to the SnO2 layer while
holes will move across the IrO2 layer towards the electrolyte
and induce oxidation reactions there. A steady-state current den-
sity of 1.36mA cm�2 was achieved at 0.48 V, which is a 17-fold
increase compared to pure Fe2O3. The lower overpotential of
0.38 V reveals a 0.57mA cm�2 current density corresponding
to an enhancement by a factor of 188 compared to the bare
Fe2O3 structure. Moreover, the SnO2/Fe2O3/IrO2 electrodes
show long-term stability for at least 15 h and the onset photocur-
rent is reduced by 300mV against Ag/AgCl reference electrode.
Utilization of NAA–PC structures has not yet been reported for
PEC applications. Nevertheless, it should be relatively easy to
realize since the basic structure is the same as for the reported
straight pores. In addition, NAA–PCs would allow for further
improvement of solar light harvesting by tailor engineering
the optical properties of the composite structures to maximize
semiconductor excitation.

4.4. NAA–PCs in Photothermal Conversion

Solar light can be harnessed to heat materials by the so-called
photothermal effect. In this process, photons are absorbed by
the material and excited electrons relax toward their ground state
via transitions to lower energetic vibrational states.[218–220] Such
transitions are accompanied by the release of heat, which subse-
quently can be used for different purposes, for example, water
purification, CO2 conversion, or spectroscopy.[220–224] Efficient
sunlight-to-thermal energy conversion requires a broad absorp-
tion range over the solar spectrum. This is already present in
many metals and metal compounds but can be further tuned
by nanostructuring these materials.[218–220] The size and shape
of structural features at the nanoscale determine the solar har-
vesting capabilities of a material by modulating the way in which
it interacts with electromagnetic waves. In particular, nanopo-
rous materials can be engineered to reduce the reflection of
incoming light and increase the optical absorption of photons
for conversion processes.[219] To date, several studies have
explored the use of NAA structures as templates for different
photothermal solar harvesting applications. Zhang et al. poly-
merized polyaniline nanoparticles (NPs) in situ into NAA films

featuring straight nanopores to realize a broadband absorption
platform composite material.[225] They observed efficient photo-
thermal conversion by irradiating the structures with artificial
sunlight (power 1000Wm�2). Integration of these NAA struc-
tures into a commercial thermoelectric generator based on the
Seebeck effect revealed an output voltage of 180mV compared
to 0.8 mV by the commercial system for a similar temperature
difference. The application of gold-coated NAA microcantilevers
for infrared (IR) spectroscopy has been reported by Lee et al. as
shown in Figure 15a.[226] Thin Au films were deposited onto both
surfaces of NAA structures and the effect of NAA nanopore size
and Au coating thickness were systematically investigated. NAA
structures featuring 70 nm nanopores in diameter and 40 nm
thick Au films showed the highest photothermal response, which
was found to strongly increase when compared to the same
uncoated NAA structure. Additionally, the molecular detection
sensitivity in photothermal IR spectroscopy was found to
increase by one order of magnitude for acetone detection when
the functionalized microcantilever was applied. Lou et al.
achieved a high photothermal carbon dioxide (CO2) hydrogena-
tion rate by sputter depositing cobalt (Co) NPs onto NAA struc-
tures.[121] The CO2 conversion rate of the system reached
1666mmol gCo

�1 h�1, which is the highest reported for Co-based
systems. Dark amorphous TiOx nanotube arrays were investi-
gated by Liu et al. for solar thermal conversion.[227] NAA struc-
tures were functionalized by TiOx deposition via ALD at 10 nm
coating thickness. The resulting composite structures featured a
broadband absorption. When compared to uncoated NAA struc-
tures, the surface temperature of the TiOx-coated structures
achieved a solar thermal conversion efficiency enhancement of
85.3%. The integration of plasmonic structures in combination
with NAA templates can further improve the solar conversion
efficiency of photothermal processes by harnessing localized sur-
face plasmon resonances (LSPR) at the nanoscale. Irradiating
plasmonic materials with light wavelengths at least equal to their
size excites collective, resonant oscillations of conduction elec-
trons at the material–dielectric interface due to the oscillating
electromagnetic field of the incoming light.[220–222] LSPR energy
is locally released by internal scattering processes, which in turn
heat the local environment of the platform material.[221]

Deposition of NPs consisting of various materials such as
titanium nitride (TiN),[228,229] zirconium nitride,[228] hafnium
nitride,[228] silver,[230] and nickel,[224,231] and co-deposition of gold
and TiO2 NPs[196] leads to increased sunlight-to-energy conver-
sion efficiencies for water vaporization and desalination.
These applications are studied by floating functionalized NAA
membranes (open pores) on top of a water reservoir containing
salt species and illuminating the NAA structure with artificial
sunlight (Figure 15b). Local heating of the composite NAA
structure associated with LSPR upon illumination causes water
evaporation.

The vapor condenses at the containers’ cover plate and the
purified liquid water is guided toward another reservoir.
Nickel NPs deposited onto NAA templates by sputtering
enable a high absorptivity of 97% in the wavelength range of
400–2500 nm.[231] Such membranes feature a vapor generation
efficiency (VGE) of 0.9 kgm�2 h�1 with an increased surface
temperature under solar illumination compared to that of bare
NAA. Cheng et al. observed an enhancement of desalination rate
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Figure 15. Functionalized NAA structures are used for different photothermal applications. a) Au-coated NAA microcantilevers showed enhanced IR
response and were utilized for IR spectroscopy. i) Scheme of the structure design and ii) increasing photothermal IR signal with increasing Au coating
thickness. Reproduced with permission.[226] Copyright 2017, AIP Publishing. b) Schematic of a water vaporization setup using plasmonic functionalization
of NAA membranes. Reproduced with permission.[228] Copyright 2020, American Chemical Society. c) i) Deposition of plasmonic NPs into NAA mem-
branes to increase localized surface temperature under illumination. ii) The optical properties of the different materials could be related to the water
evaporation rate. Reproduced with permission.[228] Copyright 2020, American Chemical Society. d) Co–Ni NP coated NAA–PCs were designed to reduce
the reflection in the IR range to be used as solar thermal absorptionmaterials. i) Schematic of the PC structure and ii) reflectance spectra of samples coated
by Cu–Ni composite NPs under different deposition conditions. Reproduced with permission.[224] Copyright 2017, Elsevier.
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by a factor of 1000 compared to direct seawater desalination
when an NAAmembrane functionalized with silver NPs and car-
bon is utilized.[230] TiN NPs are also reported to improve water
vapor generation through NAA structures.[228,229] Kaur et al. sys-
tematically investigated the influence of NAA nanopore diameter
and TiN sputter deposition thickness of this system. With
increasing nanopore diameter, the hydrophilicity of the mem-
brane increased, whereby water transport through the pores gets
more effective. Regarding photothermal applications, NAA
membranes with 300 nm pore diameter coated by 80 nm TiN
showed the highest performance. Illumination of such TiN
NP functionalized membrane raised its surface temperature,
making it possible to reach a VGE of 92%. Another publication
by Traver et al. reported a VGE of 78% for TiN NP decorated
NAA.[228] In that study, the NPs were drop-casted onto one
NAA membrane surface while vacuum was applied on the oppo-
site side to soak NPs into the pores. This study also investigated
NPs of zirconium nitride (ZrN) and hafnium nitride (HfN) as
plasmonic materials and could correlate the VGE to the absorp-
tivity of the respective structure (Figure 15c). ZrN-functionalized
NAA structures featured a VGE of 88%, whereas it was 95% for
HfN. Correspondingly, the water surface temperate increased to
40.5, 41.0, and 49.7 °C and evaporation rates were 1.1� 0.05,
1.27� 0.04, and 1.36� 0.03 kgm�2 h�1 for TiN, ZrN, and
HfN at a material loading of 2.5 gm�2, respectively. Wei et al.
also demonstrated that an NAA–PC structure can reduce the
IR reflection of a copper–nickel functionalized membrane for
solar thermal absorption purposes (Figure 15d).[224] The NAA–
PCs were produced via pulse-like anodization and copper–nickel
composite NPs were electrodeposited into the nanopores. This
composite material served as a solar heat absorption layer featur-
ing a high absorptivity. The PC geometry could be tuned to
significantly lower IR reflection at the structure’s surface to
further improve the solar thermal absorption properties.
Another raising application of NAA–PC technology across
solar-to-thermal energy conversion is sky radiative cooling
systems. In a pioneering study, Fu et al. used NAA–FPIs as a
passive radiative cooling optical coating.[232] The structure of
NAA films was optimized to achieve high absorbance with nearly
no loss in the far-IR atmospheric window. The authors reported a
cooling power density for this system in the range of 64Wm�2 at
ambient temperature and 70% humidity under a sunlight radi-
ance of AM1.5. The NAA–FPI films were capable of reducing the
temperature to 2.6 °C below the ambient temperature of air. In a
similar study, Liu et al. developed a composite optical film with
NAA–FPIs filled with silica nanoparticles.[232] The resultant film
technology is capable of reducing the temperature to 8.9 and
8.4 °C below the ambient air temperatures at night and day,
respectively. Despite these advances, there remains a broad range
of opportunities to integrate NAA-based PC structures for solar-
to-thermal energy conversion processes. To date, most of these
proof-of-concept studies have focused on NAA as a template to
nanostructure thermo-responsive materials and enhance their
performance by increasing optical absorption and minimizing
reflection. However, the integration of NAA–PC structures such
as DBRs and μQVs would provide new opportunities to harness
other optical phenomena such as slow photons and light
confinement. It is our opinion that such systems integrating

photothermal materials and NAA–PCs would boost the efficiency
of solar-to-thermal energy conversion.

5. Conclusions and Perspective

Tailor-engineered NAA–PC structures with tunable optical prop-
erties are ideal platform material candidates to tackle future
challenges in solar energy conversion via efficient light harvest-
ing and rational management of photons at the nanoscale.
Despite being limited by its electrically insulating composition,
NAA–PCs can be combined with a broad range of functionaliza-
tion techniques to adjust their optoelectronic properties through
the deposition of photoactive materials onto the inner surface of
their nanopores or plasmonic structures in the form of nanopar-
ticles and films. Pioneering studies summarized in this perspec-
tive indicate the potential of NAA–PC technology across several
sunlight harvesting fields including solar cells, photocatalysis,
photoelectrocatalysis, and photothermal conversion. Recent
advances in pulse-like anodization have enabled the realization
of a new variety of NAA-based photonic structures and systems
with precisely engineered optoelectronic properties for specific
light technologies and applications. For example, the structure
and composition of NAA can be judiciously engineered to align
photonic and electronic band gaps to maximize photon–atom
interactions. Optoelectronic engineering can in turn boost the
generation of charge carriers to drive distinct processes and reac-
tions by harnessing a range of light–matter interactions such as
slow light, light recirculation and confinement, hybrid plasmonic–
photonicmodes, and omnidirectional inhibition of light reflection.
Of all the disciplines reviewed in this perspective, it is apparent
that photocatalysis has been the most developed to date. In partic-
ular, the combination of distinct forms of NAA–PCs with
functional layers of titanium dioxide deposited via the sol–gel
method and ALD have demonstrated that these composite pho-
tonic structures achieve superior photocatalytic performances to
those of benchmark materials (e.g., nanoparticles) and analogue
photonic systems (i.e., opal and inverted opal structures). The
rational design of NAA–PC photocatalysts provides new opportu-
nities to harness photons at the nanoscale to drive photodegrada-
tion processes of model organics with well-defined absorption
bands in the UV and visible spectral ranges. Despite these advan-
ces, there remain fundamental and applied questions regarding
the applicability of semiconductor-functionalized NAA–PCs to
drive other photocatalytic reactions and processes in gas and liquid
phases such as water splitting to generate hydrogen and oxygen
gas, reduction of carbon dioxide to carbon monoxide, synthesis
of ammonia, bacterial and viral disinfection, and degradation of
emerging resilient toxicants such as perfluoroalkyl and polyfluor-
oalkyl substances. The use of other semiconductors and carbon-
based materials is also to be explored in this field. NAA-based
structures have also found applicability in solar cells as scaffolds
for photovoltaic materials, radiative coolers, electrodes, and antire-
flective coatings. However, most of these applications used NAA
featuring straight cylindrical nanopores with a homogeneous dis-
tribution of the effective refractive index. The combination of other
forms of NAA–PCs would benefit sunlight harvesting in photo-
voltaic devices by enabling: i) precise alignment of photonic
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and electronic bandgaps; ii) more efficient forms of light–matter
interactions to increase the frequency of photon-to-electron
conversion rates through strong light confinement or multiple
Bragg scattering; iii) reduction of the recombination rate of charge
carriers by nanostructuring of p- and n-type semiconductors to
minimize exciton length using interdigitated configurations.
Additionally, the integration of other optical phenomena such
as surface plasmons and hybrid plasmonic–photonic modes could
further boost photon-to-electron transitions by strongly localizing
incident electromagnetic fields within specific spectral windows.
Similarly, photoelectrocatalysis systems integrating NAA
structures have focused on using these as templates or scaffolds
to grow semiconductor nanoparticles, nanotubes, and nanowires,
and exploiting the resultant composite materials to maximize elec-
tric-field driven photocatalytic processes. However, the function of
NAA in these systems so far has been passive. If we consider the
promising performances reported for semiconductor NAA–PC
systems in photocatalysis and the similarities between photocatal-
ysis and photoelectrocatalysis, it is reasonable to infer that the
incorporation of NAA–PC structures could provide a new degree
of efficiency in these systems by maximizing the collection
photons of specific energies through structurally engineered
light–matter interactions. Distinct forms of NAA–PC structures
have also found promising applicability in solar-to-thermal energy
conversion systems. Particularly, the use of NAA in combination
with semiconductor coatings and plasmonic structures have made
it possible to harness localized surface plasmon resonances to
increase the local temperature and maximize conversion of sun-
light photons into heat energy. Nevertheless, other controllable
forms of hybrid plasmonic–photonic modes such as Tamm plas-
mons remain unexplored. In summary, all studies mentioned in
this perspective indicate that NAA–PCs are a promising platform
technology for sunlight harvesting applications. But despite
some progresses, this field is at its early development stages
and there remain many fundamental and applied questions
regarding the integrability of these photonic structures into
functional systems for sunlight technologies. Developments
in the field have focused on NAA-based structures featuring
straight nanopores, which are the most basic form of photonic
crystal structure. However, advances in pulse-like anodization
have realized novel forms of NAA–PCs, which have already
demonstrated superior performances than that of analogue
systems in specific applications such as photocatalysis.
Additionally, strategies aiming at creating novel hybrid NAA
structures might be of special interest due to their potential
to attain more flexible sunlight harvesting capabilities. It is also
important to note that NAA–PCs still suffer from intrinsic con-
straints such as a low refractive index, which requires NAA–PCs
to have critical thicknesses above those of thin film technolo-
gies. As this perspective indicates, NAA–PCs are also compati-
ble with additive manufacturing, which makes it possible to
engineer unique photonic crystal heterostructures in combina-
tion with opal and inverted opal photonic crystals, nanoporous
metals, and 3D-printed structures. Based on all the evidence
outlined throughout this perspective, it is our opinion that this
is just the beginning, and we remain strongly convinced
that there is still plenty of room to spread the applicability of
this iconic technology across sunlight harvesting applications.
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Appendix A
A.1. Experimental Setups

Home-built setups utilized for the experiments in this thesis are presented in the following
sections. The setups for anodization, ALD, and UV/Vis were previously constructed in
our group, but are nevertheless explained here as they are essential for sample fabrica-
tion and characterization in this work. [336, 337] The photocatalysis setup was designed and
optimized by me in the frame of this thesis.

A.1.1. Anodization Setup

Aluminum anodization is carried out with a home-built anodization setup shown in Fig-
ure A.1. The setup consists of an anodization cell in which the Al sample is placed as
anode and an anodization hat containing the cathode and a stirrer. In detail, the sample is
mounted into the cell by clamping it between the cell bottom and a copper back plate. The
cell is filled with the electrolyte and covered with the hat which contains a noble metal
wire grid as cathode. The copper back plate of the cell has two functions: First, it pro-
vides the electrical contact to the Al sample that is required for electrochemical oxidation.
Second, the cell is placed on the cooling plate and the copper back plate mediates the heat
transfer to ensure a constant temperature of the electrolyte inside the cell. The cooling
plate is connected to a chiller (Haake C25P Refrigerated Bath with Phoenix II Controller,
Thermo Fisher) to allow for precise temperature control during anodization. Anodiza-
tion can be conducted under potentiostatic or galvanostatic conditions. A Keithley 2400
sourcemeter is used as power supply and is connected to the anode and cathode. Applied
potentiostatic or galvanostatic anodization profiles are controlled by a LabVIEW software
developed by Prof. Abel Santos (University of Adelaide). Different profiles such as con-

Figure A.1. Photographs of the anodization setup showing (a) the complete setup with
the assembled anodization cell and hat, (b) the anodization cell, and (c) the
anodization hat.
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Figure A.2. Exemplary pulse-like anodization profile applying rectangular current den-
sity pulses. The pulses are defined by the low and high current densities jlow
and jhigh and the duration at these values tlow and thigh which result in the
pulse duration tpulse.

stant voltage or pulse-like voltage or current density profiles are used depending on the
desired pore wall morphology. Especially the pulse-like profiles (Figure A.2.) allow for
tuning many parameters such as pulse shape, pulse duration, voltage/current amplitude,
increase/decrease rate and shape, or number of pulse repetitions, to name a few. This
versatile control renders precise tuning of the AAO-PhCs structural and hence, optical
properties easily realizable.

A.1.2. Atomic Layer Deposition Systems

Three systems are utilized for ALD of different metal oxides. System 1 and 2 are home-
built devices that are operated for Al2O3 and TiO2 (both system 1) and Fe2O3 deposition
(system 2).1 A commercial ALD System (GEMStar, Arradiance) is used as third system
for deposition of SiO2 and TiO2. All ALD processes are conducted under stop-flow con-
ditions and use nitrogen (N2) 6.0 as carrier gas during the ALD processes. The standard
deposition parameters for the different materials are summarized in Table A.1 including
temperature, carrier gas flow, precursor types, pulse times, exposure times, purge times,
and growth per cycle (GPC) for each process.

1The home-built ALD systems were constructed by Dr. Robert Zierold during his PhD thesis in
2009/2010. [337]
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A.1.3. Photocatalysis Setup

The photocatalaysis setup was constructed and optimized for studying the degradation of
organic dyes by photocatalyst-coated PhC structures. Based on previous work using AAO-
PhCs as templates in combination with a Lumixo S light source as a solar simulator, [336]

the following requirements for the photocatalysis setup have been identified:

• The light source emission spectrum should be mainly located in the visible range of
the electromagnetic spectrum to avoid strong influence of the photoluminescence
of Al2O3.

• Precise control of the distance between the light source and the sample is crucial
as the light intensity decreases with the inverse square of the distance to the light
source. [338]

• Only the sample area of interest should be exposed to the dye solution to prevent
side-reactions from the Al frame or from the backside of the sample.

• The exposed sample area has to be precisely defined and sample exchange should
easily be done.

• The sample has to be located at the end of the sample holder to avoid solution
containing volume that is not irradiated during the measurements.

• The sample holder has to be inert against chemical reactions occurring in the pho-
tocatalysis measurements.

According to these criteria, the photocatalysis setup was built with a modified Euromex
LE.5211 halogen light source, a custom-build photocatalysis cell, and a custom-made
sample stage shown in Figure A.3.. The Euromex LE.5211 light source emits 98.8%
of its spectrum in the visible range, i.e., 400 nm - 750 nm wavelength. Small fractions
of 0.7% and 0.5% are emitted in the ultraviolet range (300 nm - 400 nm) and in the
near-infrared range (750 nm - 900 nm), respectively. The light source was modified by
mounting a pressurized air outlet directly above the bulb for additional cooling during
operation. The photocatalysis cell is made of polyether ether ketone (PEEK) as an inert
material. A sample is fixed in the cell by clamping it between the back plate and an o-
ring whereby the utilized o-ring defines the exposed sample area. At the front site, the
photocatalysis cell has a transparent window of soda-lime glass. The cell is filled with
the dye solution which should be photocatalytically degraded and is then put onto the 3D-
printed sample stage made of polylactic acid (PLA). This stage is constructed in a way
that first, the complete sample is centrally in the beam of the light source. Second, the
stage ensures a fixed distance between the sample and light source. This is very important
as the light intensity scales to the power of minus two with the radius from a light source.
Accordingly, even small differences in the sample-light source distance strongly impact
the light intensity at the sample surface which is related to the measured photocatalytic
activity of the sample. Since the photocatalytic performance of different samples should
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be studied in this setup, the light intensity must be kept constant. Herein, organic dye
solutions are used as model systems to investigate the photocatalytic degradation capabil-
ity of different samples. Such organic dyes serve as model pollutants of water and can
be decomposed by both oxidative and reductive reaction pathways. [339]This allows for
characterizing various materials especially metal oxide semiconductors without the need
of adapting reaction conditions (electrolyte or buffer) or potentials as required for photo-
electrochemical analysis techniques. Based on Lambert-Beer’s law, the dye concentration
c present in a solution can be calculated by measuring the solutions absorbance A after
calibration of the setup: [340]

A = lg
(

I
I0

)
=−ε · c ·d (A.1)

In this equation, I denotes the light intensity after passing through the solution, I0 is
the intital light intensity, d is the distance through the solution, and ε denotes the molar
attenuation coefficient of the solution. Examination of the absorbance is conducted by
UV/Vis transmission spectroscopy. For this, 1 ml of the dye solution is filled into a
cuvette and analyzed in the setup. The general procedure of a photocatalytic measurement
is described in (Section A). Since heating effects of the solution by the light irradiation
occur within the first 10 min of the measurement until a stable temperature is reached, this
time is excluded from the data analysis by setting the data point 10 min after initiating the
photocatalytic degradation as starting point t0 for the analysis.

Figure A.3. Photographs of the photocatalysis setup showing (a) the complete setup in-
cluding the external power supply for the fan, the pressurized air cooling, the
light source, the sample holder, and the sample stage. (b) depicts a front and
top view of the sample holder.

To analyze the efficiency of a photocatalyst, it is important to understand the kinet-
ics behind the process. Heterogeneous photocatalysis typically occurs via the Langmuir-
Hinshelwood mechanism or the Eley-Rideal mechanism. [167, 183–185] The Langmuir-Hin-
shelwood mechanism assumes that both reactant adsorb at the catalyst surface before
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reacting. After the adsorption which is described by a Langmuir isotherm, the catalyzed
reaction occurs. [167, 183–185] In processes following the Eley-Rideal mechanism only one
of the reactants is adsorbed at the catalyst surface. Hence, the reaction occurs between
the adsorbed component and another reactant which is still present in the phase of the sur-
rounding medium. [185] The dye concentration decrease by photocatalytic degradation is
analyzed by assuming Langmuir-Hinshelwood kinetics. [167, 183–185] This photocatalytic
reaction mechanism is applicable to heterogeneous photocatalytic systems where a solid
photocatalyst is immersed into a liquid or gaseous medium containing the species which
is being decomposed, i.e., analyte molecules. Specifically, in the case of Langmuir-
Hinshelwood kinetics, it is assumed that analyte molecules undergo monolayer adsorption
on the surface of the photocatalyst, forming an adsorption-desorption equilibrium, before
initiating the photocatalytic reaction. The equation below describes the general reaction
rate, i.e., concentration change over time:

− dc
dt

= κ · c (A.2)

− dc
dt

=
κ ·K · c
1+K · c

(A.3)

where K is the adsorption coefficient at the surface. This rate equation is not a first order
type anymore, but for diluted solutions with concentrations much smaller than 10-3 mol l-1

as typical the case for organic compound decomposition, it simplifies to Equation A.4
which is a pseudo first-order kinetics equation. [183–186]

− dc
dt

= κ ·K · c = k · c (A.4)

Here, k as the product of the reaction rate constant κ and the adsorption coefficient K
denotes the apparent rate constant. Since k represents the rate constant of the degradation
for a specific photocatalyst, it can be used as a measure for the photocatalytic activity of
the photocatalyst.

Photocatalysis Measurement Procedure

The typical sequence of a photocatalytic measurement is described below.
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Step Time related to
the photocataly-
sis measurement
start

1. Switching on the UV-vis lamp 1 h prior to starting the photocatalysis
measurement. The bulb needs to warm up to provide stable light emis-
sion.

- 1 h

2. Mounting the sample in the photocatalysis sample holder (Fig-
ure A.3.(b)) 1 h before starting the measurement. This time is required
to obtain adsorption-desorption equilibrium of the reactants at the cata-
lysts’ surface which is necessary for reactions according to Langmuir-
Hinshelwood mechanism.

- 1 h

3. Switching on the photocatalysis lamp and opening the pressurized
air valve 15 min before starting the measurements.

- 15 min

4. Calibrating the UV-Vis lamp for the absorption measurement in the
software OceanView.

- 5 min

5. Measuring the absorption of 1 ml of the solution as 0 min point
to start the photocatalysis measurement. Filling the solution back into
the sample holder and placing the sample holder on the sample stage.
Excluding light from the photocatalysis lamp during sample holder po-
sitioning by placing a black shutter plate between the lamp and sample
holder. Finally, putting the black cap over the sample holder to exclude
illumination from the room light.

0 min

6. 5 min after starting the measurement, interrupting the illumination
by placing the shutter plate between sample holder and photocatalysis
lamp. Pipetting 1 ml from the solution into the cuvette, measuring the
absorption in the UV-Vis setup, and pipetting the solution back into the
sample holder. Removing the shutter plate and starting the next 5 min
degradation period.

+ 5 min

7. Repeating the procedure from 6. every 5 min for 70 min after starting
the reaction

+ 10-70 min
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A.1.4. UV/Vis Setups

UV/Vis measurements are conducted by utilizing light sources, cables, sampling acces-
sory, and detectors from OceanOptics and custom-made 3D-printed structures. In Detail,
transmission and reflection setups for solid samples and a absorbance measurement setup
for liquids were construted during my Master’s thesis in 2020/2021. [336] For all setups
data analysis is performed by using the software OceanView from OceanOptics. The
transmission setup is built of a deuterium-halogen light source DH-2000 (OceanOptics),
glass fiber cables (OceanOptics), collimators (OceanOptics), a self-build 3D-printed sam-
ples holder, and a Flame Extended Range Spectrometer (OceanOptics). Light from the
deuterium-halogen light source is guided through a glass fiber cable and collimator to a
sample which is fixed at the sample holder at normal incidence to the beam. The light
transmitted through the sample is collected by a second collimator and guided through
a glass fiber cable to the detector which is connected to the PC. The transmission mea-
surement data is analyzed by using the Ocean View software with the following sampling
parameters: 4 ms integration time, 20 scans to average, and a boxcar width of 5.

Two separate setups are utilized for reflection measurements under 0° and 45° inci-
dence angle. The 0° incidence angle setup utilized the deuterium-halogen light source
DH-2000 (OceanOptics) conncected to a bifurcated glass fiber cable (OceanOptics) that
is positioned at 0° incidence in the reflectance sample holder(OceanOptics). The analyst
end of the cable is mounted to the Flame Extended Range Spectrometer (OceanOptics)
that is connected to the PC. Data acquisition is performed with 100 ms integration time,
5 scans to average, and a boxcar width of 7. At 45°, two glass fibe cables (OceanOptics)
with collimators are used in combination with a 3D-printed sample holder. Sampling
parameters of 500 ms, 5 scans per average, and boxcar width 7 are applied.

The absorbance setup consist of a halogen light source HL-2000 light (OceanOptics)
connected to a glass fiber cable (OceanOptics). The cable is then fixed at the cuvette
holder (OceanOptics) which also connects to the second cable and the Flame Extended
Range Spectrometer (OceanOptics). A 1 ml cuvette is placed in the cuvette holder and it
is covered by a home-made 3D-printed cap to exclude stray light from the surrounding.
Data acquisition parameters are 100 µs integrating time, 30 scans to average, and 10
boxcar width.

xx



A.2. Experimental Parameters of QCM Measurements

A.2. Experimental Parameters of QCM

Measurements

The following ALD process parameters were used for the QCM study discussed in Chap-
ter 3. SiO2 deposition from tris(dimethylamino)silane (TDMAS) heated to 40 °C and
ozone (O3) at room temperature was combined with TiO2 deposition from TTIP heated
to 80 °C and either O3 or H2O as oxygen precursor (both at room temperature) for the
TiO2 growth. The ALD process was conducted with an Arradiance GEMStar XT system
at a chamber temperature of 150 °C, a constant nitrogen (N2) flow of 30 sccm, and in
stop-flow mode. Precursor pulse, exposure, and purge durations for the individual ALD
half-cycles were 0.1 s, 10 s, and 30 s; 2 s, 10 s, and 30 s; and 0.05 s, 10 s, and 30 s for
TTIP, O3, and H2O, respectively for TiO2 growth. SiO2 deposition was performed by
applying 0.05 s, 15 s, and 30 s for TDMAS and 2 s, 40 s, and 30 s for O3. Growth rates of
0.30 Å for TiO2 by using O3, 0.42 Å for TiO2 deposition with H2O, and 0.84 Å for SiO2

are obtained.
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