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1. INTRODUCTION 

Over recent years, semiconductor oxides (SCO) have garnered significant attention due 

to their versatile technological applications. Their non-toxic nature, chemical stability, and 

environmental benefits make them promising candidates for addressing pressing issues such as 

environmental pollution and the global energy crisis. They have been widely explored for 

various applications, including solar cells, UV Visible light emitters, fuel cells, batteries, 

transparent electronics, and photocatalysis [1,2]. In photocatalysis, the process involves light 

absorption, the generation and separation of electron-hole pairs, their migration to the 

photocatalyst’s surface, and the subsequent redox reactions. Due to their high photoactivity, 

SCOs play a crucial role in photocatalyzing diverse reactions such as water splitting, pollutant 

degradation, energy conversion, environmental remediation, and self-cleaning surfaces. These 

properties make SCO-based photocatalysis a transformative approach for tackling 

environmental and energy-related challenges while offering new possibilities in chemical 

synthesis and materials science [3–5].  

Inverse opal photonic crystal (IOPC) materials have emerged as a powerful strategy to 

enhance SCO-based photocatalysis by improving light-harvesting efficiency, charge transport, 

and reaction kinetics [6]. They are materials with a periodic variation in their refractive index, 

which allows for manipulating light propagation within the crystals. They are created by the 

inverse replication of a self-assembled template structure (for example, polymers, silica), 

resulting in an ordered array of voids or pores within a solid matrix. This distinctive structure 

gives inverse opal (IO) a range of interesting optical properties, making them attractive for 

various applications. The periodic arrangement of voids in IO materials gives rise to a photonic 

bandgap (PBG), a range of wavelengths that are forbidden to propagate through the material. 

This bandgap can be tuned by changing the spheres' size, shape, and composition, allowing for 

control over the material's optical properties [7–10].  

Nanolithography and the self-assembly of colloidal microspheres are two prevalent 

techniques employed in fabricating IO structures. Nanolithography, referred to as the "top-

down" approach, is relatively expensive and time-consuming, resulting in only a few structural 

layers of materials [11]. On the other hand, the "bottom-up" method, involving the self-

assembly of colloidal microspheres, offers a cost-effective means of preparing crystalline 

samples comprising several hundred structural layers of varying thickness. In the bottom-up 

approach, various templates such as silica (SiO2), polystyrene (PS), or Polymethyl 
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methacrylate (PMMA) microspheres are meticulously arranged into an opal photonic crystal 

(PC) using methods like self-assembly [12], evaporation [13], stöber method [14], gravity 

sedimentation [15], and dip coating [16,17]. These opal PCs then serve as the templates into 

which the desired precursor or target material is introduced. Subsequently, the template is 

removed through calcination or etching, forming the IOPC. Throughout the preparation 

process, different methods can be employed to fill the precursor or target material, including 

Atomic Layer Deposition (ALD)[18], Chemical Vapor Deposition (CVD) [19], 

Electrochemical Deposition (ED) [20,21], sol-gel method [22,23], and more. 

In this PhD study, I aimed to synthesize, analyse, and characterize ordered nanoporous 

IO structures composed of various oxides and their composites (TiO2, ZnO, Al2O3, TiO2/ZnO, 

ZnO/TiO2, TiO2/Al2O3, ZnO/Al2O3, Al2O3/TiO2, Al2O3/ZnO) using both ALD techniques via 

thermal ALD and plasma-enhanced ALD. My key objectives were to establish a controlled 

fabrication method for periodic polystyrene (PS) nanosphere sacrificial templates with 

diameters of 300 nm, 460 nm, and 600 nm through vertical layer deposition (VLD), which 

served as scaffolds for the subsequent ALD of IO oxides. These parameters critically influenced 

light localization and enhanced photocatalytic activity in the UV and Visible range. 

Additionally, I explored different synthesis pathways using both PS suspensions and powders 

to optimize template ordering, morphology, and structural integrity. My goal was to engineer 

these nanostructured IO materials with tailored compositions and architectures to enhance their 

photocatalytic performance. Specifically, I fabricated both pristine and composite IOs by 

depositing the selected metal oxides onto PS templates of varying sizes, followed by template 

removal via annealing. 

I first focused on synthesizing TiO2, ZnO, and TiO2/ZnO IO structures using PS-300 

templates to maximize PBG effects in the UV Visible region and enhance their photocatalytic 

activities. I then investigated Al2O3-based IO structures and their composites (Al2O3/ZnO and 

Al2O3/TiO2) using PS-460 templates, comparing TALD and PEALD techniques to evaluate 

their influence on film quality, surface morphology, and defect passivation. Finally, I extended 

the study to PS-600-templated ZnO and TiO2 IOs coated with ultrathin Al2O3 layers to fabricate 

bilayer structures aimed at improving photocatalytic activity under UV and visible light.  After 

preparing the IO materials, I conducted a comprehensive characterization of their structural, 

compositional, and optical properties using techniques such as Scanning Electron 

Microscope/Energy Dispersive X-ray Spectroscopy (SEM/EDX), Atomic Force Microscopy 

(AFM), X-ray Diffraction (XRD), Raman spectroscopy, X-ray Photoelectron Spectroscopy 
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(XPS), Photoluminescence (PL), and UV Visible spectroscopy. These analyses confirmed the 

crystalline structures of ZnO and TiO2 and the amorphous nature of Al2O3. I also evaluated 

their photocatalytic performance under UV and visible light by testing the degradation of 

methylene blue (MB), rhodamine 6G (Rh6G), and 4-nitrophenol (4-NP). 
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2. LITERATURE REVIEW 

2.1. Advancements in Inverse Opal Materials 

The development of IO structures dates back to the late 20th century, driven by the need 

to engineer periodic dielectric materials for photonic applications. The breakthrough came in 

the 1990s with colloidal crystal templating, where monodisperse colloidal spheres, typically 

PS or silica, self-assemble into a close-packed template. This template is then infiltrated with 

high-refractive-index materials through sol-gel processing, ED, CVD, or ALD. The subsequent 

removal of the sacrificial template via calcination or chemical etching produces a highly 

ordered porous structure, the hallmark of IOs [23–25].  

The metal oxide-based IO represents a sophisticated class of materials that have 

attracted substantial interest due to their distinctive structural and optical properties, which 

underpin a wide range of potential applications.  These materials embody an advanced level of 

material design, extending beyond conventional metal oxides to incorporate intricate, ordered 

architecture at the nanoscale. Fundamentally, metal oxide-based IOs are 3D periodic structures 

comprising an interconnected metal oxide network with a regular array of air voids 

(macropores)[26–28]. These structures are typically synthesized using a template-based 

approach.  The process involves the self-assembly of monodisperse colloidal spheres, often 

composed of polymers like PS or silica, into a highly ordered face-centered cubic (FCC) lattice, 

thus mimicking the structural attributes of natural opals.  This colloidal crystal serves as the 

template.  The interstitial spaces within the template are then infiltrated with a metal oxide 

precursor.  Finally, the colloidal template is removed through calcination or chemical etching, 

leaving behind a 3D interconnected network of the metal oxide with a periodic arrangement of 

air voids, thus forming the IO structure [13,15,29].   

Inverse opals of Cr2O3, Ga2O3, Fe2O3, and In2O3 were fabricated via PMMA-templated 

infiltration and conversion (Fig. 2.1). The resulting structures exhibited vivid structural colors 

with strong reflectance peaks: Cr2O3 (red, 690 nm), Ga2O3 (orange-pink, 671 nm), Fe2O3 

(maroon, 708 nm), and In2O3 (pink-purple, 636 nm) [30]. The precursor composition strongly 

influenced the quality and color intensity of the metal oxide IOs, with pure metal nitrates 

yielding well-ordered inverse opal architectures. Highly crystalline IOs (e.g., Nb2O5, TiO2) 

were made via soft-hard chemistry, enabling 700 °C treatment without collapse [31]. Other IOs 

(e.g., TiO2, Indium tin oxide) were created by evaporation-induced self-assembly and 

calcination for use in catalysis, energy, and biomedicine [13]. 
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Figure 2.1: SEM images of the IOs of Cr2O3 (a), Ga2O3 (b), Fe2O3 (c), and In2O3 (d) IOs, 

prepared from pure metal nitrates as precursor [30]. 

2.2. Characteristic Properties of IO Materials 

2.2.1. Periodicity 

Periodicity in IO structures refers to the repeating center-to-center distance between 

neighboring pores, which is determined by the diameter of the spheres in the template. Larger 

template spheres result in larger pores and a greater periodicity, as the space between the 

spheres dictates the spacing between the pores. By adjusting the size of the template spheres, 

researchers can precisely control the periodicity of the IO, which is essential for applications 

that require specific pore sizes and periodicity, such as light manipulation and fluid control 

[32–34].  

This periodic arrangement is the key to the photonic properties of IOs. It gives rise to a 

PBG, where specific light wavelengths are forbidden due to interference within the structure, 

and causes Bragg diffraction, leading to high reflection at specific wavelengths depending on 

the periodicity and refractive index contrast [27]. By precisely controlling the size of the 

spheres and the material filling the pores, researchers can fine-tune the periodicity and 

manipulate the resulting PBG for specific applications (e.g., optical sensors, catalysis, energy 

storage)[35–37].  

Additionally, by introducing defects into this ordered structure, light can be further 

localized at the desired structure, offering even greater control over light manipulation. 

Ultimately, this inherent periodicity is what grants IOs their unique optical properties, 

Cr2O3 IO

Fe2O3 IO In2O3 IO

Ga2O3 IO
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including the ability to slow down light, enhance light-matter interactions, and even create 

vibrant colors that change depending on the viewing angle [9,38].  

2.2.2. Photonic Band Gap 

IOPCs mimic semiconductors using a periodic structure to create PBG. This PBG 

restricts light propagation at specific frequencies, like a semiconductor band gap restricts 

electron flow [39]. While the material properties dictate a semiconductor's band gap, the PBG 

in IOPCs can be precisely tuned by controlling the structure and material filling the pores. Due 

to the differing dielectric media and the resulting refractive index contrast within the crystal, 

light is scattered and diffracted from various surfaces, creating a band of forbidden frequencies 

where the interference of scattered waves is destructive in all directions. Light cannot propagate 

within this region, and the greater the refractive index contrast, the wider the PBG becomes 

[29]. A full PBG is a feature only observed in PCs where light propagation is prohibited in all 

directions, while an incomplete PBG or pseudogap, also known as a stopband, prohibits light 

from propagating in only some directions. The wavelength range influenced by the PBG is 

determined by the lattice parameter or characteristic length scale of the crystal structure. The 

ability to tune the PBG to suit specific frequencies is one of the most attractive qualities of PCs 

[40].  

The PBG in IOPCs arises due to the interaction between light and periodic structure, 

causing destructive interference of a certain range of wavelengths in the visible region.  The 

presence of a PBG in IOPCs leads to several important optical phenomena. It can inhibit 

spontaneous emission, control the flow of light, and create localized modes where light is 

confined to specific regions within the crystal. The ability to control the size of the spheres and 

the material filling the pores allows scientists to fine-tune the periodicity and manipulate the 

resulting PBG for specific applications. By introducing defects (e.g., vacancies, pore size 

irregularities, dislocations) into the ordered structure, light can be further localized at desired 

wavelengths, offering even greater control over light manipulation. In one-dimensional (1D), 

2D, and 3D PCs, the periodicity in one, two, or three directions, respectively, leads to unique 

optical properties. The most significant optical phenomena, including the PBG or stop-band, 

the inhibition of spontaneous emission, and the potential for localized modes, are applicable 

across all dimensional systems. The detailed design of PCs, particularly the periodic 

arrangement and refractive index contrast, determines the extent and position of the PBG, 

making these materials highly versatile for photonic applications [6,41,42]. 
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2.2.3. Slow Photon Effects 

IOPC exhibits a fascinating phenomenon called the “slow photon” effect. As light 

approaches the edges of the PBG, its group velocity plummets. This happens because the 

material's dispersion relation flattens in these regions, causing light to travel at a much slower 

pace, leading to a multitude of beneficial effects. By prolonging light-matter interaction 

through “slow photon”, enhanced nonlinear optical effects are achieved, making the material 

ideal for applications like sensors, lasers, and light-harvesting devices. This extended 

interaction time further strengthens the absorption and emission rates of embedded light 

sources like dyes or quantum dots, paving the way for efficient light-emitting devices. At the 

edges of the PBG, light experiences a dramatic reduction in speed, enhancing its interaction 

with the IO material. This effect is particularly strong when the edge of the PBG coincides with 

the absorption band of IO, leading to an increase in light-matter efficiency [43,44].  

Moreover, the “slow photon” effect is beneficial for photocatalysis and other light-

absorbing applications. For example, it has been utilized in thin-film multilayer solar cells to 

selectively enhance light absorption in the active layers, thereby boosting the photocurrent and 

overall efficiency of the solar cells. The “slow photon” effect, which occurs at the red (long-

wavelength) edge of the PBG rather than the blue (short-wavelength) edge, was found to be 

more effective in enhancing photocatalysis[45,46]. 

2.3. Atomic Layer Deposition 

ALD presents a promising and innovative synthetic pathway for creating IOs due to its 

exceptional step coverage, conformality, and ability to grow dense films with precise control 

over atomic structures. It is a deposition technique used to produce thin films with utmost 

precision at the atomic scale. It involves sequentially depositing individual atomic layers, 

typically through self-limiting surface gas-solid reactions. It involves the sequential 

introduction of two or more reactants, referred to as precursors, into a reactor. This process 

occurs under precisely controlled pressure and temperature conditions, enabling the layer-by-

layer deposition of material onto the surface of a target substrate. The substrate is typically 

placed in a dedicated chamber that is integrated with the ALD reactor to ensure uniform coating 

and process stability [47]. 

To produce IO structures through the ALD method, the initial step involved the self-

assembly of polymer templates on a substrate such as glass, a metal sheet (e.g., Al, Cu, or 

stainless steel), or a silicon wafer. These templates facilitated the formation of polymer 
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colloids. Next, the precursors (consisting of metal and oxidants) were introduced into the ALD 

reactor by sequentially employing N2 or Ar gas. To transform the opal into ALD metal oxide 

IOs, the infiltrated opal underwent a high-temperature (500 °C) treatment in the presence of 

air. This process led to the decomposition and evaporation of the polymer opal layer, leaving 

behind the desired metal oxide IO structure [6,48,49].  

There are two common types of ALD deposition methods used in IO synthesis: TALD 

and PEALD, which differ in the energy source used for deposition.  High-quality ZnO inverse 

opals (IOs) have been successfully synthesized using TALD at temperatures between 160–

240 °C. By adjusting the deposition temperature and number of ALD cycles, high-quality, 

periodically arranged IO structures can be achieved. Additionally, ALD has been employed to 

deposit protective layers of TiO2 or Al2O3 on the prepared ZnO IOs [33].  

Similarly, it was reported that a 0.25 nm SiO2 layer deposited by ALD on TiO2 IO 

structures, synthesized via sol-gel infiltration of PS opal templates followed by calcination, 

enhanced photocatalytic activity by 112 %, whereas thicker SiO2 layers (>3 nm) hindered 

charge carrier transport to the surface. In contrast, Al2O3 ALD coatings on TiO2 IO 

significantly suppressed photocatalytic activity, with even a 1 nm layer reducing performance 

by over 90%. These results highlight the critical influence of ALD parameters, coating 

thickness, and material selection on the photocatalytic activity of IO-based composite 

structures [50]. 

Plasmas in PEALD were commonly generated from O2, N2, H2, or their mixtures, 

serving as reactant gases. They replaced the ligand-exchange mechanisms used with H2O or 

NH3 and enabled deposition of metal oxides, metal nitrides, and metal films. Plasmas were also 

generated in gases or vapors such as NH3 and H2O, which cause simultaneous plasma and 

surface reactions. PEALD required complexity and cost than TALD. It needed a plasma source 

with an RF power supply and extra gas flow controllers, and a pumping capacity was necessary. 

Reactor design was more intricate to ensure uniform exposure of substrates to short-lived 

radicals [51–53].  

Another study explored plasma-enhanced spatial ALD for TiO2 thin films on both 2D 

and 3D substrates, providing insights into crystallization and deposition mechanisms. It was 

reported that while this deposition method enabled conformal coating on high-aspect-ratio 

structures, partial crystallization occurred within 3D architectures due to variations in film 

thickness, highlighting the significance of thickness-dependent crystallization in complex 
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geometries [54]. Additionally, the research indicated that oxygen radical recombination 

probabilities in atmospheric pressure at 200°C were comparable to those in low-pressure 

PEALD, implying that differences in film conformality were influenced more by radical 

density and diffusion than by recombination effects. Furthermore, investigations into PEALD 

of TiO2 in high-aspect-ratio trench structures (1:30) demonstrated that optimizing plasma 

exposure time and deposition temperature significantly improved step coverage, achieving 

over 95% conformality. These findings underscored the potential of PEALD for high-k 

dielectric applications and emphasized the necessity for process refinements to ensure 

uniformity in intricate nanostructures [55].  

Furthermore, Studies demonstrated that ALD enabled the synthesis of various metal 

oxides, including TiO2, ZnO, Fe2O3, and their composites. These inverse opals exhibited 

unique light-interaction properties, such as PBG effects, which enhanced their photocatalytic 

performance. They showed strong photocatalytic activity under both UV and visible light for 

pollutant degradation, while composites such as TiO2/Fe2O3 achieved superior performance 

due to bandgap harmonization (engineering the energy band gaps of different materials in a 

heterostructure)  and PBG enhancement, highlighting their potential for efficient photocatalysis 

[56–58]. 

2.3.1. Summary of ALD methods: TALD vs PEALD 

TALD relies on thermal energy to activate surface reactions, enabling the growth of 

high-purity, conformal thin films through sequential, self-limiting steps. The deposition 

typically operates within a temperature window of 150–350 °C and at low pressures (~0.1–1 

Torr), ensuring uniform film growth on substrates such as Si wafers, glass, platinum, and 

porous opal templates. The process commonly employs thermally stable precursors such as 

(e.g., TiCl4, titanium isopropoxide (TTIP), diethyl zinc (DEZ), along with H2O as the oxidant. 

While TALD offers excellent conformality on high-aspect-ratio such as features with deep 

pores or trenches, where the height or depth is much greater than the width, such as nanoporous 

or 3D architectures, its slower reaction rates and higher temperature requirements restrict its 

use with thermally sensitive materials and limit large-area scalability [59,60].  

PEALD utilizes plasma to generate highly reactive species such as ions, radicals, and 

excited neutrals, which significantly enhance surface reactivity compared to purely thermal 

processes. These reactive species are typically produced using radiofrequency (RF) or 

inductively coupled plasma sources, enabling efficient activation of precursors even at lower 

substrate temperatures. PEALD operates under low-pressure conditions (typically 0.1–1 Torr) 
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and within a temperature range of 80–200 °C, which is considerably lower than the 150–350 

°C required for TALD. The plasma activation accelerates the surface reactions, leading to faster 

deposition rates and more complete ligand removal, which results in denser films. This low-

temperature capability makes PEALD particularly suitable for temperature-sensitive substrates 

such as polymers, flexible electronics, photoresists, and organic-inorganic hybrid materials, 

where high heat could cause deformation or degradation. Although PEALD produces films 

with enhanced density, improved mechanical properties, and broader precursor compatibility, 

the addition of plasma generation and control systems increases equipment complexity, 

maintenance requirements, and overall process cost compared to TALD [51,61,62]. 

2.4. TiO2 Inverse Opal 

Anatase, brookite, and rutile are the three crystalline forms of TiO2, a white, stable 

substance. Anatase exhibits significant photocatalytic activity, although rutile is the most stable 

[63]. TiO2 has a high refractive index (> 2.5), strong biocompatibility, and other favourable 

properties such as chemical stability, non-toxicity, and excellent optical transparency.  Its 

optical properties, such as its band gap (approximately 3.2 eV for anatase and 3.0 eV for rutile), 

photonic localisation, “slow photon” effect, super prism effect, and negative refraction effect 

(light bending opposite to the normal direction), have garnered a lot of attention. rendering it 

beneficial for plastics, paints, and coatings. In sunscreens and self-cleaning surfaces, it is a 

semiconductor with strong UV absorption that is water-insoluble and resistant to acids and 

bases [64,65].  

Inverse opal TiO2 photocatalysts are fabricated using various bottom-up techniques, 

such as the sol-gel method, ALD, electrodeposition, and vapour-liquid methods with an opal 

template, resulting in a material with a 3D periodic structure and excellent optical properties. 

The general procedure for preparing TiO2 IOPCs involves using colloidal crystal templates, 

where materials like silica, PS or PMMA are arranged into an opal tempelate via methods such 

as gravity sedimentation, centrifugal sedimentation, self-assembly, evaporation, or dip coating. 

The resulting IO structure has a large specific surface area (50–150 m²/g), and the optical 

properties of PCs [66–68]. 

ALD represents a relatively recent advancement in vapor deposition techniques, 

offering a unique approach to thin film growth. This method relies on the sequential 

introduction of gaseous precursors into a reaction chamber, separated by inert gas purges. Film 

deposition occurs through self-limiting surface reactions between these precursors and the 
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substrate surface. This layer-by-layer growth mechanism provides exceptional control over 

film thickness, uniformity, and conformality, even on complex three-dimensional structures. 

Particularly, ALD has emerged as a powerful tool for the fabrication of IO TiO2 and its 

composite structures, leveraging its precise deposition capabilities to create intricate and highly 

ordered architectures. In ALD of TiO2 synthesis (Fig 2.2 a-c), the typical titanium precursors 

utilized encompass titanium tetrachloride (TiCl4) and a range of titanium alkoxides, notably 

titanium isopropoxide and titanium ethoxide, while the oxygen source is most commonly H2O, 

although alternative oxidants such as O3 or O2 plasma can be employed to tailor the resulting 

film characteristics and process parameters [37,69,70]. 

 

Figure 2.2: Schematic representation of TiO2 synthesis via ALD using various 

precursors: (a) titanium isopropoxide  and H2O [69], (b) tetrakis(dimethylamino) 

titanium (TDMATi) and H2O [70], and (c) the ALD-synthesized TiO2 IO structure [37]. 

TiO2 IOPCs can be modified chemically or physically to enhance their performance 

and provide new capabilities. Modification techniques for compost forms include 

semiconductor composites, noble metal deposition, non-metal components or metal ion 

doping, and quantum dot sensitisation. The modification of TiO2 IOPCs is a crucial step toward 

broadening their applications across various fields, including chemical sensors, solar cells, and 

photocatalysis. Noble metal deposition is a prominent modification method, as it can enhance 

the optical properties and catalytic activity of TiO2 IOPCs. For instance, depositing noble 

metals like Au, Pt, or Ag nanoparticles onto the TiO2 IO surface can improve the efficiency of 

photocatalytic processes by facilitating charge separation and enhancing light absorption. 



23 
 

Zulfiqar et al. detailed a method for fabricating TiO2 IO structures involving the self-assembly 

of colloidal particles, followed by TiO2 precursor infiltration and calcination. To enhance 

photocatalytic activity, Au nanoparticles were introduced by immersing the TiO2 IO structures 

in an Au nanoparticles solution (Fig. 2.3a) [71]. In a separate study, Birnal et al. synthesized 

TiO2-Au composite IOs and planar films using ALD with direct liquid injection, where ALD 

was used for TiO2 deposition and preformed Au nanoparticles were injected (Fig. 2.3b). This 

process involved depositing a thin TiO2 layer after the Au nanoparticles deposition and a final 

annealing step to remove the template and crystallize the TiO2 [72]. Lei et al. reported that Ag 

nanoparticle-decorated spherical TiO2 IOs were synthesized using extraction-assisted micro-

emulsion self-assembly and a wet-chemical method. The resulting Ag-decorated TiO2 

maintained its microstructure, showed a reduced band gap (~2.6eV), and exhibited improved 

photocatalytic activity (1.7 times higher) compared to pristine TiO2 IOs. These Ag-decorated 

TiO2 IOs demonstrated enhanced photodegradation of MB and showed effective inhibition of 

photogenerated charge recombination, highlighting their potential for photocatalysis 

[73].  Furthermore, TiO2 IO structures were fabricated via infiltration and functionalized with 

Au, Ag, and Au/Ag core-shell metal nanoparticles (Fig. 2.3c). Their photocatalytic activity, 

assessed through the gas-phase conversion of acetylene to CO2, showed enhanced performance 

in all metal-functionalized structures, with the gold-silver core-shell nanoparticle-decorated 

TiO2 IO exhibiting the most significant improvement [67]. 

Non-metal elements or metal ion doping is an effective strategy to modify the properties 

of TiO2 IOPCs. The introduction of elements such as N, F, or metal ions can alter the electric 

band structure of TiO2, thereby enhancing its response to visible light and improving its 

performance in photocatalysis and solar cell applications. For example, Hu et al. reported a 

method for fabricating N-doped TiO2 IO films using a one-step co-assembly of polymer 

colloidal spheres and a titania precursor. This approach eliminates the need for preassembled 

colloidal crystal infiltration and separate chemicals for titania formation and nitrogen doping. 

The resulting films, produced with an optimized amount of titanium (IV) bis(ammonium 

lactato) dihydroxide, exhibited enhanced visible light photocatalytic activity, demonstrating 

their potential in applications such as environmental purification, water photoelectrolysis, and 

dye-sensitized solar cells [74]. Furthermore, Xu et al. developed a new and simple method to 

fabricate N-F-codoped TiO2 IO films with a hierarchical meso-macroporous structure using a 

liquid phase deposition process with a silica colloidal crystal template. The resulting N-F-

codoped TiO2 IO films demonstrated a significantly higher MB visible-light photodegradation 
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rate, achieving a rate 6.6–7.4 times greater than that of similarly doped films without the 

inverse opal structure, which underscores the profound efficacy of this synergistic modification 

strategy[75]. 

 

Figure 2.3: Schematic representation of the fabrication of TiO2 IO decorated with metal 

nanoparticles (a-b), TiO2 IO/Au, and (c) TiO2 IO decorated with Au and Ag [68,71,76]. 

2.5. ZnO Inverse Opal 

ZnO, particularly in its IO form, has garnered significant attention in photocatalysis due 

to its advantageous physical and chemical properties. Its low cost, straightforward synthesis, 

chemical stability, and low toxicity render it an environmentally friendly option for large-scale 

applications. Besides its photocatalytic capabilities, ZnO is a promising optoelectronic material 

with potential as a short-wavelength light source, owing to its wide bandgap (3. 37 eV at room 

temperature) and high exciton binding energy (~60 meV), both of which enable efficient 

emission in the near-UV region. Although its refractive index (~2.2) is not sufficient for 

creating a complete omnidirectional PBG, it can still facilitate directional pseudogaps. 

Furthermore, ZnO benefits from high electron mobility, which supports the rapid transfer of 

photon-generated electrons to its surface, thereby enhancing photocatalytic performance. When 

structured into IOs, ZnO attains additional advantages, such as a higher specific surface area 

and enhanced photocatalytic activity compared to bulk or non-structured ZnO, along with 

improved light harvesting through PC effects, making these structures highly promising for 

environmental and energy-related photocatalytic applications [77–80]. 
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Among various techniques for synthesizing ZnO IOs, ALD stands out as the most 

common and effective method. ZnO synthesized via ALD exhibits exceptional uniformity, 

conformality, and atomic-level thickness control, making this technique particularly suitable 

for applications demanding precise nanoscale engineering. The synthesis process is governed 

by alternating, self-limiting surface reactions between vapor-phase precursors, enabling layer-

by-layer film growth with sub-nanometer accuracy (See Fig. 2.4). The selection of suitable 

precursors is critical to achieving high-quality ZnO. Zinc precursors commonly employed in 

ALD include diethylzinc (DEZ) and zinc acetylacetonate, while water is typically used as the 

oxygen source. These precursors must fulfill several fundamental criteria: they must possess 

adequate volatility at the deposition temperature to allow efficient vapor transport, undergo 

irreversible chemisorption on the substrate surface, and avoid thermal decomposition or 

incorporation into the growing film matrix [81,82]. 

ZnO synthesized via ALD is particularly advantageous for fabricating complex 

nanostructures, such as IOs, due to the method’s ability to uniformly coat high-aspect-ratio and 

three-dimensional substrates. Furthermore, using alternative oxidants such as ozone (O3) or 

oxygen plasma provides additional degrees of control over film composition, crystallinity, and 

electronic properties, broadening the applicability of ZnO films in advanced electronic and 

optoelectronic devices. Experimental studies have validated the precision and tunability of ZnO 

films grown by ALD. For example, Boyadjiev et al. reported the successful deposition of 

ultrathin ZnO layers (~20 nm) using DEZ and H2O as precursors, achieving nanometer-scale 

control over thickness, which is essential for gas sensing applications [83]. In another study, 

ZnO quantum dots were deposited onto graphene substrates via ALD, with film thickness 

varied between 2 and 7 nm by modulating the number of deposition cycles. Such fine control 

is critical in optimizing performance in lithium-ion battery anodes [84,85].  
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Figure 2.4: Representation of one ALD cycle (ZnO) with the sequential precursor exposure 

[86]. 

Combining ZnO IO architectures via ALD emerged as a highly effective strategy to 

enhance photocatalytic performance, particularly under UV illumination. ALD provided 

unparalleled precision in tuning the thickness, crystallinity, and uniformity of ZnO films, 

enabling their conformal coating onto polymer sphere templates to produce ordered porous IO 

structures. These photonic architectures leveraged “slow photon” effects and high surface areas 

to boost light harvesting and photocatalytic activity. Long et al. demonstrated that ZnO IOs 

fabricated via ALD and subsequent annealing exhibited tunable optical properties and superior 

UV-driven degradation performance. The formation of ZnO/TiO2 (Fig. 2.5)  heterostructures 

via ALD further improved efficiency by facilitating effective charge separation, making them 

promising candidates for environmental remediation applications such as water purification 

and pollutant degradation [33]. 

 

Figure 2.5: Fabrication of ZnO-IO conformally coated by multi-step ALD deposition [33]. 

Beyond IO architectures, various fabrication approaches such as bilayer nanofilms [87], 

hybrid nanosheets [88], and nanowire arrays [89], broadened the functional versatility of ZnO-

based photocatalysts. Techniques like low-temperature ALD on electrospun sacrificial layers 
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allowed to production of ultrathin nanofilms, with bilayer ZnO/TiO2 structures showing the 

highest activity due to efficient spatial charge separation [83]. Hydrothermal growth on ALD-

seeded substrates yielded vertically aligned ZnO nanowires, which were enhanced by 

integrating noble metals or sulfides for better stability and performance [90]. Additionally, 

ALD enabled uniform deposition on complex 3D substrates, including sponges, membranes, 

and opal crystals, greatly expanding the range of photocatalytic designs. ZnO heterostructures 

in various morphologies, especially with materials like Ag, Cu2O, or Mn3O4, exhibited tailored 

properties[91–93]. Optimization of layer thickness and the use of co-catalysts such as Pt further 

elevated performance, while magnetic components like Fe2O3 cores allowed easy recovery 

without compromising catalytic efficiency [94,95]. 

2.6. Al2O3 Inverse Opal 

Al2O3, commonly called alumina, is a vital ceramic material known for its multiple 

polymorphic forms and broad industrial utility. Among these, the thermodynamically stable α-

Al2O3 (corundum) phase stands out due to its exceptional mechanical strength, superior thermal 

and chemical stability, and resistance to corrosion and oxidation. These attributes make it ideal 

for use in abrasives, refractories, electronics, and protective coatings. Meanwhile, metastable 

phases such as γ-, δ-, and θ-Al2O3 exhibit high surface areas and pronounced catalytic activity, 

making them well-suited as catalysts, catalyst supports, and adsorbents. However, these 

metastable forms tend to irreversibly convert to the stable α-phase at high temperatures 

(~1100 °C), often resulting in pore collapse and diminished catalytic performance [96,97]. 

A more advanced iteration of this material, the Al2O3 IO, combines the advantageous 

properties of alumina with a highly ordered, 3D porous framework. Typically fabricated via 

colloidal crystal templating followed by infiltration and thermal processing, these structures 

exhibit periodic mesoporous or macroporous architectures. In the α-Al2O3 form, the IO 

structure not only preserves thermal stability but also enhances photonic and catalytic 

properties due to its interconnected pores and robust framework. These characteristics render 

Al2O3 IOs highly promising for applications in photonic crystals, sensors, catalysis, and high-

temperature membranes, owing to their structural order, porosity, and thermal resilience[98–

100]. 

Studies showed that, based on the combined SEM and XRD analyses (Fig. 2.6 and 2.7, 

respectively), a clear correlation was observed between the microstructural evolution of the 

alumina inverse opals and their crystallographic phase transitions during heat treatment. After 
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template removal by calcination at 500 °C for 30 minutes, the structure exhibited a well-

ordered, shell-like macroporous network corresponding to an amorphous alumina phase, as 

confirmed by the absence of crystalline peaks in the XRD patterns. Sintering at 1200 °C for 1 

hour initiated the γ- to α-Al2O3 phase transformation, while the SEM images showed that the 

macroporous architecture largely remained intact, with only faint surface features marking the 

onset of α-phase formation. Further heating at 1400 °C for 8 hours led to the development of 

these features into a vermicular, porous network through neck growth and grain boundary 

elimination, yet the ordered framework retained its structural integrity without significant 

collapse or densification. The XRD results corroborated this evolution, revealing a sequential 

phase transition from amorphous or boehmite alumina to γ-Al2O3 around 1000 °C and finally 

to the thermodynamically stable α-Al2O3 (corundum) phase at 1200 °C [101,102]. 

 

 Figure 2.6: SEM images of Al2O3 as a function of heat treatment [101]. 
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Figure 2.7. XRD shows γ-Al2O3 shows precursor (boehmite)[102]. 

Al2O3 has emerged as a versatile material, commonly utilized as a coating or dopant on 

various surfaces, including those of materials and inverse opals, due to its exceptional 

properties that enhance performance across a wide range of applications. A prominent approach 

in this context is the infiltration of Al2O3 into silicon IOs using ALD, as reported by Gallego-

Gómez and colleagues. This technique was designed to passivate silicon nanocrystals, 

addressing PL instability induced by surface defects [103]. Similarly, Coll et al. explored the 

use of Al2O3 as a supporting layer in IO fabrication, where conformal deposition via ALD at 

low temperatures preserved template integrity [104]. In a related study, Graugnard and 

collaborators demonstrated the application of Al2O3 as a sacrificial buffer layer in the 

fabrication of non-close-packed inverse opals [105]. Furthermore, Al2O3 has been utilized in 

various applications. Lopez et al., used ALD to create Al2O3/ZnO multilayers with tunable 

optical properties for UV optoelectronics [106]. Nasr et al., [107] and Zhang et al. [99] 

enhanced optical, structural, and photocatalytic performance by doping ZnO with Al2O3. 
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2.7. Applications of Inverse Opal Materials 

2.7.1. Photocatalysis 

Photocatalysis uses light to drive chemical reactions for various applications, including 

water purification. IOPCs are emerging as promising materials in this field with their unique 

properties. These crystals possess a unique structure and light-manipulating properties that 

make them photocatalytic. Their highly porous and interconnected network offers a large 

surface area for reactants to interact with, facilitating efficient mass transfer. Additionally, the 

"slow photon” effect within the structure increases light absorption and interaction with the 

material, boosting the efficiency of photocatalytic reactions. These features make them 

promising for various applications like water purification, pollutant degradation, and hydrogen 

production [108–111]. 

Extending this concept, F-centers (or color centers), anion vacancies within the crystal 

lattice that trap one or more electrons, further enhance photocatalytic activities through defect 

engineering. Based on the number of trapped electrons, they are classified as F-centers (one 

electron), F+-centers (partially filled), and F2
+-centers (vacant). These defect states act as active 

sites influencing light absorption, charge separation, and electron transfer dynamics. 

Specifically, F-centers enable visible-light absorption by promoting electron excitation from 

defect levels to the conduction band, while F+-centers aid in charge carrier trapping to suppress 

recombination losses. F2
+-centers, on the other hand, function as electron acceptors that 

improve redox balance during photocatalytic reactions. These F-center variations fine-tune the 

electronic structure and surface reactivity of oxide-based photocatalysts such as TiO2, ZnO, 

and CeO2, optimizing their efficiency under visible-light-driven photocatalytic conditions 

[85,112,113]. 

2.7.2. Photocatalytic Dye Degradations 

Photocatalytic dye degradation utilizes light and a catalyst to break down organic dyes. 

IOPCs with a periodic air void structure have emerged as promising photocatalysts due to their 

unique properties [114,115]. Several studies have explored the effectiveness of IOs for dye 

degradation: Birnal et al. investigated IO TiO2 and found them to achieve the highest 

degradation rate (90% in 10 hours) for MB dye under UV light compared to planar and rutile 

TiO2. This is attributed to their high surface area and PC properties, highlighting their potential 

for wastewater treatment [68]. Besides, Bakos et al. also utilized carbon nanospheres for the 

first time to create titania IOPC materials for degrading organic dyes. This method offered 
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higher thermal stability and easier removal compared to conventional methods, suggesting the 

potential for visible-light-driven photocatalysis [116]. Wang et al. fabricated IO SnO2 and 

found it to be significantly more effective (1.4 times) than conventional SnO2 in degrading 

Rhodamine B dye under visible light. This is due to its larger surface area, facilitating 

adsorption and mass transfer, and its narrower bandgap, enhancing light absorption. This work 

emphasized the promise of IOs for developing efficient photocatalysts for various pollutants 

[117]. 

Meng et al. also investigated the impact of pore size and the “slow photon” effect on 

photocatalytic degradation using 3D inverse opal Zinc oxide photonic crystals (ZnO-PCs). 

They found that the rate constant is influenced by the competition between surface area and 

mass transport, while the “slow photon” effect enhances photocatalytic efficiency when 

pollutants are absorbed by the ZnO-PCs (See Fig. 2.8a). This study provides valuable insights 

for developing advanced functional materials [41]. Zalfani et al. studied TiO2 nanocomposites 

decorated by ZnO quantum dots (ZnO QDs@3DOM TiO2) and found them to significantly 

enhance photocatalytic activity for RhB dye degradation compared to pure three-dimensionally 

ordered microporous (3DOM) TiO2. This is due to the synergistic effect of quantum size effects 

and the 3DOM structure, promoting efficient separation of photogenerated electron-hole pairs 

and enhancing light absorption [28]. 

A study developed a two-step process to fabricate ZnO/TiO2 IO for efficient 

degradation of MB. The ZnO/TiO2 composite IO exhibited the highest activity due to 

suppressed electron-hole recombination and improved chemical stability. Additionally, the 

activity increased with increasing IO wall thickness due to a larger catalyst amount and 

enhanced light scattering. This method offers a promising approach to environmental 

remediation [118]. Another study investigated the photocatalytic degradation of acetylene 

using multi-compound IO structures functionalized with AuNPs. These structures, made from 

TiO2, TiO2-SiO2, and TiO2-ZrO2, showed high activity (See Fig. 2.8b) under UV light, 

especially in the presence of gold nanoparticles (AuNPs). Additionally, AuNPs enabled activity 

under visible light [76]. 
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Fig. 2.8: Schematic representation of photocatalytic processes, (a) Under UV light, ZnO-PC 

directly absorbs light, exciting electrons (e⁻) and creating holes (h⁺) for photocatalysis (left). 

Under visible light, dye molecules (RhB or MB) absorb light, inject excited electrons into 

ZnO-PC, and participate in photocatalysis (right) [41] and (b) Photocatalytic activity in AuNP 

TiO2/ZnO IO structure [119]. 

2.7.3. Photocatalytic Water Splitting 

Photocatalytic water splitting is a promising method to generate clean energy from 

sunlight. However, materials like metal oxide semiconductors (ZnO, TiO2, WO3, Fe2O3…) 

suffer from low efficiency due to limited light absorption and fast recombination of charge 

carriers. Researchers are exploring solutions like film coatings, doping, noble metals 

deposition, semiconductor recombination, and material integration to improve efficiency and 

overcome these limitations. ZnO-based structures, particularly IOs, are promising options for 

enhanced performance. This study demonstrates the effectiveness of using ALD to fabricate 

ZnO IOs with superior performance compared to traditional methods. Additionally, protective 

layers of TiO2 and TiO2/Al2O3 improve the stability of these structures [120–123].  

The synthesis of IO photoelectrodes for photoelectrochemical water splitting utilizes 

templating methods like colloidal crystal templating to create highly porous, three-dimensional 

architectures that enhance light absorption, charge separation, and transport. Zhou et al. 

developed Mo-doped BiVO4 IO structures using a controllable colloidal crystal template 

method, improving conductivity and increasing the active surface area, leading to significantly 

enhanced photocurrent density. Similarly, studies have shown that materials such as Mo-doped 

BiVO4 and Bi2WO6 benefit from the “slow photon” effect and superior light-harvesting 

properties, further boosting solar-to-hydrogen conversion efficiency. Additionally, a 3DOM 

(a) (b)
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CsTaWO6−xNx IO photoanode synthesized via a templating method, followed by nitridation 

and intercalation with a boron-doped carbon nitride layer, achieves a high photocurrent density 

of 4.59 mA cm-2 at 1.6 V vs. reversible hydrogen electrode and demonstrates excellent stability. 

These advancements highlight the potential of engineered IO-based photoelectrodes for 

sustainable and efficient photoelectrochemical water splitting [124–126]. 

Another study successfully integrated a graphene layer into iron oxide (α-Fe2O3) 

photoanodes, significantly boosting their water-splitting efficiency. This graphene layer acts as 

both an electron pathway and a barrier against the electrolyte, reducing recombination and 

improving electron transport [127]. Finally, combining TiO2 and tantalum oxynitride (TaOxNy) 

in an IO structure resulted in a photoanode with significantly enhanced water-splitting 

performance. This improvement is attributed to the formation of a specific type of junction that 

optimizes light absorption, charge separation, and overall efficiency [128]. 

2.7.4. Biological Application of IOPC 

IOPC materials have gained significant attention for their diverse biological 

applications, particularly in biosensing and biomedical diagnostics. Chen et al. synthesized 

TiO2 IOs using a PS colloidal template, followed by ALD, calcination, and subsequent loading 

of Au nanoparticles via a hydrothermal redox approach (Fig. 2.9). The resulting biosensor 

exhibited a red shift in the reflection peak upon binding of L-cysteine and Avidin, facilitating 

highly sensitive biomolecule detection. Both experimental and finite difference time domain 

simulation results confirmed the characteristic optical response of the Au/TiO2 system, 

achieving a detection limit of 200 nM for Avidin with a clear linear relationship between peak 

shift and concentration. This cost-effective, highly sensitive optical biosensor holds great 

promise for biomolecule detection [129]. In a related development, Xie et al. fabricated 3D 

ZnO/CuO IOs using a PMMA template, followed by sol-gel infiltration and calcination. These 

ZnO/CuO IO sensors demonstrated superior acetone gas sensing capabilities, with an optimal 

Zn/Cu ratio of 1:1, yielding a response 1.4–2.4 times higher than other sensor configurations 

and a detection limit of 100 ppb. The sensors also exhibited excellent selectivity, stability, and 

resilience under high humidity, making them particularly suitable for non-invasive diabetes 

diagnosis through exhaled breath analysis. The improved sensing performance was attributed 

to the formation of p-n heterojunctions and the 3D IO structure, which enhanced gas diffusion 

and electron transport, underscoring the potential of ZnO/CuO IO composites for practical 

breath-sensing applications [130]. 
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Expanding the scope of IOPC applications, Yan et al. developed an advanced 

electrochemical biosensor array for multiplex cancer biomarker detection, integrating in situ 

self-assembled carbon nanotubes within a 3D IO framework. The biosensor was fabricated 

using microdroplet-based microfluidics, nanoparticle self-assembly, and chemical wet-etching 

techniques, allowing precise control over pore size and structural stability. It exhibited 

exceptional sensitivity and accuracy in detecting C-reactive protein, carbohydrate antigen 125, 

and carcinoembryonic antigen in human serum, achieving low detection limits as low as 0.005 

ng/mL for C-reactive protein. Performance validation against commercial methods 

demonstrated its potential for point-of-care testing and early disease diagnosis, emphasizing its 

high throughput, rapid response, and clinical applicability [131].  

Jiang et al. introduced an approach for enzyme immobilization by embedding glucose 

oxidase and organophosphorus hydrolase into silica IOs using water-soluble polyacrylamide 

colloidal crystal templates (Fig. 2.10 a & b). The resulting enzyme-containing silica IOs 

exhibited remarkable stability against extreme pH, temperature, and chemical denaturants, 

outperforming free enzymes in terms of durability and functionality. The Glucose oxidase-

containing silica inverse opals (GOD@SiOs) showed high sensitivity and selectivity for 

glucose detection, while the organophosphorus hydrolase-containing silica inverse opals 

(OPH@SiOs) effectively detected organophosphorus compounds. This environmentally 

friendly, in situ enzyme immobilization strategy holds significant potential for biosensors, 

bioanalytical devices, and enzyme catalysis, expanding the utility of IOPC materials in 

biomedical and environmental applications [132]. 

Further advancing optical biosensing, Wang et al. employed silica colloidal crystal thin 

films as templates to fabricate polystyrene IO films through a filling and etching process. A 

comparative study of silica colloidal crystal, polystyrene-silica colloidal crystal composite, and 

IO films demonstrated the IO film’s superior response to refractive index variations and 

biomolecular interactions. Notably, IO films exhibited enhanced sensitivity, higher protein 

adsorption capacity, and improved mass transport efficiency, attributed to their 3D 

interconnected porous structure. The significantly broader detection range (0.5–1000 μg/mL) 

and increased sensitivity for biomolecular interactions suggest that IO films present 

considerable advantages for label-free biosensing, paving the way for advancements in optical 

interferometric biosensor technology [133].  
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Collectively, these studies highlight the versatility of IOPC materials in biosensing, 

diagnostics, and biomedical applications. Their unique porous architectures, high surface area, 

and tunable optical properties offer remarkable advantages for detecting biomolecules, gases, 

and disease biomarkers, reinforcing their potential for next-generation sensing technologies. 

 

Figure 2.9: PS microspheres were deposited on the indium tin oxide glasses by the vertical 

self-assembly method for biosensor applications [129]. 

 

Figure 2.10: (a) Schematic illustration of the preparation of an enzyme-containing silica IOs, 

and (b); (a) SEM micrograph of polyacrylamide microspheres (PAM), (b) SEM, (c) TEM, 

and (d) confocal laser scanning microscopy micrograph of the enzyme-containing silica IOs 

[132]. 
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3. KNOWLEDGE GAP 

Despite remarkable advances in the design and synthesis of IOPCs, significant research 

gaps still limit their full potential in photocatalytic applications. Most existing studies focus on 

photocatalysts that operate effectively only under UV light irradiation, which represents a small 

portion of the solar spectrum. In contrast, the development of IOPC systems that can efficiently 

utilize visible light, the dominant and more practical portion of sunlight, remains limited. This 

under exploration restricts their relevance for real-world, solar-driven environmental and 

energy applications. 

Even though IOPCs show great promise for enhancing light absorption and charge 

transport, these improvements often do not result in better photocatalytic performance. This 

gap is mainly due to limited control over internal material properties, including the presence of 

structural defects, weak interfaces between oxide layers, and rapid recombination of photo-

generated charge carriers before they can drive chemical reactions. In addition, achieving 

structural precision and uniform composition in complex IOPC architectures remains a major 

challenge. While advanced fabrication techniques such as TALD and PEALD enable precise 

coating, their different impacts on photonic–electronic interactions, band alignment, and charge 

transfer are not yet fully understood. Similarly, the effects of template size, coating thickness, 

and multi-layer configurations such as TiO2/ZnO/Al2O3 composites on the balance between 

UV and visible-light activity are not systematically explored.  

Most current studies remain confined to laboratory settings, with limited attention to 

large-scale fabrication, long-term durability, and cost-effectiveness. To bridge these gaps, 

future research should integrate precise structural design, compositional control, and advanced 

hybrid ALD techniques to create stable, defect-tolerant, and visible-light-active inverse opal 

photocatalysts suitable for real-world environmental and energy applications.  
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4. EXPERIMENTAL METHODS 

4.1. Aims of the Experiments 

This chapter briefly overviews the experimental methodology used for fabricating, 

characterizing, and analyzing nanostructured, porous IOs from various semiconductor oxides, 

such as TiO2, ZnO, and Al2O3, and their composites, using different ALD techniques to improve 

photocatalytic performance.  PS nanosphere sacrificial templates of 300 nm, 460 nm, and 600 

nm were constructed using VLD to achieve periodic, ordered, and porous IO structures. 

Additionally, the goal was to control the self-assembly of colloidal particles to formulate 

regular template fabrication as a scaffold for later semiconductor oxide ALD. Moreover, 

several synthesis pathways were employed to optimize template order, morphology, and 

structural integrity, including the use of PS suspensions and powders. 

Pure IOs of TiO2, ZnO, and Al2O3 were successfully synthesized, followed by ultrathin 

ALD coatings to create composite IOs such as TiO2/Al2O3, ZnO/Al2O3, TiO2/ZnO, and 

ZnO/TiO2, employing both TALD and PEALD for Al2O3 and ZnO. Both TALD and PEALD 

techniques were successfully employed in the synthesis of IO materials. Finally, the 

photocatalytic performance of all synthesized IOs, including those with varying PS template 

sizes and composite structures, was evaluated through the degradation of MB, Rh6G, and 4-

NP under UV and visible light irradiation. 

4.2.  Preparation of PS Nanosphere Opal Sacrificial Template 

4.2.1. Materials Used 

PS nanosphere suspensions purchased from Sigma Aldrich with different particle sizes 

(300 nm, 460 nm, and 600 nm) were used in the study for synthesizing opal sacrificial 

templates. VLD was used to create these templates using Knittel Glaser microscope glass slides 

and a silicon wafer. Ion exchange water served as the oxidizing agent for the deposition 

procedures, which used precursors such as titanium tetrachloride (TiCl4), diethylzinc (DEZ), 

and trimethylaluminum (TMA) for TiO2, ZnO, and Al2O3, respectively. Using pollutants such 

as MB, Rh6G, and NP that were acquired from Sigma-Aldrich, the photocatalytic degradation 

tests evaluated the photocatalytic performance of the synthesized materials. 
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4.2.2. Preparation of the template from the PS suspension 

The opal template was prepared from PS suspension (Sigma Aldrich, 10% w/w and 300 

or 600nm particle size) after being diluted to achieve a concentration of 3.0 % (V/V) by 

transferring 0.15 mL PS suspension to a 5 mL flask and placed in a closed glass container to 

avert its evaporation and ultrasonicated for 2h at 35oC to separate the aggregated nanospheres. 

Microscope glass slide (Knittel Glaser, ca. 76 x 26 mm, Germany) was used as a planar 

substrate, cleaned first with soap, ethyl alcohol, and ion exchange water (Fig. 4.1a). This 

substrate was soaked in piranha solution (a mixture of 98% (v/v) H2SO4 and 30 % (w/w) H2O2 

in a 3:1 ratio) for 1h to remove any organic residue on the glass surface and to make it more 

hydrophilic.  The clean glass slides were placed in the PS suspension at a 45-degree angle to 

achieve the successful vertical deposition self-assembly of colloidal particles. They were 

placed in the furnace at 50°C for 14h, so the colloidal crystal could form during the evaporation 

of the water through colloidal self-assembly, and was finally heated to 80°C for 90 min. The 

schematic representation of the whole experimental procedure is shown in Fig. 4.1 a and b 

below. 

 

Figure 4.1: (a) Glass substrate preparation involves cleaning with soap, ethyl alcohol, and 

water, followed by soaking in piranha solution and drying in a furnace, and (b) Opal template 

synthesis starts with diluting PS nanosphere suspension, ultrasonication, vertical deposition 

onto the glass substrate, and drying to form the opal structure. 

4.2.3. Preparation of the Template from PS powder 

The preparation of a PS suspension (Sigma Aldrich, 600 nm, 10%) commenced with 

gently scraping powder from the PS bottle using a curved-end spatula. Subsequently, 15 mg of 

PS powder was mixed with 4.85 ml of ion exchange water and thoroughly stirred manually 

until a homogeneous dispersion was achieved (Fig. 4.2). To enhance particle uniformity and 

surface area, the suspension underwent high-frequency sonication treatment using Sono Plus 

equipment (Bandelin ultrasound, DIN EN 62638, Germany) with the following parameters: 

amplitude 30%, pulsation time 0.5 seconds, energy 6.1 kJ, and duration 3 minutes at ambient 

(a) (b)

PS nanosphere
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temperature (25 ± 2 oC). Finally, the prepared PS suspension was utilized to grow an opal layer 

on a microscope glass slide using the VLD method, in line with our previous study protocol. 

 

Figure 4.2: Illustrates the fabrication of a PS nanosphere template on a glass substrate: (a) PS 

powder is scraped, (b) suspended in water, (c) dispersed (3 min), (d) deposited onto glass via 

VLD at 80 °C, resulting in (e) a 600 nm sized opal template. 

4.3. Thin Film Deposition Using ALD Methods 

In this study, I successfully fabricated IOPC materials using two ALD thin film coating 

techniques: TALD and PEALD. PEALD used plasma to increase reactivity and provide more 

exact control over film characteristics at lower temperatures, while TALD simply used thermal 

energy to induce surface reactions. The ALD deposition parameters for TiO2, ZnO, Al2O3 

layers, and their composites are summarized in Tables 4.1 and 4.2. All ALD experiments were 

conducted using a Beneq TFS-200-186 ALD reactor. For the deposition processes, TiCl4, DEZ, 

and TMA were used as precursors for TiO2, ZnO, and Al2O3, respectively, with H2O serving as 

the oxidizing agent. For example, in the case of TiO2 layer, each ALD cycle comprised a 0.3 s 

TiCl4 pulse, followed by a 3 s N2 purge, a 0.3 s H2O pulse, and a subsequent 3 s N2 purge. These 

depositions were carried out at a controlled temperature of 52.9°C in thermal mode. 

Table 4.1: TiO2 IO coated with an ultrathin layer of Al2O3 TALD and PEALD   

Sample Name  Deposited 

oxide 

layer 

Modes of 

ALD 

reaction 

ALD 

cycles 

Thickness 

(nm) 

ALD Steps 

(pulse/purge) 

GPC 

(nm) 

TiO2 IO TiO2 TALD 671 51.6 TiCl4, N2, H2O, N2 0.07 

TiO2/Al2O3-T Al2O3 TALD 7 5 TMA, N2, H2O, N2 0.71 

TiO2/Al2O3-P Al2O3 PEALD 9 5 TMA, N2, Ar, N2 0.55 
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Table 4.2: ZnO IO coated with an ultrathin layer of Al2O3, TALD and PEALD  

Sample Name Deposited 

oxide 

layer 

Modes of 

ALD 

reaction 

ALD 

cycles 

Thickness 

(nm) 

ALD Steps  

(pulse/purge) 

GPC 

(nm) 

ZnO IO  ZnO TALD 539 51.4 DEZ, N2, H2O, N2  0.09 

ZnO/Al2O3-T Al2O3 TALD 19 4.4 TMA, N2, H2O, N2 0.23 

ZnO/Al2O3-P Al2O3 PEALD 23 5.5 TMA, N2, Ar, N2 0.23 

4.3.1. PEALD Film Growth 

The low-temperature PEALD deposition technique applied plasma species as a co-

reactant to enhance precursor reactivity, resulting in the growth of high-quality films [134]. 

The process commenced with preheating the ALD chamber to 50°C for 2 hours to ensure 

uniform substrate heating. Subsequently, the samples and a reference silicon wafer were placed 

in the PEALD reactor to initiate film growth, with the wafer positioned beside each sample to 

accurately determine the final film thickness. A consistent 50 W radio frequency power was 

applied to the plasma during PEALD to activate the O2 oxidant. Argon was the carrier gas used 

to deliver oxidant vapor and metallic precursors to the reactor. The vacuum chamber and 

deposition reactor maintained internal pressures of 7.4 mBar and 1.2 mBar, respectively. 

The PEALD process involved alternating pulses and purges of reactant gases, using N2 

as the purging agent. For TiO2 deposition, the sequence comprised a 0.15 s TiCl4 pulse, 

followed by a 2 s N2 purge, a 2 s Ar plasma exposure, and another 2 s N2 purge. This cycle was 

repeated 286 times to achieve a 30 nm thick film, with a growth rate of 0.10 nm per cycle. For 

ZnO deposition, a modified sequence using DEZ and O2 resulted in a 10 nm film after 74 

cycles, at a GPC of 0.13 nm. Additional ZnO samples were fabricated using DEZ and water, 

or with TiO2 grown on top of ZnO layers. Further details are summarized in Table 4.3. 
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Table 4.3: TiO2, ZnO IOs and their composite (TiO2/ZnO and ZnO/TiO2) using PEALD 

Table 4.4: Al2O3 IO coated with an ultrathin layer of TiO2, and ZnO using ALD methods 

Sample Name ALD Mode Thickness (nm) ALD cycle ALD Steps 

(pulse/purge) 

GPC 

(nm) 

Al2O3  IO TALD 36 133 TMA, N2, H2O, N2 0.27 

Al2O3/ZnO-T TALD 5 55 DEZ, N2, H2O, N2 0.09 

Al2O3/ZnO-P PEALD 5 37 DEZ, N2, Ar, N2 0.13 

Al2O3/TiO2-T TALD 5 52 TiCl4, N2, H2O, N2 0.09 

Al2O3/TiO2-P PEALD 5 48 TiCl4, N2, Ar, N2 0.10 

4.4. Heat Treatment of the Samples: Annealing and Post-Annealing 

The heat treatment process involved placing both the samples and reference samples 

(silicon wafer) into alumina ceramic crucibles to remove the template material. The process 

was carried out in a furnace (Nabertherm L9/11/B410, Germany) under ambient air conditions. 

In the heating program, the samples were heated from ambient temperature to 500 °C for 4 

hours and then maintained at that temperature for 2 hours. After the PS template was effectively 

eliminated, the resultant structure comprised a high-quality pristine IO structure. Additionally, 

post-annealing was performed at 500 °C for TiO2, ZnO, and their composites after an extra 

layer had been deposited on the surface of the IO structures, facilitating the formation of the 

final IO architecture (See Table 4.5). 

Sample 

Name  

Deposited 

oxide 

layer 

Modes 

of ALD 

ALD 

cycle 

Thickness 

(nm) 

ALD Steps 

 (pulse/purge) 

GPC 

(nm) 

TiO2 IO TiO2 TALD 286 30 TiCl4 , N2, Ar, N2 0.10 

TiO2/ZnO ZnO TALD 74 10 DEZ, N2, Ar, N2 0.13 

ZnO IO  ZnO TALD 221 30 DEZ, N2, Ar, N2 0.13 

ZnO/TiO2 TiO2 TALD 96 10 TiCl4 , N2, Ar, N2 0.10 
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On the other hand, Al2O3 IO samples were annealed in an alumina crucible under 

ambient air using a thermogravimetric analysis optimized program: heated from room 

temperature to 450 °C over 4 hours, held for 30 minutes to remove the PS template, then raised 

to 900 °C for 1 h and held for 2 h to complete template removal and optimize the structure(see 

Table 4.5 below). 

Table 4.5. Annealing program for all IO samples  

IO samples   Temperature (oC) 

Template removal (oC) Post annealing (oC) 

TiO2  500 500 

ZnO 500 500 

Al2O3 450 900 

 

4.5. Material Characterization 

4.5.1. Thermal Analysis by TG/DTA-MS 

For the PS opal sample, thermal analysis was carried out with a TA Instruments SDT 

2960 simultaneous thermogravimetry/differential thermal analysis/derivative thermogravimet

ry (TG/DTG/DTA) device, in an air atmosphere with a heating rate of 10°C/min and a flow 

rate of 130 cm3/min until 600oC simulating the environment during the removal of the PS 

nanospheres. The evolved gaseous products were identified with a thermostat GSD 300 Balzers 

Instruments type quadrupole mass spectrometer (MS) coupled online to the TG/DTA device. 

The selected ions were followed in multiple ion detector modes. For the measurement, the thin 

PS film was scratched off from the glass surface and collected into the Pt crucibles.  

4.5.2. FTIR Analysis 

Fourier transform infrared (FTIR) spectra of PS opal templates were acquired using a 

PerkinElmer Spectrum 2000 FT-IR spectrometer at a resolution of 4 cm-1, scanning from 4000 

to 400 cm-1. Samples were prepared as KBr pellets and subjected to 64 co-added scans. 

4.5.3. Morphological and Cross-Sectional Analysis by SEM and TSEM 

The SEM images were taken with an FEI Inspect S50 scanning electron microscope in 

a low-vacuum system, using a backscattered electron detector. The samples were examined 
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without any modification or treatment, and no conductive film (Au and Pd) was deposited on 

the samples to avoid possible signals due to their interference.   

The SEM analysis was performed utilizing a JEOL JSM-5500LV scanning electron 

microscope operating at 25 kV with an SEI Detector under high vacuum conditions. The 

samples were observed without any modification or treatment, and no conductive film (Au and 

Pd) was applied to prevent potential signal interference. EDX spectra were captured using the 

JEOL JSM-5500LV SEM, with three measurement points taken for each sample and an average 

of them. 

The cross-sectional morphological analysis of the Transmission Scanning Electron 

Microscope (TSEM) was analyzed using a SCIOSTM 2 Dual BeamTM FIB-SEM (Thermo 

Fisher Scientific), equipped with an Everhart-Thornley detector and a field emission gun 

source. This system featured advanced electron optical components, including an annular in-

column detector. For STEM analysis, high-angle annular dark-field mode and a TSEM+ 

detector were used, with the specimen tilted at 38◦. The horizontal field width was set to 1.92 

μm. To mitigate charging effects on uncoated samples, a reverse bias of 20 V was applied to 

the specimen holder. 

4.5.4. Atomic Force Microscopy 

The surface roughness and morphology of the samples were characterized using atomic 

force microscopy (AFM) with a Nanosurf C3000 controller. The AFM images and root mean 

square (RMS) values were obtained and analyzed using Gwyddion version 2.64 software. 

4.5.5. Compositional Analysis By EDX 

EDX analysis was performed using a JEOL JSM-5500 LV SEM operating at 25 kV. 

SEM imaging of the PS template samples was conducted after sputter-coating with an Au/Pd 

alloy to prevent charging by providing a conductive surface. The EDX spectra from all ALD 

samples were utilized for element identification, with three measurement points taken for each 

sample and the results averaged. 

4.5.6. XRD Structural Analysis 

  The structural analysis was performed using a PAN analytical X’Pert Pro 

Monochromatic Parallel-Beam Powder XRD with Copper K-alpha (=1.540 Å) radiation, in 

the 2-Theta (5–70 °). The resulting patterns were compared to the International Centre for 
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Diffraction Data database to identify crystalline phases. The mean size of the crystallites, D, 

was determined with the Scherrer equation: 

𝐷 =
𝐾𝜆

𝛽𝐶𝑜𝑠𝜃
                                        (3.1) 

Where K is the constant, λ is the wavelength of the radiation, β is the full width of diffraction 

peaks at half-maximum (FWHM), and θ is the angle at which the peak occurs (Bragg angle). 

4.5.7. Raman Structural Analysis 

The Raman structural analysis was done using a Jobin Yvon Labram Raman 

spectrometer equipped with an Olympus microscope and a green Neodymium-doped Yttrium 

Aluminum Garnet laser. The Raman shift (in wave number) was measured within the range of 

100 to 1800 cm−1. 

4.5.8. UV Visible is Optical Analysis and Photonic Band Gap Estimation 

The samples were UV Visible spectroscopically analyzed using an AvaSpec-2048 

spectrometer from AVANTES, equipped with an Ava Light-DHS deuterium halogen lamp. Ava 

Soft software was used for absorbance-reflectance-mode data acquisition. 

The PBG of the IO materials has been estimated by using a modified Bragg's equation (3.2), 

shown below: 

max= 1.632D (n2
avg−Sin2𝜃)1/2                              (3.2) 

Where max is the wavelength of the band maximum (PBG) of the materials, D is the diameter 

of spheres (would generally be taken as 2r, where r is the sphere radius),  is the angle between 

the incident light and the surface of the sample. The average refractive index navg of the samples 

can be calculated using the following equation (3.3): 

𝑛avg = fsphere𝑛sphere + (1 −fsphere)𝑛air                             (3.3) 

Where 𝑓sphere is the filling factor, representing the proportion of space occupied by the solid PS 

spheres within the overall structure. For a face-centered cubic lattice, the volume fractions of 

PS spheres and air 𝑓air is typically 74 % and 26 %, respectively. Additionally, 𝑛PS, 𝑛ZnO, 𝑛Al2O3

, and 𝑛air represents the refractive indices of PS, ZnO, Al2O3, and air, respectively. The 

refractive indices are: 𝑛PS = 1.59, 𝑛ZnO = 2.0, 𝑛Al2O3 = 1.7, and 𝑛air = 1.0. 

Using the Tauc relation (equation 3.4) and Kubelka-Munk theory, electric band gap 

energies (Eg) of IOs TiO2, ZnO, and their composites were calculated from absorption data (α) 
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and photon energy (hν). For indirect Eg (TiO2) and direct Eg (ZnO) and their composites, Tauc 

plots (αhν)1/2 vs. hν and (αhν)2 vs. hν were made. The band gap energy was obtained by 

extrapolating the linear portions of the plots to (αhν)1/n = 0. 

(αhv) n=A(hv-Eg)                         (3.4) 

4.5.9. Ellipsometry Thickness Analysis 

A SEMILAB Spectroscopic Ellipsometer SE-2000 (Cambridge, USA) was utilized to 

measure the thickness of the IO films and reference samples. To ensure accurate measurements, 

reference Si (100) wafers were integrated as control samples in the ALD system along with the 

opal and IO samples. 

4.5.10. Photoluminescence Spectra Analysis 

Photoluminescence (PL) spectra were recorded using an Edinburgh Instruments FS5 

spectrofluorometer with a stationary fluorescence setup, employing excitation wavelengths of 

280 nm and 380 nm at room temperature (25°C), and including a long pass glass filter in the 

emission beam, set at nominal wavelengths of 320 nm and 380 nm, respectively. 

4.5.11. X-ray Photoelectron Spectroscopy Measurement 

The XPS measurements were conducted using an XR 50 dual-anode, non-

monochromatized X-ray source and a Phoibos 100 MCD-5 hemispherical energy analyzer by 

SPECS (Berlin, Germany). Samples were mounted onto copper sample holders using double-

sided adhesive tape and degassed in the high vacuum of the sample loading chamber (~10⁻7 

mbar) overnight before being transferred into the spectrometer. The base vacuum of the 

instrument was maintained at 5 × 10-10 mbar. During the measurements, samples were cooled 

with liquid nitrogen, and the pressure remained below 10-8 mbar. Spectra were acquired 

sequentially using Al Kα radiation (1486.6 eV) with an acceleration voltage of 10 kV and an 

emission current of 10 mA (100 W X-ray power). The binding energy scale was calibrated 

using the Au 4f and Cu 2p peaks of a freshly cleaned reference sample containing both metals, 

as per the manufacturer's instructions. Charge referencing was performed using the C 1s peak 

of carbon (284.8 eV), which is rightfully considered untrustworthy, as detailed in [135] and 

some other works from these authors, however, in our case the spectra were mainly used for 

confirming the elemental composition in the samples, which does not require truly rigorous 

charge correction. Data processing was carried out using CasaXPS software. 
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4.5.12. Photocatalytic Activity Measurement 

To evaluate the photocatalytic performance of samples, they were subjected to both UV 

and visible light irradiation while immersed in solutions containing different pollutants such as 

MB, 4-NP, and Rh6G for 4 hours. The pH of the 4-NP solution was adjusted to 10.01 pH  

0.01 using a buffer (Thermo Fisher Scientific). The MB, 4-NP, and Rh6G solutions exhibited 

maximum absorbance peaks at 665 nm, 400 nm, and 530 nm, respectively. Each sample was 

attached to the walls of a glass vessel using plastic tape to ensure that only the film portion was 

fully submerged in the dye solutions. Before irradiation, the samples were kept in the dark for 

half an hour to allow adsorption-desorption equilibrium to be established. At regular intervals 

of 30 minutes, 2 ml of the solution was carefully pipetted into a quartz cuvette, and its 

absorbance was measured using an Avantes fiber optic spectrometer (AvaSpec-2048) equipped 

with an Ava Light-DHS light source. The photocatalytic decomposition of the pollutants was 

initiated by exposing the sample solutions to both UV and Visible light irradiation from Osram 

18W blacklight and visible lamps 3x3 arranged in a stack configuration. The sample solution 

was placed in front of the central lamp and maintained at 5 cm to guarantee uniform lighting 

conditions. This photocatalytic experimental setup enabled the quantification of the 

photocatalytic activity of the IO-grown samples over time, providing insights into their 

efficiency in degrading the pollutants.  

4.5.13. Measurement by Doctoral Candidate and Collaborators 

I collaborated with BSc and MSc students to develop the synthesis and characterization 

of various IOPC materials using ALD methods. Feras Shugaa Addin, an MSc student, 

fabricated bare TiO2 IO and its composites (TiO2/Al2O3) from 600 nm-sized PS templates using 

ALD procedures to enhance photocatalytic activity. Another MSc student, Nour Khauli, used 

ALD methods to synthesize and characterize pure ZnO IO and its composites (ZnO/Al2O3) 

from 600 nm PS templates, also aiming to improve photocatalytic activity. Letícia Tolezani, a 

BSc student, synthesized and characterized IOPC materials from a 300 nm sized PS template, 

including TiO2, ZnO, and their composites (TiO2/ZnO and ZnO/TiO2), using PEALD 

techniques for enhanced photocatalytic activity. Soeun Choi Arwen synthesized and 

characterized Al2O3 IOPC using 460 nm PS templates with ALD techniques. I characterized 

the pure and composite IOPCs using SEM/EDX, FTIR, XRD, and UV Visible at the 

Department of Inorganic and Analytical Chemistry, Budapest University of Technology and 

Economics. I fabricated a PS opal sacrificial template on specific substrates using vertical 

deposition, performed annealing after ALD, prepared and characterized IOPC materials (TiO2, 
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ZnO, Al2O3, and their composites), and conducted photocatalytic investigations of these 

synthesized materials. The students worked under my supervision and that of Professor Dr. 

Imre Miklós Szilágyi, my thesis supervisor. 

Gyula Jágerszki from the Department of Inorganic and Analytical Chemistry at 

Budapest University of Technology and Economics performed the AFM measurements. I then 

evaluated the results. Raman measurements were done by Tamás Igricz of the Department of 

Organic Chemistry and Technology, Budapest University of Technology and Economics, and I 

evaluated the measurement results of Raman. Photoluminescence measurements were done by 

Dr. Dóra Hessz of the Department of Physical Chemistry and Materials Science, Budapest 

University of Technology and Economics.  ALD techniques were performed by Professor Dr. 

Zoltán Erdélyi, Dr. Petra Pál, and Dr. Eszter Mónika Baradács of the Department of Solid-

State Physics, University of Debrecen. I then characterized and analyzed the resulting 

measurements. 

Professor Dr. Zoltán Erdélyi (Department of Solid-State Physics, University of 

Debrecen) and Tamás Fodor (HUN-REN Institute for Nuclear Research, Debrecen) performed 

the XPS measurements. I then evaluated the XPS data. TSEM measurements were conducted 

by Professor Dr. Zoltán Erdélyi and Dr. Csaba Cserháti (Department of Solid-State Physics, 

University of Debrecen). I analyzed the TSEM data. Spectroscopic ellipsometry measurements 

were performed by Professor Dr. Zoltán Erdélyi (Department of Solid-State Physics, 

University of Debrecen). I evaluated the analysis of these measurements." 
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5. RESULT AND DISCUSSION 

5.1. Thermal, FTIR, and Morphological Analysis of PS Nanospheres With Various 

Sphere Size Differences 

5.1.1.  Thermal Analysis Results 

  PS opal templates with pore sizes of 300 nm (PS-300) and 460 nm (PS-460) were 

thermally decomposed under both air and N2 atmospheres, exhibiting similarities.  In both 

environments, an initial mass loss of approximately 1–2 % occurred up to 200 °C, 

corresponding to solvent evaporation. The primary decomposition took place between 250 °C 

and 400 °C. Under air, complete degradation was observed by 600 °C, leaving no residual 

mass. In contrast, in the N2 atmosphere, a small amount of carbonaceous residue (1–2 %) 

remained between 400 °C and 600 °C, indicating char formation. 

The PS opal template with a pore size of 600 nm (PS-600) exhibited distinct thermal 

decomposition behaviors under both air and N2 atmospheres, with the major mass loss 

occurring between 200 °C and 400 °C in both environments. Complete decomposition was 

achieved by 500 °C in air, indicating full oxidation of the polymer. In contrast, under N2, 

approximately 7 % residual mass remained at 600 °C, consistent with char formation.  

Although the thermogravimetric data showed minor inconsistencies, the overall mass loss in 

air was higher than in N2, which aligns with expectations. However, the initial mass loss (at 

200 oC) attributed to solvent evaporation was greater under N2 (e.g., 2.4 % for PS-300) than in 

air (1.2 %), indicating possible differences in solvent retention or evaporation behavior between 

the two atmospheres. 

5.1.2. FTIR Analysis Results 

FTIR analysis was performed to examine the chemical structure, and functional groups 

present in PS nanospheres of varying sizes (PS-300, PS-460, and PS-600). All samples 

exhibited a broad absorption band around 3400 cm-1, corresponding to O-H stretching 

vibrations, indicating the presence of hydroxyl groups on the surface. Peaks near 2920–2925 

cm-1 and 2850–2854 cm-1 were observed in all spectra, attributed to C-H stretching vibrations 

in aliphatic chains. Aromatic C=C stretching bands appeared consistently around 1590–1602 

cm-1 and 1490–1493 cm-1, confirming the aromatic nature of the PS backbone. Additional C-

H bending vibrations were seen at approximately 1450 cm-1 and 1375–1382 cm-1 across all 

samples. Distinct features in each sample included a carbonyl stretching peak at 1715 cm-1 in 
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PS-300, suggesting the presence of C=O groups, while PS-460 and PS-600 exhibited prominent 

C-O stretching bands between 1015–1103 cm-1, indicating ether or ester functionalities. The 

presence of hydroxyl groups across all samples suggests enhanced surface hydrophilicity, while 

the consistent aromatic and aliphatic features confirm the successful formation of PS 

nanospheres with expected structural characteristics (refer to Fig. 5.1 a-c below). 

 

Figure 5. 1. FTIR spectra of PS templates with different particle sizes: (a), PS-460, (b), and 

PS-600 (c) nanospheres in both air and N2 atmospheres, respectively. 

5.1.3. Morphological Analysis of PS Nanosphere Templates 

The colloidal crystal templates, fabricated from monodispersed colloidal spheres, 

displayed a regular, periodic lattice structure due to van der Waals interactions [32].  As 

depicted in Fig. 5.2a, the template consisted of an opal macrostructure with a diameter of 

approximately 290 nm (as determined by SEM). This macrostructure was self-assembled 
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through vertical deposition methods. The opal spheres exhibited a close-packed hexagonal 

lattice arrangement, originating from commercially available opal with a nominal diameter of 

300 nm. This dense particle packing imparts unique optical and electronic properties to 

colloidal crystals.  

The SEM analysis (Fig. 5.2 b) confirmed the successful synthesis of opal structures 

from ~460 nm PS nanospheres. These structures showcased an interconnected IO network with 

periodic arrays and consistent pore sizes. The PS-460 nanosphere template itself displayed 

regular and compact pores arranged in a hexagonal pattern, a tightly packed structure 

resembling a honeycomb Fig. 4.3 b presents high-magnification SEM images.  

The PS-600 displayed a high-quality colloidal crystal template (Fig. 5.2 c), which was 

grown using the VLD process and consisted of colloid nanospheres that were approximately 

588 nm in size (based on SEM measurements).  The (100) planes of the FCC crystal network 

resembled the periodic arrangement of monodispersed colloidal spheres shown in the top-view 

SEM pictures.  These template structures have shown promising potential as suitable 

candidates for ALD infiltration techniques 

 

Figure 5.2: SEM images of PS nanosphere templates of varying sizes, (a) 300nm, (b) 460nm, 

and (c) 600nm, respectively. 

5.2. Synthesis of IOs TiO2, ZnO, and Composites Using PS-300 Template using PEALD 

Methodology 

5.2.1. Morphology & Composition Analysis of IO via PS-300 Template 

In this study, I successfully synthesized IO of TiO2, ZnO, ZnO/TiO2, and TiO2/ZnO 

using PS-300 via the PEALD deposition method. SEM microgram analysis demonstrated an 

ordered and periodic arrangement of monodispersed colloidal spheres within the IO structures, 

resembling an FCC crystal lattice. The morphology was honeycomb-like, characterized by 

interconnected voids that replaced the original colloidal spheres, maintaining the integrity of 
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the initial template structure post-thermal annealing. SEM identified that cracks were noted in 

both TiO2 and ZnO IOs (Fig. 5.3 a & c), with TiO2 exhibiting a 14 % shrinkage compared to 

3.4 % in ZnO. Moreover, the cross-sectional SEM analysis (Fig. 5.3 d) verified the foundation 

of a consistent and conformal porous network, confirming the complete removal of the PS-300 

template. The periodicity and interconnected pores highlight the effectiveness of the PEALD 

method in preserving the original template structure. Furthermore, the fabricated TSEM 

micrograms of ZnO/TiO2 and TiO2/ZnO (Fig. 5.3 f & g) composites showed a defined periodic 

lattice with precisely controlled layer thicknesses.  

EDX analysis confirmed the successful deposition of TiO2 and ZnO via PEALD (See 

APPENDIX K). The table indicated significant amounts of Ti, Zn, and O, confirming the 

effective formation of the desired metal oxide layers. Trace amounts of C, Na, Al, Si, and Ca 

were also detected, originating from precursor materials and the glass substrate, but these did 

not significantly impact the structural or photocatalytic properties of the IO materials. 

 

Figure 5.3: Displays SEM images of TiO2 IO (a, e), ZnO/TiO2 (b, d), ZnO (c), TiO2/ZnO (d), 

and TSEM images of ZnO/TiO2 (f) and TiO2/ZnO (g, h), respectively. 

5.2.2. Crystalline Structure Analysis: XRD and Raman Analysis 

The XRD and Raman analyses examined the crystal structures and vibrational 

properties of the synthesized materials, including IOs TiO2, ZnO, and their composites. The 

XRD pattern (Fig. 5.4 a) of TiO2 displayed distinct peaks at 25.7°, 38.5°, 48.5°, 54.5°, and 

55.6°, corresponding to the anatase phase, confirming the formation of pure IO anatase TiO2 

without impurities or phase transitions. Similarly, ZnO exhibited characteristic XRD peaks at 

32.5°, 34.8°, 36.6°, 57.2°, 63.2°, and 68.2°, which can be indexed to the hexagonal wurtzite 

phase, confirming the successful synthesis of pure wurtzite ZnO IO. The XRD patterns of 

TiO2/ZnO and ZnO/TiO2 composites revealed a combination of peaks from both anatase TiO2 
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and wurtzite ZnO phases, indicating heterostructure formation, with slightly broadened and 

less intense peaks compared to pure TiO2 and ZnO, likely due to smaller crystallite sizes and 

the presence of interfaces. The crystallite sizes, estimated using the Scherrer equation, were 

found to be 27.6 nm for TiO2 IO and 26.3 nm for ZnO IO, while the composites exhibited 

slightly reduced sizes of 27.3 nm for TiO2/ZnO and 25.4 nm for ZnO/TiO2, suggesting 

interface-induced grain growth suppression (Table 5.1) [136]. 

The Raman spectra (Fig. 5.4 b) further confirmed the structural properties, with TiO2 

displaying characteristic vibrational peaks at 142, 197, 393, 516, and 635 cm⁻1, corresponding 

to the anatase phase, consistent with XRD results. ZnO exhibited Raman peaks at 333, 440, 

574, 986, 1137, and 1352 cm⁻1, confirming the wurtzite ZnO phase. The Raman spectra of 

TiO2/ZnO and ZnO/TiO2 composites showed peaks from both anatase TiO2 and wurtzite ZnO 

phases, validating the heterostructure formation. However, as observed in the XRD results, the 

Raman peaks were slightly broadened and less intense in the composites, likely due to reduced 

crystallite sizes and interface effects.  

 

Figure 5.4: (a) XRD and (b) Raman spectroscopy analysis of the PEALD IO samples 
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Table 5.1. Crystallite size and FWHM analysis of pristine IO materials 

Sample  Peak position 

(2 o) 

FMHW 

(radian) 

Crystallite sizes 

 (nm) 

TiO2 IO 25.7 0.31 27.6 

TiO2/ZnO 25.7 0.32 27.3 

ZnO IO 36.6 0.33 26.3 

ZnO/TiO2 36.6 0.30 25.4 

5.2.3. UV Visible Absorption and PL in IO Materials 

UV Visible absorption studies of the PEALD IO materials, respectively, with all 

materials showing enhanced absorption in the UV region. The pure TiO2 IO shows a broad 

absorption band, corresponding to its electric bandgap (Eg=3.0eV) [137]. This is attributed to 

the size-dependent properties of the IO macrostructures. Pores with a size of approximately 

290 nm allow for increased light absorption. The pure TiO2 IO has a PBG around 400 and 630 

nm, which coincides with an absorption band at 400 and 610 nm (Fig. 5.5 a). This is likely due 

to the "slow photon" effect, which can potentially enhance photocatalytic performance. 

However, the PBG calculated using Bragg's equation is 394 nm, which matches the 

experimental values. This can be attributed to the consistent periodicity of the IO 

macrostructures. Additionally, the PBG is highly influenced by the diameter of the spheres used 

as templates and the angle of light entering the structure. These opals, characterized by a sphere 

diameter of 290 nm and wider PBG peaks, exhibit greater polydispersity, including pore size 

variations. The composite TiO2/ZnO exhibited an absorption spectrum and reflectance spectra 

identical to the reference TiO2 IO. The calculated Bragg's PBG (APPENDIX A) matched that 

of the reference TiO2 IO. Therefore, the additional PEALD layer on the TiO2 IO structure did 

not influence the optical properties of the pure IO. Besides, the composite systems such as 

TiO2/ZnO and ZnO/TiO2 retained PBG, with ZnO/TiO2 showing a blue shift to 500 nm due to 

the slight TiO2 layer modifying influence.  

The study applied PL spectroscopy to examine the optical properties of PEALD-grown 

IOs made from TiO2, ZnO, and their composite oxides. The results indicated that the IOs 

exhibited PL only in the visible range. This was because these materials had an electric band 

gap that corresponded to the energy of visible light. When light of this energy was absorbed by 

the material, electrons were excited from the valence band to the conduction band. These 
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electrons could then recombine with holes in the valence band, releasing energy in the form of 

light [138–140]. Fig. 5.5 b also showed that the pure TiO2 IO displayed a broad emission 

spectrum with intense peaks in the violet (430 nm), blue (474 nm), and green (563 nm) regions, 

suggesting multiple recombination pathways for photogenerated electrons and holes. The high 

intensity indicated the efficient generation of these species, potentially making it a good 

photocatalyst [141,142]. 

 

Figure 5.5: (a) UV Visible absorbance spectroscopy, and (b) PL spectroscopy of TiO2, ZnO, 

and their composite samples. 

4.2.4. Photocatalytic Studies 

In this study, all photocatalysts followed pseudo-first-order kinetics. The rate of 

photodegradation for 4-NP is significantly higher than that for Rh6G under both types of light 

irradiation after 240 minutes, observed with all IO photocatalysts.  

ln[Co/Ct]=kappt                     (4.1) 

where kapp is the rate constant. Co is the initial concentration of pollutants, and Ct is the 

concentration after irradiation time t. The linear plots of -ln (Ct/Co) versus irradiation time, t, 

were shown in APPENDIX F, and the calculated rate constants were provided in Table 5.2 and 

APPENDIX E.  

This difference is evident from the kapp values for 4-NP, which are consistently higher 

than those for Rh6G across all light sources. Pristine ZnO IO photocatalyst exhibits a 

significantly faster rate of 4-NP degradation compared to Rh6G under both UV and visible 

light irradiation. Specifically, the kapp for ZnO IO is 1.9 times faster under UV light and 1.6 

times faster under visible light compared to Rh6G. Similarly, pristine TiO2 IO demonstrated a 
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1.2 times faster degradation rate for 4-NP (kapp= 0.96) compared to Rh6G (kapp=0.78) under 

UV light irradiation within four hours. The composite materials TiO2/ZnO and ZnO/TiO2 also 

showed faster degradation rates for 4-NP than for Rh6G under UV light. Specifically, ZnO/TiO2 

(kapp=0.88) and TiO2/ZnO (kapp=0.77) degraded 4-NP more efficiently.  

Pristine IOs show faster degradation rates compared to their composite counterparts 

(See also APPENDIX D), likely because of their higher surface area, tunable PBG, “slow 

photon” effect, and efficient charge separation, making IOs a promising photocatalyst material. 

The pristine IOs have a highly ordered porous IO structure that enhances the interaction 

between the photocatalyst and the pollutants, leading to more efficient degradation [36,41,143]. 

In contrast, the composites, while still effective, may have slightly less optimal structural 

properties for light absorption and pollutant interaction, resulting in a marginally slower 

degradation rate. Whereas the faster degradation of 4-NP compared to Rh6G can be attributed 

to the interplay between their chemical structures and light absorption properties. 4-NP's 

simpler structure, likely lacking the complex conjugated system present in Rh6G, might make 

it more susceptible to oxidation from the photocatalyst, leading to a higher degradation rate. 

Additionally, the presence of the nitro group in 4-NP broadens its light absorption range to 

include some visible light, allowing it to take advantage of both UV and visible irradiation for 

degradation. The interaction of phenolic intermediates with radicals leads to the opening of the 

aromatic ring, the cleavage of the carbon chain, and eventually mineralization to form CO2 and 

H2O [144,145]. In contrast, Rh6G primarily absorbs in the visible spectrum. While it can still 

degrade under UV light, the less efficient overlap between its excitation energy and UV light 

likely leads to a slower degradation rate compared to 4-NP under both light sources. 

Visible light enhances the photocatalytic activity of ZnO/TiO2 and TiO2/ZnO composite 

IOs for Rh6G and 4-NP degradation compared to pristine IOs. The pollutants exhibited a higher 

degradation rate when using ZnO/TiO2 and TiO2/ZnO photocatalysts under visible light. 

Particularly, the 4-NP exhibited a faster degradation rate with the ZnO/TiO2 composite IOs. 

For example, the kapp for ZnO/TiO2 with 4-NP was 1.49, while for Rh6G it was 0.78. Similarly, 

the rate constant for TiO2/ZnO with 4-NP was 1.39, compared to 0.60 for Rh6G. This is due to 

visible light effectively exciting the composite IOs, creating a synergistic effect between 

bandgap compositing and the PBG effect. This enhanced light trapping and improved charge 

separation significantly boost the generation of reactive oxygen species, leading to faster 

degradation of 4-NP compared to pristine IOs (due to slightly less optimal structure) and the 

more robust structure of Rh6G [146–148]. 
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Table 5.2: kapp of the samples, kapp [10-2/min-1] 

Sample  UV source  Visible source  
 

Sample  UV source Visible source  

4-NP 0.038 0.14 
 

Rh6G 0.05 0.05 

TiO2 IO 0.96 0.89 
 

TiO2 IO 0.78 0.51 

TiO2/ZnO 0.77 1.39 
 

TiO2/ZnO 0.50 0.60 

ZnO IO 1.07 0.79 
 

ZnO IO 0.56 0.51 

ZnO/TiO2 0.88 1.49 
 

ZnO/TiO2 0.41 0.78 

5.2.5. The Photodegradation Mechanism 

In this study, I demonstrated that all PEALD IO photocatalysts exhibited the capability 

to degrade pollutants under UV light, primarily due to their surface area [149,150] and the 

effects of their PBG. The pristine TiO2 and ZnO IO materials demonstrated superior 

performance compared to the composite materials (TiO2/ZnO or ZnO/TiO2). This enhanced 

efficiency in pristine TiO2 and ZnO can be attributed to their more effective electron excitation 

under UV light exposure (Fig. 5.6). When UV light interacts with these pristine materials, it 

excites the electrons, leading to the generation of a greater number of reactive radicals. These 

radicals play a crucial role in the degradation process, breaking down the pollutant molecules 

more effectively than the composites [38]. Consequently, the higher efficacy of pristine TiO2 

and ZnO in generating these radicals under UV illumination is a key factor in their superior 

photocatalytic performance. 

 

Figure 5.6: Schematic representations of photocatalytic materials: PEALD-IOs of TiO2 and 

ZnO for degradation of pollutants under UV light irradiation. 
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5.3. Thermal and Plasma-Enhanced ALD for the Synthesis of Inverse Opal Al2O3 and 

Its Composite Materials 

5.3.1. Morphological Studies by SEM and AFM 

The morphological SEM analysis confirmed the successful synthesis of opal structures 

from ~460 nm PS nanospheres, forming interconnected IO networks with uniform pores in a 

FCC pattern, Fig. 5.7 a-f below. The Al2O3 infiltration via TALD created an IO structure after 

high-temperature annealing, causing shrinkage and cracks. The SEM microgram measured 

sphere diameters at ~433 nm with a material thickness of ~39 nm, while ellipsometry suggested 

~36 nm. The final FCC-arranged IO structure retained periodicity. The TALD resulted in ~41 

nm thickness with 429 nm voids, whereas PEALD increased the thickness (~ 47-48 nm) and 

reduced void size (~415 nm). Based on the AFM analysis, plasma activation during the PEALD 

coating resulted in increased surface roughness and reduced film conformality, whereas the 

TALD method yielded smoother surfaces and more uniform coatings. 

Additionally, AFM morphological analysis was conducted to examine surface 

roughness (See Fig. 5.8 and Fig. 5.9). The AFM results reaffirmed the periodic close-packed 

structure of IO with a triangular arrangement typical of the FCC (111) plane. The pristine Al2O3 

IO structure exhibited lower RMS roughness (13.8 nm) than the PS opal template (20.3 nm). 

The growth of ZnO or TiO2 layers via TALD and PEALD increased roughness, with TALD 

consistently producing smoother surfaces (ZnO: 17 nm, TiO2: 18 nm) than PEALD (ZnO: 19 

nm, TiO2: 20 nm) (See Fig. 5.9). PEALD composites showed a more jagged line profile, 

indicating a rougher surface. These results highlight the significant impact of deposition 

techniques and material selection on surface roughness, with TALD exhibiting enhanced 

smoothness compared to PEALD across all compositions. 
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Figure 5.7: SEM micrographs of (a, b) Al2O3 IO, (c) Al2O3/ZnO TALD, (d) Al2O3/TiO2 

TALD, (e) Al2O3/ZnO PEALD, and (f) Al2O3/TiO2 PEALD IOs and their composite samples. 

 

Figure 5.8: AFM images of: (a) 460-PS template, (b) pure Al2O3 IO, (c) Al2O3/ZnO-TALD, 

(d) Al2O3/ZnO-PEALD, (e) Al2O3/TiO2-TALD, (f) Al2O3/TiO2-PEALD, respectively. 
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Figure 5.9: Roughness analysis of Al2O3 IO and composite samples using AFM 

 5.3.2. Compositional Analysis Determined by XPS 

XPS analyses confirmed the composition of 460 nm-sized IOs synthesized via TALD 

and PEALD, followed by annealing at 900°C. No carbon was detected, verifying complete 

template removal. Al, O, Ti, and Zn were identified, confirming the formation of Al2O3, TiO2, 

and ZnO deposits, with trace Si from the substrate. XPS spectra showed (Fig. 5.10) 

characteristic peaks for Al2O3 and its composites, with an "O loss" peak indicating oxygen 

vacancies. For Al2O3/ZnO composites, Zn incorporation was higher in PEALD (1.07 % Zn) 

than TALD (0.26 % Zn), while Al2O3/TiO2 composites contained 0.6% Ti (TALD) and 0.4% 

Ti (PEALD). Elemental ratios remained consistent with Al2O3, suggesting ZnO and TiO2 

additions did not significantly alter the composition. 

 

Figure 5.10: The XPS measurement results of Al2O3 IO and its composite samples. 
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5.3.3. Optical Properties Determined by UV Visible and PL Spectroscopy 

The UV Visible absorption spectroscopy data for Al2O3 IO structures and their 

composites, including 5 nm ZnO or TiO2 coated overlayers, reveal distinct optical 

characteristics influenced by their composition and structural modifications (Fig. 5.11 a).  The 

pure Al2O3 IO and its composites containing 5 nm ZnO or TiO2 overlayer coatings exhibit a 

UV absorption peak around 275 nm. This absorption is not associated with the intrinsic band 

gap of bulk Al2O3 (≈ 8.8 eV, corresponding to <150 nm), but rather arises from defect-related 

or interfacial electronic transitions introduced by the composite interfaces and surface states 

[151]. The absorption edges for all four materials are observed around 320 nm, with slight 

shifts toward shorter wavelengths (≈ 300 nm) observed across the samples. These variations 

are attributed to defect states introduced during the PEALD process, as well as stoichiometric 

and structural deviations that modify the electronic properties of the oxide layers [152]. 

Pure Al2O3 IO exhibits an additional absorption peak at approximately 400 nm, 

attributed to enhanced "slow photon" absorption at the short-wavelength (blue) and long-

wavelength (red) edges of the PBG centered at 529 nm. This effect enhances photon absorption 

outside the PBG (APPENDIX B), increasing interaction time with the IO material and 

potentially improving optoelectronic efficiency. However, the PBG calculated using Bragg’s 

equation (479 nm) is slightly lower than the experimental value (529 nm). This discrepancy 

likely arises from high-temperature annealing (900°C) used for template removal, which may 

cause shrinkage of the spheres and introduce structural defects. These imperfections are not 

accounted for in the idealized Bragg model, leading to deviations from experimental 

observations. TALD/PEALD Al2O3/ZnO and Al2O3/TiO2 UV Visible spectra were similar to 

Al2O3, suggesting minimal optical impact from the 5 nm ALD coatings. Both composites 

showed a primary PBG around 529 nm, as expected for thin ZnO/TiO2. Despite the bulk of the 

ZnO narrower band gap (~373 nm), composite PBGs (482-501 nm) slightly deviated from 529 

nm, likely due to high-temperature annealing causing sphere shrinkage and disrupting 

structural periodicity, crucial for PBG formation. 
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Figure 5.11: (a) UV Visible absorption, and (b) PL spectroscopy of Al2O3 IO samples and 

composite samples, respectively. 

The increased PL intensity in Al2O3 IO upon TALD and PEALD coatings is attributed to 

enhanced passivation of defect states and modifications in optical properties (Fig. 5.11 b). 

Moreover, the PL spectrum of pure Al2O3 IO showed multiple emission peaks at approximately 

389, 467, 542, 564, 624, 658, and 674 nm, covering the blue, green, and red regions of the 

visible spectrum. These emissions originated from intrinsic defect states in the alumina lattice, 

mainly oxygen vacancies (Vo), which determined the material’s luminescent behavior. F+ 

centers formed when an oxygen vacancy trapped a single electron (Vo
+) and caused the blue 

emissions at 389 nm and 467 nm through electronic transitions between localized defect levels 

and the band edges. F2
+ centers developed when two neighboring oxygen vacancies shared a 

single trapped electron, leading to more complex electronic configurations. These centers 

produced the green and red emissions (542–674 nm) via lower-energy radiative transitions. 

The presence of F+ and F2
+ centers facilitated broader, longer-wavelength luminescence, and 

the wide visible emission profile of Al2O3 IO resulted from the coexistence of multiple intrinsic 

defect states and their recombination pathways within the alumina lattice [153,154].  

Similar peaks appeared in composites, while ZnO and TiO2 coatings enhanced PL by 

passivating vacancies and boosting radiative recombination. TiO2 composites, particularly via 

PEALD, exhibited the highest PL due to stronger optical confinement and higher refractive 

index, emphasizing the impact of coating and deposition method [155,156]. 

 

 

 
(b) (a) 
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5.3.4. Inverse Opal Composite Layers by TALD and PEALD 

This study successfully fabricated IO macrostructures and their composites using 

polystyrene nanosphere self-assembly and ALD techniques. Both TALD and PEALD were 

used for Al2O3 infiltration and deposition of ultrathin composite overlayers like ZnO or TiO2 

within the IO structures. The process involved high temperature annealing to remove the 

sacrificial template, which led to the final IO structure but also caused some cracks and 

shrinkage. The research found that both deposition methods and the materials used influenced 

the IO composites' final properties. TALD generally produced smoother surfaces and better 

conformality than PEALD; however, introducing ZnO or TiO2 layers with either method 

increased the surface roughness. Both TALD and PEALD composites showed a primary PBG 

around 529 nm, with additional PBGs in ZnO and TiO2 composites due to their specific band 

gaps. PL analyses indicated that incorporating ZnO and TiO2 layers improved defect 

passivation and light-matter interactions in the IO structures. PEALD-treated samples showed 

enhanced PL intensity, confirming plasma activation's effectiveness in promoting defect 

passivation and enhancing film quality. XPS confirmed the successful incorporation of Al2O3, 

ZnO, and TiO2 in IO structures, providing insights into surface chemistry details like 

hydroxylation and oxygen vacancies, with PEALD demonstrating higher ZnO deposition 

efficiency than TALD. 
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5.4. Fabrication of ZnO-Al2O3 Inverse Opals with Atomic Layer Deposited Amorphous-

Al2O3 for Enhanced Photocatalysis. 

5.4.1. Morphological and Compositional Analysis 

The SEM micrograph in Fig. 5.12 showed that ALD successfully fabricated well-

ordered ZnO IOs using a high-quality colloidal crystal template synthesized via the VLD 

method, which consisted of monodisperse PS-600 spheres with an average diameter of ~588 

nm. Top-view SEM images revealed a highly periodic, close-packed sphere arrangement 

resembling the (100) planes of an FCC lattice, confirming the template’s long-range order and 

suitability for ALD infiltration. The resulting pristine ZnO IO structure (Fig. 5.12 

a &b), formed by conformal ALD deposition and template removal, exhibited a well-defined 

hollow network with a wall thickness of ~51.4 nm. The interconnected hollow 

spheres accurately replicated the template geometry, demonstrating ALD effectiveness in 

morphological reproduction.  

Composite IO structures were fabricated via TALD and PEALD by depositing 

conformal Al2O3 layers. SEM micrograms (Fig. 5.12 c–f) revealed that TALD-grown 

composites retained the long-range order and periodicity of the original template more 

effectively than PEALD-derived samples, which exhibited slightly reduced structural 

regularity, likely due to plasma-induced non-uniform nucleation. A 5 nm ALD overlayer (Al2O3 

or other oxides) did not alter the surface morphology or periodicity, confirming conformal 

coating preservation [157]. Post-deposition annealing at 500 °C removed the PS template 

without compromising the IO or composite framework, as the ALD deposition 

temperatures were substantially lower, preventing thermal distortion. All 

samples underwent volume shrinkage after annealing: SEM analysis (APPENDIX 

C) quantified ~8.0 % shrinkage for pure ZnO IOs, while ZnO/Al2O3-T (TALD) and 

ZnO/Al2O3-P (PEALD) composites showed higher shrinkage (16.7 % and 15.2 %, 

respectively), attributed to cumulative heat treatment effects and oxide layer densification. 

Table 5.3 verified the EDX analysis of the elemental composition of ZnO and ZnO-

Al2O3 composites. Pure ZnO IO exhibited near-stoichiometric Zn and O ratios. The ZnO/Al2O3 

TALD and ZnO/ Al2O3-PEALD composites contained 8.4 at % and 9.8 at % Al, respectively, 

with higher Al content in PEALD due to plasma-enhanced precursor activation. Minor 

impurities, such as carbon (residual precursors) and glass substrate elements (Na, Si, Ca) were 
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also detected. These results confirmed successful ZnO and Al2O3 deposition and demonstrated 

the impact of deposition techniques on elemental distribution and interfacial properties. 

 

Figure 5.12: SEM images of pure ZnO IO (a,b), ZnO/Al2O3-T (c,d), and ZnO/Al2O3-P (e,f), 

respectively. 

Table 5.3 EDX Table ZnO IO and composite samples  

Samples ZnO (At, %) O (At, %) Al (At, %) Others (E.g., C, Si, %) 

ZnO IO 44.5 53.5 - 2.0 

ZnO/Al2O3-T 38.5 48.1 8.4 5.2 

ZnO/Al2O3-T 37.2 46.2 9.8 6.8 

5.4.2. Crystalline Structure Determined by XRD and Raman Spectroscopy Analysis 

The hexagonal wurtzite crystal ZnO IO structure that was indexed with all the key 

diffraction peaks in the XRD study (Fig. 5.13 a) matched the standard data (ICCD card 

Number: 98-016-1836) rather well. The TALD or PEALD-grown 5 nm Al2O3 layer upon the 

IO structure was too thin and amorphous for XRD to identify. Because PS nanosphere 

templates are fragile and IO structures degrade at high annealing temperatures, the Al2O3 ALD 

film can only undergo crystallization when annealed at 1000-1200°C [99].  Annealing the 

TALD composite at 500°C improved the structural order of the ZnO IO. However, the same 

annealing conditions were insufficient to restore the ZnO order in the PEALD composite. The 
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PEALD coating disrupted the ZnO IO structure, resulting in stronger XRD peaks for TALD 

composites.  

The pure ZnO IO wurtzite crystalline nanostructure was verified by Raman analysis, 

which showed shifts at ~333, ~436, ~578, ~995, and ~1132 cm-1, with the most prominent peak 

at ~433 cm-1 (Fig. 5.13 b).  The Al2O3 composite samples, TALD and PEALD, had different 

peak intensities, with PEALD being less intense than TALD, and neither sample had any 

Raman shifts.  The primary reason for this is that the Al2O3 samples were too thin for Raman 

detection since only 19 ALD cycles were employed for thermal modes and 23 for plasma 

modes.  Prior research has demonstrated that a higher number of ALD cycles and higher 

annealing temperatures (over 1000°C) are necessary to produce crystalline α-Al2O3 and γ-

Al2O3 films [158]. 

5.4.3. UV Absorption and PL analysis 

According to a UV Visible absorption study, the absorption edge of ZnO 

semiconductors is located around 400 nm, where all three samples showed a sharp decline in 

absorption [137,159].  Due to quantum confinement effects, the pure IO displayed the highest 

UV absorption between 360 and 380 nm (Fig. 5.13 c), which corresponds to the ZnO 

fundamental band gap. The pure ZnO IO computed band gap was 3.3 eV (APPENDIX G), 

which is quite near to that of bulk ZnO (3.2 eV).  Even though Al2O3 nanoparticles absorb UV 

light at around 280 nm, ZnO-Al2O3 composites maintained a comparable absorption edge at 

400nm.  The ultrathin Al2O3 layer in the composites is the cause of this negligible impact. 

Additionally, the ZnO IO structure showed two absorption peaks at 434 nm (blue edge) and 

660 nm (red edge), suggesting that the "slow photon” effect at the PBG edges, which are 

centered at 560 nm, boosted photon absorption. The PBG was theoretically calculated to be 

around 676 nm, based on the sacrificial template size of 588 nm (APPENDIX C). Because light 

is periodic, these absorption peaks correlate to wavelengths where it slows down within the IO 

structure, boosting absorption [43,44]. 

The composite showed two visible-region absorption peaks resembling pure IO but 

with minor PBG shifts to 580 nm for the TALD composite and 570 nm for the PEALD 

composite. This suggests that Al2O3 had a subtle effect on the ZnO IO PBG.  In contrast to the 

actual results, the computed PBGs (557 nm for ZnO/Al2O3-T and 565 nm for ZnO/Al2O3-P) 

were lower for bare ZnO IO.  These discrepancies were most likely the result of different 

macrostructural characteristics of composite and pure ZnO IO structures. 
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Pure ZnO IO emitted light in both the visible and UV ranges, but the composites only 

emitted in the visible range, according to the PL spectra of ALD samples (Fig. 5.13 d).  The 

visible emissions were partly attributed to F+ and F2
+ centers in ZnO, which act as electron 

traps and radiative recombination sites. In addition to minor peaks at 468 nm (blue) and 543 

nm (green) caused by electron relaxation at surface defects, the pure IO structure showed a 

significant UV peak at 388 nm, which was ascribed to direct charge carrier recombination 

[141,160].  In contrast to the PEALD composite, which exhibited two prominent peaks at 468 

nm and 543 nm and several smaller peaks between 569 and 679 nm, the ZnO-Al2O3-T 

composite showed peaks at 468 nm, 564 nm, and 764 nm.  F+ and F2
+ centers also contributed 

to the enhanced visible emission in the PEALD composite by facilitating recombination at 

defect sites. More defects at the ZnO-Al2O3 interface, which trap charge carriers and promote 

recombination, were the cause of the PEALD composite having enhanced visible emission. 

The TALD composite, on the other hand, had fewer flaws, which led to increased photocatalytic 

activity but decreased emission of visible light [161]. In general, charge carrier recombination 

was the source of PL emissions, which were probably impacted by structural flaws from plasma 

deposition. 
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Figure 5.13. (a) XRD diffraction patterns, (b) Raman spectroscopy, (c) UV Visible absorption 

spectroscopy, and (d) the PL emission spectra of: pure ZnO IO, composite ZnO-Al2O3-T, and 

composite ZnO-Al2O3-P, respectively. 

5.4.4. Photocatalytic Studies of ALD-Synthesised Inverse Opals Under Visible Light 

The degradation of pollutants such as MB, Rh6G, and 4-NP, respectively, when exposed 

to visible light was used to assess the IO structure's photocatalytic activity (See Fig. 5.14).  The 

pure ZnO IO showed maximum efficiency in breaking down MB because of its highly ordered 

structure, which improved light absorption and directed photons deeper into the material. All 
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samples showed pseudo-first-order degradation kinetics [33,42,91].  This impact was further 

accentuated by the high pore size (~588 nm).  With a relative absorbance of 0.78, the IO 

structure, on the other hand, had the slowest degradation for 4-NP and lesser efficiency for 

Rh6G.  Outperforming both pure IO and PEALD composites by at least 10 %, the TALD-

coated IO had the best photocatalytic activity among the composites, attaining the maximum 

degradation rates (k = 0.0022 min-1) (see also APPENDIX H and I) and efficiencies (up to 

69%) for MB and Rh6G. This improvement was ascribed to the ultrathin Al2O3 passivation 

layer, which enhanced light absorption and the production of reactive oxygen species by 

decreasing charge recombination, maintaining the ordered IO structure during annealing, and 

optimizing PBG interactions. 

The degradation rate of the ZnO/Al2O3-T combination varied according to how the 

pollutants interacted with visible light.  Though Rh6G degraded a little more slowly, both MB 

and Rh6G, which have conjugated chromophore structures, effectively absorbed visible light, 

promoting electron excitation and charge transfer [162].  In contrast, 4-NP exhibited less visible 

light interaction due to its smaller structure and primary UV absorption, which resulted in a 

decreased rate of deterioration.  Due to plasma-assisted deposition, which broke crystallinity 

and added additional defects, the PEALD-coated ZnO/Al2O3 composite's photocatalytic 

activity was diminished, as evidenced by its greater Urbach energy, which reflects the degree 

of disorder and defect-induced localized states in the band gap (Eᵤ = 0.28 eV) (APPENDIX G) 

and band gap (Eg = 3.4 eV). 

 

Figure 5.14: Decolorization of MB, Rh6G, and 4-NP dyes through photocatalysis under 

visible light irradiation for 3 hours using photocatalyst samples grown through ALD. (a-c) 

Photocatalytic performance – At/A0 vs irradiation time, using ALD photocatalyst samples in 

the presence of MB (a), Rh6G (b), and 4-NP (c), respectively. 
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4.5. Synthesis of TiO2/Al2O3 Double Layer Inverse Opal by Thermal and Plasma-

Assisted ALD for Photocatalytic Applications 

4.5.1. Morphological and Compositional Analysis of the ALD IO samples 

The fabrication and structural analysis of TiO2 and TiO2/Al2O3 IO arrays were carried 

out using an infiltration approach, whereby the chosen precursor materials were introduced into 

the voids of a PS nanosphere template. This process enabled the formation of a highly ordered 

porous structure by replicating the template geometry. The SEM images presented in Figure 

5.15, (a), (b), and (c), clearly illustrate the top-view morphology of the synthesized structures. 

Figure (a) shows the initial opal template made from PS nanospheres, characterized by its 

uniformly distributed spherical particles and a highly ordered hexagonal arrangement, 

indicative of excellent monodispersity and packing. After infiltration and subsequent template 

removal, the resultant IOs retain this periodicity and closely mimic the original opal structure. 

Particularly, both the pristine IO TiO2 and the combined TiO2/Al2O3 samples exhibited 

interconnected, well-ordered microporous networks, confirming the successful replication of 

the template architecture. These structures were consistent with an FCC lattice arrangement, a 

common feature in well-aligned colloidal crystal assemblies. However, despite the overall 

structural integrity, minor cracks were evident, which could be attributed to volumetric 

shrinkage during the annealing process. This shrinkage was particularly significant, with the 

IO shells contracting by approximately 16.7 % post-annealing, leading to the observed fissures 

in the otherwise continuous porous matrix. Besides, the composition of the samples from the 

EDX analysis was presented in APPENDIX J, showing significant concentrations of Ti, Al, 

and O in both the pure IO and double-layer samples.  

 

Figure 5.15: SEM micrograms of (a) pure TiO2 IO, (b) TiO2/Al2O3-TALD, and (c) 

TiO2/Al2O3-PEALD, respectively. 
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4.5.2. Structural and Optical Studies 

XRD and Raman spectroscopy were both used to characterize the TiO2 IO and its 

composite material crystalline arrangement.   The TiO2 tetragonal anatase phase (ICCD card 

number: 98-009-2363) was represented by the main XRD peaks, which were seen at 25.60, 

38.20, 48.60, 55.40, and 63.10. In agreement with the findings of Chakraborty et al., the 

amorphous TiO2 was crystallized into a stable anatase phase at an annealing temperature of 

500°C [163]. The ultrathin layer of TALD maintained the crystallinity of TiO2 IO, but plasma 

ALD decreased both crystallinity and the intensity of TiO2 peaks, revealing only those at 25.6°, 

38.2°, and 48.6° (Fig. 5.16 a).  

The results from Raman spectroscopy showed peaks at around 142, 395, 519, and 637 

cm-1, which matched the tetragonal anatase TiO2 IO phase (Fig. 5.16 b). Šćepanović et al. 

discovered a similar Raman shift trend for TiO2 IO nanostructures [164]. The ultrathin layers 

of amorphous Al2O3 produced by thermal or plasma ALD were not visible, just like in the XRD 

analysis.  

The pure TiO2 and its composite IO samples demonstrated a significant increase in 

absorption intensity at shorter wavelengths, with distinct absorption edges observed at 330 nm 

for pure TiO2, 320 nm for the thermal ALD-grown TiO2/Al2O3 double-layer nanocomposite, 

and 335 nm for the plasma ALD-grown counterpart, as illustrated in Fig. 5. 17 a-c. These sharp 

absorption edges enhanced the overall light absorption efficiency due to “slow photon” effects, 

which involve reduced group velocity of light propagation, as referenced in studies, facilitating 

electronic transitions that generate electron-hole pairs essential for photocatalytic activity [38]. 

Additionally, the composite samples exhibited extended absorption edges into the visible 

region, specifically at 470 nm, 630 nm, and 800 nm for the thermal ALD samples and 490 nm, 

610 nm, 672 nm, and 800 nm for the PEALD samples, with these sinusoidal absorption patterns 

correlating to the layer thickness and the influence of ultrathin Al2O3 ALD films combined with 

an energy band gap ranging between 3.6 eV and 3.8 eV. 

The fundamental absorption energy, associated with electron excitation from the 

valence band to the conduction band, was utilized to determine the energy band gap  of the thin 

films using the Tauc model, which fits the absorption spectrum to estimate Eg, as described in 

the reference [106]. The Tauc equation (see Equation 5.2),  

(αhν)1/n = A (hν−Eg)       4.2 
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where α represents the absorption coefficient, Eg is the band gap energy, hν is the photon 

energy, and A is a constant related to the transition type, was applied with n = ½ for indirect 

band gap calculations. The calculated indirect optical band gaps were 3.2 eV for pure TiO2, 3.6 

eV for the thermal ALD-grown TiO2/Al2O3 nanocomposite, and 3.8 eV for the plasma ALD-

grown sample. Particularly, while bulk Al2O3 typically exhibits a much higher band gap (8.7 

eV) [165], the composite TiO2/Al2O3 structure resulted in a reduced band gap, attributed to the 

interfacial interactions between the materials. Furthermore, the plasma ALD-grown Al2O3, 

characterized by a highly amorphous and less ordered structure, exhibited a lower band gap 

compared to previously reported values for thicker plasma ALD Al2O3 films (4.3 eV for 8 nm 

and 4.75 eV for 38 nm), aligning with findings from Shi et al. and Costina on ultrathin Al2O3 

films [166,167]. These results underscore the influence of deposition method and structural 

properties on the optical characteristics of nanocomposite materials. 

Furthermore, UV Visible absorption (See Fig. 5.17 a-c) also determined that the pure 

TiO2 IO exhibited a single PBG at 400 nm, the TiO2/Al2O3 composites display multiple PBGs 

in the visible range—TiO2/Al2O3-TALD at 400, 550, and 720 nm, and TiO2/Al2O3-PEALD at 

400, 560, 645, and 750 nm, due to the introduction of composite (Al2O3 ) layers modifying the 

refractive index contrast and optical path. 

The PL spectra of three IO photocatalysts at an excitation wavelength of 380 nm are 

shown in Fig. 5.17 d. All three PL curves had broad peaks between approximately 515 nm and 

540 nm, with a threshold of 420 nm and a cut-off at 800 nm. These PL bands matched the 

"green band" (~515 nm) found in ALD-grown anatase TiO2 IOs, associated with surface 

oxygen vacancies, and the "red band" (~600 nm), linked to Ti³⁺ defects [168]. The thermal 

composite TiO2/Al2O3 showed the strongest PL and most intense (101) anatase XRD peak, 

while the plasma composite TiO2/Al2O3 exhibited the weakest luminescence and lowest 

crystallinity, due to plasma-induced defects and disorder. Higher crystallinity resulted in 

stronger PL by reducing non-radiative recombination centers. 
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Figure 5.16 (a) XRD, (b) Raman analysis results of IOs of pure TiO2, TiO2/Al2O3-thermal, 

TiO2/Al2O3-plasma ALD composite samples, respectively. 

 

Figure 5.17: UV Visible absorption results of IOs of pure TiO2 (a), TiO2/Al2O3-TALD (b), 

TiO2/Al2O3-PEALD (c) composite samples, and (d) PL spectroscopic results, respectively.  
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4.5.3. Photocatalytic Activities of IO TiO2 and ALD-Coated Al2O3 Composites for MB 

Dye Decolorization 

All samples showed successful MB dye decolorization under UV Visible light, 

according to the photocatalytic analysis, which used a pseudo-first-order kinetic model (Table 

5.4). In contrast to thermal and plasma ALD-grown TiO2/Al2O3 composites, which had lower 

rate constant (k) values, bare IO TiO2 demonstrated the highest k. The quickest decolorization 

was accomplished by TiO2 IO (35.4% in 3 hours), while the values for thermal and plasma 

Al2O3 composites were 24.7% and 14.8%, respectively (APPENDIX K). The more ordered 

structure and narrow band gap of the thermally produced Al2O3 composite IO improved optical 

absorption and charge carrier interaction, which in turn improved photocatalysis. However, the 

decreased electron tunnelling caused by the higher thickness of Al2O3 was the reason for the 

decreased activity of Al2O3-coated samples in comparison to bare IO  TiO2 [169]. 

Table 5.4: The rate constant, k, and linear regression square, R2, of the sample 

Sample       R2 Rate Constant, k (* 10-2 Min-1) 

Pure TiO2 IO 0.9957 0.24 

TiO2/Al2O3 thermal  0.9981 0.16 

TiO2/Al2O3 plasma 0.9932 0.089 

MB dye  0.994 0.014 
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5. CONCLUSION 

In this research work, I have successfully fabricated IOPC structures using ALD 

methods, leveraging PS nanospheres of varying sizes, 300 nm, 460 nm, and 600 nm, as 

sacrificial templates. These templates played a pivotal role in defining the structural integrity, 

periodicity, and subsequent photocatalytic performance of the synthesized materials, including 

TiO2, ZnO, Al2O3, and their various composites. Each template size produced distinct porous 

architectures characterized by an FCC arrangement, confirmed via SEM. In the case of 300 nm 

PS templates, used for TiO2 and ZnO IOs, SEM revealed highly ordered structures with visible 

shrinkage post-template removal, approximately 14 % for TiO2 and 3.4 % for ZnO. These 

differences highlight material-dependent contraction behaviour. For 460 nm and 600 nm PS 

spheres, used to fabricate Al2O3 and ZnO-based IOs, the final pore sizes were slightly reduced 

to ~433 nm due to thermal annealing. A 600 nm template applied to double-layered TiO2/Al2O3 

structures yielded an ordered and uniform network, also showing minimal structural 

differences after calcination at 500 °C. 

The impact of PS sphere size extended beyond structure, directly influencing PBGs and 

the “slow photon” effect, both crucial for enhancing light–matter interaction in photocatalysis. 

Optical characterization through UV Visible spectroscopy revealed distinct PBGs correlating 

with the template diameter. For example, Al2O3 IOs templated with 460 nm PS exhibited a 

PBG centered around 529 nm, while smaller spheres yielded blue-shifted gaps. These effects 

facilitated improved light absorption, especially under visible light in composite systems like 

ZnO/Al2O3 and TiO2/ZnO. 

Photocatalytic testing across all systems demonstrated that pristine IOs (TiO2 and ZnO) 

were more efficient under UV irradiation due to optimal electric bandgap energies (3.0–3.2 eV) 

and high porosity for pollutant adsorption. Particularly, the ZnO IOs derived from 588 nm 

spheres exhibited enhanced visible-light activity when coated with Al2O3 via TALD, 

outperforming their plasma-treated counterparts. This improvement was attributed to enhanced 

passivation, reduced recombination centers, and preserved crystallinity. Similarly, TiO2/Al2O3 

composites fabricated with 600 nm PS templates showed degradation efficiencies of 35.4 % 

for pristine TiO2 IO, 24.7 % for thermal Al2O3 coatings, and 14.8% for plasma-grown layers 

under visible light, as measured using MB dye. 

Despite the improved visible-light responsiveness of composites, pristine IOs generally 

maintained over UV-driven degradation rates. However, PEALD-treated samples often 
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suffered from surface roughness and structural disorder, as confirmed by AFM and PL 

spectroscopy, which observed diminished emission intensity and broader defect-related peaks. 

Conversely, thermal ALD produced smoother, more conformal coatings that preserved the IO 

framework and enhanced interfacial charge transfer. Particularly, Al2O3 layers (~4.4–5.5 nm 

thick) were amorphous and undetectable in XRD or Raman but played a significant role in 

altering the bandgap (up to 3.8 eV in PEALD composites). 

Furthermore, the template size is a fundamental design parameter in tuning the 

morphology, optical behavior, and photocatalytic performance of IO materials. Smaller PS 

spheres (300 nm) led to tighter structures and stronger UV absorption, while larger spheres 

(460 nm and 600 nm) enhanced visible-light interactions and structural stability. Coupled with 

the deposition strategy (TALD vs. PEALD), these factors dictate the balance between UV and 

visible photocatalytic activity. The findings advocate precise control over template size and 

layer deposition to engineer IOs for targeted environmental applications, especially in 

harnessing solar energy for pollutant degradation. Future directions include optimizing 

interface chemistry and exploring doped or multi-functional coatings to further expand the 

operational window into the visible spectrum. 
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6. THESIS POINTS 

1. Using low-temperature (50 °C) plasma-enhanced atomic layer deposition (PEALD), I 

synthesized TiO2 and ZnO single-material as well as ZnO/TiO2 and TiO2/ZnO composite 

inverse opal photonic crystal (IOPC) structures. For this opal template of 300 nm sacrificial 

polystyrene (PS) particles were applied, which were removed after PEALD by annealing 

in air at 500 °C. The second PEALD layer resulted in a ca. 30 nm red shift in the photonic 

bandgap (PBG) compared to the PBG of the first layer. In photocatalytic tests, single-

material IOPCs degraded the model pollutants (4-nitrophenol, 4-NP and rhodamine 6G, 

Rh6G) more efficiently under UV light, while the composites were more efficient under 

visible-light irradiation [P3]. 

2. I prepared Al2O3/TiO2 and Al2O3/ZnO IOPCs using a combination of thermal atomic layer 

deposition (TALD) and PEALD. At first, Al2O3 IOPC was made via TALD using a 460 nm 

PS opal template, depositing 36 nm Al2O3 layer by TALD and annealing it at 450 °C. Then 

ultrathin (~5 nm) TiO2 or ZnO overlayers were grown by both TALD and PEALD on the 

Al2O3 IOPC to form Al2O3/TiO2 and Al2O3/ZnO composites, followed by post annealing 

at 900 °C. Atomic force microscopy (AFM) showed that composites with TALD-grown 

overlayers had smoother surfaces (Root mean square - RMS: 17–18 nm) than those grown 

by PEALD (RMS: 19–20 nm) [P4].  

3. I fabricated ZnO/Al2O3 IOPCs by combining TALD and PEALD. A 52 nm ZnO layer was 

first grown by TALD on a 600 nm PS nanosphere opal template and subsequently 

converted into a ZnO IOPC by annealing at 500 °C. Consecutively, an ultrathin (~5 nm) 

Al2O3 layer was deposited by TALD or PEALD to obtain ZnO/Al2O3-TALD and 

ZnO/Al2O3-PEALD composites. The electric bandgap shifted from 3.3  0.01 eV (single-

material ZnO) to 3.4  0.01 eV for TALD-coated and 3.6  0.01 eV for PEALD-coated 

composites, due to the ultrathin Al2O3 overlayer. After 3 hours visible-light irradiation the 

TALD-coated composite was more effective in the photocatalytic decomposition of 

photocatalytic studies to decompose methylene blue (MB), Rh6G, and 4-NP model 

compounds, achieving 69 %, 40 %, and 27 % degradation, respectively, compared to the 

PEALD-coated composite (48 %, 23 %, and 22 % degradation, respectively) [P2]. 
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4. By combining TALD and PEALD, I synthesized TiO2/Al2O3 IOPCs. At first, TiO2 IOPC 

was prepared by depositing 52 nm of TiO2 via TALD onto a 600 nm PS sacrificial template, 

followed by annealing at 500 °C. After this, a ~5 nm Al2O3 film was grown on it by either 

TALD or PEALD to get TiO2/Al2O3-TALD and TiO2/Al2O3-PEALD composites. The 

electric bandgap (3.2  0.01 eV for the TiO2) shifted to 3.6  0.01 eV for TALD-coated, 

and to 3.8  0.01 eV for PEALD-coated composites, due to the ultrathin Al2O3 overlayer. 

The TALD composite exhibited more efficient photocatalytic activity than its PEALD 

counterpart, achieving 25% MB degradation under 3 hours of visible-light irradiation, 

compared to 15% [P1]. 
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Imre Miklós Szilágyi; 11 – 13th of July 2022, 1st Forum of Young Researchers on 

Heterogeneous Catalysis, YOURHETCAT 2022, Szeged, Hungary; Poster presentation on 

Preparation of TiO2/Al2O3 double-layered inverse opal photocatalysts by plasma and 

thermal ALD methods.  

2. Hamsasew Hankebo Lemago, Daniel Karajz, Nour Khauli, Tamas Igricz, Bence Parditka, 

Zoltán Erdélyi and Imre Miklós Szilágyi; 26th of September 2022, 4th George Olah 

Conference, Budapest Hungary. Poster presentation on Fabrication and characterization of 

ZnO and ZnO/Al2O3 composite inverse opals by thermal and plasma-assisted ALD for 

photocatalysis.  

3. Hamsasew Hankebo Lemago, Tamás Igricz, Bence Parditka, Zoltán Erdélyi, and Imre 

Miklós Szilágyi; 3rd Journal of Thermal Analysis and Calorimetry Conference and 9th V4 

(Joint Czech-Hungarian-Polish-Slovakian) Thermoanalytical Conference 20–23rd June 

2023, Balatonfüred, Hungary, Poster presentation on Thermal and plasma-assisted atomic 

layer deposition for the synthesis of inverse opal photocatalysts.  

4. Hamsasew Hankebo Lemago, L. Tolezani, A. Choi, T. Igricz, B. Parditka, Z. Erdélyi, and 

I.M. Szilágyi, Oral presentation on ZnO‑Al2O3 composite inverse opals for enhanced 

Photocatalysis, International Conference of Physical Chemistry‑ROMPHYSCHEM 17th 

edition: September 25‑27, 2023, Bucharest, Romania. 

5. Hamsasew Hankebo Lemago, Tamás Igricz, Zoltán Erdélyi, and Imre Miklós Szilágyi, 

Oral presentation on Atomic Layer Deposition of Inverse Opals for Photocatalytic 

Degradation of Methylene Blue under Visible Light Illumination, Materials science day 

XXlll of PhD students conference on the 20th November 2023. 

6. Cristina Maria Vlăduț, Oana Cătălina Mocioiu, Irina Atkinson, Imre Miklós Szilágyi, 

Jeanina Pandele Cuşu, János Madarász, Dániel Karajz, Hamsasew Hankebo Lemago; 3rd 

Journal of Thermal Analysis and Calorimetry Conference and 9th V4 (Joint: Czech-

Hungarian-Polish-Slovakian) Thermoanalytical Conference 20–23rd June 2023, 

Balatonfüred, Hungary, Poster presentation on Synthesis and Characterization of Doped 

Zinc Oxide Nanoparticles for Nanofluids. 
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7. Luminita Predoana, Irina Atkinson, Dániel Attila Karajz, Vincent Otieno Odhiambo, 

Hamsasew Hankebo Lemago, Jeanina Pandele-Cusu, Simona Petrescu, Adriana Rusu, 

Nicoleta Apostol, Imre M. Szilágyi, György Pokol, Maria Zaharescu, July 24-29 

International Solgel Conference Solgel 2022, Lyon, France. Poster presentation on 

Properties of the Cu-TiO2 nanostructures obtained by sol-gel and microwave-assisted sol-

gel methods.   
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9. APPENDICES 

9.1. APPENDIX A 

Summary of PBG properties, IO synthesised from PS-300 templates  

Sample  n D (nm) navg Shrinkage 

 (%) 

_calculated 

(nm)  

_experimental 

(nm) 

Eg (eV) 

PS  1.6 290 1.4 - 493 - - 

TiO2 IO 2.5 250 1.4 14 394 400 3.0 

TiO2/ZnO 2.5 260 1.4 11 390 400 3.2 

ZnO IO 2.0 280 1.3 3.4 380 470 3.2 

ZnO/TiO2 2.0 280 1.3 3.4 380 500 3.2 

9.2. APPENDIX B 

Summary of PBG properties IO synthesised from PS-460 templates  

Sample  D 

(nm) 

𝒇 % 

Shrinkage  

navg PBG position 

(nm) 

Calculated 

PBG position 

(nm) 

Experimental 

PS-template 460 0.74 - 1.44 782 - 

Pure Al2O3 IO 433 0.26 5.9 1.15 479 529 

Al2O3/ZnO-T 429 0.26 6.7 1.16 482 529 

Al2O3/ZnO-P 415 0.26 9.8 1.16 482 529 

Al2O3/TiO2-T 429 0.26 6.7 1.18 501 529 

Al2O3/TiO2-P 415 0.26 9.8 1.18 501 529 

9.3. APPENDIX C 

Summary of PBG properties IO synthesized from PS-600 templates  

 Sample  Average 

void 

size: D 

(nm)a 

Shrinkage 

(%) 

𝒏 𝒏avg max, exp 

[nm] 

max, calc 

[nm] 

PS-template 588 - 1.59 1.44 ND 990 

   ZnO IO 541 8.0 2.00 1.24 560 676 

ZnO/Al2O3-T 451 16.7 1.70 1.25 580 557 
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9.4. APPENDIX D 

 

Photocatalytic degradation of organic pollutants using UV and visible light:(a & b) for 4-

nitrophenol and (c & d) for rhodamine 6G respectively. 

 

 

 

 

 

 

 

ZnO/Al2O3-P 459 15.2 1.70 1.25 570 565 
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9.5. APPENDIX E 

 

Rate of photocatalytic degradation of organic dyes using UV and visible light: (a & b) for 4-

NP and (c &d) for Rh6G, respectively. 

9.6. APPENDIX F 

kapp of the samples, kapp[10-2/min-1] 

Sample  UV source  Visible source  
 

Sample  UV source Visible source  

4-NP 0.038 0.14 
 

Rh6G 0.05 0.05 

TiO2 IO 0.96 0.89 
 

TiO2 IO 0.78 0.51 

TiO2/ZnO 0.77 1.39 
 

TiO2/ZnO 0.50 0.60 

ZnO IO 1.07 0.79 
 

ZnO IO 0.56 0.51 

ZnO/TiO2 0.88 1.49 
 

ZnO/TiO2 0.41 0.78 
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9.7. APPENDIX G 

 

(a) The Tauc plot derived from UV Visible absorption analysis of ALD samples 

(b) The Urbach energy (Eu) values of the samples 
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9.8.APPENDIX H 

 

The pseudo-first-order linear plots of ln (Co/Ct) versus irradiation time, illustrating the reaction 

kinetics for all sample materials. 

9.9. APPENDIX I 

Rate constant, k, and R-squared of the sample in dyes 

Sample MB Rh6G 4-NP 

kx10-2(min-1) R2 kx10-2(min-1) R2 kx10-2(min-1) R2 

    

ZnO IO 0.19 0.9993 0.17 0.9993 0.11 0.9991 

ZnO/Al2O3-

T 

0.22 0.9995 0.19 0.9994 0.15 0.9984 

ZnO/Al2O3-

P 

0.11 0.9975 0.10 0.9966 0.10 0.9996 
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9.10. APPENDIX J 

EDX Compositional analysis of the samples 

9.11. APPENDIX K 

 

Photocatalytic performance- Relative absorbance in % vs Irradiation time in minute (a) and 

Pseudo-first-order linear plots of ln (C0/Ct) vs. irradiation time for the degradation kinetics of 

the sample materials (b). 

9.12. APPENDIX L 

Table: Distribution of elements based on their atomic %. 

Samples Line  Ti (atomic %) Zn (atomic %) O (atomic %) Others (atomic %) 

TiO2 IO  Ka 39.5  - 57.3 3.2 

TiO2/ZnO Ka 44.7 9.9 40.7 4.7 

ZnO IO Ka -  40.5 54.3 5.2 

ZnO/TiO2 Ka 10.9 38.6 46.1 4.4 

 

 

Sample  % 

w/w  

Ti 

% 

w/w  

Al 

% w/w  

O 

% 

w/w  

C 

% 

w/w  

Si 

% 

w/w  

Ca 

% 

w/w  

Cl 

% 

w/w  

Na 

TiO2 23.4 - 64.0 3.2 8.0 - - 1.4 

TiO2/Al2O3 

Thermal 

18.1 2.6 64.3 3.8 7.9 1.4 0.3 1.6 

TiO2/Al2O3 

Plasma  

19.0 2.5 65.6 2.8 7.8 1.4 0.3 1.6 
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