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Abstract 

Photocatalytic water purification and photoelectrochemical hydrogen production 

address two closely related needs: removal of pollutants from water and production of 

renewable chemical fuels. In both cases, the useful response of a semiconductor material 

depends not only on photon absorption, but also on the separation, transport, and interfacial 

use of photogenerated charge carriers. However, many semiconductor systems are still 

limited by weak light utilisation, fast electron-hole recombination, poor interfacial charge 

transfer, and insufficient stability under working conditions. Therefore, the development of 

efficient photocatalysts and photoelectrodes requires a design strategy in which the chemical 

composition is considered together with the architecture, surface geometry, and interface 

quality. 

Titanium dioxide was treated in this thesis as the main reference semiconductor 

because of its chemical stability, low toxicity, availability, and well-established 

photocatalytic and photoelectrochemical behaviour. At the same time, the wide band gap of 

TiO2, together with recombination and transport losses, limits its direct performance. For 

this reason, the work focused on TiO2-based and related metal-oxide nanocomposites in 

which the material function was improved through structural and interfacial design. In such 

systems, TiO2 was used not only as a photoactive oxide, but also as a chemically stable 

surface layer, a conformal coating, and an interface-forming component. Other oxide 

systems, including WO3 and ZnFe2O4/ZnO, were also examined to place the TiO2-based 

architectures within a broader metal-oxide framework. Their behaviour showed that 

heterostructure formation, visible-light response, and fibrous oxide design are important 

factors in controlling charge separation and photoinduced processes. 

The research included several material platforms prepared by femtosecond laser 

structuring, atomic layer deposition, electrospinning, and heterostructure formation. Highly 

regular silicon nanoripples modified with MXene and ALD TiO2 were developed as a 

structured photocatalytic surface for dye degradation. In this system, the laser-formed ripple 

morphology played an active role in light management by increasing scattering, internal 

reflection, and light trapping at the structured silicon surface. The ALD-grown TiO2 coating 

added a second function: it stabilised the surface by covering the silicon/MXene structure 

with a continuous oxide layer and created a chemically more suitable interface for 

photocatalytic reactions. As a result, the SiNR/MXene/TiO2 architecture exhibited 

considerably higher photocatalytic activity than SiNR/TiO2. This improvement indicates that 

the photocatalytic response was governed by the joint effect of the structured silicon surface, 

the stabilising TiO2 layer, and MXene-assisted interfacial charge transfer. 

Electrospun polyimide nanofibres modified with TiO2, WO3, and Ti3C2Tx MXene 

were investigated as immobilised photocatalytic membranes. Here, the fibrous format was 

important not only as a support for the active phases, but also as a practical form of the 
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photocatalyst. Unlike dispersed powders, the membrane could be recovered and reused more 

easily, and its open fibre network helped the dye solution reach the photoactive regions. In 

the TiO2/WO3/MXene system, the improvement was associated with broader light 

absorption, more effective interfacial charge transfer, and a reduced recombination rate. The 

PID/TiO2/WO3/MXene membrane exhibited the best photocatalytic response among the 

tested samples and retained its activity after repeated use. 

Photoelectrochemical behaviour was studied using two oxide systems in which the 

architecture of the material played a central role. Coaxially electrospun ZnFe2O4/ZnO core-

shell nanofibres were examined as a visible-light-responsive heterostructured platform. In 

this case, the final optical and PEC response was shaped by the core-shell arrangement and 

by Fe/Zn interdiffusion during annealing. The second PEC system was based on Ti-TiO2 

membranes. In this case, femtosecond laser ablation was used to form a hierarchical titanium 

scaffold, which was subsequently coated with TiO2 layers of controlled thickness by ALD. 

This architecture improved light harvesting and increased the accessible surface area, while 

also favouring electrolyte contact and charge extraction through the conductive Ti support. 

The strongest PEC response was obtained for the membrane coated with 100 nm of TiO2, 

showing that the final performance depended on the balance between oxide thickness, 

crystallinity, interface quality, and the geometry of the titanium scaffold. 

The results presented in this thesis show that architecture is not only a morphological 

feature, but also a functional design parameter. Laser structuring provides optical benefits 

by increasing light trapping and reducing reflection losses. ALD provides chemical and 

interfacial benefits by forming continuous TiO2 coatings on complex surfaces. 

Electrospinning enabled the preparation of recoverable membrane-type photocatalysts, in 

which improved handling was combined with a fibrous network favourable for liquid 

transport and access to active regions. Core-shell and hybrid oxide systems provided 

additional routes for controlling charge separation and extending the photoresponse into the 

visible-light range. Taken together, the results show that TiO2-based and related 

semiconductor nanocomposites benefit most when optical enhancement, chemical 

protection, surface accessibility, and interfacial charge transfer are considered together 

during architectural design, rather than treated as separate and independent material features. 
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Streszczenie 

Fotokatalityczne oczyszczanie wody oraz fotoelektrochemiczna produkcja wodoru 

należą do ważnych procesów indukowanych światłem, istotnych z punktu widzenia 

ograniczania zanieczyszczenia środowiska oraz rozwoju odnawialnych nośników energii. W 

obu przypadkach użyteczna odpowiedź materiału półprzewodnikowego zależy nie tylko od 

absorpcji fotonów, lecz także od separacji, transportu oraz międzyfazowego wykorzystania 

fotogenerowanych nośników ładunku. Wiele układów półprzewodnikowych nadal jest 

jednak ograniczonych przez słabe wykorzystanie światła, szybką rekombinację par elektron-

dziura, niewystarczający międzyfazowy transfer ładunku oraz ograniczoną stabilność w 

warunkach pracy. Dlatego opracowanie wydajnych fotokatalizatorów i fotoelektrod wymaga 

strategii projektowania, w której skład chemiczny rozpatrywany jest łącznie z architekturą, 

geometrią powierzchni oraz jakością interfejsów. 

Ditlenek tytanu został w niniejszej rozprawie potraktowany jako główny 

półprzewodnik odniesienia ze względu na jego stabilność chemiczną, niską toksyczność, 

dostępność oraz dobrze poznane właściwości fotokatalityczne i fotoelektrochemiczne. 

Jednocześnie szeroka przerwa energetyczna TiO2, a także straty związane z rekombinacją i 

transportem nośników ładunku, ograniczają jego bezpośrednią wydajność. Z tego powodu 

praca koncentrowała się na nanokompozytach opartych na TiO2 oraz pokrewnych tlenkach 

metali, w których funkcjonalność materiału była poprawiana poprzez inżynierię 

architektury. W takich układach TiO2 pełnił rolę nie tylko fotoaktywnego tlenku, lecz także 

chemicznie stabilnej warstwy powierzchniowej, konforemnej powłoki oraz składnika 

odpowiedzialnego za tworzenie interfejsu. Badano również inne układy tlenkowe, w tym 

WO3 oraz ZnFe2O4/ZnO, aby umiejscowić architektury oparte na TiO2 w szerszym 

kontekście tlenków metali. Ich zachowanie pokazało, że tworzenie heterostruktur, 

odpowiedź w zakresie światła widzialnego oraz projektowanie włóknistych układów 

tlenkowych są ważnymi czynnikami kontrolującymi separację ładunku i procesy 

fotoindukowane. 

Badania obejmowały kilka platform materiałowych otrzymywanych z 

wykorzystaniem femtosekundowego strukturyzowania laserowego, osadzania warstw 

atomowych, elektroprzędzenia oraz tworzenia heterostruktur. Wysoce regularne nanofałdy 

krzemowe modyfikowane MXenem i TiO2 osadzanym metodą ALD opracowano jako 

strukturyzowaną powierzchnię fotokatalityczną do degradacji barwników. W tym układzie 

morfologia fałd wytworzonych laserowo odgrywała aktywną rolę w zarządzaniu światłem 

poprzez zwiększenie rozpraszania, wewnętrznego odbicia oraz pułapkowania światła na 

strukturyzowanej powierzchni krzemu. Powłoka TiO2 otrzymana metodą ALD pełniła drugą 

funkcję: stabilizowała powierzchnię poprzez pokrycie układu krzem/MXene ciągłą warstwą 

tlenkową oraz tworzyła chemicznie bardziej odpowiedni interfejs dla reakcji 

fotokatalitycznych. W rezultacie architektura SiNR/MXene/TiO2 wykazywała znacznie 
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wyższą aktywność fotokatalityczną niż SiNR/TiO2. Poprawa ta wskazuje, że odpowiedź 

fotokatalityczna była kontrolowana przez łączny efekt strukturyzowanej powierzchni 

krzemowej, stabilizującej warstwy TiO2 oraz wspomaganego przez MXene 

międzyfazowego transferu ładunku. 

Elektroprzędzone nanowłókna poliimidowe modyfikowane TiO2, WO3 i Ti3C2Tx 

MXenem badano jako immobilizowane membrany fotokatalityczne. W tym przypadku 

forma włóknista była istotna nie tylko jako nośnik faz aktywnych, lecz także jako praktyczna 

postać fotokatalizatora. W przeciwieństwie do proszków zdyspergowanych w roztworze, 

membrana mogła być łatwiej odzyskiwana i ponownie wykorzystywana, a jej otwarta sieć 

włókien ułatwiała dostęp roztworu barwnika do obszarów fotoaktywnych. W układzie 

TiO2/WO3/MXene poprawę właściwości powiązano z szerszą absorpcją światła, bardziej 

efektywnym międzyfazowym transferem ładunku oraz ograniczoną rekombinacją. 

Membrana PID/TiO2/WO3/MXene wykazała najlepszą odpowiedź fotokatalityczną spośród 

badanych próbek i zachowała aktywność po wielokrotnym użyciu. 

Właściwości fotoelektrochemiczne badano z wykorzystaniem dwóch układów 

tlenkowych, w których architektura materiału odgrywała kluczową rolę. Współosiowo 

elektroprzędzone nanowłókna rdzeń-powłoka ZnFe2O4/ZnO analizowano jako 

heterostrukturalną platformę reagującą na światło widzialne. W tym przypadku końcowa 

odpowiedź optyczna i fotoelektrochemiczna była kształtowana przez układ rdzeń-powłoka 

oraz przez interdyfuzję Fe/Zn zachodzącą podczas wyżarzania. Drugi układ 

fotoelektrochemiczny opierał się na membranach Ti-TiO2. W tym przypadku ablacja laserem 

femtosekundowym została zastosowana do wytworzenia hierarchicznego rusztowania 

tytanowego, które następnie pokryto warstwami TiO2 o kontrolowanej grubości metodą 

ALD. Taka architektura poprawiała wykorzystanie światła i zwiększała dostępną 

powierzchnię, a jednocześnie sprzyjała kontaktowi z elektrolitem oraz ekstrakcji ładunku 

przez przewodzące podłoże tytanowe. Najsilniejszą odpowiedź fotoelektrochemiczną 

uzyskano dla membrany pokrytej warstwą TiO2 o grubości 100 nm, co pokazuje, że końcowa 

wydajność zależała od równowagi między grubością tlenku, krystalicznością, jakością 

interfejsu oraz geometrią rusztowania tytanowego. 

Wyniki przedstawione w niniejszej rozprawie pokazują, że architektura nie jest 

jedynie cechą morfologiczną, lecz funkcjonalnym parametrem projektowym. 

Strukturyzowanie laserowe zapewnia korzyści optyczne poprzez zwiększenie pułapkowania 

światła i ograniczenie prostych strat odbiciowych. ALD zapewnia korzyści chemiczne i 

międzyfazowe poprzez tworzenie ciągłych powłok TiO2 na złożonych powierzchniach. 

Elektroprzędzenie umożliwiło otrzymanie odzyskiwalnych fotokatalizatorów 

membranowych, w których lepsza obsługa materiału została połączona z włóknistą siecią 

sprzyjającą transportowi cieczy i dostępowi do obszarów aktywnych. Układy rdzeń-powłoka 

oraz hybrydowe układy tlenkowe zapewniły dodatkowe możliwości kontrolowania separacji 

ładunku i rozszerzania fotoodpowiedzi w kierunku zakresu światła widzialnego. Łącznie 



 

16 

 

wyniki te pokazują, że nanokompozyty półprzewodnikowe oparte na TiO2 oraz materiały 

pokrewne osiągają największe korzyści wtedy, gdy wzmocnienie optyczne, ochrona 

chemiczna, dostępność powierzchni oraz międzyfazowy transfer ładunku są rozpatrywane 

wspólnie podczas projektowania architektury, a nie traktowane jako oddzielne i niezależne 

cechy materiału. 
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Aim and scope of the dissertation 

This dissertation focuses on the design, preparation, and evaluation of advanced 

micro- and nanostructured materials for photocatalytic and photoelectrochemical 

applications. The work is based on the assumption that the behaviour of semiconductor 

systems is influenced not only by their chemical composition, but also by the architecture of 

the active material (morphological features), the geometry of the support, and the quality of 

the interfaces responsible for the transfer and use of photogenerated charge carriers. From 

this perspective, the dissertation examines how structural design at different length scales 

can be used to improve light absorption, charge separation, carrier transport, accessibility of 

the active surface, and the operational stability of the developed systems. 

The scientific scope of the dissertation includes three closely connected research 

directions. The first concerns structured and laser-modified substrates used as platforms for 

photoactive oxide coatings and hybrid photocatalytic systems. The second research direction 

is related to immobilised photocatalytic membranes and fibrous systems, including 

electrospun hybrid materials intended to improve contact with pollutants during irradiation. 

The third one involves photoelectrochemical electrodes based on structured supports 

covered with conformal semiconductor coatings, in which interfacial charge transfer and 

effective extraction of photogenerated carriers are particularly important. Although these 

research directions involve different material systems and experimental approaches, they are 

linked by a shared strategy centred on architecture-driven optimisation of semiconductor-

based materials. 

The dissertation is situated within the field of chemical sciences, with particular 

attention to functional inorganic and hybrid nanomaterials intended for light-driven 

applications. It brings together materials synthesis, surface engineering, thin-film deposition, 

laser structuring, electrospinning, physicochemical characterisation, as well as 

photocatalytic and photoelectrochemical testing. In this way, the work aims to provide both 

fundamental and application-related insight into the relationship between structure, interface 

design, and photoinduced behaviour. 

The main aim of the dissertation was to determine how rational structural and 

interfacial engineering of semiconductor-based materials can improve their photocatalytic 

and photoelectrochemical behaviour. Particular emphasis was placed on TiO2-based and 

related hybrid architectures, especially immobilised and hierarchically organised systems in 

which morphology, support geometry, heterointerface formation, and deposition strategy 

may decisively affect the generation, separation, transport, and utilisation of photogenerated 

charge carriers. 
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Research questions 

In order to achieve this aim, the dissertation addresses the following research questions: 

1. To what extent can hierarchical structuring of substrates and supporting architectures 

improve light management, surface accessibility, and charge transport in 

semiconductor-based photocatalytic and photoelectrochemical systems? 

2. How far can atomic layer deposition-based conformal oxide coatings improve the 

continuity of the deposited layer and the quality of the oxide-support interface, and 

how do these changes translate into the functional behaviour of structured metallic 

or semiconducting supports? 

3. What role does the formation of heterostructures and hybrid materials play in limiting 

charge-carrier recombination and improving photocatalytic or photoelectrochemical 

performance? 

4. How do immobilised fibrous and membrane-type photocatalysts compare with 

conventional particulate systems in terms of practical use, reusability, and transport-

related limitations? 

5. Which changes in performance can be associated with reasonable confidence with 

structural and interfacial factors, and which need to be interpreted more cautiously 

because they may also be influenced by adsorption, optical effects, differences in 

surface area, or wetting behaviour? 

6. Can the joint consideration of photocatalytic and photoelectrochemical systems 

provide a broader mechanistic picture of how architecture-driven materials design 

influences photoinduced processes in semiconducting materials? 

Originality and scientific contribution of the 

dissertation 

The originality of the dissertation lies in its joint consideration of photocatalytic and 

photoelectrochemical material systems from a common architecture-oriented perspective. 

Rather than analysing each material platform as a separate case, the work treats morphology, 

hierarchical organisation, interface design, immobilisation strategy, and fabrication route as 

interconnected factors that collectively shape functional behaviour across different 

photoactive systems. 

A major contribution of the work is the demonstration that structured supports and 

immobilised architectures may function not only as carriers of the active phase, but also as 

elements that influence optical behaviour, charge-transport pathways, interfacial kinetics, 
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and system stability. This aspect is particularly important in the case of membrane-type and 

fibrous materials, where geometric organisation and accessibility of the active surface 

strongly affect the observable photocatalytic response. 

Another original aspect of the dissertation is the use of advanced fabrication and 

modification approaches, including femtosecond-laser structuring, atomic layer deposition, 

and electrospinning-based preparation of hybrid fibrous systems, to generate materials with 

controlled architecture across several length scales. The combination of these methods made 

it possible to investigate how micro- and nanoscale organisation influences the behaviour of 

semiconductor-based systems under irradiation. 

The dissertation also contributes to the interpretation of photocatalytic and 

photoelectrochemical data by considering performance trends with particular care. Attention 

is paid to separating apparent improvement from mechanistically relevant enhancement, 

including the possible effects of adsorption, immobilisation, interface quality, charge 

recombination, and carrier extraction. In this way, the work not only presents activity trends 

but also attempts to explain them in a chemically and physically grounded way. 

From an application point of view, the dissertation provides useful design principles 

for the development of structured photocatalysts and photoelectrodes that combine improved 

functionality with greater practical relevance. This is especially significant for immobilised 

systems, where ease of recovery, reusability, and integration into larger devices are important 

considerations alongside the activity itself. 

Structure of the dissertation 

The dissertation follows a publication-based structure, but the published papers are 

not treated as independent chapters inserted into the main text without interpretation. Instead, 

the main body of the dissertation is organised as an integrating scientific narrative. It first 

develops the theoretical and literature background needed to understand the research 

problem, and then explains how the individual publications contribute to one common 

architecture-driven framework. The full publications are reproduced at the end of the thesis 

file as a separate publication section, so that the main text can remain focused on synthesis, 

interpretation, and the relationship between the studies. 

Chapter 1 presents the broader scientific background of photocatalysis and 

photoelectrochemistry, with particular emphasis on the connection between environmental 

and energy-related challenges and the behaviour of semiconductor materials under 

irradiation. It discusses the main physicochemical principles governing light absorption, 

charge generation, charge separation, recombination, carrier transport, and interfacial redox 

processes, thereby providing the theoretical foundation for the dissertation. 
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Chapter 2 presents the literature background needed to understand the material 

systems and design choices used in the dissertation. It focuses on TiO2-based photoactive 

materials, heterostructure and interface engineering, hierarchical and laser-structured 

supports, ALD thin-film deposition, MXene-containing hybrids, and electrospun membrane 

photocatalysts. The chapter is not written only as a general review. It also points out the main 

limitations in the field, including unclear mechanism assignment, difficult comparison 

between studies, incomplete stability discussion, and the need for better control of 

architecture and interfaces. These points provide the basis for the studies presented later in 

the dissertation. 

Chapter 3 provides an overview of the publication-based research and explains how 

the included papers are connected scientifically. Although the individual publications 

concern different material systems and experimental configurations, they are united by a 

common focus on architecture-controlled enhancement of photocatalytic and 

photoelectrochemical behaviour. This chapter also clarifies the doctoral candidate’s 

contribution to the presented works and shows how each publication fits into the broader 

research objective. 

The following part of the dissertation provides a general discussion and conclusions 

based on the combined interpretation of the publication set. In this part, the results reported 

across the individual studies are compared from a broader perspective, with attention to 

common mechanisms, limitations, and design principles. The discussion does not simply 

repeat the results of the papers, but uses them to explain how architecture, interface quality, 

immobilisation strategy, and support geometry influence the utilisation of photogenerated 

charge carriers. 

The full published papers are included at the end of the thesis in their published form. 

This final publication section serves as documentation of the peer-reviewed research output 

on which the dissertation is based. Short contextual introductions are used to connect the 

papers with the main thesis framework, but the scientific synthesis and interpretation are 

developed in the main dissertation text. 

Relationship between the included publications 

and the main thesis objective 

The publications included in this dissertation form a connected group of studies 

rather than separate examples. They all address the same main question: how the form of a 

semiconductor system affects its photocatalytic or photoelectrochemical behaviour. The 

papers differ in composition, fabrication route, and testing method, but each of them treats 

the material as more than a chemical phase. Morphology, support geometry, interface 
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contact, immobilisation, and charge-transfer pathways are considered as parts of the working 

system. This is the common link between the publication set. 

The first publication focuses on laser-structured silicon modified with MXene and 

ALD TiO2. The silicon nanoripples provide the ordered surface texture, the TiO2 layer gives 

the system a stable photocatalytic oxide surface, and MXene is introduced to improve the 

contact for charge transfer. The importance of this work lies in the combination of these 

elements. The improved photocatalytic response is not assigned to one component alone, but 

to the way surface structuring, conformal oxide coating, and the conductive interphase are 

brought together in one material system. 

The second publication deals with the electrospun membrane system. In this case, 

TiO2, WO3, and Ti3C2Tx MXene are introduced into polyimide nanofibres to obtain a 

photocatalyst that is fixed in a recoverable form. This changes the interpretation of the result. 

The material is no longer only a set of active phases, because the fibre mat also controls how 

the dye solution enters the structure, how much surface is wetted, how light reaches the 

active regions, and how the sample behaves during reuse. The oxides and MXene are 

important for charge separation and recombination, but the membrane format decides how 

effectively these components are exposed during the test. For this reason, the study supports 

the idea that photocatalytic activity in immobilised systems depends on both composition 

and fibrous architecture. 

The third direction is covered by the ZnFe2O4/ZnO core-shell nanofibre study. This 

paper brings a related, but non-TiO2, oxide system into the dissertation. The important point 

is the way the two oxides are organised inside the fibre. During annealing, Fe- and Zn-

containing regions interdiffuse, so the final material is shaped by both the intended core-

shell design and the interface that forms between ZnFe2O4 and ZnO. This affects light 

absorption and the PEC response under visible illumination. The study is included because 

it shows the same architectural problem in another oxide system: the performance of a 

photoelectrode depends not only on which phases are present, but on how they are arranged, 

connected, and able to support charge separation. 

The fourth publication returns to TiO2, but in the form of a structured Ti-TiO2 

photoelectrode. Here, femtosecond laser ablation is used to shape the titanium support, and 

ALD is used to deposit TiO2 layers with controlled thickness. The importance of this study 

is that the support and oxide layer are designed to work together. The laser-made titanium 

scaffold improves light interaction and surface accessibility, while the ALD coating provides 

the photoactive oxide interface. By changing the TiO2 thickness, the work examines how 

coating continuity, crystallinity, charge-transfer behaviour, and light use affect the PEC 

response in a binder-free electrode platform. 

Taken together, the publications show how the same research idea was tested in 

several material formats. The systems are not identical: one uses a laser-structured Si surface, 
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another uses an electrospun membrane, another is based on core-shell oxide fibres, and the 

final one uses laser-structured Ti coated with ALD TiO2. What connects them is the way the 

active phase is built into the material. In each case, the final performance depends not only 

on the chemical composition, but also on whether the active layer or component is properly 

exposed, connected, and supported by the surrounding structure. For this reason, the 

publications are discussed as one research line focused on architecture-controlled 

photoactivity, rather than as separate studies grouped only by application. 

The publications also make clear that the results have to be interpreted within limits. 

Better dye removal or a higher photocurrent does not automatically indicate a single cause. 

In the photocatalytic studies, the measured response can include the effect of adsorption, 

wetting, scattering, and access of the dye to the active surface. In the PEC studies, the current 

is shaped by the full electrode structure, including contact with the electrolyte, geometry of 

the support, interfacial resistance, and stability during operation. Therefore, the dissertation 

does not treat performance as a simple consequence of composition. The improvement is 

discussed in relation to how each material is built and how it works under the given test 

conditions. 

. 
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Chapter 1. Background and theoretical framework 

1.1. Motivation: water quality and renewable fuels as a unified 

challenge for materials and interfaces 

The scientific motivation of this dissertation arises from two closely linked 

challenges that increasingly shape research on functional semiconductor materials: the need 

for more effective treatment of contaminated water and the need for low-carbon routes of 

solar energy conversion. Although these problems are often discussed separately, both 

depend on the development of materials capable of absorbing light, generating charge 

carriers, and directing interfacial redox processes in a controlled and efficient way. 

Conventional water-treatment methods, including adsorption, coagulation, membrane 

separation, and biological processing, are still commonly applied. However, they are often 

insufficient for persistent organic contaminants. They may also produce secondary waste, so 

the pollutant is not removed directly and additional treatment is still needed. For this reason, 

advanced oxidation methods, including heterogeneous photocatalysis, remain attractive 

because they can degrade contaminants chemically at illuminated solid-liquid interfaces, 

instead of only separating them from water or retaining them temporarily. [1], [2]  

In parallel, interest in renewable fuels is growing because solar and wind energy are 

inherently intermittent and therefore require effective ways of storing energy in chemical 

form. Hydrogen is considered one of the most promising options, since it can be produced 

from water and later used in energy-conversion systems or chemical processes. In this 

context, photoelectrochemical water splitting aims to use light directly to drive 

electrochemical reactions leading to hydrogen and oxygen evolution. Although this 

application differs from photocatalytic pollutant degradation, the fundamental limitations 

are very similar. The absorption of light first produces electron-hole pairs. However, their 

contribution to the reaction depends on whether they reach the active interface and 

participate in redox processes before being lost by recombination. [3], [4]  

Although photocatalytic pollutant degradation and photoelectrochemical energy 

conversion are usually treated as separate application fields, they are governed by closely 

related physicochemical requirements. In both cases, useful performance is determined not 

only by light absorption itself, but by a sequence of linked processes. These include the 

generation of electron-hole pairs, limiting their recombination, transport of the carriers to 

reactive interfaces, and a proper relationship between the material structure and the 

interfacial reaction pathway. Seen in this way, the main limitation is not simply the band 

structure of the semiconductor. It is also shaped by the combined effect of architecture and 

interface quality. Both surface structure and bulk organisation influence how light is utilised 

and how reactive sites are arranged. Interfaces, in turn, have a strong effect on charge 

transfer, recombination behaviour, and the stability of the system during operation. For this 
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reason, further improvement in photocatalysis and photoelectrochemistry increasingly 

depends on structured and hybrid systems in which light harvesting, charge transport, and 

interfacial reactions are considered together, rather than adjusted separately. [5], [6]  

1.1.1 Why architecture and interfaces are central variables 

In many photoactive systems, composition alone is insufficient to explain their 

functional performances. The final response of a photocatalyst or photoelectrode depends on 

several connected processes, including photon absorption, generation of charge carriers, 

their separation, transport to the interface, interfacial charge transfer, and the rate of the 

corresponding redox reaction. All of these stages can be affected by architectural features 

such as film thickness, porosity, hierarchical roughness, surface periodicity, or the way 

heterointerfaces are distributed in hybrid materials. Even if the composition does not change, 

differences in architecture may still modify the optical path length, diffusion distance, 

wetting behaviour, adsorption conditions, and the likelihood of recombination. This 

perspective is particularly important in the present dissertation, where structured substrates, 

conformal oxide coatings, immobilised photocatalytic membranes, fibrous hybrid materials, 

and photoelectrochemical electrodes are considered as systems in which geometry and 

interface quality are part of the functional design, not just secondary structural details. [2], 

[5]  

Within this architecture-focused approach, atomic layer deposition (ALD) is 

particularly important because it allows conformal coatings to be deposited with nanometre-

level thickness control even on complex surfaces with high aspect ratios. This makes it 

possible to adjust thickness, coverage, and interface quality in a controlled way without 

losing the original geometry of the support. As a result, reproducibility can be improved and 

the interpretation of the observed mechanisms becomes less ambiguous. [7]  

1.1.2 Practical relevance of immobilised platforms and hybrid interfaces 

Architecture is important not only for understanding the mechanism, but also for 

practical use of the material. In many photocatalytic studies, dispersed powders are chosen 

mainly because they provide a high surface area. However, this format creates obvious 

difficulties at later stages, especially when separation, reuse, and stable control of optical or 

transport conditions are needed. For this reason, immobilised systems such as thin films, 

coated structured substrates, and membrane-type architectures are an important alternative. 

They are easier to handle, they make reuse more realistic, and they usually allow better 

control over mass transport in the working system. [1]  

Conductive interlayers and two-dimensional phases such as Ti3C2Tx MXene, are 

often added to semiconductor systems to help remove photogenerated charges from the 

oxide and reduce recombination. In practice, however, this benefit appears only if the added 

phase is well dispersed, remains in close contact with the semiconductor, and does not 
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degrade during irradiation in water. For this reason, the presence of MXene or another 

conductive phase is not treated here as proof of improved charge transfer by itself. Its role is 

considered only in relation to the real material architecture, interface quality, and stability of 

the system. [8]  

1.1.3 Thesis positioning and continuity 

This dissertation is based on an architecture-driven view of photocatalysis and 

photoelectrochemistry. A central part of the work is the use of fabrication methods that allow 

deliberate control over the shape of the material, the quality of the interfaces, and the way 

the active phase is immobilised. This creates a link between photocatalytic degradation 

studies, where chemical conversion is the main result being followed, and 

photoelectrochemical experiments, where charge utilisation can be assessed more directly 

from electrochemical data. As a result, the common framework of the dissertation is based 

not simply on the application itself, but on the broader question of how structure and 

interfaces influence photoinduced behaviour in different experimental systems. [4]  

1.2. From photons to chemical change: photoexcitation, carrier 

fate, and architecture-controlled losses 

1.2.1. Photon energy, absorption threshold, and the physical meaning of 

photoexcitation 

Any discussion of photocatalysis and photoelectrochemistry in this work must start 

from the same elementary event, namely, the absorption of light by the semiconductor. Only 

after that step does it become possible to discuss the generation of non-equilibrium charge 

carriers and their later role in photocatalytic or photoelectrochemical response. The energy 

of a photon is given by: 

E = hν = 
hc

λ
 (1) 

where h is Planck’s constant, c is the speed of light, ν is photon frequency, and λ is 

the wavelength. For a semiconductor, photoexcitation occurs when the incoming photon has 

an energy equal to or greater than the band gap. This promotes an electron from the valence 

band to the conduction band and leaves behind a hole. This process is usually written in its 

simplest form as the generation of an electron-hole pair: 

Semiconductor + hν → eCB
- + hVB

+  (2) 

This equation should be understood only as a representation of charge-carrier 

generation and not as a direct indicator of photocatalytic or photoelectrochemical 

performance. 
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In real photocatalytic and photoelectrochemical systems, the measurable chemical or 

electrochemical response depends on how many of the generated charge carriers avoid 

recombination, reach the relevant interface, and then take part in interfacial redox reactions. 

Consequently, even materials with apparently favourable band gaps may exhibit limited 

functional performance when recombination dominates or when interfacial charge transfer 

is sluggish. This is one of the main reasons why interface quality and architecture control 

are treated in this dissertation as primary variables in the interpretation of photoactive 

behaviour, especially in complex and structured systems. [9], [10]  

Charge carriers are not generated uniformly throughout the material. Their formation 

depends partly on wavelength-dependent absorption, but also on how light is distributed 

inside the structure. This becomes especially important in thicker or strongly scattering 

systems, such as porous films, rough coatings, and fibrous membranes. In these cases, 

multiple scattering can make the light travel a longer effective path, but the photon flux 

inside the material is no longer evenly distributed. Some regions may therefore receive more 

light than others. This matters in practice for two reasons. First, carrier generation is more 

useful when it occurs closer to the reactive interface, because otherwise recombination may 

take place before the carriers arrive there. Second, comparison between samples becomes 

more difficult, since a change in architecture alone may already alter light distribution and 

apparent light utilisation, even if the intrinsic properties of the material remain unchanged. 

[11]  

In dye-based photocatalytic experiments, the observed activity does not necessarily 

originate from a single mechanism. Besides direct excitation of the semiconductor, the dye 

may also absorb visible light and behave as a sensitiser, transferring electrons to the 

semiconductor. In that case, the degradation pathway no longer reflects only the intrinsic 

band-gap excitation of the photocatalyst. Because of this, results from dye systems need to 

be interpreted carefully. An increase in activity should not be explained only by electronic 

modification of the semiconductor unless this is supported by proper control experiments 

and additional evidence. [12], [13]  

1.2.2. Charge carrier transport and recombination: diffusion length as an 

architectural constraint 

The generation of charge carriers does not guarantee useful functions. At that stage, 

the important question is whether they recombine or whether they are transported to the 

interface and used there. In many semiconductor systems, this can be treated, in a first 

approximation, in terms of diffusion-based concepts: 

D = μ
kBT

q
 (3) 
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where D is the carrier diffusion coefficient, µ is the mobility, kB is the Boltzmann constant, 

T is the absolute temperature, and q is the elementary charge. The characteristic travel 

distance before recombination is the diffusion length: 

L = √Dτ  (4) 

where L is the diffusion length in cm or nm, and τ is the effective carrier lifetime, 

which includes bulk and surface recombination. In practical terms, these parameters show 

how far a generated charge carrier can move before it is lost by recombination. If a carrier is 

formed too far from the reactive interface, it is unlikely to take part in the reaction. For this 

reason, the efficiency of a photoactive layer depends strongly on the relation between the 

place where carriers are generated and the distance they need to travel. This explains why 

nanostructured materials and thin conformal coatings may give better performance than 

thicker planar layers, even when the composition is the same. [9], [10]  

The architecture does not improve the performance by default. A larger surface area 

and a higher number of interfaces can provide more active contact with the electrolyte, but 

they can also create additional surface states and trap sites. In that case, recombination may 

become faster and the effective carrier lifetime shorter. Porous or high-aspect-ratio structures 

can also become resistive if the electrical pathway through the material is not sufficiently 

continuous. For this reason, architecture has to be optimised as a balance: it should shorten 

transport distances and increase accessibility without adding too many recombination sites 

or weakening charge transport. [14]  

ALD was used because it can deposit TiO2 evenly on structured surfaces while 

keeping the layer thickness under control. This is important for Ti/TiO2 photoelectrodes, 

where the surface shape and the oxide coating both affect the final response. By changing 

the TiO2 thickness, it is possible to see how much of the behaviour comes from the structured 

Ti support and how much from the deposited oxide layer. The coating thickness also affects 

light absorption, carrier transport, and whether the photoactive layer fully covers the surface. 

[7]  

In this dissertation, these relations are used mainly to guide the interpretation of the 

later experimental chapters. If a particular architecture improves dye-degradation kinetics or 

increases photocurrent, the change is not attributed to composition alone. It is considered in 

terms of carrier transport, recombination, distance to the active interface, and the possible 

role of surface or defect states. [6]  

1.2.3. Optical response in heterogeneous architectures: Kubelka-Munk 

analysis, Tauc plots, and limitations of band-gap inference 

Optical characterisation is used in both photocatalysis and photoelectrochemistry 

mainly to assess light harvesting, compare samples that differ in composition or structure, 
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and estimate the optical band gap. At the same time, in heterogeneous materials, it is not 

always easy to move from raw reflectance or absorbance data to conclusions that are 

physically well justified. This becomes especially important in architecture-driven systems, 

where surface structuring, porosity, and the presence of several components can substantially 

affect the optical field distribution as well as the apparent position of the absorption edge. 

[15]  

For samples that scatter light strongly, such as powders, porous films, rough 

membranes, and fibre mats, diffuse reflectance data are often analysed with the Kubelka-

Munk approach. The corresponding Kubelka-Munk function is written as: 

𝐹(𝑅) = 
(1-R)

2

2R
  (5) 

where R is diffuse reflectance. In the simplest interpretation, F(R) is used as a proxy 

for an absorption-related quantity under the assumptions of an optically thick, diffusely 

scattering medium. The Kubelka-Munk function is often used as an absorption-related 

parameter for samples that are optically thick and diffusely scattering. However, this 

assumption is not equally valid for all materials. In structured samples, the result may depend 

strongly on morphology, scattering, and measurement geometry. Therefore, in this thesis, 

Kubelka-Munk analysis is treated mainly as a comparative tool for samples measured under 

the same conditions, not as a direct measure of the intrinsic absorption coefficient. [15]  

Optical band-gap values are often estimated with the help of a Tauc-type relationship: 

[F(R)hν]n=A(hν - Eg) (6) 

where A is a constant, Eg is the optical band gap, and n is chosen based on the assumed 

transition type (e.g., direct allowed, indirect allowed). In porous and fibrous materials, 

scattering is usually strong and changes with wavelength. This can shift the baseline and 

make the selected linear part of the Tauc plot depend strongly on how the data are treated. 

For this reason, the obtained values should be treated as apparent optical gap estimates rather 

than exact band-gap values. This is especially important for structured materials, where 

changes in reflectance may come from light trapping by the geometry rather than from a real 

change in electronic structure. [11], [15]  

Real oxides often exhibit defect-related states that give rise to sub-band-gap 

absorption tails. Such tails are often more pronounced in nanostructured and defect-rich 

surfaces, where the density of surface states and oxygen vacancies may increase. An 

apparent red shift in optical response should therefore not automatically be interpreted as a 

true reduction of the band gap, because it may instead reflect defect states, disorder, or 

overlapping optical processes. [9]  
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In hybrid systems, the measured optical response usually comes from more than one 

component. This is particularly important when the material contains several 

semiconductors or conductive additives such as MXene. These components may increase 

background absorption or change the scattering behaviour of the sample. However, this does 

not necessarily mean that more useful charge carriers are produced in the main photoactive 

phase. For this reason, optical data should be interpreted together with functional 

measurements, such as degradation kinetics, photocurrent response, and other indicators of 

interfacial charge transfer. [10]  

For architecture-controlled systems, an important interpretive point is that improved 

functional performance may arise from optical management alone, including light trapping 

and multiple scattering, without any intrinsic change in electronic structure. This distinction 

is essential in later discussion of structured and porous platforms, where reflectance changes 

may be dominated by geometry rather than by genuine band-structure modification. [11]  

1.2.4. Hybrid interfaces and conductive phases: mechanistic roles, risks of 

over-interpretation, and evidence standards 

In many hybrid photocatalysts and photoelectrodes, the semiconductor is combined 

with other functional components in order to improve the use of photogenerated charge 

carriers. The goal is not just to absorb more light but to ensure that more of the generated 

carriers participate in interfacial chemistry or contribute to the photocurrent instead of 

recombining. This is particularly relevant for wide-band-gap oxides, where recombination 

and interfacial resistance may control the final response even if light absorption itself is not 

the main limiting factor. [10]  

Conductive additives are often added to help extract electrons from the 

semiconductor and reduce electron–hole recombination. This effect is possible only when 

the additive is well connected to the photoactive phase. Good interfacial contact and 

continuous transport pathways are therefore important. If these conditions are not met, the 

additive may instead reduce performance by blocking active areas, changing light 

absorption, or introducing additional recombination sites. [8]  

Hybrid interfaces are also frequently discussed using band-alignment arguments, for 

example when electron transfer from a semiconductor conduction band to a conductive 

phase or second semiconductor is proposed. Such models are useful as design tools, but in 

highly nanostructured and porous systems interfacial energetics may also be influenced by 

surface states, adsorption, hydroxylation, and local potential gradients. Therefore, band 

alignment arguments should be used with caution unless they are supported by independent 

evidence consistent with the proposed charge-transfer pathway. [5], [6]  

In dye-degradation experiments, better activity does not always mean better charge 

separation. Hybridisation can also change dye adsorption, wetting, scattering, and the local 
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light intensity near the sample. All of these factors may influence the apparent degradation 

rate. For this reason, the results should be interpreted carefully and compared with dark 

adsorption tests, repeated-cycle measurements, and structural and optical data. [1], [12]  

For conductive two-dimensional phases such as MXenes, stability has to be 

considered together with the proposed mechanism. During irradiation in water, MXenes may 

oxidise or change their surface terminations, and these changes can affect how charges are 

transferred at the interface. Therefore, in MXene-containing hybrids, the conductive additive 

should not be treated as a fixed and unchanged component during operation. Its possible 

chemical evolution has to be considered when the charge-transfer mechanism is discussed. 

[8]  

1.2.5. Thermodynamic feasibility, band-edge requirements, and 

electrochemical potential scales (RHE/NHE) 

A photoelectrochemical process can only proceed if it is thermodynamically feasible, 

that is, if the photogenerated carriers are able to drive the required redox reaction. For 

photoelectrochemical water splitting, this point is usually considered with respect to the 

thermodynamic potentials of hydrogen and oxygen evolution and how these vary with pH. 

However, thermodynamic feasibility is not the same as practical efficiency. Even if the band 

edges are favourably positioned from a thermodynamic point of view, the actual performance 

can still be limited by reaction kinetics, recombination, and resistive losses at the 

semiconductor-electrolyte interface: 

E(O2/H2O)=1.229V vs RHE (7) 

E(H +/H2)=0V vs RHE (8) 

These values should be understood as thermodynamic limits, not as direct indicators 

of how well a real device performs in practice. For meaningful comparison between systems, 

it is also necessary to report the potential scale, illumination conditions, and electrode area 

in a consistent way. In addition, the interpretation becomes stronger when efficiency metrics 

are used to connect the measured current to the corresponding useful chemical output. [4]  

In aqueous systems, redox potentials do not remain constant, because they depend 

on conditions such as pH and species activity. This dependence is usually described by the 

Nernst equation: 

E=E°- 
RT

nF
lnQ (9) 

where E° is the standard potential, R is the gas constant, T is temperature, F is the Faraday’s 

constant, n is the number of electrons, and Q is the reaction quotient. This is important in 

photoelectrochemical analysis because pH changes both the thermodynamic reference level 

and the conditions at the semiconductor-electrolyte interface. Therefore, potentials should 
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be reported together with the pH and the reference electrode. Without these details, 

comparison between studies becomes uncertain and the interpretation of onset potentials or 

band positions is much weaker. 

Because photoelectrochemical measurements are carried out with different reference 

electrodes, the reported potentials are not always directly comparable. Converting them to a 

common scale, for example RHE or NHE, is therefore important for correct interpretation 

of onset potentials and band-edge positions: 

ERHE=Eref+Eref
°  +0.0591 pH (10) 

where Eref denotes the measured potential versus the reference electrode, and Eref
°  is the 

standard potential of that reference relative to SHE. Because of this, meaningful comparison 

is only possible when the reference electrode, pH, and conversion procedure are reported 

explicitly. This is particularly relevant in structured electrodes, since both current density 

and local potential distribution may change across the surface. [4], [5]  

Thermodynamic feasibility should not be considered the same as practical efficiency. 

Even if the band-edge positions are favourable for a given reaction, the actual performance 

still depends on factors such as interfacial kinetics, charge-transfer resistance, recombination 

losses, and transport limitations. This is particularly clear for oxygen evolution at 

semiconductor interfaces, which is a demanding multistep process that is strongly affected 

by charge accumulation at the interface. For that reason, meaningful improvement in 

photoanode behaviour depends to a large extent on careful interface engineering. [6]  
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Figure 1.1. General scheme of semiconductor photocatalysis in aqueous media, 

illustrating photon absorption, generation of electron-hole pairs, their separation and 

recombination pathways, interfacial charge transfer, and the formation of the main 

reactive oxygen species. Approximate band-edge positions and aqueous redox levels are 

also included to support the mechanistic discussion. Prepared by the author. 

1.2.6 Reactive oxygen species (ROS) pathways and their dependence on 

charge extraction, oxygen availability, and adsorption regime 

In aqueous photocatalytic systems, degradation of organic pollutants is often 

discussed through the involvement of reactive oxygen species. When oxygen is present in 

solution, it can accept electrons from the irradiated semiconductor and participate in a series 

of reduction steps that form reactive intermediates. At the same time, photogenerated holes 

may contribute through separate oxidation pathways. The main reactions considered in this 

context are listed below. 

O2+e-→O2
 •- (11) 

Superoxide can then undergo protonation to form hydroperoxyl radicals: 

O2
•-

+H+→HO2
•
 (12) 

Two hydroperoxyl radicals can disproportionate to yield hydrogen peroxide and 

oxygen: 

2HO2
•
→H2O2+O2 (13) 

Hydrogen peroxide can subsequently accept an electron to form hydroxyl radicals: 

H2O2+e-→•OH+OH- (14)  

In parallel to oxygen-mediated routes, photogenerated holes can generate hydroxyl 

radicals via oxidation of water (or surface hydroxyls), represented as: 

H2O+h+→•OH+H+ (15) 

These reactions provide a useful mechanistic framework, but the dominant pathway 

is not universal. The effective contribution of each route depends on the efficiency of 

electron delivery to the dissolved oxygen, the efficiency of hole delivery to surface-bound 

water or hydroxyl groups, and the strength of pollutant adsorption at or near the reactive 

interface. Architecture modifies all of these factors by changing transport distances, wetting 

behaviour, adsorption environment, and the density of recombination-active interfacial 

states. [2], [10]  

The oxygen-reduction pathway may be restricted by limited oxygen availability close 

to the active interface and by the rate at which electrons are transferred to dissolved oxygen. 
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This issue becomes more important in porous films and membrane-type photocatalysts, 

where oxygen concentration may vary within the structure because diffusion is not uniform 

and liquid penetration may be incomplete. As a result, changes in the observed kinetics do 

not always reflect only intrinsic charge-carrier behaviour, but may also be influenced by 

transport conditions. For this reason, interpretation based on reactive oxygen species is more 

convincing when the proposed reaction pathways are considered together with practical 

operating conditions, including stirring, flow, irradiation geometry, solution composition, 

and whether the catalyst is used in dispersed or immobilised form. [1]  

Oxidation driven by photogenerated holes may take place either through formation 

of hydroxyl radicals or through direct oxidation of adsorbed species. The importance of these 

routes depends on the adsorption conditions, surface chemistry, and efficiency of charge 

carrier extraction before recombination. For this reason, reactive-oxygen-species pathways 

should not be treated as a universal fixed sequence. In practice, they are better understood 

as the result of a coupled interplay between carrier behaviour and the interfacial 

environment. [10]  

Dye-degradation experiments create additional interpretive difficulties. The dye does 

not always act only as a pollutant, because it may also function as a sensitiser. In that case, 

electron injection may proceed through pathways connected with dye adsorption and dye 

light absorption rather than with intrinsic excitation of the semiconductor. Rapid loss of 

colour should also be treated carefully, because decolourisation does not automatically mean 

full mineralisation. At early stages, the concentration decrease may be dominated by 

adsorption, especially in membrane and hybrid systems with large accessible surface area 

and many functional groups. For this reason, results obtained with dyes need to be discussed 

with clear attention to adsorption equilibration, sensitisation effects, and the limitations of 

UV-Vis monitoring as an indicator of deeper chemical conversion. [12], [13]  

In photoelectrochemical platforms, charge utilisation is seen more directly through 

photocurrent recorded under controlled bias. Illumination-dependent impedance behaviour 

can also provide extra evidence for improved interfacial charge transfer. This is why the 

combined use of photocatalytic and photoelectrochemical readouts is an important strength 

of the research strategy adopted in this dissertation. This helps distinguish real charge-

utilization effects from adsorption-related changes, which can strongly influence dye-based 

photocatalytic experiments. [4]  

1.3. Photocatalysis in water purification: reaction pathways, 

kinetics, and practical limits of interpretation 

This section focuses on the main reaction pathways involved in the photocatalytic 

removal of pollutants from water, together with the practical difficulties that arise when such 

results are interpreted. In aqueous media, these reactions may proceed by direct electron or 
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hole transfer to adsorbed species, but they may also involve reactive oxygen species that are 

formed first and then participate in further oxidation steps. In real systems, however, 

pollutant removal is not controlled by one process alone. It depends on the combined effect 

of light utilisation, charge-carrier separation and recombination, adsorption, accessibility of 

active sites, and transport conditions in the reactor. Therefore, photocatalytic results can only 

be compared meaningfully when key experimental factors, especially illumination geometry, 

catalyst architecture, and adsorption-equilibration conditions, are handled and described 

consistently. [1], [16]  

1.3.1. Reactive oxygen species framework and its practical meaning in dye 

degradation experiments 

In oxide-based photocatalysis, reactive oxygen species (ROS) are often used as the 

main framework for discussing dye degradation and, more generally, the oxidation of organic 

pollutants. Under oxygenated aqueous conditions, photogenerated electrons can reduce 

dissolved oxygen to superoxide-type species, whereas photogenerated holes may oxidise 

water or surface hydroxyl groups and thereby form hydroxyl radicals. These pathways 

provide a useful mechanistic basis for discussing photocatalytic oxidation, and they are 

summarised in this section by Eqs. (11)–(15). 

These reactions are useful for describing possible degradation routes, but they should 

not be treated as one fixed sequence that applies to every photocatalyst. Oxygen-mediated 

oxidation and hole-driven oxidation can contribute to different extents, depending on the 

oxygen availability, pH, adsorption, intermediate protonation, and the ability of charge 

carriers to reach the surface before recombination. In immobilised films and membranes, the 

situation is even more dependent on the material format, because wetting and permeability 

can limit both oxygen supply and pollutant transport inside the structure. Under such 

conditions, the measured rate may be controlled partly by transport and accessibility, not 

only by the intrinsic photochemistry of the material. [2], [10]  

An additional limitation concerns dye-based systems specifically. In addition to 

oxidation driven by reactive oxygen species, the dye itself may behave as a photosensitizer 

under visible light. In this case, electrons can be injected into the semiconductor and 

degradation pathways that do not arise directly from the intrinsic excitation of the 

photocatalyst are initiated. Because of this, dye degradation is useful mainly as a 

comparative screening tool. Stronger conclusions about visible-light photocatalysis should 

be based on suitable control experiments and, where possible, supported by consistent 

behaviour across different probes or pollutant types. [12]  
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1.3.2. Concentration tracking by UV-Vis and the role of adsorption 

equilibration 

The most common method for monitoring dye removal is UV-Vis spectroscopy, in 

which absorbance at the characteristic wavelength is followed as a function of irradiation 

time. Concentration is then estimated from the Beer-Lambert relationship using the 

expressions given below: 

A=εlC (16) 

where A is absorbance, ε - molar extinction coefficient, l - optical path length, and C 

- concentration. Rearrangement gives: 

C=
A

εl
 (17) 

Before illumination, the sample should first be allowed to reach adsorption 

equilibrium in the dark. This step is important because hybrid and membrane-type materials 

can remove part of the dye by adsorption alone. If this initial decrease is mixed with the 

illuminated stage, the photocatalytic rate may appear higher than it actually is. The problem 

is especially relevant for fibrous immobilised systems, where high accessible surface area, 

surface functional groups, and slow diffusion into the fibre network can all affect the 

measured concentration before photocatalysis actually starts. [12]  

Optical artefacts also need to be taken into account. In scattering systems such as 

powders, fibre mats, and rough membranes, apparent absorbance changes do not always 

result only from concentration changes. They may also arise from baseline drift, light 

scattering, or inconsistencies during sampling. Because of this, UV-Vis data can be 

interpreted as real concentration changes only when sampling is carried out in a consistent 

way, the cuvette geometry is kept identical, and the timing of measurements remains stable. 

[15]  

When photocatalysts are compared quantitatively, the test conditions must be 

described in sufficient detail for a meaningful comparison. Formal standards can help with 

this, but the same logic applies even when a custom reactor is used. The irradiation 

conditions, sampling procedure, adsorption-equilibration step, and measurement geometry 

should be stated clearly, otherwise differences in performance may reflect the experiment as 

much as the material itself. [17]  

 



 

39 

 

 

Figure 1.2. Illustration of a typical photocatalytic dye-removal experiment, 

including dark adsorption equilibration followed by illumination, and the standard 

linearisation used for pseudo-first-order kinetics (e.g., ln(C0/Ct) vs time) Prepared by the 

author. 

 

Figure 1.3 Scheme of the UV-Vis absorption measurement arrangement, showing 

the optical path length (l) and emphasising that the measurement configuration should 

remain unchanged in order to obtain reproducible concentration values based on the Beer-

Lambert relation. Prepared by the author. 

1.3.3. Pseudo-first-order kinetics: usefulness, limits, and what the rate 

constant represents 

Photocatalytic dye degradation is often described with a pseudo-first-order kinetic 

model. This approach is usually applied when the dye concentration is low and the catalyst 

loading is sufficiently high to maintain approximately steady surface conditions. Under these 

assumptions, the degradation rate and its linearised form may be written as follows. 

 𝜂deg (%)=
C0-Ct

C0
×100  (18) 
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where C0 denotes the starting concentration, often taken after the adsorption-equilibration 

stage, and Ct is the concentration measured at time t. Under conditions of low dye 

concentration and moderate catalyst loading, the experimental data are often approximated 

with an apparent pseudo-first-order expression: 

ln (
C0

Ct
) =kappt (19) 

where kapp is the apparent rate constant. The apparent rate constant should be interpreted as 

an effective descriptor of the observed experiment rather than as a universal intrinsic 

constant of the material itself. 

The plot of ln(C0/Ct) versus time gives an apparent rate constant, which is useful for 

comparing samples tested in the same setup. This value should not be treated as a material 

constant, because it depends on the irradiation conditions, reactor geometry, catalyst loading, 

mixing, adsorption, and oxygen availability. For immobilised catalysts, wetting and internal 

transport may also affect the fitted value. Therefore, the rate constant is used here only as a 

comparative parameter under fixed experimental conditions. [18], [19]  

One practical consequence is that the early part of the dataset may reflect adsorption-

desorption behaviour more strongly than steady photocatalytic conversion. This is especially 

likely to occur in high-surface-area powders and fibrous membranes. Because of that, dark 

adsorption equilibration should be clearly separated from the illuminated degradation stage 

if the fitted kinetic parameters are to be interpreted in a meaningful way. 

1.3.4 Langmuir–Hinshelwood framework: adsorption strength, surface 

saturation 

 If adsorption has a clear effect on the measured kinetics, the Langmuir-Hinshelwood 

model is often applied to describe the link between the reaction rate and surface coverage. 

Within this approach, the observed rate is influenced both by adsorption strength and by the 

reaction rate of the adsorbed species, as written below. 

r=
kKC

1+KC
 (20) 

where r is the reaction rate, C is the pollutant concentration in solution, K is an adsorption 

equilibrium constant (or an effective adsorption parameter), and k is a kinetic constant 

associated with the surface reaction of the adsorbed species. 

The practical value of the Langmuir-Hinshelwood expression is that it links 

adsorption behaviour with the rate of the surface reaction. If KC ≪ 1, the denominator does 

not differ much from 1, and the rate may then be treated as approximately first-order in 

concentration. 
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r ≈ kKC (21) 

This is often consistent with the pseudo-first-order behaviour observed in dilute dye 

solutions. In the opposite limit, when KC ≫ 1, the reactive surface approaches saturation 

and the rate moves towards a limiting value: 

r ≈ k (22) 

In this case, increasing the pollutant concentration does not increase the reaction rate 

in the same proportion, because the most active surface sites are already occupied. This is 

important for porous, fibrous, and other high-surface-area materials, where even small 

differences in adsorption can noticeably change the apparent kinetics. [18], [20]  

In immobilised membranes and other structured catalysts, the interpretation requires 

additional caution because not all of the reactive surface is equally accessible. Wetting, 

diffusion inside the structure, and local differences in light intensity can produce non-

uniform reaction conditions. As a result, the fitted Langmuir-Hinshelwood parameters may 

reflect transport limitations to some extent, not only adsorption and intrinsic surface kinetics. 

Even so, the model can still be useful for comparison under fixed experimental conditions, 

provided that the resulting parameters are interpreted with care. 

1.3.5. Quantum yield and photon-normalised metrics: why they are stronger 

than “% degradation” under uncontrolled illumination 

 Reporting the percentage degradation after a fixed irradiation time is simple and 

intuitive, but the value is strongly affected by photon flux, illumination geometry, and 

pollutant loading. For that reason, photon-normalised metrics are more physically 

informative, because they relate the observed chemical conversion directly to the number of 

photons absorbed by the system or incident on it. The quantum yield is defined as follows: 

Φ=
rate of chemical transformation (mol s-1)

rate of photons absorbed (einstein s-1)
 (23) 

Here, Φ represents the efficiency with which absorbed photons lead to chemical 

transformation. In principle, this makes the metric useful for comparing systems measured 

under different irradiation intensities or reactor geometries, as long as the absorbed photon 

rate is known with sufficient accuracy. The main advantage of quantum yield and related 

photon-normalised descriptors is that they connect the observed conversion directly with the 

light input, rather than only with irradiation time or final percentage removal. 

A key advantage of the quantum yield and related photon-based metrics is that they 

explicitly link conversion to photon input, and therefore improve comparability when the 

illumination intensity and spectral distribution at the sample plane are known. However, the 

metric is meaningful only when photon flux is measured or estimated reliably and reported 
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clearly. Without this information, quantum-yield values become uncertain and are difficult 

to compare across studies, particularly when reactor geometry and optical conditions differ. 

[16], [21]  

For water-purification studies, it is also important to distinguish decolourisation from 

deeper chemical conversion. Even when the quantum yield is not calculated for every 

dataset, the limitations of the dye-removal metrics should be stated explicitly, and the 

selected descriptors should be justified as appropriate for controlled comparative assessment 

rather than treated as universally sufficient measures of photocatalytic performance. [22]  

1.3.6. Reporting discipline and comparability: why “same conditions” must 

be stated explicitly 

Differences in reported photocatalytic performance do not always originate from the 

material itself. Even the same catalyst can yield noticeably different results when the 

experimental setup is changed. The apparent rate constant obtained from pseudo-first-order 

fitting and the apparent Langmuir-Hinshelwood parameters are both sensitive to photon flux 

at the sample plane, reactor geometry, mixing regime, catalyst amount, and the optical 

properties of the suspension or immobilised substrate. Therefore, photocatalytic kinetics are 

most safely interpreted within a clearly defined and reproducible experimental framework, 

and comparisons across different studies should be made with caution unless the irradiation 

and reactor conditions are sufficiently similar. [18], [23]  

Several specific reporting elements have a disproportionate impact on comparability: 

1. Illumination definition. Stating only the nominal lamp power is not enough for a 

meaningful description of the illumination conditions. More relevant are the photon 

flux that actually reaches the sample, its spectral distribution, and the intensity at the 

sample plane. This is particularly important in structured substrates and membrane-

type systems, where scattering and reflection may modify both local light distribution 

and its effective use. 

2. Geometry and optical path. In powder suspensions, factors such as suspension 

depth and stirring influence optical density and the amount of light that is effectively 

absorbed. For immobilised catalysts, the situation depends on other parameters, 

including the illumination angle, the wetted area, and membrane thickness, because 

these affect both the effective reaction volume and transport conditions within the 

active structure. 

3. Adsorption and sampling protocol. Dark adsorption equilibration time, sampling 

frequency, and filtration or centrifugation procedures can all significantly influence 

the apparent kinetics and therefore need to be reported explicitly if meaningful 

comparison is intended. 
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A useful practical implication is that “better absorption” or “darker catalyst” should 

not be treated as direct evidence of enhanced photocatalysis unless photon flux and optical 

density are controlled and the functional output is evaluated under genuinely comparable 

conditions. [15], [23]  

1.3.7. Decolourisation versus conversion: why “% removal” is not 

automatically “purification” 

In dye-based systems, UV-Vis decolourisation is easy to follow and is therefore used 

very often, but it should not be treated as proof of mineralisation or complete purification by 

itself. A dye molecule may lose the part responsible for its colour and still form colourless 

organic intermediates that remain in solution. For that reason, “% degradation” should be 

read mainly as a decrease in the parent-dye concentration at the selected wavelength, not as 

direct proof of full conversion to CO2 and H2O. If the discussion is aimed at water 

purification rather than simple comparison between samples, it is better supported by 

additional evidence such as TOC reduction, identification of intermediates, or validation 

with a wider group of pollutants. [22], [23]  

1.3.8. Transition: relevance of these constraints for immobilised membranes 

and structured platforms 

The limitations outlined above become even more important in immobilised and 

structured systems. In such architectures, early-stage behaviour may be strongly influenced 

by adsorption, wetting, and transport, and these factors can vary markedly between samples 

even when their nominal chemistry is similar. For electrospun membranes, the fibrous 

architecture creates an internal surface area together with tortuous pathways and diffusion 

gradients. These features may strengthen adsorption and at the same time change how easily 

reactive sites can be reached. In laser-structured substrates, micro- and nanotopography can 

additionally influence the effective optical path length and the local photon-flux distribution. 

Because of this, performance in these systems should be interpreted within an architecture-

aware framework that takes into account not only charge utilisation, but also the transport 

and accessibility limitations imposed by the physical form of the active material. [24], [25], 

[26]  

1.4. Photoelectrochemistry: thermodynamics, kinetic 

descriptors, and device-relevant metrics 

Photoelectrochemical (PEC) measurements provide a controlled framework for 

analysing charge utilisation in illuminated semiconductor electrodes. In comparison with 

photocatalytic batch tests, PEC measurements allow direct monitoring of photogenerated 

carrier extraction through photocurrent and also make it easier to control potential and 

electrolyte conditions. For that reason, PEC descriptors should be read not only as 
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performance numbers, but also as indicators of where the main losses come from, for 

example interfacial charge transfer, recombination, resistive drops, or transport limitations. 

[27], [28]  

1.4.1. Thermodynamic reference points and overpotential as a practical 

descriptor 

 In PEC water splitting, it is first necessary to establish whether the reaction is 

thermodynamically feasible. This minimum energy requirement is determined by the 

corresponding redox potentials, and the overall reaction is written as: 

2H2O→2H2+O2 (24) 

For interpretation of pH-dependent operation and electrode half-reactions, this 

expression is commonly resolved into hydrogen evolution and oxygen evolution half-

reactions in acidic and alkaline media, as shown below. 

In acidic media: 

2H
 +

+2e
-
→ H2 (24a) 

2H2O→O2+4H ++4e- (24b) 

In alkaline media: 

2H2O+2e
-
→H2+2OH 

- (24с) 

4OH 
-
→O2+2H2O+4e- (24d) 

These half-reaction forms are important because the relevant thermodynamic 

reference potentials and kinetic barriers depend on pH, electrolyte composition, and the 

reaction pathway operating at the semiconductor-electrolyte interface. [4]  

Earlier in the chapter, thermodynamic potentials and their pH dependence were 

outlined using the Nernst-type relations given in Eqs. (7)–(10). These expressions are still 

used here as the reference framework for the PEC discussion.  

In PEC measurements, it is not enough to know that a reaction is thermodynamically 

possible. A measurable current appears only when an additional driving force is applied. This 

extra potential is the overpotential, and it reflects kinetic barriers, interfacial losses, and 

resistive drops in the system. For this reason, overpotential connects the thermodynamic 

potential of the reaction with the real behaviour of the electrode under applied bias. [27], 

[29]  

For structured and porous photoelectrodes, the overpotential should be considered in 

relation to the electrode architecture and not only as an intrinsic feature of the interface. In 

hierarchical structures, local potential and current density do not have to be uniform, and 



 

45 

 

electrolyte access together with bubble accumulation may further disturb transport 

conditions. As a result, onset potential and photocurrent may be influenced both by 

interfacial kinetics and by resistance or transport effects arising from the architecture. 

Because of this, current-potential curves are more informative when they are interpreted 

together with complementary methods such as impedance spectroscopy and wavelength-

resolved response. [5], [28]  

1.4.2. Kinetic descriptors: Butler–Volmer and Tafel analysis, and what can be 

concluded safely 

How far the system is from equilibrium is measured by the overpotential: 

η=Eapplied -Eeq (25) 

where Eeq is the equilibrium potential of the relevant redox couple and Eapplied is the 

applied potential. Here, the overpotential is the difference between the applied potential and 

the equilibrium potential of the relevant redox couple, given on a consistent scale, usually 

RHE. It should not be viewed simply as a correction term, because in practice it reflects the 

kinetic barrier that must be overcome to obtain a certain reaction rate. Even when band-edge 

positions are thermodynamically favourable, weak interfacial kinetics may still require 

operation at higher applied bias and thus lower the practical efficiency. For PEC systems, 

overpotential depends not only on electrocatalytic considerations, but also on photovoltage, 

recombination, and charge-carrier availability at the interface. [4]  

Interfacial charge-transfer kinetics are frequently described using the Butler-Volmer 

equation: 

j=j0 [exp (
αaFη

RT
) - exp (-

αcFη

RT
)]  (26) 

where j is the current density, j0 exchange current density, and αa, αc are 

anodic/cathodic charge-transfer coefficients, F is the Faraday constant, R is the gas constant, 

and T is temperature. Within PEC discussion, this expression is useful because it clarifies 

what is meant by improved interface kinetics: an increase in the exchange current density, 

or an effective change in the charge-transfer coefficients, is consistent with more facile 

charge transfer at a given overpotential. Architecture and surface engineering may influence 

these quantities by altering active-site density, interfacial electronic structure, and the density 

of recombination-active surface states. 

In semiconductor photoelectrodes, the measured current depends not only on 

interfacial kinetics, but also on the supply of charge carriers to the surface. A better apparent 

kinetic response may therefore result from reduced recombination or improved charge 

extraction, rather than from higher catalytic activity of the surface itself. For this reason, 

Butler–Volmer-type analysis should be considered together with impedance data recorded 
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under illumination and with stability results. This helps distinguish charge-transfer 

limitations from recombination or transport effects. [30]  

 When one of the exponential terms becomes dominant, Butler-Volmer behaviour can 

be simplified to the Tafel form: 

η=a+blog( j) (27) 

where a is an intercept term and b is the Tafel slope. Tafel analysis is widely used because it 

provides a compact descriptor of how strongly current responds to changes in the 

overpotential. Within a photoelectrode system, a lower apparent Tafel slope may be 

associated with improved interfacial kinetics, but it can just as well arise from a change in 

the dominant regime, for example from charge-transfer limitation to transport limitation, or 

from the influence of series resistance and recombination. For this reason, Tafel slopes 

should not be used as stand-alone proof of better catalysis unless supporting evidence 

indicates that the same kinetic regime applies across the compared samples and that 

uncompensated resistance, mass-transport limitation, or gas-bubble coverage do not 

dominate the selected potential window. [31]  

 

Figure 1.4. Schematic representation of a standard three-electrode 

electrochemical/photoelectrochemical cell, showing the working, reference, and counter 

electrodes, together with the defined illuminated and immersed area of the working 

electrode and the main geometric parameters relevant to measurement reproducibility. 

Prepared by the author. 
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1.4.3. Wavelength-resolved response and device-relevant efficiency metrics: 

IPCE, ABPE, STH, and Faradaic efficiency 

 Kinetic parameters alone are not enough to describe PEC performance, because they 

do not show directly how effectively light is converted into current or chemical products. 

For this reason, PEC analysis also includes wavelength-dependent measurements and 

efficiency parameters such as IPCE or ABPE. These values are useful when comparing 

different electrode structures, because they connect the photocurrent response with the 

illumination conditions and the applied bias. [28], [32]  

The incident photon-to-current efficiency (IPCE) expresses the number of incident 

photons at a given wavelength that are converted into the collected current. In this work, 

IPCE is defined as: 

IPCE(λ)(%)= 
1240j(λ)

P(λ)λ
×100 (28) 

where j(λ) is the photocurrent density measured at wavelength λ, and P(λ) is the incident 

light power density at that same wavelength. IPCE is useful because it enables the 

examination of the wavelength-dependent response separately from the effects of broadband 

illumination. In this way, it gives a more detailed view of how effectively a given electrode 

converts absorbed or incident light into measurable current. 

IPCE is a useful diagnostic tool because it can help determine whether the main 

limitation comes from light absorption, charge separation and collection, or losses at the 

interface. At the same time, the measured IPCE values are strongly affected by the 

experimental setup. Parameters such as beam size, alignment, chopping or lock-in 

conditions, and calibration of wavelength-dependent irradiance at the sample plane all 

matter. Because of this, reliable reporting requires clear definition of both the irradiance and 

the electrode area, especially for structured electrodes where scattering and the effective 

illuminated area may influence photon utilisation. [4], [32]  

Applied bias photon-to-current efficiency (ABPE) connects photocurrent under bias 

to incident illumination intensity and reflects the efficiency of converting light into electrical 

power under an applied potential. The ABPE definition is given below. 

ηABPE(%)= 
j(1.23-Vbias)

Pin
 × 100 (29) 

where j is the photocurrent density at the applied bias, Vbias is the applied potential 

(typically vs RHE), 1.23 V corresponds to the thermodynamic water-splitting potential, and 

Pin is the incident light power density. Here, the metric combines current output with the 

applied bias and therefore provides a practical way to compare photoelectrode performance 

under the same illumination and electrolyte conditions.  
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ABPE is useful for comparing photoanodes tested under the same illumination and 

electrolyte conditions, because it includes both the photocurrent and the applied bias. 

However, the calculated value depends on how the potential is converted, how the current 

density is normalised, and which electrode area is used. For this reason, ABPE values should 

be reported together with the reference scale, usually RHE, the light intensity at the sample 

position, and the geometric or illuminated area used for the calculation. [4], [29]  

The most demanding metric used for PEC water splitting is the solar-to-hydrogen 

(STH) efficiency. It relates the incident solar power directly to the chemical energy stored in 

the produced hydrogen, either under unbiased conditions or within a clearly defined device 

configuration. The STH expression is given below. 

ηSTH(%)= 
jop×1.23×FE

Pin
×100 (30) 

where jop is the operating current density under the relevant operating condition, and 

FE is the Faradaic efficiency for hydrogen evolution. In this case, the operating current 

density is only meaningful when it is linked to verified hydrogen production through an 

appropriate Faradaic-efficiency term. 

In practice, any claim based on STH efficiency has to be validated carefully, because 

the relevant output is hydrogen produced as a chemical product, not photocurrent by itself. 

For that reason, the measurement should include clear information on the illumination 

spectrum and intensity, the active area, the method used for gas collection or product 

analysis, and whether any external bias was applied. STH values are therefore most 

convincing when they are reported together with explicit experimental conditions and direct 

quantification of the generated product. [4], [33], [34]  

Faradaic efficiency (FE) is used to relate the measured charge to the amount of 

chemical product actually formed. It shows what part of the measured current is used for the 

desired reaction, for example hydrogen or oxygen evolution. The remaining current may 

come from side reactions, corrosion, or capacitive and transient processes. FE is defined as 

follows: 

FEH2
(%)= 

2Fn(H2)

Q
 ×100 (31) 

where nH2 is the amount (moles) of hydrogen produced, Q is the total charge passed, and F 

is the Faraday constant. The factor of 2 in the hydrogen case reflects the two electrons 

required to produce one molecule of H2. 

Because FE depends on accurate product quantification, it must be paired with a 

clearly described analytical method, such as gas chromatography, calibrated volumetric 

collection, or dissolved-gas analysis, together with appropriate control tests. This is 
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especially important for photoelectrodes, because photocurrent may contain non-faradaic 

contributions and side reactions may occur depending on electrolyte composition and 

surface state. [35], [36] 

Finally, IPCE, ABPE, STH, and FE are more informative when considered together 

rather than as separate values. IPCE shows the wavelength-dependent charge-collection 

behaviour, ABPE reflects power conversion under applied bias, and STH together with FE 

links the electrical response to confirmed chemical product formation. This combined view 

is particularly important for architecture-driven systems, because structural design may 

improve light utilisation while at the same time changing transport and interfacial kinetics. 

For that reason, more than one metric is needed to determine which factor is mainly 

responsible for the observed improvement. [27], [34], [37]  

 

Figure 1.5. Dark and illuminated current density-potential (j–E) curves used to 

illustrate photocurrent onset and the bias dependence of photoelectrode behaviour. 

Prepared by the author. 
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Figure 1.6. AM 1.5G solar spectral distribution and the conceptual relationship 

between wavelength-resolved incident photon-to-current efficiency (IPCE) and the 

resulting photocurrent under broadband illumination. Prepared by the author 

1.5. Electrochemical diagnostics for photoelectrodes: impedance 

analysis and semiconductor parameters 

Electrochemical methods are essential for separating the contributions of charge-

transfer kinetics, resistive losses, and capacitive or space-charge effects in photoelectrode 

systems. Among these methods, electrochemical impedance spectroscopy (EIS) is especially 

useful because it probes the frequency-dependent response of the electrode–electrolyte 

interface and provides access to effective parameters associated with interfacial charge 

transfer, transport limitation, and non-ideal capacitive behaviour. [38], [39]  

1.5.1. What EIS measures and why equivalent circuits are model-dependent 

In EIS, the electrode is probed with a small AC signal applied around a chosen 

operating condition set by the potential and the illumination state. The resulting impedance 

response is then recorded over a range of frequencies. For photoelectrodes, measurements 

under illumination are often used to examine how interfacial charge-transfer resistance and 
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capacitive behaviour differ from the dark case. However, EIS cannot be interpreted 

independently of the model. The same dataset can often be fitted with more than one 

equivalent circuit and still appear acceptable, especially for porous or heterogeneous 

electrodes where several time constants may overlap. Because of that, fitted parameters are 

better treated as effective comparative values obtained within one consistent modelling 

approach, not as unique intrinsic constants of the material. [38], [39]  

A Nyquist plot can be useful as a first visual guide, since semicircle-like features are 

often associated with charge-transfer processes combined with non-ideal capacitance, 

whereas low-frequency tails may point to mass-transport contributions or distributed 

interfacial behaviour. Simultaneously, porous and structured electrodes rarely behave as 

ideal RC systems. For this reason, the shape of the plot by itself is not sufficient for 

mechanistic interpretation. Such conclusions should be based on an explicit equivalent-

circuit model and supported by additional evidence, for example illumination-dependent 

response, stability behaviour, and reproducible trends across the analysed sample series. 

1.5.2. Constant phase element (CPE): why it appears and how to interpret it 

safely 

A constant phase element (CPE) is commonly used when the capacitive response is non-

ideal. This is often the case in photoelectrodes, since real electrode surfaces are 

heterogeneous. Factors such as roughness, porosity, variation in local reaction rates, and 

uneven current distribution can give rise to a distribution of time constants rather than a 

single ideal capacitance. The CPE expression used in this work is given below. 

ZCPE= 
1

Q(jω)n  (32) 

where Q is the CPE coefficient, ω is angular frequency, j is the imaginary unit, and n (with 

0<n≤1) quantifies deviation from ideal capacitive behaviour.  

The practical implication is that Q and n (or α) should not be treated as simple 

capacitance values. Instead, they describe the extent to which the interface deviates from 

ideal capacitive behavior.  

When n is close to 1, the response becomes similar to that of an ideal capacitor. In 

contrast, lower n values indicate stronger dispersion and a greater degree of non-ideal 

behavior. For this reason, CPE parameters are better interpreted in a comparative way, using 

the same equivalent circuit, frequency range, and illumination conditions, rather than being 

taken directly as physical capacitances without proper conversion and justification. [40], 

[41]  

For structured and porous photoelectrodes, a decrease in n is usually interpreted as a 

sign of stronger dispersion, which may indicate greater heterogeneity or changes in the 
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interfacial states. Variations in Q , on the other hand, may be related to differences in 

effective interfacial area, surface-state density, or capacitance contributions associated with 

the space-charge region. Because of this, CPE trends are more informative when discussed 

together with morphology, illumination response, and, where relevant, semiconductor 

analysis such as Mott-Schottky interpretation, rather than being considered on their own. 

1.5.3. Practical use in this research: separating charge-transfer resistance from 

non-ideal capacitance 

If one equivalent circuit is used in the same way for the full sample series, EIS 

becomes useful for distinguishing between resistive and capacitive parts of the response. In 

many PEC architectures, a decrease in the fitted charge-transfer resistance under 

illumination can be interpreted as a sign of improved interfacial charge transfer and/or 

greater availability of photogenerated carriers for the reaction at the interface. However, 

structured electrodes may at the same time modify effective area, roughness, and 

heterogeneity. For that reason, EIS should be interpreted within a broader set of evidence 

that also includes j-E response, stability behaviour, and optical data, rather than being used 

as a single decisive proof of the mechanism. [28], [42]  

1.5.4. Mott-Schottky analysis: flat-band potential, donor density, and why 

nanostructured electrodes require sanity checks 

Capacitance-potential measurements are often analysed with the Mott-Schottky 

approach in order to estimate semiconductor parameters such as flat-band potential and 

apparent donor density. The method assumes that, within a certain regime, the measured 

interfacial capacitance is dominated mainly by the space-charge capacitance of the 

semiconductor. Based on this, the Mott-Schottky relation used here is given below. 

1

CSC
 2

=
2

εε0eND
(V-Vfb-

kT

e
 ) (33) 

where CSC is the space-charge capacitance, ε is the dielectric constant of the semiconductor, 

ε0 is the vacuum permittivity, e is the elementary charge, ND is the donor density for n-type 

semiconductors, V is the applied potential, Vfb is the flat-band potential, k is Boltzmann’s 

constant, and T is temperature. In practical use, the inverse-square capacitance is plotted 

against the applied potential, and the linear part of that plot is then used to estimate the 

apparent donor density and the flat-band potential. 

The extracted parameters are meaningful only when the underlying assumptions of 

the method are reasonably satisfied. In real photoelectrodes, capacitance dispersion, surface 

states, frequency dependence, and other non-ideal interface contributions may dominate the 

measured capacitance. For this reason, Mott-Schottky results should be interpreted 

cautiously and supported by basic sanity checks such as frequency sweeps, careful 
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assessment of the linear fitting range, and consistency with other electrochemical and 

spectroscopic evidence. [5], [6]  

One important limitation is that, in nanostructured and porous photoanodes, the 

measured capacitance does not always represent the depletion capacitance of the 

semiconductor layer itself. It may also contain a strong contribution from the conducting 

substrate, penetration of the electrolyte into the structure, contact-related injection effects, 

or residual geometric capacitances that remain present even when the semiconductor is 

nominally depleted. Because of this, a Mott-Schottky plot may look linear and still produce 

unrealistic doping densities or misleading flat-band potential values. [43], [44]  

From a practical point of view, the method is most dependable when the same 

frequency is used for the entire sample series, the linear region is chosen on a physical basis 

rather than simply because it looks straight, and the extracted parameters are checked against 

other observations such as photocurrent onset, illumination-dependent resistance changes 

from impedance analysis, and stability behaviour. When these conditions are met, Mott-

Schottky analysis remains useful as a comparative method for tracing relative shifts in 

interfacial energetics within a controlled sample set. [45]  

Finally, it is essential to recognise that structured architectures may introduce 

additional capacitance contributions, including surface-state capacitance, Helmholtz-layer 

effects, and geometric capacitances. Because these contributions may be frequency 

dependent, they can distort both the slope and the intercept of the Mott-Schottky plot. 

Reporting the measurement frequency, AC amplitude, and the circuit or modelling context 

used to derive capacitance is therefore necessary both for reproducibility and for mechanistic 

credibility. [38], [46]  

1.5.5. Practical integration with EIS/CPE modelling in this work 

 In practice, the capacitance values used in Mott-Schottky analysis are often taken 

from impedance spectra or calculated from parameters obtained by equivalent-circuit fitting. 

When the interface exhibits non-ideal capacitive behaviour represented by a CPE, 

conversion from fitted CPE parameters to an effective capacitance must be performed 

consistently, and the resulting value should be interpreted as an effective quantity rather than 

as an ideal physical capacitance. For this reason, Mott-Schottky trends are best discussed 

together with EIS-derived resistive contributions and CPE behaviour under the same 

illumination and potential conditions, rather than being treated as an isolated measurement. 

[39], [41]  
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Figure 1.7. Example Nyquist plot and a representative equivalent-circuit model 

used to interpret resistive and non-ideal capacitive contributions at the electrode-

electrolyte interface in impedance spectroscopy. Prepared by the author. 

1.6. Summary and scope 

This chapter outlined the conceptual and methodological basis used later to interpret 

both photocatalytic degradation experiments and photoelectrochemical water-splitting 

measurements from the same architecture-aware perspective. The main point is that light 

absorption creates non-equilibrium electron-hole pairs, but the measurable response depends 

on how many of these carriers avoid recombination, reach a reactive interface, and take part 

in interfacial charge transfer. For that reason, functional behaviour cannot be inferred from 

optical absorption alone, but has to be considered together with carrier fate, interface quality, 

and the transport limitations associated with the chosen architecture. [9], [10]  

For photocatalytic water purification, the chapter discussed oxidation in aqueous 

media largely in terms of reactive oxygen species pathways and related them to practical 

issues such as oxygen availability, adsorption behaviour, and transport limitations arising 

from the physical format of the material. It also presented the quantitative tools used later 

for degradation analysis, namely UV-Vis concentration tracking, pseudo-first-order kinetics, 

and the Langmuir-Hinshelwood framework in its low- and high-coverage limits. These 

descriptors are used primarily for comparative analysis under controlled conditions, with the 

understanding that fitted values may be influenced not only by intrinsic photochemistry, but 
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also by adsorption and transport effects, especially in immobilised and highly porous 

systems. [18], [23]  

For photoelectrochemistry, the chapter addressed water splitting by introducing the 

overall reaction together with the corresponding half-reactions, and by showing how 

thermodynamic reference points are related to kinetic demands through overpotential and 

kinetic models. It also presented the main device-relevant metrics used to connect light input 

with electrical and chemical output, namely IPCE, ABPE, STH, and Faradaic efficiency. At 

the same time, these metrics are only meaningful when the potential scale is reported 

consistently, the illuminated area is defined clearly, and product quantification is properly 

validated. [4], [37]  

Finally, the chapter outlined the role of electrochemical diagnostics in identifying 

loss pathways and in supporting mechanistic interpretation. EIS together with equivalent-

circuit modelling was introduced as a way to separate resistive contributions from non-ideal 

capacitive behaviour, including the response described by CPE elements. Mott-Schottky 

analysis was also discussed, but with clear caution in the case of nanostructured and porous 

electrodes, where capacitance dispersion and surface states may strongly influence the 

measured response. In this framework, fitted parameters are treated as effective comparative 

descriptors, and they are most meaningful when the modelling approach and measurement 

conditions are kept consistent across the analysed sample series. [6], [39]  

The following chapter develops the state-of-the-art background required to position 

the investigated material platforms within current research. The literature review is organised 

around architecture-driven and interface-controlled strategies that address the limiting steps 

identified in Chapter 1, namely light utilisation in structured geometries, charge separation 

and transport across complex interfaces, and interfacial kinetics at semiconductor–

electrolyte boundaries. Particular attention is given to immobilised and hierarchically 

structured systems, conformal coatings prepared by atomic layer deposition, laser-induced 

surface structuring, and hybrid interfaces that include conductive or catalytic components.In 

this way, the next chapter provides the necessary transition between photocatalytic 

degradation studies and PEC water-splitting analysis by placing them within a common 

mechanistic framework. It also provides the basis for later discussion of performance 

changes in terms of architecture, interface quality, and charge-utilisation pathways, instead 

of interpreting them through single parameters alone. 

Subsequent chapters apply this framework to the investigated platforms and to the 

way their functional behaviour is evaluated. In the photocatalytic part, performance is 

interpreted with the help of adsorption-aware kinetic descriptors and with clear attention to 

the optical and transport limitations associated with the selected architecture. In the 

photoelectrochemical part, performance is discussed on the basis of device-level metrics and 

electrochemical diagnostics. Attention is also given to the potential scale used, the quality of 
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the measurements, and, when relevant, to whether the electrochemical response is confirmed 

by actual chemical product formation. Together, the following chapters show a consistent 

research line in which differences in performance are discussed mainly through architecture, 

interface quality, and charge-utilisation pathways, rather than through single isolated 

parameters. 
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Chapter 2. Literature Background on 

Architecture-Engineered TiO2-Based Materials for 

Photocatalytic and Photoelectrochemical Use 

2.1. TiO2 as a benchmark photoactive oxide and the need for 

architecture-driven optimisation 

Titanium dioxide has remained one of the key semiconductor materials in photocatalytic and 

photoelectrochemical research for decades. Its importance is not due to novelty, but to the 

fact that it combines physicochemical stability, broad synthetic versatility, low toxicity, 

relatively low cost, and compatibility with many different structural design strategies. 

Because of these features, TiO2 has become not only one of the most intensively studied 

photoactive oxides, but also a model platform through which broader principles of light-

driven semiconductor behaviour can be examined. In many respects, the development of 

modern photocatalysis and photoelectrochemistry has proceeded in parallel with the 

continuing reinterpretation of TiO2-based systems, from classical particulate photocatalysts 

to thin films, nanotubular layers, fibrous composites, conformal coatings, heterostructures, 

and hierarchically organised electrode architectures. [47], [48], [49]  

The long-standing research interest in TiO2 is linked to its ability to absorb photons 

of sufficient energy and generate electron–hole pairs that may participate in redox processes. 

When irradiated with light whose energy exceeds its band-gap value, electrons are promoted 

from the valence band to the conduction band, leaving positively charged holes behind. The 

photogenerated carriers can then follow different pathways. They may recombine quickly, 

either in the bulk or at the surface, so that the absorbed energy is lost without producing 

useful chemical work. Alternatively, they may migrate to reactive interfaces, where they take 

part in oxidation and reduction reactions. Therefore, the behavior of TiO2 is not controlled 

by light absorption alone. It also depends on the number of charge carriers generated, the 

number lost by recombination or trapping, the efficiency of the movement of the remaining 

charges through the material, and the rate at which they are transferred to adsorbed species 

or the electrolyte. This is why TiO2 materials that appear similar in composition can still 

show very different photocatalytic or photoelectrochemical responses. [2], [9], [10]  

The scientific value of TiO2 lies partly in the fact that it is sufficiently well understood 

to serve as a benchmark system, yet sufficiently complex to remain an active subject of 

advanced research. On the one hand, it offers a comparatively well-established chemical 

platform with known crystalline polymorphs, widely discussed band positions, and a broad 

methodological literature. On the other hand, its functional behaviour remains highly 

sensitive to crystal structure, surface chemistry, synthesis route, defect distribution, 

morphology, and interface quality. This sensitivity makes TiO2 especially useful for 
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investigating the influence of structural and interfacial engineering on photoinduced 

processes. In this sense, TiO2 is not only a widely used photocatalyst. It also serves as a 

reference system for studying broader questions of semiconductor design, charge transport, 

interface control, and material architecture. [48], [50]  

2.1.1. Fundamental properties of TiO2 relevant to photoactivity 

The practical use of TiO2 in photocatalysis and photoelectrochemistry is rooted in 

several favourable physicochemical characteristics. First, TiO2 remains chemically stable in 

many aqueous and oxidative environments, especially in comparison with narrower-band-

gap semiconductors, which may suffer from photocorrosion or show poor long-term 

stability. This is particularly important in photoelectrochemical systems, where the material 

is often exposed at the same time to electrolyte, applied bias, and prolonged illumination. 

Second, TiO2 is compatible with many different synthesis and processing methods, such as 

sol-gel preparation, hydrothermal growth, anodisation, thermal oxidation, sputtering, 

chemical vapour deposition, atomic layer deposition, electrospinning-based methods, and 

laser-assisted surface engineering. This synthetic flexibility allows TiO2 to be incorporated 

into powders, coatings, membranes, fibres, and complex composite structures. Third, TiO2, 

surface chemistry strongly affects its behaviour in aqueous systems. Surface hydroxyl 

groups and defect-related sites affect how TiO2  interacts with water and adsorbed molecules. 

[7], [48], [51]  

At the same time, TiO2 also has clear limitations that arise from its electronic 

structure. Because its band gap is relatively wide, efficient excitation takes place mainly in 

the ultraviolet region. Since ultraviolet light represents only a small part of the solar 

spectrum, unmodified TiO₂ cannot make full use of visible sunlight without additional 

modification. This limitation has motivated a very large body of research on sensitisation, 

doping, heterostructure formation, plasmon-assisted strategies, and coupling with narrower-

band-gap components. However, the wide band gap should not be viewed exclusively as a 

disadvantage because it is partly associated with the strong oxidative power of the 

photogenerated holes and the excellent chemical stability of the material. The challenge in 

TiO2 research has therefore rarely been to replace the material completely, but rather to 

optimise or complement it in ways that preserve its advantages while lessening its built-in 

limitations [9], [50]  

Another important issue is the recombination of charge carriers. TiO2 may absorb 

light effectively, but the useful fraction of the generated electrons and holes can still remain 

low if recombination occurs before they take part in surface reactions or are extracted into 

an external circuit. Recombination may be promoted by bulk defects, grain boundaries, 

surface states, or poorly designed interfaces with other phases. For this reason, increasing 

light absorption by itself is often not enough to produce a real improvement in performance. 

A material may absorb more photons and still show only modest enhancement if its 
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architecture or interface quality does not support efficient carrier separation and transport. 

Consequently, much of the modern research on TiO2 is not centred on absorption alone, but 

on the broader question of how absorbed energy is converted into usable interfacial charge. 

[10], [48]  

2.1.2. Crystalline phases of TiO2 and their functional significance 

Titanium dioxide is found mainly in three crystalline polymorphs: anatase, rutile, and 

brookite. In the context of photocatalysis and photoelectrochemistry, however, anatase and 

rutile are discussed much more often than brookite. Anatase has usually been regarded as 

the more active phase in many suspended and nanostructured systems, whereas rutile is 

thermodynamically more stable and often becomes dominant after processing at higher 

temperatures. Brookite is also of scientific interest, but it is encountered less often because 

it is more difficult to synthesise and is less common in practical photoactive materials. [52], 

[53]  

The higher activity often attributed to anatase has been explained through several 

factors, including favourable band-edge positions, lower recombination tendency in many 

cases, suitable charge-transport behaviour, and the fact that anatase is frequently obtained in 

nanostructured forms with high surface area. However, the common statement that “anatase 

is always better” is an oversimplification. The performance of anatase is therefore not fixed 

by the phase name alone. It depends on how the material is prepared, how crystalline it is, 

how many defects it contains, and what surface state is obtained after synthesis or post-

treatment. Rutile should also not be dismissed as a weaker phase in every case. Rutile should 

not be treated only as the less active form of TiO2. In photoelectrodes, mixed-phase oxides, 

or heat-treated coatings, it can be useful for more practical reasons: it may improve stability, 

help the coating contact the substrate, support charge transport, or change the optical 

response of the final structure. [48], [54]  

The link between phase composition and performance becomes even more 

complicated in multiphase systems. Materials containing both anatase and rutile have often 

been reported to perform better than their single-phase counterparts. This is usually 

explained by improved charge separation at the phase boundaries, although the exact 

mechanism still depends on the material history and the structural context. In practice, the 

phase composition cannot be considered separately from morphology, grain connectivity, 

interface quality, and defect chemistry. For a dissertation centred on structure-property 

relationships, this is an important point: phase is relevant, but it does not determine 

performance on its own. [54], [55], [56]  

A further complication arises in thin films and conformal coatings, where the phase 

present after deposition may differ from the phase desired during operation. For example, 

TiO2 deposited by atomic layer deposition is often amorphous in the as-prepared state and 

requires thermal treatment to crystallise. The resulting phase and grain structure depend on 
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annealing temperature, atmosphere, film thickness, and substrate interaction. In these 

systems, phase transformation is not only a structural phenomenon but also part of the 

interface-engineering problem, because crystallisation may improve carrier transport while 

simultaneously changing stress, adhesion, roughness, and the density of reactive surface 

sites. [7], [52]  

 

Figure 2.1. Band-edge positions of the major TiO2 polymorphs relative to the 

normal hydrogen electrode, together with their approximate band-gap energies. The 

scheme highlights the electronic differences between anatase, rutile, and brookite that are 

relevant to photocatalytic and photoelectrochemical behaviour. Adapted and redrawn by 

the author based on Ref. [57]. 
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2.1.3. TiO2 in photocatalysis: opportunities and limitations 

TiO2 has been used in photocatalytic research for a long time, both as an active 

material and as a reference semiconductor. In dye-degradation studies, it is commonly 

chosen because it can oxidise organic molecules and because the dye concentration can be 

followed by UV-Vis spectroscopy. However, this type of test has to be interpreted with care. 

A decrease in the dye signal under illumination may result from photocatalytic degradation, 

but it may also be affected by adsorption, dye photosensitisation, or partial transformation 

of the dye molecule. For this reason, TiO2-based photocatalytic results should not be 

discussed only in terms of activity, especially when structured or hybrid materials are 

compared. [1], [2]  

One of the main advantages of TiO2 in photocatalysis is that it can be prepared in 

several different morphological forms. It may be used as a high-surface-area powder, as a 

nanostructured film, as part of electrospun fibrous composites, or as a thin conformal coating 

deposited on mechanically stable supports. Each of these forms has its own strengths and 

limitations. In fundamental photocatalytic studies, TiO2 is still often examined in powder 

form, mainly because this format exposes a large fraction of the material to the reaction 

medium and makes composition-based comparisons easier to carry out. Once the discussion 

shifts towards practical treatment, however, the same format becomes less favourable, since 

separation of the powder from water and its repeated reuse introduce obvious difficulties. 

Immobilised TiO2 systems are easier to handle and can be integrated more readily into 

devices or continuous processes. Their performance, however, depends more strongly on 

how the system is arranged: how the liquid reaches the active surface, how well the surface 

is wetted, how light enters the structure, and how accessible the reactive sites remain. [15], 

[23]  

These considerations show that the photocatalytic behaviour of TiO2 depends not 

only on intrinsic semiconductor properties, but also on how the material is physically 

organised in the reaction environment. A powder suspension, a membrane-supported TiO2 

layer, and a TiO2-coated structured metal substrate cannot be expected to behave identically 

even when their chemical composition is similar. The surrounding architecture affects the 

thickness of the diffusion boundary layer, the local distribution of light, the accessibility of 

surface hydroxyl groups, and the possibility of catalyst recovery after use. Therefore, a 

doctoral-level discussion of TiO2 photocatalysis must go beyond simple activity values and 

address the full functional context in which the material operates [10]  

2.1.4. TiO2 in photoelectrochemistry 

TiO2 also has an important place in photoelectrochemical studies, but it is interpreted 

in a different way than in photocatalytic tests. In a photoanode, the main question is not only 

whether the material can absorb light and trigger a reaction at the surface, but whether the 

generated charges can be collected under applied bias and converted into photocurrent. 
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Therefore, TiO2 is often used to study the effect of coating thickness, morphology, contact 

with the conductive support, and interface quality on charge extraction. Its wide band gap 

remains a limitation, because most of the absorbed light is in the ultraviolet range. Even with 

this limitation, TiO2 is still a useful model system: it is stable, well understood, and can be 

deposited on different conductive substrates. [4], [37]  

PEC testing is less forgiving of the material architecture than a typical slurry 

photocatalytic test. In a suspension, the catalyst particles function as separate units, and the 

measured response reflects the average behavior of the dispersed material. A photoelectrode 

cannot work in this way. The coating, support, surface, and electrolyte contact all have to 

function together. Light has to reach the active region, charges have to move into the 

substrate, and the electrolyte has to wet the surface in a stable way. Because of this, TiO2 

photoelectrodes are strongly affected by how the oxide is deposited, whether it forms a 

continuous layer, how it crystallises, and how well it follows the shape of the support. [7]  

PEC testing is less forgiving than many slurry photocatalytic tests. In a powder 

suspension, many separate particles contribute to the final response, and small differences 

between them are averaged out. A photoelectrode works differently. The coating, support, 

electrolyte contact, and current pathway all have to function as one connected system. Light 

has to reach the active layer, charges have to move into the substrate, and the electrolyte has 

to contact the surface without the structure losing stability. Therefore, TiO2 photoelectrodes 

are strongly affected by the deposition, crystallization, and adherence of the oxide to 

complex surface topographies. [4]  

This is why TiO2 remains useful in studies of structured and hierarchical 

photoelectrodes. Since its chemistry is relatively well known, changes in photocurrent can 

be discussed mainly in terms of architecture, interface quality, and charge transport, rather 

than being dominated by chemical instability or unclear degradation processes. In this role, 

TiO2 provides a stable platform for examining how photoelectrode design affects 

performance. [7], [37], [50]  

2.1.5. Why TiO2 still matters in advanced materials research 

Given the enormous amount of literature on TiO2, it is reasonable to ask why this 

material still occupies such a central place in current research. The reason is that TiO2 is no 

longer studied only as a simple photocatalyst or as an isolated oxide powder. More often, it 

is used as one part of a larger architecture. In this role, TiO2 allows questions to be addressed 

that go beyond its basic photocatalytic activity. These include the behavior of thin oxide 

coatings on rough or hierarchical supports, the contact of TiO2 with conductive phases, the 

effect of structured surfaces on light trapping and charge transport, and the incorporation of 

TiO2 into immobilized membranes or heterostructures without losing stability. [50], [52]  
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In other words, the present relevance of TiO2 lies in its role as an experimentally 

robust platform for exploring broader design principles in photoactive materials. This makes 

it possible to investigate morphology, interface engineering, deposition precision, support 

geometry, and functional immobilisation within a chemically familiar framework. This is 

especially important in a dissertation that seeks to connect several material formats under a 

common scientific logic. TiO2 provides continuity across these formats while still allowing 

a sufficiently rich range of structural modification. [48]  

Another important reason for the continued significance of TiO2 is its methodological 

importance. Because TiO2 has been studied so extensively, it offers a broad comparative 

background for interpreting new results. Improvements observed in TiO2-based systems can 

therefore be discussed against a mature body of knowledge rather than in isolation. This is 

especially valuable in doctoral research, where the aim is not merely to report a locally 

improved material, but to position the findings within a broader scientific landscape. A well-

chosen TiO2-based study may thus contribute not only to application-oriented optimisation, 

but also to the critical refinement of how photocatalytic and photoelectrochemical 

performance are interpreted. [23]  

2.1.6. From material selection to architecture-driven optimization 

Although TiO2 is often introduced as a benchmark semiconductor, the current 

direction of the field indicates that benchmark status alone is insufficient to achieve high 

functional performance. The central research question is no longer whether TiO2 can act as 

a photocatalyst or photoelectrode, but how its intrinsic limitations can be addressed through 

structural and interfacial design. This shift in emphasis has led to the growing importance of 

architecture-driven optimisation as a central strategy in advanced TiO2 research. [10]  

Architecture-driven optimisation refers to the deliberate control of how the active 

material is organised across multiple length scales in order to influence light absorption, 

carrier transport, interfacial accessibility, and structural stability. In the case of TiO2, this 

may include control over crystal-phase distribution, film thickness, surface roughness, pore 

structure, fibre arrangement, support topology, or the geometry of a hybrid interface. Such 

control is especially important because the effective diffusion length of photogenerated 

carriers is limited, which means that useful performance depends strongly on whether the 

material geometry supports rapid and directed transport before recombination occurs. [7]  

This concept is important for both photocatalysis and photoelectrochemistry. In 

photocatalytic systems, architecture affects how reactants reach active sites, how strongly 

intermediates are adsorbed, how light enters and moves through the structure, and how easily 

the catalyst can be recovered after use. In photoelectrochemical systems, it also determines 

film continuity, electrical contact with the substrate, and the relation between optical 

absorption depth and the distance over which charges must be transported. For this reason, 
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architecture should not be regarded as a secondary feature introduced after material 

selection, but as one of the main factors shaping functional behaviour. [1], [4]  

The move towards architecture-based strategies has also changed the way TiO2 

performance is interpreted. Earlier studies often compared materials mainly in terms of 

composition, crystallinity, or nominal band-gap value. More recent work shows that these 

features cannot be considered independently of geometry and interface quality. A thin TiO2 

film deposited on a hierarchically structured metal support, for example, cannot be judged 

in the same way as a high-surface-area nanopowder dispersed in suspension. Although both 

are chemically TiO2, they operate under different conditions and are limited by different 

factors. As a result, the main scientific question is no longer simply what the material is, but 

how it is organised and how that organisation affects photoinduced processes. [23]  

2.1.7. Relevance of TiO2 to the present dissertation 

Within the framework of this dissertation, TiO2 has a central and unifying role. It is 

used not simply as a classical photocatalyst, but because it makes it possible to systematically 

examine how the structural hierarchy, interface quality, and immobilization strategy 

influence light-driven behavior across different material systems. The dissertation does not 

treat TiO2 as an isolated composition to be incrementally improved. Rather, it uses TiO2-

based and TiO2-related architectures to examine a broader scientific problem: how to design 

semiconductor systems in which the geometry of the support, the nature of the interface, and 

the organisation of the active phase favour more efficient utilisation of photogenerated 

charge carriers. [50]  

This perspective is especially relevant for systems involving conformal oxide 

coatings on structured substrates, electrospun or membrane-like photocatalytic materials, 

and hybrid assemblies containing additional interfacially active or conductive components. 

In each case, TiO2 serves as a chemically stable, conceptually coherent platform that permits 

the role of the architecture to be examined in a controlled manner. The scientific importance 

of TiO2 in this dissertation therefore lies not only in its individual material properties, but 

also in its ability to connect different experimental formats under a common logic. [10]  

TiO2 serves both as a benchmark material and as a means of gaining broader insight. 

Its extensive presence in the literature provides a robust basis for comparison, and its 

compatibility with advanced fabrication methods makes it particularly suitable for 

investigating persistent questions in materials-oriented chemical research.The focus on TiO2 

is therefore not a conservative choice, but a strategic one, as it allows the dissertation to build 

a coherent argument around architecture-driven optimisation within a material system of 

clear scientific relevance. [51]  
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2.1.8. Concluding remarks 

TiO2 is still widely used in photocatalysis and photoelectrochemistry because it is 

stable, can be processed in many ways, and serves as a useful reference oxide. At the same 

time, its weaknesses, especially limited visible-light use and strong recombination of 

photogenerated charges, mean that good performance does not come automatically. It 

depends strongly on how the material is designed. For that reason, TiO2 is best treated as a 

research platform for studying the effects of architecture, interfaces, and heterostructure 

design on photoactive behaviour, rather than as a complete solution by itself. [48], [58]  

This understanding provides the foundation for the sections that follow. Once TiO2 

is considered from the perspective of structure-property-performance relationships, it 

becomes clear that the key challenge is not only to modify the semiconductor chemically, 

but also to organise it spatially in ways that support light utilisation, charge separation, 

interfacial transfer, and functional stability. The rationale for architecture-driven 

optimisation therefore emerges naturally from the intrinsic strengths and weaknesses of TiO2 

itself. [23]  

2.2. Architecture-driven optimisation of semiconductor 

photoactive systems 

The increasing complexity of modern photocatalytic and photoelectrochemical 

materials has made it clear that functional performance cannot be explained solely by 

composition, nominal band-gap value, or isolated surface-area measurements. In many 

cases, materials with very similar chemistry behave differently because the decisive factor 

is not only what the material is made of, but how it is organised across multiple length scales. 

This has led to the growing importance of architecture-driven optimisation as a central 

strategy in the design of photoactive semiconductor systems. [58]  

In the broadest sense, architecture refers to the spatial arrangement of the active 

phase and its surrounding structural environment. This includes particle size and shape, film 

continuity and thickness, the porosity and tortuosity of membrane-like structures, the 

topology of supporting substrates, the organisation of fibres within nonwoven mats, the 

presence of hierarchical roughness, and the quality and distribution of internal interfaces in 

hybrid materials. These structural features shape light–material interaction, charge 

movement through the system, mass transport to and from active sites, and ultimately the 

behaviour observed under real experimental conditions. As a consequence, architecture is 

not a secondary feature added after chemical design, but one of the principal variables 

controlling the practical efficiency of light-driven processes. [23], [58]  

The need for architecture-based design becomes especially evident when the 

limitations of semiconductor photoactivity are considered directly. In both photocatalysis 

and photoelectrochemistry, the useful fraction of absorbed light is determined not only by 
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the generation of electron–hole pairs, but also by the competition between productive 

interfacial transfer and different loss processes. Among these losses, recombination is 

especially important. Because the lifetime and diffusion length of photogenerated charge 

carriers are finite, any architecture that forces carriers to travel through poorly connected, 

defect-rich, or unnecessarily thick material is likely to exhibit reduced functional efficiency. 

Performance can also be improved without any chemical changes to the semiconductor. 

Sometimes, the main benefit comes from the way the material is arranged: the charges are 

generated closer to the surface, have a shorter path to travel, or can move more easily toward 

the collecting substrate or reactive interface before recombination takes over. [6], [10], [58]  

2.2.1. Architecture as a multi-scale concept 

One reason architecture has become such a useful concept in materials science is that 

it acts across more than one length scale at the same time. At the nanoscale, this may involve 

grain size, crystallite boundaries, surface defects, shell thickness, or the local arrangement 

of heterointerfaces. At the microscale, it covers features such as pore organisation, fibre 

diameter, roughness, and patterned surface topography. On larger scales, it extends to the 

membrane thickness, substrate geometry, interconnected transport pathways, mechanical 

stability, and the manner in which the material is built into a device or reactor system. A 

photoactive system therefore cannot be described adequately by a single structural 

parameter. Instead, its behaviour emerges from the interaction of architectural features 

distributed across multiple levels of organisation. [58]  

This multi-scale view is important for the materials studied here, including 

electrospun composites, conformal coatings on structured supports, and laser-textured 

electrodes. In these systems, nanoscale features affect charge separation and surface 

reactions, while microscale geometry influences wetting, light distribution, and diffusion of 

reactants. Larger-scale features are also important because they determine whether the 

material can be handled, recovered, placed in a cell, and reused without causing serious 

damage. Therefore, the photoactive response is not controlled by one structural level alone. 

In this dissertation, architecture is treated as the combined organisation of the whole material 

system. [25], [58]  

The multi-scale perspective also helps explain why many changes that appear 

promising at first do not necessarily lead to a robust improvement. A heterojunction 

introduced at the nanoscale, for example, may favour local charge separation, but the overall 

benefit can remain small if the final material becomes less accessible to the liquid phase or 

if electrical continuity is poor at the device level. In a similar way, greater roughness or 

porosity may increase the geometrical surface area, yet the final effect may still be unclear 

when this is accompanied by strong tortuosity, light shielding, or unstable wetting. For this 

reason, architecture-driven optimisation requires several effects to be balanced together, 

rather than one parameter being maximised on its own. [58], [59], [60], [61]  
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2.2.2. Influence of architecture on light management 

Architecture matters partly because it changes how light enters and moves through 

the material. Useful charge generation depends not only on the intrinsic absorption of the 

semiconductor, but also on reflection losses, scattering, optical path length, penetration 

depth, and the position of the absorbing phase within the structure. Therefore, even materials 

with similar band structures can use incident light differently when their surface topography 

or internal geometry is different. [62], [63], [64]  

Surface texturing, porosity, and hierarchical organisation can all change the optical 

response by lowering reflection and increasing the distance over which light interacts with 

the active phase. This becomes especially relevant when the semiconductor layer is thin or 

when the support geometry favours repeated scattering and light trapping. Micro- and 

nanoscale roughness can modify the angular distribution of reflected light, while periodic or 

semi-periodic surface structures may affect absorption through more complex optical 

phenomena. As a result, architecture can improve the probability that incoming photons are 

absorbed in regions from which generated carriers still have a realistic chance of reaching 

useful interfaces. [25], [62], [63], [64]  

However, a more favourable optical response should not automatically be taken as 

evidence of better functional performance. One of the recurring weaknesses in the literature 

is the assumption that stronger absorption must also produce better photocatalytic or 

photoelectrochemical behaviour. In practice, absorption is only one step in a longer 

sequence. If the additional carriers generated in optically enhanced regions recombine before 

they can be used, the net gain may be much smaller than that suggested by the optical data 

alone. This is particularly relevant in rough or highly structured systems, where regions of 

enhanced light capture may also coincide with increased defect density or longer local 

transport pathways. For this reason, architecture-driven optimisation must consider light 

management together with transport and interfacial kinetics rather than as a stand-alone 

objective. [10], [23], [64]  

Another important point is that optical design cannot be treated in the same way for 

all application formats. In photocatalytic membranes and fibrous mats, light penetration may 

depend on membrane thickness, fibre packing density, and local opacity introduced by fillers 

or deposited particles. In photoelectrochemical electrodes, the relationship between the 

depth of light absorption and the distance over which the generated charges must be extracted 

is particularly important. When photons are absorbed in regions from which carriers cannot 

travel efficiently to the collecting substrate or to the electrolyte interface, the architectural 

advantage in the optical response does not necessarily lead to higher photocurrent. [58], [65], 

[66], [67]  
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2.2.3. Architecture and charge-carrier transport 

Charge transport is strongly affected by the way in which the material is built. After 

light absorption, electrons and holes can contribute to a reaction only if they can move from 

the place where they are generated to a reactive surface or collecting contact. If this path is 

too long, poorly connected, or rich in recombination sites, many of the carriers are lost before 

they can be used. [42], [68], [69]  

For powders and loosely packed nanomaterials, transport occurs through a 

complicated network of grains, agglomerates, and surface states. A higher surface area may 

then be beneficial in one sense, because it provides more reactive sites, but at the same time 

it may create more grain boundaries and carrier traps. In thin films and conformal coatings, 

carrier transport depends strongly on film thickness, crystallinity, defect density, and the 

quality of contact with the underlying support. In electrospun or membrane-type systems, 

transport may additionally be influenced by the distribution of the active phase within a 

polymer or composite matrix and by the degree of connectivity between neighbouring fibres 

or deposited domains. [70], [71], [72], [73]  

An important goal of architecture-driven optimisation is therefore to shorten the 

average transport distance between the site of charge generation and the site of charge use. 

This can be approached in several ways. Nanostructuring may reduce the path carriers must 

travel to reach the surface. Hierarchical supports may increase the active area without 

requiring excessively thick coatings. Directional architectures can support charge transport 

towards the electrode substrate, while conductive interphases or hybrid components may 

open additional pathways that help suppress recombination losses. However, these strategies 

are only beneficial when the final system remains structurally coherent and does not create 

new barriers or sources of instability. [68], [74], [75], [76]  

This issue becomes especially significant in photoelectrochemical systems. A 

photoelectrode must maintain electronic continuity from the irradiated semiconductor 

surface to the current collector, while also preserving sufficient access of the electrolyte to 

the reactive interface. If the architecture compromises either of these conditions, 

photocurrent may remain low despite nominally favourable semiconductor properties. For 

this reason, optimisation of photoelectrodes often involves finding a balance between 

thickness, roughness, porosity, and interface continuity rather than maximising one feature 

alone. [42], [69], [77]  

2.2.4. Surface accessibility, wetting, and mass transport 

While optical behaviour and charge transport are central to semiconductor 

functionality, architecture also influences a third major aspect of performance: the physical 

accessibility of active interfaces to reactants and the efficiency of mass transport within the 

system. This aspect is especially important in photocatalysis, where the overall reaction rate 
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depends not only on carrier generation and separation, but also on the ability of molecules 

from the liquid or gaseous phase to reach active sites, adsorb appropriately, react, and then 

diffuse away as products or intermediates. [78], [79], [80]  

In powder suspensions, mass transport is usually less problematic because the 

catalyst is dispersed in the solution and mixing helps reduce concentration gradients. 

However, aggregation or poor wetting can limit the accessibility of the catalyst surface. In 

immobilised systems, transport depends much more strongly on the material architecture. 

Pores, fibres, channels, and surface protrusions decide whether the reactants can enter the 

structure or mainly interact with the outer surface. Local wetting behaviour is equally 

important, because hydrophilic and hydrophobic regions affect liquid penetration, capillary 

flow, and the real contact area between the material and the solution. [61], [78], [81]  

These factors become particularly important in membrane-type and electrospun 

photocatalysts. Although a fibrous membrane may appear open and offer a large geometric 

surface, the real transport conditions still depend on fibre diameter, packing density, the size 

of inter-fibre voids, roughness, and surface chemistry. When the fibres are packed too 

closely, inner regions may be difficult to access or may not be illuminated evenly. If 

wettability is poor, contact with the liquid phase may remain incomplete, and the measured 

activity can then appear lower than it really is or vary from one region of the membrane to 

another. By contrast, a better-organised structure can give a stronger response even with the 

same nominal composition, simply because the liquid can penetrate it more easily and reach 

more active regions. [78], [79], [80], [82]  

For photoelectrodes, this balance is not easy to achieve. The oxide surface should be 

in contact with the electrolyte, but the coating must also stay continuous and well connected 

to the support. A rougher or more porous surface usually gives a larger contact area. At the 

same time, it can make the real working conditions less uniform. Some parts of the surface 

may be wetted less effectively, diffusion may be slower in narrow regions, and gas bubbles 

may remain attached during operation. These effects can influence the measured PEC 

response and should be considered together with the electrode structure. [82], [83], [84]  

This also affects how the results should be interpreted. If an immobilised or 

hierarchical photocatalyst removes more pollutant or gives a higher photocurrent, the 

improvement does not have to come only from better electronic properties. It may also come 

from better wetting, stronger or more favourable adsorption, easier access of reactants, or 

faster removal of products from the surface. The improvement is still real, but its origin 

should not be assigned too quickly to band-structure changes or heterojunction effects alone. 

In architecture-controlled materials, several factors usually act simultaneously. [85], [86], 

[87], [88]  
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2.2.5. Connection to the diagnostics framework 

The contrast between particulate and immobilised systems illustrates especially 

clearly why architecture must be treated as a core design variable. In particulate 

photocatalysis, the active material is usually dispersed in the liquid phase, which tends to 

maximise contact between reactants and the available surface while also providing a 

relatively high specific surface area. This makes the format useful for mechanistic studies 

and for comparing compositional effects, but it also brings practical drawbacks, especially 

when catalyst recovery and reuse become important. Moreover, performance metrics 

obtained in such systems may be difficult to translate directly into realistic treatment or 

device environments. [89], [90], [91]  

Immobilised systems, including coated supports, fibrous membranes, porous 

substrates, and structured electrodes, are based on a different architectural approach. In these 

systems, the active material remains fixed in place, often as a continuous or partially 

continuous phase supported by a mechanically stable scaffold. This can make handling easier 

and improve integration into practical systems, but it also changes the main limitations that 

need to be considered. Surface accessibility no longer depends only on area, but also on 

geometry and wetting. Charge transport may become more directional and more strongly 

dependent on the substrate. Optical behaviour can also change as a result of thickness, 

support reflectivity, or hierarchical roughness. Thus, immobilisation is not simply a practical 

solution to a recovery problem. It fundamentally changes the way in which the photoactive 

material operates. [86], [92], [93], [94]  

This distinction is highly important in architecture-engineered materials. Many of 

the systems considered in this work are intentionally immobilised or structurally organised 

rather than used as conventional suspended powders. Their evaluation must therefore reflect 

not only intrinsic semiconductor behaviour, but also the practical and mechanistic 

consequences of architectural fixation. A rigorous literature discussion should make this 

distinction explicit, because otherwise comparisons between different material formats risk 

becoming superficial or misleading. [86], [89], [95], [96]  

2.2.6. Hierarchical structures as a response to competing requirements 

One of the main difficulties in semiconductor design is that improving one feature 

can weaken another. A larger surface area gives more contact with the electrolyte and more 

places for interfacial reactions, but very fine structuring can also add defect sites or make 

the material less stable. A thicker layer may absorb more light, yet the charges formed deeper 

inside it have farther to travel before they reach a useful interface. A porous structure can 

help the solution enter the material, but poor connectivity may slow charge transport and 

reduce mechanical strength. A compact film gives better electrical contact with the substrate, 

although it exposes a smaller active area. Hierarchical structures are useful because they are 
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meant to balance these competing effects instead of optimising only one feature. [97], [98], 

[99]  

Hierarchical architectures are useful because no single structural scale is able to 

satisfy all requirements of a photoactive material. The larger structure can give the material 

its shape, mechanical support, optical texture, or recoverable form. The smaller structure 

then controls the local contact between the semiconductor, the electrolyte, and the reacting 

species. For example, laser texturing can make the support interact more strongly with light 

and can also provide the deposited layer with a better surface for attachment. This is only 

useful, however, if the semiconductor coating remains continuous and does not become so 

thick that charge extraction is hindered.In fibrous membranes, the mat itself gives the 

material a usable form: it can be handled, removed from the solution, and used again. The 

finer structure then becomes important at the working surface, where it affects liquid 

penetration and access to the active regions. The main point is therefore not to make the 

material more complex for its own sake, but to arrange different length scales so that light 

harvesting, surface access, and charge transport work together. [7], [25], [26]  

The success of hierarchical design depends on how effectively the different structural 

levels are integrated. If the nanoscale coating fails to conform to the microscale support, or 

if the porous membrane becomes inaccessible to the liquid phase, the expected advantages 

may not be realised. For this reason, hierarchy must be matched by suitable fabrication 

methods. This is why techniques such as atomic layer deposition, electrospinning, and 

femtosecond laser structuring are especially relevant. They provide different ways of 

controlling architecture across multiple scales while maintaining sufficient precision to 

produce reproducible and interpretable results. [61], [78], [100]  

2.2.7. The relationship between architecture and interface quality 

Architecture and interface quality are closely linked. In hybrid and structured 

systems, the way the material components are arranged defines not only the overall 

geometry, but also the character of the contacts through which charge carriers, reactants, and 

even mechanical stresses are transferred. A heterostructure can only work as well as the 

interface that connects its components, and a structured support becomes truly beneficial 

only when the active phase is integrated with it in a continuous and functionally meaningful 

manner. [42], [58], [101], [102]  

In many photoactive materials, improved performance is often linked either to the 

addition of a second phase or to increased substrate roughness. On their own, however, these 

changes do not ensure a real benefit. When the interfacial contact is discontinuous, rich in 

defects, weakly attached, or unevenly distributed, the final system may show stronger 

recombination, lower stability, or a response that is difficult to interpret clearly. For this 

reason, architecture-driven optimisation cannot be considered separately from interface 

engineering. The geometry of the material defines where interfaces appear and how large 
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they are, whereas the fabrication route determines whether these interfaces act as effective 

transport pathways or instead become barriers. [10], [85], [101], [103]  

This point is particularly important in systems based on conformal coatings on 

complex surfaces. When a structured support is modified with a thin semiconductor layer, 

the functional properties of the final material depend strongly on whether the coating follows 

the support topography uniformly and whether the buried interface remains electrically and 

mechanically coherent. In such cases, the architecture does not merely influence the amount 

of active area. It defines the conditions under which the semiconductor and support exchange 

charge. In this work, geometry and interface formation are therefore treated as inseparable 

aspects of one design problem. [7], [104], [105], [106]  

2.2.8. Architecture and the interpretation of performance enhancement 

A more cautious interpretation becomes necessary as the architecture of a 

photoactive system becomes more complex. Changes in photocatalytic degradation rate, 

photocurrent density, or optical absorption are often read as straightforward signs of 

improved semiconductor behaviour, even though several of these observables may be altered 

at the same time by the architecture of the system. A rougher or more porous surface, for 

instance, can trap more light, adsorb more dye, improve wetting, change the local 

concentration of reactants near the interface, and alter the number of exposed crystal facets. 

In a similar way, a conductive additive may assist electron extraction, but it may also change 

morphology and dispersion. A membrane may facilitate recovery while simultaneously 

introducing internal transport limitations. For this reason, improved performance in 

architectured systems is rarely the result of one factor alone. [18], [23], [61], [103]  

This complexity should not be considered a weakness of architecture-based research. 

On the contrary, it shows how closely optical, electronic, and transport effects are connected 

in real materials. At the same time, it means that mechanistic claims need to be made with 

caution. Better dye removal in a hybrid membrane, for example, should not be automatically 

considered as evidence of improved charge separation if adsorption and wetting effects have 

not been considered. In the same way, a higher photocurrent from a structured electrode does 

not by itself demonstrate that a heterojunction is working optimally, since the observed 

change may also result from greater roughness or improved contact with the substrate. [12], 

[30], [79], [86]  

Accordingly, architecture-driven optimisation must be accompanied by architecture-

aware interpretation. This requires not only the measurement of activity or photocurrent, but 

also consideration of morphology, interfacial structure, optical behaviour, stability, and 

transport conditions. The most meaningful contributions in this field are those that do not 

merely present higher performance values, but explain how structural organisation leads to 

those values and under what limitations the conclusions remain valid. [32], [39], [80], [102]  
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2.2.9. Relevance of architecture-driven optimisation to the present dissertation 

The concept of architecture-driven optimisation provides one of the main unifying 

ideas of this work. Although the materials investigated in the following chapters differ in 

composition, format, and application context, they are connected by a common focus on how 

the spatial organisation of the active phase influences light-driven behaviour. This includes 

hierarchically structured supports produced by laser processing, conformal oxide layers 

introduced by controlled deposition methods, electrospun and membrane-type 

photocatalytic systems, and hybrids incorporating additional interfacially active 

components. [7], [8], [25], [26]  

In these systems, the main question is not only which material is used, but how its 

structure affects the final photocatalytic or photoelectrochemical response. Surface 

geometry, coating continuity, interface quality, active-site accessibility, charge transport, 

recombination, and stability all influence the result. For this reason, the work does not focus 

only on changing the chemical composition. It also considers how the material is built and 

how this affects its behaviour under illumination. [10], [42], [62], [102]  

This approach is also useful for organising the thesis. The material systems studied 

here are not identical: they include TiO2 coatings on structured titanium, hybrid oxide 

membranes, and laser-processed semiconductor supports. However, they can still be 

discussed using the same questions as above. How far do charges have to travel? How good 

is the interface? Can the liquid reach the active region? Does the structure help or hinder 

light use and transport? Therefore, architecture is not treated here as a separate topic. This is 

one of the main ways in which the different studies in this dissertation are connected. [23], 

[42], [58], [86]  

2.2.10. Concluding remarks 

Architecture has become a central concept in the design of photocatalytic and 

photoelectrochemical materials because it connects composition with function through the 

real geometry of the system. It determines how light is absorbed, how carriers move, how 

reactants reach active sites, how interfaces are formed, and how a material behaves when 

transferred from an idealised laboratory format to an immobilised or device-oriented 

configuration. For this reason, architecture-driven optimisation should not be viewed as an 

optional refinement of semiconductor design. In this work, it is treated as one of the principal 

routes through which meaningful performance improvement can be achieved. [23], [58], 

[79], [86]  

This point is especially relevant for TiO2-based systems. TiO2 is stable and well 

known, but its performance depends strongly on how the material is arranged and connected 

to other components. This makes it a useful platform for studying the role of hierarchical 

supports, conformal coatings, membrane formats, and hybrid interfaces in photoinduced 
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processes. The following sections therefore focus on the main strategies used in this work: 

controlled thin-film deposition, laser structuring, hybridisation with functional additives, and 

immobilised photoactive architectures. [7], [25], [50], [79]  

2.3. Atomic layer deposition as a tool for interface and thickness 

control in photoactive systems 

Among the available methods for preparing thin semiconductor coatings, atomic 

layer deposition (ALD) has become especially important in photocatalytic and 

photoelectrochemical materials research. Its significance lies not only in its ability to 

produce highly uniform films, but also in the degree of control it offers over thickness, 

conformality, and interface formation on substrates of complex geometry. In systems where 

architecture strongly influences functional behaviour, this level of control is particularly 

valuable. [72], [107], [108]  

Coating a flat surface is relatively simple. The real difficulty appears when the 

support is rough, porous, or strongly textured. In such cases, a deposited layer may cover 

only the outer surface, grow unevenly, or partly block the structure that was meant to be 

preserved. ALD is valuable because it can build the oxide layer directly along the shape of 

the support, including surfaces that are difficult to coat by more conventional methods. In 

this dissertation, ALD is therefore treated not only as a technique for producing thin films, 

but as a way to introduce the photoactive phase without losing the architectural function of 

the underlying material. [72], [100], [109]  

The relevance of ALD to photoactive systems is closely connected with the fact that 

many key performance parameters depend on nanoscale control. In photocatalytic and 

photoelectrochemical materials, the thickness of the semiconductor layer, the continuity of 

coverage, the quality of contact with the substrate, and the distribution of interfacial defects 

can all affect charge-carrier transport, recombination probability, and long-term stability. 

[110], [111]  

Small variations in these parameters may substantially alter the functional response, 

especially when the active layer is ultrathin or deposited on a hierarchically structured 

support. A deposition method that allows thickness to be increased in a predictable and 

highly controlled manner is therefore especially important in research aimed not only at 

establishing whether a material performs well, but also at understanding why it behaves in 

that way. [100], [107], [108]  

2.3.1. General principles of atomic layer deposition (ALD) 

Atomic layer deposition is based on alternating, self-limiting surface reactions 

between gaseous precursors and a reactive substrate surface. In a typical ALD cycle, the first 

precursor is introduced into the reactor and reacts with available surface groups until 
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saturation is reached. Excess precursors and gaseous by-products are then removed, usually 

by purging with an inert gas. A second precursor is then introduced and reacts only with the 

surface species formed during the previous half-cycle. After a second purge step, one 

complete growth cycle is achieved. By repeating this sequence, a film can be built up with 

angstrom-level or sub-nanometre-level control over thickness. [100], [107], [108]  

 

Figure 2.2. TiO2 ALD cycle carried out with TiCl4 and H2O: (1) the hydroxylated 

surface is exposed to TiCl4, (2) unreacted TiCl4 and volatile products are removed by 

purging, (3) H2O is then pulsed to react with the modified surface and renew the hydroxyl 

termination, and (4) the chamber is purged once more before the sequence is repeated. 

Prepared by the author. 

The self-limiting character of each half-reaction is the defining advantage of ALD. 

Because the process depends on surface saturation rather than continuous gas-phase 

decomposition, growth is generally more uniform and reproducible than in many other 

vapour-phase deposition methods. This becomes particularly important when the substrate 

contains high-aspect-ratio features, internal porosity, or hierarchical roughness. Provided 

that the precursors can reach the accessible surface and the process conditions are 

appropriate, the deposited film can closely follow the substrate geometry. In photoactive 

materials, this is essential when the aim is to functionalise an architectured support without 

destroying or masking the structural features responsible for improved optical or interfacial 

behaviour. [72], [105], [107], [109], [112]  
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Another important characteristic of ALD is its ability to separate thickness control 

from many of the instabilities typical of less controlled deposition routes. Because the 

amount of material added in each cycle is limited by the number of reactive surface sites, 

film thickness can often be tuned very precisely through the number of cycles. This provides 

a valuable framework for systematic investigation of thickness-dependent phenomena, such 

as the transition from discontinuous islands to continuous coverage, the effect of thickness 

on crystallisation, or the balance between improved absorption and increased transport 

resistance. Such controlled variations are especially useful for studies on structure-property 

relationships. [71], [100], [110], [111], [113], [114]  

2.3.2. Why ALD is attractive for photocatalytic and photoelectrochemical 

materials 

The attractiveness of ALD in photoactive materials research arises from the fact that 

many performance-limiting steps occur at or near interfaces. In photocatalysis, the active 

surface must interact efficiently with adsorbed reactants while limiting charge 

recombination. In photoelectrochemistry, the semiconductor must be integrated with a 

substrate in a way that permits carrier transport to the external circuit while also maintaining 

a well-defined interface with the electrolyte. In both cases, uncontrolled roughness, partial 

coverage, excessive thickness, or buried interfacial defects can reduce the usefulness of an 

otherwise promising material. [7], [110], [115]  

When the support is structured, coating becomes part of the design problem. The 

roughness, pores, or laser-made texture are there for a reason: they help the material interact 

with light, liquid, or the current collector. However, these advantages can be reduced if the 

coating is uneven. This is a possible drawback of dip-coating or sol-gel methods on complex 

surfaces, where the precursor may gather in some places, miss others, or change the shape 

of fine features during drying. ALD avoids this to a large extent because the oxide is built 

directly on the exposed surface. The coating can therefore be added without removing the 

role of the underlying architecture. [72], [100], [109]  

This point is especially important when the substrate itself plays an active role in the 

final device. In a structured photoelectrode, the support is not simply a mechanical carrier. 

It may influence light trapping, geometric surface area, electrical contact, and local field 

distribution. If the deposition method fails to preserve the support architecture or produces 

a non-uniform buried interface, the final photoresponse may reflect deposition artefacts 

rather than the intended architectural design. The ability of ALD to coat such substrates with 

controlled uniformity therefore makes it highly valuable for the study of architecture-

performance relationships. [7], [116], [117]  

In photocatalytic systems, ALD can be used to give a support a function that it would 

not have on its own. A thin oxide layer can convert an inert or unstable surface into a 

photoactive surface, protect a sensitive material, or create an interface with another 
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semiconductor. Depending on the system, the ALD layer may act as the main active phase, 

a stabilising shell, or one part of a heterostructure. Because the layer thickness can be 

controlled quite precisely, it becomes easier to determine whether the observed effect comes 

mainly from the oxide chemistry, the support geometry, or the interface between them. [109], 

[110], [118], [119]  

2.3.3. Thickness control as a functional design parameter 

The thickness of the semiconductor layer in photoactive materials is not just a 

secondary parameter. In many cases, it determines whether the deposited film remains 

incomplete, acts as an effective active layer, or becomes thick enough to introduce transport 

limitations. Therefore, one of the main advantages of ALD is that it allows the thickness to 

be adjusted step by step with good reproducibility. [100], [110], [120]  

If the deposited layer is too thin, the substrate may not be fully covered. The film can 

remain discontinuous and form separate islands instead of a uniform semiconducting layer. 

Pinholes or defect-rich regions may then control the response under electrochemical 

conditions. In photocatalytic tests, incomplete coverage can lead to uneven activity and 

unclear interfacial behaviour. In PEC measurements, exposed substrate areas may also affect 

the photocurrent and introduce additional reactions caused by direct contact between the 

substrate and the electrolyte. [72], [110], [116]  

At the other extreme, films that are too thick can also become problematic. A thicker 

coating usually contains more light-absorbing material, but it also forces photogenerated 

carriers to travel farther before they reach the reactive interface or the current collector, 

which increases the chance of bulk recombination. Thick layers may additionally build up 

internal stress, lose conformality in the most difficult topographic regions, or become more 

prone to cracking and delamination after thermal treatment. For this reason, the link between 

thickness and performance is not linear. In most cases, there is an intermediate regime in 

which the coating is sufficiently complete and optically active, yet still thin enough to 

support efficient transport and good interfacial contact. [111], [121], [122]  

For hierarchical supports, the thickness problem becomes even more important. A 

coating that is too thick can partly erase the benefit of the original geometry by smoothing 

sharp features or blocking access into the structure. A coating that is too thin causes a 

different problem, because the semiconductor layer may never become continuous enough 

to act as a stable active phase. In this respect, ALD is useful because it allows thickness to 

be varied systematically without changing either the substrate geometry or the deposition 

route. [58], [72], [100]  

The thickness also affects the crystallization behavior. In many ALD-grown oxide 

systems, the transformation from amorphous to crystalline material depends on both 

annealing conditions and film thickness. Very thin coatings may crystallise differently from 
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thicker ones, and the resulting grain structure may influence carrier mobility, trap density, 

and surface reactivity. Consequently, the film thickness in ALD systems should not be 

considered only in geometrical terms. This is linked to phase evolution, defect structure, and 

interface development, all of which may influence the final photoresponse. [47], [71], [120]  

2.3.4. Conformality on complex and hierarchical substrates 

One of the main reasons ALD is used in advanced materials research is that it can 

coat substrates that are difficult to functionalise uniformly by more conventional methods. 

This is particularly relevant for hierarchical surfaces, porous membranes, microstructured 

metals, fibrous materials, and features with high aspect ratio. On such substrates, non-

conformal deposition may lead to shadowing, pore blockage, local overgrowth, or thickness 

gradients, all of which make the results difficult to reproduce and interpret. [72], [109], [123]  

In architecture-engineered systems, this becomes critical because the support already 

has a job to do. Its geometry is not only a surface on which the active phase is placed. The 

laser texture may help the material interact with light, the pores may allow liquid to pass 

through, and the fibre network may keep the active surface open to the solution. If the coating 

blocks these spaces or rounds off the features too much, the benefit of the original structure 

is reduced. Conformality is therefore important not because the coating looks more uniform, 

but because it helps the designed support continue to work after the active phase is added. 

[25], [79], [109]  

ALD addresses this issue by allowing the material to be deposited in a layer-by-layer 

manner over the existing topology. Provided that the precursor exposure is sufficient and the 

process window is well chosen, the film can follow ridges, valleys, pores, and other surface 

features with relatively high fidelity. This makes ALD particularly valuable in studies where 

the aim is to determine how a structured support influences photoactivity after controlled 

oxide deposition. Without conformal coverage, it would be difficult to separate the effect of 

the support architecture from artefacts introduced by poor coating quality. [72], [100], [124]  

Conformality is also closely linked to the reproducibility of comparative 

experiments. In research built around architecture-driven optimisation, it is often necessary 

to compare substrates that differ in roughness, periodicity, or geometry while keeping the 

deposited active phase as consistent as possible. ALD provides one of the best available 

frameworks for such comparisons because it minimises uncontrolled variation in coating 

thickness and coverage between differently structured samples. As a result, observed 

differences in behaviour can be attributed more confidently to the intended architectural 

variable rather than to inconsistencies in deposition. [100], [124], [125]  

2.3.5. Interfacial quality and buried-interface control 

In many photoactive systems, the most important interface is not the external surface 

exposed to light or electrolyte, but the buried interface between the semiconductor and its 
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supporting substrate. This interface governs adhesion, electrical contact, stress distribution, 

nucleation behaviour, and, in many cases, the ease with which photogenerated carriers can 

be extracted or transferred. However, it is often the least visible part of the material. For this 

reason, deposition methods that provide good control over the buried interface are especially 

valuable. [126], [127], [128]  

ALD can improve interfacial quality in several respects. Because the earliest stages 

of growth are controlled by surface chemistry, the first deposited layers may form very close 

contact with the substrate. The self-limiting character of the process also helps reduce 

uncontrolled overgrowth and random island formation, which are more common in methods 

strongly affected by solution drying or non-uniform precursor decomposition. In addition, 

because the film grows gradually, it becomes possible to follow how the buried interface 

changes with increasing thickness, which is useful when distinguishing interface-dominated 

behaviour from behaviour that is more bulk-like. [72], [107], [110]  

The quality of the buried interface is particularly important in photoelectrochemical 

systems. A photoactive oxide film may absorb light effectively, but the extracted 

photocurrent can still remain low if the electronic contact with the conductive substrate is 

poor. Voids at the interface, contamination, local delamination, or weak nucleation may all 

increase resistance and favour recombination. By contrast, an interface that is continuous 

and well adhered can improve charge collection and help the coating remain stable during 

electrochemical operation. This is one of the reasons why ALD is often chosen for oxide 

films used in photoelectrodes and related architectures. [116], [126], [127]  

For photocatalytic coatings, interfacial quality also matters, even when current 

collection is not the primary function. The buried interface influences mechanical stability, 

resistance to delamination, and the way the active coating responds to thermal treatment or 

repeated wetting and drying cycles. In immobilised systems, these factors are especially 

important because a mechanically unstable active layer may gradually lose functionality 

even if its intrinsic photocatalytic properties are favourable. The value of ALD therefore lies 

not only in producing a good surface, but also in producing a robust and functionally 

meaningful internal contact. [129], [130], [131]  

2.3.6. ALD-grown TiO2 in photoactive systems 

Titanium dioxide is one of the most extensively studied materials in ALD-based 

photoactive research. This is due partly to the availability of well-established precursor 

chemistries and partly to the central role of TiO2 in photocatalysis and photoelectrochemistry 

more broadly. ALD-grown TiO2 has been investigated as a photocatalytic thin film, 

photoanode coating, passivating or stabilizing shell, component of heterostructures, and 

conformal layer on textured or porous supports. [120], [132], [133]  
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One of the recurring themes in this literature is the distinction between as-deposited 

and thermally treated films. ALD TiO2 is frequently amorphous immediately after 

deposition, depending on process temperature and precursor system. Although amorphous 

films may still show useful behaviour in some cases, many applications benefit from post-

deposition annealing that induces crystallisation, often toward anatase or mixed-phase 

structures. Annealing can improve carrier transport, modify surface chemistry, and enhance 

photoresponse, but it may also change roughness, stress state, adhesion, and interaction with 

the support. Therefore, the behavior of ALD-grown TiO2 should be regarded as the result of 

a combined deposition-crystallization process rather than deposition alone. [47], [117], 

[126], [130]  

Another important point is that ALD-grown TiO2 provides a particularly good 

platform for examining how thickness interacts with support geometry. Because the film can 

be deposited conformally over structured substrates, it becomes possible to investigate how 

a controlled amount of TiO2 behaves when distributed over a microscopically or 

hierarchically modified surface. This type of system is highly relevant to architecture-

focused work because it allows one to ask whether improved performance arises from the 

oxide itself, from the geometry of the support, or from the synergistic combination of both 

under conditions of good interface control. [72], [132], [134]  

ALD TiO2 is also useful as a reference system for more complex studies. Before 

adding heterojunctions, conductive phases, or more elaborate multi-step architectures, it is 

often important to establish how a controlled TiO2 layer behaves on the selected support. 

Such baseline systems make later interpretation more reliable, because they help separate 

the effect of the oxide architecture itself from the influence of later modifications. This is 

especially useful in thesis work, where the scientific argument often develops more clearly 

when it moves from a simpler reference system to more advanced composite or hierarchical 

architectures. [110], [120], [128]  

2.3.7. ALD in heterostructure and hybrid-system design 

Beyond simple oxide coatings, ALD is also useful for building hybrid and 

heterostructured systems. Its main advantage here is the step-by-step control of layer growth, 

which allows different materials to be brought into contact in a reproducible way. This is 

important for core-shell structures, bilayers, passivation layers, thin interfacial modifiers, 

and coatings on conductive or structured supports. [110], [135], [136]  

In such systems, the role of ALD is not limited to the deposition of an active 

semiconductor. It may also be used to tune band alignment indirectly through control of 

interface thickness, suppress unwanted interfacial reactions, stabilise a less robust 

underlying material, or create a thin barrier that modifies recombination pathways. For 

example, an ultrathin oxide layer introduced by ALD may reduce surface recombination or 

improve chemical stability without severely compromising transport, provided that its 
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thickness is carefully controlled. Similarly, a conformal layer may help convert a 

geometrically complex scaffold into a reproducible platform for further functionalisation. 

[127], [134], [135]  

However, ALD-based heterostructures require careful interpretation. The method can 

change thickness, coverage, interface chemistry, and even wetting at the same time, so an 

observed improvement cannot always be linked to one mechanism only. A coated hybrid 

system may perform better because charge separation is improved, but the same result may 

also be influenced by stronger adhesion, lower defect exposure, changes in surface 

hydroxylation, or a more favourable morphology. For that reason, the value of ALD in 

heterostructure research lies not only in the control it offers, but also in the possibility of 

analysing carefully which variable is actually responsible for the functional change. [72], 

[108], [110], [137]  

2.3.8. Limitations and interpretive challenges of ALD-based systems 

ALD is useful mainly because it gives control, but this control is not unlimited. A 

100 nm film, for example, requires many more cycles than a 10 nm film; therefore, thickness 

quickly becomes a question of process time. This is not critical for small laboratory samples, 

but it matters when the same approach is considered for larger surfaces or repeated 

fabrication. The shape of the support is another limitation. On an open surface, the precursor 

can reach the reaction sites more easily. In deep pores, narrow channels, or strongly tortuous 

structures, access is slower and the inner regions may not grow in the same way as the outer 

surface. Therefore, ALD conformality should be understood as a result of suitable process 

conditions, not as something guaranteed by the method itself. [72], [108], [138], [139]  

Third, the apparent precision of ALD can sometimes encourage overinterpretation. 

A highly uniform film is not automatically an optimal film. If the selected thickness is 

unfavourable, if post-deposition treatment creates unwanted defects, or if the band positions 

of the deposited oxide do not suit the intended application, the resulting system may still 

perform poorly. Similarly, ALD may preserve substrate architecture very well, but this does 

not guarantee that the architecture itself is beneficial. In other words, although ALD provides 

control, it does not eliminate the need for sound material design. [100], [110], [116], [120]  

The effect of ALD is also not always easy to separate into one clear cause. After 

deposition, the sample is no longer the same surface with only an added layer. The oxide 

coating may improve continuity, cover defect-rich regions, change wetting, alter 

crystallisation, or modify the local field at the interface. Any of these changes can affect the 

photocurrent or photocatalytic rate. Therefore, ALD-based systems are useful for studying 

mechanisms, but the improvement should be discussed as the result of several possible 

interfacial and structural changes, not as a single effect by default. [61], [71], [72], [110]  
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2.3.9. Relevance of ALD to the present dissertation 

ALD is important in this dissertation because it enables the placement of TiO₂-based 

layers on structured supports with controlled thickness and coverage. In the studied systems, 

the coating is not just an added oxide film. It forms part of the working interface, where layer 

continuity, contact with the support, and the shape of the underlying structure all affect the 

photoactive response. This is why ALD is used when the support geometry itself is being 

tested, rather than treated only as a passive substrate. [72], [100], [108], [120]  

The use of ALD also follows the architecture-based logic of the dissertation. It allows 

TiO₂-based coatings to be deposited on hierarchical surfaces without removing the shape of 

the support. This makes it possible to discuss the oxide layer, the support geometry, and the 

interface between them as connected parts of one system. The final response can then be 

considered in terms of several questions: what is caused by the coating itself, what comes 

from the structured support, and what depends on the quality of contact between the two 

factors. This is central to how the study interprets architecture-controlled photoactivity. [7], 

[72], [100]  

Moreover, ALD contributes to the reproducibility and comparability of the studied 

materials. In research that includes different forms of structured or immobilised systems, it 

is essential to maintain high control over at least some fabrication variables. ALD provides 

this control by allowing the thickness to be tuned in a predictable manner and by reducing 

the uncontrolled variation in coverage quality. As a result, it supports not only material 

preparation, but also the interpretive discipline required for meaningful structure-property-

performance analysis. [72], [100], [107], [139]  

2.3.10. Concluding remarks 

Atomic layer deposition has become one of the most important tools in the 

preparation of advanced photoactive materials because it enables precise control over 

thickness, conformality, and interface formation on substrates whose geometry would 

otherwise be difficult to functionalise reproducibly. In photocatalytic and 

photoelectrochemical research, where small structural differences can produce large 

functional consequences, this degree of control is especially valuable. ALD makes it possible 

to preserve the advantages of a structured support while introducing a semiconductor coating 

that is continuous enough to be functional and thin enough to remain transport-efficient. 

[72], [100], [108]  

For TiO2-based and related systems, ALD is especially useful because it allows one 

to examine, in a controlled way, how film thickness, crystallisation, buried-interface quality, 

and support architecture affect the final behaviour of the material. In this dissertation, its role 

is therefore not limited to deposition alone. ALD is used as a practical tool that connects 

structural design with functional response, so that geometry, interface formation, and active-
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layer properties can be studied together within the same material system. [71], [72], [116], 

[120]  

2.4. Laser-structured and hierarchical substrates for photoactive 

applications 

The growing importance of architecture-driven optimisation has made surface and 

bulk structuring of substrates an increasingly significant part of modern photocatalytic and 

photoelectrochemical materials research. In many photoactive systems, the substrate is not 

merely a passive carrier of electrons. It can alter optical coupling, effective surface area, 

wetting, transport of mass, and mechanical stability, while in electrode systems it also affects 

electrical continuity and charge collection. Of the available structuring methods, laser 

processing has become especially useful because it allows the direct production of controlled 

micro-and nanoscale features on many kinds of materials without relying on masks, wet-

chemical steps, or multistage lithographic processing. This is especially true for ultrafast 

laser processing, where high precision, minimal heat-affected zones, and rich morphology 

formation enable the creation of hierarchical surfaces with functionally relevant topology. 

[140], [141]  

Laser structuring is attractive for photoactive materials because it changes the surface 

in a controlled and permanent way. The created texture can affect light interaction, surface 

area, wetting, and access to reactive sites. It also gives a defined base for later modification, 

for example by thin-film deposition or hybrid assembly. After a semiconductor layer is 

added, especially by a conformal method such as ALD, the support and the coating should 

no longer be treated separately. The support provides geometry, while the coating provides 

the photoactive interface. Their combined effect determines how the final material responds 

under photocatalytic or photoelectrochemical conditions. [142], [143]  

2.4.1. Why structured substrates matter in photocatalysis and 

photoelectrochemistry 

The importance of structured substrates in photoactive systems can be understood by 

considering the sequence of steps linking photon absorption to the functional output. In 

photocatalysis, the relevant output is the net rate of surface redox transformations driven by 

photogenerated carriers. In photoelectrochemistry, the output is the extraction of charges as 

photocurrent and their participation in electrochemical processes at the semiconductor-

electrolyte interface. In both cases, performance is governed by the combined influence of 

optical absorption, charge separation, charge transport, interfacial transfer, and mass 

transport. The substrate structure can simultaneously affect several of these steps. [142]  

From an optical point of view, surface texturing can lower specular reflection, 

increase diffuse scattering, and lengthen the effective light path inside the system. Thus, the 

probability of incident light being absorbed by the active layer may increase. Texturing can 
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also change the angular distribution of light in porous or hierarchical structures, which may 

promote additional light trapping through repeated scattering. Such effects become 

especially important when the semiconductor layer is thin or when the support has a strong 

refractive contrast relative to the surrounding medium. [144], [145]  

From the geometric and interfacial point of view, structured substrates offer a larger 

effective area for coating growth and for surface reactions. At the same time, a larger area is 

only beneficial when reactants can still access it efficiently and when charge transport 

remains effective. In photocatalysis, a larger surface may favour adsorption and create more 

interfacial reaction sites, but this advantage can be offset if poorly wetted or weakly 

illuminated inner regions begin to impose diffusion limitations. In photoelectrochemistry, an 

increased area may strengthen the semiconductor-electrolyte interface, yet this advantage 

still has to be balanced against the need for continuous electrical contact and efficient 

extraction of photogenerated carriers. [146], [147]  

The scientific value of structured substrates therefore lies not merely in producing a 

“rougher surface,” but in providing a controllable design variable through which the 

coupling of optical, transport, and interfacial phenomena can be examined. This is 

particularly important in work that aims to develop a unified argument across several 

material formats, because structured substrates can serve as common platforms for analysing 

how architecture influences photoinduced behaviour. [142]  

2.4.2. Ultrafast laser processing as a route to hierarchical architectures 

Ultrafast laser processing, especially in the femtosecond regime, offers unusual 

possibilities for surface engineering because the energy is delivered faster than heat can 

diffuse through the material. As a result, the modification usually remains highly localised, 

which makes it possible to generate micro- and nanostructures while limiting bulk heating 

and unwanted damage to the surrounding material. Depending on the substrate, pulse energy, 

repetition rate, scanning strategy, and ambient conditions, this type of laser treatment can 

produce many different surface morphologies, including microgrooves, pits, ripples, and 

hierarchically rough structures that combine more than one structural scale. [140], [141]  
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Figure 2.3. Femtosecond-laser-induced periodic surface structures formed on 

silicon under different processing conditions. The images show how the surface 

morphology changes together with the corresponding structural regime. Reproduced from 

Ref. [148], under the Creative Commons CC BY licence. 

A particularly important class of ultrafast-laser-induced features is the laser-induced 

periodic surface structures. These features typically appear as quasi-periodic patterns, with 

a period related to the laser wavelength and optical properties of the substrate. Different 

regimes are usually distinguished and are often described as low-spatial-frequency and high-

spatial-frequency patterns. In practice, however, the resulting surface is often not a simple 

sinusoidal ripple, but part of a broader hierarchical texture that can include microscale 

ablation features, redeposited material, and nanoscale roughness. This complexity is 

important because it means that a laser-structured surface can modify light interaction and 

wetting behaviour through several mechanisms simultaneously. [149], [150]  

For semiconductor and metallic supports, laser structuring can be considered as the 

preparation of the surface on which the active coating will later work. The texture produced 

by the laser affects not only light interaction, but also the way the next layer grows. It can 

influence whether the coating becomes continuous, how much material is needed to cover 
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the surface, and whether the final electrode remains accessible and stable. In this sense, laser 

processing does more than roughen the substrate. It defines the environment in which the 

film is deposited, the interface is formed, and the photoactive response develops. [143], [151]  

2.4.3. Optical consequences of laser structuring 

One of the main reasons for using laser structuring in photoactive materials is that it 

can change the optical response of the surface. Structured surfaces may lower reflection 

through graded refractive effects, promote multiple scattering, and increase effective 

absorption by extending the path of photons within the active layer or the structured 

architecture itself. Such effects are often discussed in connection with strongly absorbing, 

so-called “black” surfaces and with improved light trapping in photovoltaics and 

photoelectrodes. [144], [145]  

For photocatalysis and photoelectrochemistry, however, the key issue is not simply 

whether the surface becomes optically darker, but whether such optical changes lead to more 

effective charge generation and use. A structured surface may absorb more light and still 

show no real functional improvement if recombination remains dominant or if the absorbed 

energy is concentrated in regions from which carriers cannot be extracted efficiently to a 

reactive interface. For this reason, optical enhancement has to be considered together with 

charge transport and interface-related factors. [142], [151]  

Laser-induced periodic structures can also affect how light interacts with the surface. 

Their periodicity and surface relief may change scattering and absorption differently at 

different wavelengths. This makes the surface structure itself an important part of the optical 

design. However, an improved visible-range signal should be interpreted carefully. A change 

in reflectance does not by itself prove band-gap narrowing or a real shift of the absorption 

edge, because structured surfaces can also change the measured optical response through 

scattering and light-trapping effects. [149], [150]  

This distinction is especially relevant in studies where laser processing is applied to 

semiconductor substrates such as silicon. In such cases, micro- and nanoscale structuring 

can greatly change reflectance and apparent optical absorption, producing strong differences 

in measured optical properties. The functional consequence, however, depends on whether 

the altered optical behaviour generates carriers that can be effectively used for interfacial 

reactions or electrical extraction. Optical data from structured substrates must therefore be 

connected to electrical or catalytic performance data and interpreted as part of the overall 

architecture-performance relationship. [144], [145]  

2.4.4. Surface wetting, accessibility, and interfacial area 

Laser structuring can also change the way the liquid meets the surface. This is 

important because photocatalysis and PEC operation both take place at a solid-liquid 

interface. The effect of structuring on wetting is not always the same. Depending on the 
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material, the texture produced by the laser, surface oxidation, and later treatment, the surface 

may become easier or harder to wet. This can change how much of the active area is really 

exposed to the solution. As a result, adsorption, local diffusion, boundary-layer thickness, 

and transport of reactants or products may all be affected. [146], [147]  

In porous and membrane-based systems, wetting is not just a surface characteristic. 

It determines how deeply the liquid can penetrate into the structure, whether poorly refreshed 

regions remain inside it, and how uniformly reactants reach the active phase. In fibrous 

membranes and porous supports, capillary forces may help liquid penetration, whereas poor 

wetting can leave a significant part of the available surface effectively inactive. When a laser-

structured substrate is later used as a support for a photoactive coating, its wetting behaviour 

becomes one of the factors governing the performance of the entire system. [146]  

A larger interfacial area is often presented as one of the main advantages of surface 

texturing. In practice, however, the useful area is not the same as the geometric area. It 

depends on whether the semiconductor layer really follows the texture and whether the 

coated surface can still be reached by the electrolyte or pollutant solution. If the coating 

becomes too thick in recessed regions, or bridges over smaller features, part of the structured 

surface may stop contributing effectively. When the coating remains conformal, the original 

texture is preserved and the larger area can support more interfacial reactions. Therefore, 

laser structuring and the subsequent deposition step must be considered together, not as two 

independent stages. [72], [151]  

2.4.5. Laser structuring as a scaffold for conformal coatings and hybrid 

interfaces 

The value of laser structuring becomes much clearer when it is combined with a 

conformal deposition method such as atomic layer deposition. In that case, the laser is used 

to shape the scaffold, while ALD controls the composition and interface properties of the 

active layer. This is useful because the geometry of the support can be changed deliberately 

without losing good reproducibility of oxide thickness and coverage. [72], [100], [152]  

When a conformal semiconductor layer is added to a laser-structured support, the 

benefit usually comes from several effects acting together. The textured support can increase 

the surface area and change the way light interacts with the material. The coating must 

closely follow this texture to maintain these advantages while forming a continuous 

photoactive layer. Good contact between the coating and the support is also important, 

especially in electrodes, where it can improve adhesion and help charges move into the 

current collector. In this type of system, the structure and the interface are not separate 

features. They work together to determine how effectively the material uses the generated 

charges. [105], [126], [151], [153]  
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However, the success of such strategies depends on process compatibility. Laser 

structuring may create redeposited material, microcracks, or compositional changes that 

influence coating nucleation. It may also generate extremely sharp features that are difficult 

to coat without thickness gradients if deposition conditions are not optimised. Laser 

structuring should therefore be understood as a way of creating a high-value scaffold, but 

one that requires careful subsequent processing and characterisation to ensure that the 

intended architecture is realised in the final functional system. [123], [149], [154], [155]  

In hybrid materials, laser structuring can also affect where the added components 

actually end up. Conductive phases, co-catalysts, or layered materials may not spread in the 

same way on a flat surface and on a textured one. Local curvature, roughness, and wetting 

can make some regions collect more material than others. Because of this, the scaffold does 

more than increase surface area. It also shapes where heterointerfaces are formed in the final 

system. This is especially important in multi-component architectures, where the expected 

improvement depends on efficient interfacial charge transfer. [147], [156], [157], [158]  

2.4.6. Structured metallic substrates and membrane-like supports in 

photoelectrochemistry 

In photoelectrochemical systems, structured metallic supports are of interest because 

they combine strength, conductivity, and a surface geometry favourable for high-area 

interfaces. After deposition of a semiconductor oxide such as TiO2, the support acts as the 

conductive backbone, whereas the oxide is responsible for photoresponse and interfacial 

redox activity. The final photocurrent then depends largely on the quality and continuity of 

the interface between these two parts. [100], [143], [159]  

Hierarchical metallic membranes and porous supports offer additional advantages, 

such as high surface-to-volume ratio and the possibility of better mass transport. At the same 

time, they also bring specific challenges. The active coating must remain continuous 

throughout the entire structure, including the pores and internal surfaces; otherwise, 

electrical and chemical non-uniformities may start to control the response. The electrolyte 

must also reach the relevant active regions without producing stagnant zones or encouraging 

bubble accumulation. In addition, the entire structure has to remain stable during 

illumination and under electrochemical operating conditions. Hierarchical supports in PEC 

are therefore powerful but demanding architectures, and their successful use depends 

strongly on combining structuring with precise coating strategies. [72], [83], [84], [160]  

Laser structuring can also be used to prepare metallic supports before the active 

coating is added. It can make the surface rougher in a controlled way, improve coating 

attachment, support nucleation, and change how light is coupled into the electrode. The 

important point, however, is not the texture alone. The structured scaffold must assist the 

entire photoelectrode, including light absorption, charge extraction, electrolyte contact, and 
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stability during operation. Therefore, laser-structured supports should be discussed as part 

of the full electrode architecture, not as separate modified surfaces. [151], [152], [161]  

2.4.7. Mechanistic and interpretive considerations in laser-structured 

photoactive systems 

A common difficulty with laser-structured photoactive materials is explaining why 

the performance changes. Laser treatment rarely changes only one feature. It can alter 

roughness, surface oxidation, defect density, wetting, and optical behaviour at the same time. 

For this reason, an improvement after laser structuring should not be assigned too quickly to 

one cause, such as larger surface area or stronger light absorption. The discussion has to 

consider which part of the photocatalytic or photoelectrochemical process is most likely 

affected by the new architecture, for example light use, charge transport, surface reaction, 

wetting, or mass transfer. [146], [149], [154], [162]  

In photocatalysis, better performance may come from improved wetting and 

accessibility, stronger adsorption, more favourable light interaction, or changes in surface 

chemistry. In photoelectrochemistry, the improvement may instead be linked to better film 

adhesion, more efficient charge extraction through stronger interfacial contact, lower 

reflection, or a larger effective interface area. At the same time, laser processing can also 

introduce defects, and these may either improve activity by creating reactive sites or reduce 

performance by acting as recombination centres. For this reason, laser structuring should be 

regarded as a powerful but complex tool, whose final effect depends strongly on the material 

itself, the processing conditions, and the coating strategy used afterwards. [23], [147], [163]  

It is also necessary to separate optical effects from real electronic changes. A 

structured surface can show lower reflectance or stronger apparent absorption simply 

because light is scattered, trapped, or reflected differently. This may appear as a change in 

the bandgap, although the electronic structure of the semiconductor may not necessarily 

change. Therefore, unless there is independent evidence for band-gap modification, such 

changes should be discussed mainly as light-management effects. This is especially 

important for laser-structured semiconductor supports, where reflectance can be strongly 

reduced even when the intrinsic absorption edge remains essentially unchanged. [15], [144], 

[149], [164]  

2.4.8. Relevance of laser structuring to the present dissertation 

Laser structuring plays an important role in the present dissertation because it 

provides a controlled route for introducing hierarchy into substrate architectures that are later 

functionalised with photoactive layers. In the investigated research, laser processing is not 

treated as a decorative roughening step, but as a deliberate strategy for creating scaffolds 

with modified optical behaviour, increased interfacial area, and altered accessibility that can 

support enhanced photocatalytic or photoelectrochemical function. [140], [165], [166], [167]  
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This is especially important when TiO₂ or related oxides are deposited conformally 

on complex supports. In these systems, the laser-made geometry is not removed by the 

coating step, but becomes part of the final photoactive structure. It can affect where light is 

absorbed, where interfaces are located, and how charges move towards the surface or current 

collector. For this reason, laser structuring is treated here as one of the main tools for 

controlling architecture, rather than only as a surface-roughening method. [72], [100], [168], 

[169]  

Another reason for its relevance is that laser-structured surfaces provide an 

experimentally controllable variable through which structure-property-performance 

relationships can be studied. By comparing structured and unstructured substrates under 

otherwise comparable coating and testing conditions, it becomes possible to analyse how 

hierarchy influences photoactive behaviour. This supports the broader aim of the dissertation 

to develop a unified materials perspective across different photoactive formats, including 

structured supports, immobilised systems, and hybrid architectures. [23], [86], [165], [170]  

2.4.9. Concluding remarks 

Laser structuring, especially when performed with ultrafast pulses, provides a 

versatile method for creating hierarchical architectures of interest for photocatalysis and 

photoelectrochemistry. Such surface modification can change optical coupling, accessibility 

of the surface, wetting behaviour, and the effective interfacial area available for 

photoinduced reactions. Its value becomes particularly clear when it is combined with 

controlled deposition methods that retain the created geometry while adding a continuous 

semiconductor active layer. [140], [141], [165], [169]  

At the same time, any enhancement associated with laser processing has to be 

interpreted carefully, because the treatment can change several parameters at once. The 

discussion should therefore relate performance changes to plausible mechanistic pathways, 

separate optical-coupling effects from genuine electronic modification, and take into account 

the way structuring interacts with the quality of the coating applied afterwards. When 

approached in this integrated manner, laser structuring is not only a route to better 

performance, but also a useful experimental strategy for examining architecture-driven 

design principles in photoactive materials. [15], [149], [164], [171]  

2.5 Heterostructures and interface engineering for improved 

charge utilisation 

In many semiconductor photocatalysts and photoelectrodes, the main problem is not 

only light absorption. The material may absorb photons, but the generated electrons and 

holes are often lost before they can be used. They can recombine through bulk defects, 

surface states, or poorly formed interfaces, and the absorbed energy then does not contribute 

to pollutant degradation, water splitting, or photocurrent. This is why heterostructures and 
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engineered interfaces are so important. By combining different phases in a controlled way, 

the material can direct charges along more favourable pathways, reduce recombination 

losses, and give the carriers a better chance of reaching the reactive interface. [172], [173], 

[174]  

Heterostructures refer broadly to systems in which two or more materials are 

combined so that their electronic and interfacial properties interact in a functionally 

meaningful way. The goal is not simply to mix components, but to create contacts that 

control charge transfer. In photocatalysis, this increases the production of reactive species 

and enhances the oxidation or reduction rates. In photoelectrochemistry, it can improve 

charge extraction, shift onset potentials, reduce interfacial losses, and increase stability under 

bias. In both cases, the success of a heterostructure depends strongly on interface quality and 

on how the components are spatially organised within the architecture. [32], [175], [176]  

2.5.1. Motivation for heterostructure design in photoactive systems 

A key motivation for heterostructure engineering is that the processes limiting 

semiconductor performance are inherently interfacial. Even if a material generates charge 

carriers efficiently under illumination, those carriers must travel to and cross an interface in 

order to perform useful work. If the interface does not support effective separation and 

transfer, recombination dominates. The central challenge is therefore to create material 

systems in which the relevant interfaces promote directional carrier movement and minimise 

losses. [32], [173], [177]  

For TiO2-based materials, the reason for using heterostructures is easy to see. TiO2 is 

stable and can be prepared by many routes, but on its own it uses mainly UV light and still 

loses many carriers through recombination. Because of this, TiO2 is often placed in contact 

with another phase rather than treated as a complete system by itself. A second 

semiconductor may help to use a broader part of the spectrum. A conductive phase may 

provide an easier escape route for electrons. A core-shell or layered structure may separate 

the locations where charges are generated from those where they are consumed. A co-catalyst 

may improve a specific surface reaction. In all of these cases, the useful part is the interface, 

not just the added component. [48], [178], [179]  

The literature shows that heterostructures can work well, but the reason for the 

improvement is not always clear. A stronger photocatalytic or photoelectrochemical response 

may come from better charge separation at the interface. It may also come from simpler 

effects, such as stronger adsorption, better wetting, a more favourable morphology, changes 

in surface defects, or different light scattering. In real hybrid materials, several of these 

effects can appear at the same time. For this reason, heterostructures should be discussed 

through the interface and the whole architecture, rather than explained automatically by 

charge separation alone. [22], [147], [172]  
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2.5.2. Concepts of charge separation at semiconductor interfaces 

The basic concept behind many heterostructures is that an interface can create a 

driving force for charge separation by establishing an energetic preference for electrons and 

holes to reside in different regions of the system. In semiconductor-semiconductor junctions, 

this behaviour is often discussed in terms of band alignment. Depending on the relative 

positions of the conduction and valence bands, charge transfer can proceed in a direction 

that spatially separates electrons and holes, thereby reducing recombination probability. 

[175], [179]  

A type-II heterojunction is often used to explain charge separation in coupled 

semiconductors. In this arrangement, electrons tend to move towards one component, while 

holes move towards the other. This separation can reduce recombination and make more 

carriers available at the interfaces. The drawback is that the carriers may end up at less 

favourable energy levels for the target redox reactions. For this reason, a type-II system can 

improve charge separation, but it may also lower the effective redox ability of the separated 

charges. [175], [180]  

Another concept often discussed in this context is the Z-scheme or S-scheme 

approach, where the heterostructure is intended to retain strong redox ability while still 

promoting effective charge separation. In these systems, the lower-energy carriers recombine 

at the interface, whereas the more energetic electrons and holes remain available for surface 

redox reactions. Although this offers an attractive mechanistic picture, experimental 

confirmation usually requires particular care, since similar activity trends may arise from 

more than one mechanism. For that reason, discussion of such models in the literature should 

distinguish clearly between a conceptual interpretation and conclusions that are directly 

supported by structural or electrochemical evidence. [172], [181]  
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Figure 2.4. Schematic comparison of charge-carrier transfer pathways in (a) a type-

II heterojunction and (b) a Z-scheme heterojunction. In the type-II configuration, electrons 

and holes accumulate in different semiconductors, promoting spatial separation but often 

reducing redox ability. In the Z-scheme configuration, interfacial recombination of the less 

energetic carriers preserves the strongly reducing electrons and strongly oxidising holes for 

photocatalytic or photoelectrochemical reactions. Adapted and redrawn by the author based 

on Ref. [182]  

Heterostructures are not limited to contacts between two semiconductors. They can 

also include metals, carbon-based phases, or other conductive interlayers. In such systems, 

the added phase may help collect electrons from the semiconductor, sometimes through 

Schottky-type behaviour, depending on the work-function difference and band bending at 

the interface. This can reduce recombination by moving electrons away from holes, leaving 

holes more available for oxidation reactions at the semiconductor surface. Conductive 

carbon, metal nanoparticles, and two-dimensional conductive phases can therefore influence 

charge dynamics even when they are not the main light-absorbing component. [8], [183], 

[184]  

2.5.3. Interface engineering as the decisive factor 

Although band-alignment concepts are useful, the literature also shows that the 

behaviour of heterostructures is often controlled less by the nominal electronic properties of 

the bulk phases than by the quality of the interface between them. That interface may contain 

defects, dangling bonds, contaminants, or regions with poor connectivity, all of which can 

serve as recombination centres. When contact between the phases is weak or incomplete, 

charge transfer may become inefficient and the system may behave more like a simple 

physical mixture than like a true functional junction. [48], [172], [182]  

Interface engineering means controlling the contact between the different parts of a 

hybrid material, not only combining them in one sample. The manner in which one phase 

grows on another, the continuity of the contact, the number of defects at the boundary, and 

the local surface chemistry all affect the ease with which charges can cross the interface. 

This is why the preparation method matters. A heterostructure made by simple mixing may 

contain the right components, but only a small part of them may be in useful contact. In situ 

growth, conformal coating, or controlled deposition can give a more continuous junction and 

make charge transfer more effective. [7], [105], [113]  

This becomes especially important when the material is built on a structured support 

or used in an immobilised form. A semiconductor layer on a rough or porous substrate may 

not have the same thickness everywhere, and poorly covered regions can become sites where 

recombination or resistance dominates. In fibrous membranes, the same problem appears in 

another form: additives must be distributed and connected well enough for charges to move 

through the composite. For this reason, a heterostructure is not defined only by which phases 
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are present. Its performance depends on where these phases are placed, how they touch each 

other, and whether the architecture allows the interface to work . [60], [75], [185]  

2.5.4. Heterostructures in photocatalysis: adsorption, kinetics, and interpretive 

complexity 

In studies of photocatalytic pollutant degradation, heterostructures are often 

examined by following dye decolourisation, mainly because the measurements are simple 

and suitable for quick comparison between samples. At the same time, dye-based tests are 

not straightforward to interpret. The strong adsorption of the dye on some components may 

lower the measured concentration, even when full oxidative decomposition has not occurred. 

In addition, some dyes can behave as photosensitisers under visible light, injecting electrons 

into the semiconductor and opening degradation pathways that are not directly related to the 

intrinsic light absorption of the semiconductor itself. The rate can also change for reasons 

that are not directly related to the charge separation. If the surface becomes rougher, more 

hydrophilic, or richer in adsorption sites, more pollutant may be held close to the active 

regions and the liquid may contact the material more effectively. Under these conditions, the 

measured degradation can increase even if the electronic separation of carriers has improved 

only modestly. [186], [187], [188]  

In heterostructures that contain conductive additives or two-dimensional materials, 

the interpretation becomes even more complicated. Such conductive phases may indeed 

facilitate electron transport, but at the same time they can increase adsorption and introduce 

additional sites where reactions may occur. Hybrid systems may therefore show improved 

performance because of changes in pollutant capture rather than solely because of improved 

photocarrier utilisation. Photocatalytic enhancement in heterostructures should therefore be 

interpreted as the combined result of electronic, surface-chemical, and transport effects. 

[172], [189], [190]  

This complexity does not reduce the value of heterostructure research. On the 

contrary, it highlights the need for careful design and characterisation. A stronger discussion 

becomes possible only when the observed performance is tied to independent signs that a 

functional interface has actually formed, for example changes in recombination-related 

spectroscopic features, modified impedance response, shifts in photoelectrochemical 

behaviour, or systematic effects of interface thickness and contact quality. When such 

evidence is combined with controlled comparisons that account for adsorption and 

morphology, interpretation of heterostructure behaviour becomes much more robust. [113], 

[172], [191]  
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2.5.5. Heterostructures in photoelectrochemistry: carrier extraction and 

interfacial kinetics 

In photoelectrochemical systems, one of the main reasons for building 

heterostructures is to make charge extraction more effective, to limit recombination losses 

at the surface, and to create conditions more favourable for interfacial charge transfer. Since 

photoelectrochemistry operates with an external circuit, the design requirements are not the 

same as in photocatalysis. Here the architecture must support continuous electronic 

pathways from the semiconductor to the current collector and maintain stable contact with 

the electrolyte. Heterostructures are therefore often evaluated not only by photocurrent 

density, but also by onset potential, charge-transfer resistance, stability under bias, and 

behaviour under chopped illumination or transient conditions. [37], [191], [192]  

One advantage of photoelectrochemical evaluation is that it can provide more direct 

insight into carrier transport and extraction than many photocatalytic tests. For example, 

changes in photocurrent may reflect improved charge separation or reduced recombination, 

although such interpretations still require caution. A higher photocurrent may also arise from 

increased roughness or a larger interfacial area rather than from improved junction 

behaviour. For this reason, interpretation of heterostructure effects in PEC also benefits from 

combining performance data with structural characterisation and impedance-based analysis. 

[191], [192], [193]  

Heterostructures may also influence selectivity and stability in PEC operation. Even 

when photocurrent increases, long-term behaviour may deteriorate if the interface is 

unstable, if the conductive component oxidises, or if the junction degrades under prolonged 

illumination. This is particularly relevant in hybrid systems involving two-dimensional 

materials, surface terminations, or components sensitive to aqueous oxidation. Stability 

considerations are therefore an integral part of assessing heterostructures in 

photoelectrochemistry. [37], [194]  

2.5.6. Heterostructure fabrication routes and the role of controlled deposition 

The literature shows that heterostructure performance depends strongly on the 

fabrication route used to build the interface. Several broad approaches can be distinguished. 

[195]  

In situ growth methods, in which one phase is formed directly on another, often 

produce better contact and more intimate interfaces than simple mixing. Examples include 

the hydrothermal growth of one oxide on a pre-existing support or the solvothermal 

deposition of a second semiconductor onto TiO2. Such methods can yield strong junctions, 

but they may also introduce uncontrolled morphology changes and make it difficult to 

separate the effect of the interface from that of newly generated surface area or additional 

defect states. [196], [197]  
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Coating and deposition methods, such as sol-gel coating, electrophoretic deposition, 

sputtering, chemical vapour deposition, and atomic layer deposition, provide alternative 

ways of building such systems. Controlled deposition is particularly useful in architecture-

driven research, because it can preserve the original geometry and at the same time make it 

possible to adjust thickness and coverage in a systematic way. ALD is especially important 

here, since it allows conformal coating of complex substrates and can produce well-defined 

interfaces in multilayer structures. This level of control becomes particularly valuable when 

the objective is to determine how heterojunction thickness, continuity, or interface quality 

influences the final performance. [72], [113], [198]  

In polymer-based and electrospun systems, the fabrication route strongly affects how 

the hybrid phases are distributed and how well they remain connected. When conductive or 

semiconducting additives are dispersed uniformly and stay accessible, they may contribute 

in a beneficial way. If, however, they agglomerate, become trapped inside the fibres, or 

disturb fibre formation, they may not create functional transport pathways at all. In 

membrane architectures, this means that heterostructure formation is inseparable from the 

processing conditions and from the final spatial arrangement of the individual phases. [60], 

[75]  

2.5.7. The interaction between heterostructures and architecture 

Heterostructure design and architecture-driven optimisation are deeply linked. An 

interface can influence charge separation effectively only if it is positioned so that carriers 

can reach it and use it. The spatial distribution of heterointerfaces is therefore as important 

as their chemical identity. [77], [199]  

In hierarchical electrodes, a conformal semiconductor coating can expose a large 

interfacial area. This area is useful only if charges and electrolyte can actually reach the right 

places. When the coating stays connected to the substrate and the electrolyte can access the 

active surface, the heterostructure may give a stronger photocurrent. If the layer is broken, 

poorly connected, or hidden inside regions that the electrolyte cannot reach well, the same 

heterostructure may contribute much less than expected. [199], [200], [201]  

In fibrous and membrane-type photocatalysts, architecture influences how 

heterostructure components are exposed and how reactants interact with them. A hybrid 

system may show improved behaviour because the membrane captures pollutants more 

effectively, or because it brings reactants into closer proximity to reactive interfaces. At the 

same time, the membrane may introduce diffusion limitations that restrict the contribution 

of internal active sites. The functional value of a heterostructure must therefore always be 

interpreted within its architectural context. [26], [59], [202]  

This is especially important when conductive two-dimensional phases are used. They 

can facilitate electron transport only when they are well connected and remain in contact 
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with the active semiconductor. If the flakes are isolated, poorly distributed, or buried inside 

the structure, their effect may be weak. The heterostructure therefore works only when the 

architecture allows connected charge pathways and accessible interfaces to form. [190], 

[203]  

2.5.8. Relevance of heterostructure and interface engineering to the present 

research 

Heterostructure formation and interface engineering are important in this work 

because they connect the material architecture with the final photoactive response. The 

systems studied here are not improved only by changing shape, roughness, or support 

geometry. Their behaviour also depends on how the different phases contact each other and 

how charges move across these contacts. This includes semiconductor-conductive interfaces, 

conformal oxide coatings on structured supports, and hybrid components introduced into 

immobilised architectures. In each case, the interface is treated as part of the design, not as 

a secondary boundary between materials. [190], [199], [202]  

In the materials considered here, improved performance is expected mainly when a 

larger fraction of the photogenerated carriers reaches productive interfaces instead of being 

lost by recombination. This view is in line with the broader literature, where limited charge 

utilisation is often identified as one of the main bottlenecks in photoactive systems. At the 

same time, the present research also takes into account that hybridisation may influence 

adsorption, wetting, and transport, not only electronic behaviour. For this reason, interface-

focused interpretation is treated as an important part of understanding the observed 

performance trends. [59], [77], [200]  

Another important point is that the effectiveness of heterostructure strategies depends 

on how well they are integrated with the underlying architecture. The present research places 

strong emphasis on systems in which deposition and fabrication routes are chosen to preserve 

structural features and to form reproducible interfaces. This approach is consistent with the 

broader literature trend toward combining precise fabrication methods with architecture-

controlled design in order to achieve more reliable performance enhancement. [199], [202]  

2.5.9. Concluding remarks 

Heterostructures and engineered interfaces represent powerful strategies for 

improving photocatalytic and photoelectrochemical materials because they address one of 

the key limitations of semiconductor systems: inefficient utilisation of photogenerated 

charge carriers. By designing interfaces that promote separation and directional transfer, it 

becomes possible to reduce recombination and increase the fraction of carriers available for 

surface reactions or electrical extraction. [77], [199]  

At the same time, the literature also shows that the improved behaviour of 

heterostructures is rarely caused by one factor alone. Architecture, adsorption, wetting, 
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morphology, and stability may all contribute to the final trend that is observed. Therefore, 

meaningful design and interpretation require attention not only to electronic alignment but 

also to interface quality, spatial arrangement of the phases, and the operating environment 

of the material. [59], [190], [200]  

This point leads into the following sections, where the main material formats used in 

this dissertation are discussed in more detail. These include conductive and two-dimensional 

phases such as MXenes, fibrous immobilised photocatalysts, and structured supports 

modified by controlled deposition methods. The focus remains the same in each case: how 

the chosen components and architecture affect charge transfer, accessibility, stability, and the 

final photoactive response. [26], [190], [202]  

2.6. MXene-containing hybrid systems in photocatalysis and 

photoelectrochemistry 

The rapid growth of research on two-dimensional materials has strongly influenced 

the development of hybrid systems for photocatalysis and photoelectrochemistry. Within this 

broader development, MXenes have become especially interesting as composite 

components, since they bring together high electrical conductivity, chemically active 

surfaces, and a form that can be introduced into many kinds of hybrid architectures. In many 

photoactive systems, the main limitation is not the generation of charge carriers, but their 

efficient separation and utilisation before recombination occurs. Conductive and 

interfacially active two-dimensional phases can, in principle, reduce these losses by 

providing favourable pathways for electron transport, improving interfacial charge transfer, 

and modifying surface interactions with reactants. This is the main reason why MXenes have 

been explored extensively as functional additives and interphases in TiO2-based and related 

photoactive materials. [204], [205], [206], [207]  

MXenes are usually obtained by selectively etching MAX phases, that is, layered 

ternary carbides or nitrides, and then delaminating the etched product to produce nanosheets. 

Their general formula is commonly written as Mn+1XnTx, where M is an early transition 

metal, X is carbon and/or nitrogen, and Tx denotes surface terminations, most often 

including –O, –OH, and –F. Among different MXenes, Ti3C2Tx is the one most often used in 

photoactive systems. This is mainly because it is relatively accessible, electrically 

conductive, hydrophilic, and compatible with many oxide materials. Its layered structure 

also provides many places where it can contact semiconductors, polymer matrices, or 

adsorbed molecules. This is useful for building hybrid interfaces, but it also makes the 

material sensitive to preparation conditions and exposure to water, oxygen, or light. For this 

reason, Ti3C2Tx should not be treated as a fixed conductive additive. Its surface chemistry 

and stability have to be considered when its role in charge transfer is discussed. [208], [209], 

[210]  
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2.6.1. Motivation for using MXenes in photoactive systems 

The motivation for incorporating MXenes into photocatalytic or 

photoelectrochemical materials can be grouped into several broad functional expectations. 

First, MXenes can act as conductive electron acceptors and transport pathways. In 

an illuminated semiconductor, electrons and holes are generated simultaneously. If one type 

of carrier can be extracted or delocalised more efficiently, the probability of recombination 

decreases and the other carrier has a greater chance of participating in interfacial reactions. 

In many hybrid systems, the MXene is expected to accept photogenerated electrons from the 

semiconductor and facilitate their transport toward reactive sites or a current collector, 

thereby improving overall charge utilisation. [211], [212], [213]  

Second, MXenes are not only conductive sheets. Their surface is chemically active 

because it contains termination groups such as –O, –OH, and –F. These groups can affect 

how MXene disperses in water or polar solvents, how it attaches to oxide surfaces, and how 

nanoparticles or thin coatings grow on it. This is important because a hybrid material can 

work as a heterostructure only when the phases are in real contact, not just mixed together. 

In this sense, MXene surface chemistry can help create the close interfaces required for 

charge transfer. [205], [214], [215]  

Third, MXene may also affect the way the dye solution interacts with the material. 

In photocatalytic tests, a lower dye concentration does not always mean that degradation 

alone has improved. Part of the dye may be retained near the active surface, especially when 

the material has more adsorption sites or becomes easier to wet. MXene can contribute to 

both effects. In membrane-type photocatalysts, this may allow the solution to reach more of 

the internal active regions. For this reason, improved dye removal after MXene addition 

should be discussed with caution, since adsorption, wetting, and access to the catalytic 

surface may contribute together with charge-transfer effects. [22], [147], [216]  

Fourth, MXenes can also affect the formation of the composite, not only its 

performance after preparation. This is especially relevant for electrospun fibres and 

membranes. The addition of MXene may change the conductivity and viscosity of the 

spinning solution, the stability of the dispersion, and the way solid phases are distributed 

inside the fibers. Because of this, MXene can influence the final membrane structure as well 

as its performance-related properties, including permeability, capillary wetting, and surface 

roughness. [217], [218], [219]  

These points show that MXene usually does more than one thing in a composite. It 

can affect charge transport, surface chemistry, adsorption, wetting, and even the way the 

material forms during preparation. This is part of its value, but it also makes the results 

harder to interpret. When the performance improves after MXene addition, the reason may 
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not be a single electronic effect. This may be due to several changes acting together. [220], 

[221], [222]  

2.6.2. Surface chemistry and terminations: functional benefit and interpretive 

challenge 

One important feature of MXenes is their surface termination. Unlike graphene-like 

carbon materials, MXene sheets usually carry functional groups introduced during synthesis, 

and these groups strongly affect their behaviour in composites. They influence 

hydrophilicity, dispersion in polar media, attachment to oxide surfaces, and the electronic 

character of the interface. In photoactive systems this can be useful, because the terminated 

surface helps MXene form close contact with TiO2 or other oxides through hydrogen 

bonding, coordination-type interactions, or related surface contacts. In this way, the surface 

chemistry of MXene contributes not only to processing, but also to the quality of the 

heterointerface. [215], [220], [223]  

However, the chemistry of the surface terminations is also one of the main sources 

of variability. Different synthesis batches may produce MXenes with different terminal 

group proportions, oxidation levels, and flake dimensions. In addition, processing steps such 

as sonication, drying, thermal treatment, or contact with oxygen-containing water can 

gradually change the surface chemistry. Because of this, the same MXene may not behave 

identically from one study to another. In research focused on reliable structure-performance 

relationships, such variability has to be addressed either by careful characterisation of the 

material or by designing comparisons in a way that limits uncontrolled differences. [221], 

[224], [225], [226]  

Surface terminations also affect the electronic role of MXenes. Although MXenes 

are generally highly conductive, their work function and interfacial energetics depend on 

termination composition and surface state. This can influence whether the MXene acts as an 

efficient electron sink or whether the interface behaves less favourably. The electronic 

contribution of MXenes should therefore not be assumed automatically, but considered in 

relation to how the material is processed and how it contacts the semiconductor. [220], [222], 

[223]  

2.6.3. Charge transfer and recombination suppression in MXene-

semiconductor hybrids 

One of the most frequently cited mechanisms for performance improvement in 

MXene-containing photoactive systems is enhanced charge separation. In this mechanistic 

picture, photogenerated electrons transfer from the semiconductor to the MXene, which acts 

as an electron acceptor because of its conductive nature and favourable interfacial energetics. 

Once electrons are transferred, they are less likely to recombine with holes in the 

semiconductor. The remaining holes can then participate in oxidation reactions, for example 



 

101 

 

in the generation of hydroxyl radicals in photocatalytic systems or in oxidation processes at 

a photoanode surface. [213], [220], [223]  

 

Figure 2.5. Ti3C2Tx MXene as a functional component in semiconductor hybrids. The 

MXene sheets, bearing terminal groups such as –O, –OH, and –F, are shown as the 

interfacial phase that can assist electron transfer and influence liquid wetting. Adapted and 

redrawn by the author based on Refs. [227], [228], [229]  

Such a mechanism is reasonable in many systems, especially when MXene is well 

connected to the semiconductor and the architecture does not hinder the transport. At the 

same time, “improved charge separation” is usually not measured directly, but concluded 

from the overall behaviour of the system together with supporting spectroscopic or 

electrochemical observations. In photoelectrochemical measurements, lower charge-transfer 

resistance or higher photocurrent can indicate better charge extraction. At the same time, 

these changes may also be influenced by roughness, surface area, wetting, or the way the 

active phases are connected. For this reason, MXenes should be discussed as components 

that can improve charge utilisation, but not as proof of a single mechanism by themselves. 
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The interpretation has to follow the evidence provided by the structural, electrochemical, 

and stability results. [23], [191], [222]  

The distribution of MXenes within the composite is equally important. Its function 

as a transport pathway becomes more realistic when the sheets form a connected conductive 

network and remain in good contact with the semiconductor interface. In contrast, if the 

flakes remain isolated or are embedded in a polymer matrix without effective contact with 

the active semiconductor domains, their electronic role may be weak, even though they can 

still affect adsorption or the overall structure. For this reason, the performance of MXene-

based hybrids depends strongly on the architecture of the composite, not simply on the fact 

that MXene is present. [218], [219], [221]  

2.6.4. MXenes in photocatalytic pollutant degradation: adsorption, wetting, 

and practical relevance 

In photocatalytic pollutant degradation, MXene-containing hybrids have often been 

reported to exhibit enhanced apparent kinetics. Several factors can contribute to this 

behaviour. [230]  

One of the first changes is often observed in the way pollutants bind to the material. 

This is especially true for dyes, which may interact with a surface through electrostatic 

attraction, π–π association, or coordination-type contact. Because MXenes are both 

hydrophilic and chemically active, they can change not only how much pollutant is adsorbed, 

but also how quickly this uptake occurs. As a result, the concentration can drop more rapidly 

at the beginning of the experiment, and the local amount of pollutant near reactive sites may 

become higher. This may be helpful from the point of view of pollutant removal, but it also 

makes mechanistic interpretation more difficult, since adsorption-related concentration 

changes can be mistaken for true catalytic improvement. For this reason, when MXene-

enhanced dye removal is evaluated, adsorption equilibria, dark-adsorption steps, and 

apparent rate constants should be interpreted with caution. [231], [232]  

Wetting effects are also significant. In immobilised photocatalysts such as 

membranes, improved wetting can increase the effective active area exposed to solution and 

reduce the presence of air pockets or poorly contacted regions. MXene incorporation may 

enhance hydrophilicity and water permeability, thereby improving mass transport and 

performance even without substantial changes in intrinsic semiconductor charge dynamics. 

In this sense, MXene addition may improve the functional operation of the architecture 

rather than only the electronic properties of the semiconductor. [233]  

These considerations are especially important in research aimed at developing 

practically relevant photocatalysts. Immobilised systems such as membranes are intended to 

provide ease of recovery and reuse, which remains a major limitation of powder catalysts. If 

MXene integration improves membrane wetting, stability, and reusability while also 
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supporting charge transfer, the overall system becomes more attractive for realistic treatment 

scenarios. At the same time, practical relevance also requires attention to long-term 

behaviour, since MXenes may undergo gradual oxidation in aqueous environments. [219], 

[225]  

2.6.5. MXenes in electrospun fibres and membrane composites 

MXenes can be introduced into hybrid photoactive materials in several ways, and 

electrospun fibres or nonwoven membranes are among the more convenient formats for 

doing so. A fibrous membrane provides an open and flexible scaffold with a large exposed 

area and interconnected free space between fibres. When MXene is incorporated into such a 

system, it does more than simply change the composition, because it may also affect 

electrical transport and the behaviour of the surface. The way in which it is introduced 

depends on the final structure that is intended for the material. MXene may be present 

already in the spinning mixture, it may be introduced together with semiconductor 

components during preparation of the composite, or it may be deposited afterwards onto the 

formed fibrous network. In each case, the final effect depends not only on the presence of 

MXene itself, but also on where it ends up in the structure and how well it remains connected 

to the photoactive phase. [219]  

MXenes can influence fibre formation through their effect on solution conductivity 

and rheology. Changes in solution conductivity can affect jet stability and fibre diameter, 

while dispersion quality determines whether MXenes remain evenly distributed or 

agglomerate. The final distribution of MXene within or on the fibre surface determines 

whether its contribution is expressed mainly through electronic transport pathways, 

adsorption and wetting, or mechanical reinforcement. [218]  

In photoactive fibre composites, the position of MXene relative to the semiconductor 

phase is highly important. When MXene is located at interfaces where it can accept electrons 

and remain connected with other conductive pathways, it may help limit recombination and 

improve the use of photogenerated carriers. If it is present in the structure but remains 

electronically isolated, its effect is more likely to appear through stronger adsorption or 

changes in surface wetting. In both situations, adding MXene can change how the membrane 

works in practice by affecting pollutant uptake, light penetration, and the possibility of 

repeated use. [234]  

Electrospun membranes also make clear a broader point: in hybrid photoactive 

systems, transport processes often become one of the main limiting factors. Diffusion of 

pollutants through the membrane, penetration of the liquid phase, and the way light is 

distributed within the fibrous mat can all affect the apparent kinetics. For this reason, the 

performance of MXene-containing fibrous photocatalysts should be interpreted as the result 

of a coupled system in which architecture, mass transport, and interfacial charge processes 

act together. [235]  
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2.6.6. MXene stability, oxidation, and durability under operational conditions 

One important issue in photoactive systems containing MXenes is their chemical 

stability, especially when the material is used in water and under oxidative conditions. Many 

MXenes, including Ti3C2Tx, are known to change gradually in such environments, 

particularly in the presence of dissolved oxygen, at higher temperature, or during longer 

storage. Under illumination and during photocatalytic operation, these changes may become 

even more significant. As a consequence, conductivity, surface chemistry, and interfacial 

behaviour may all evolve with time, which means that the functional role originally 

attributed to the MXene may also shift during use. [225]  

This does not mean that MXenes are unsuitable for photoactive systems. It means, 

rather, that their use has to be considered together with the experimental timescale and with 

possible changes in the material during operation. In some situations, partial oxidation may 

lead to the formation of TiO2-like species on the MXene surface and thus create new 

interfaces that affect performance. In other situations, oxidation may weaken the conductive 

network and reduce the intended benefit for charge transport. For this reason, stability 

assessment should not be treated as a secondary issue, but as an essential part of evaluating 

MXene-based photoactive systems. [226]  

In photoelectrochemical environments, stability considerations can be even more 

critical because electrodes may operate for extended periods under bias. Potential cycling, 

local pH changes at the electrode surface, and oxidative holes can all influence the durability 

of MXene-containing interfaces. Long-term tests and post-operation characterisation are 

therefore particularly important when durable enhancement is attributed to MXene 

incorporation. [236]  

From a research point of view, stability challenges may also be used constructively 

to design more durable architectures. When MXene sheets are protected by suitable 

placement within the composite, by coating approaches, or by stabilising interfaces, their 

beneficial contribution may persist for longer operating times. If, on the other hand, they are 

left directly exposed to aggressive environments, performance may change during use and 

the interpretation of results becomes less straightforward. In this sense, durability becomes 

another design parameter, alongside conductivity and interface engineering. [237]  

2.6.7. Interpretation of performance enhancement in MXene hybrids 

MXene-containing systems are difficult to interpret because the additive can change 

several things at once. If the photocatalytic rate increases, improved charge separation may 

be part of the reason, but it is not the only possible explanation. The material may also adsorb 

more dye, wet more easily, or distribute the active phases in a more favourable way. A similar 

caution is needed in PEC measurements. A higher photocurrent may point to better charge 

extraction, but it may also be helped by stronger film contact, increased roughness, or a 
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larger active area. For this reason, MXene should be discussed as a component that can 

influence the whole architecture, rather than as an additive with one fixed function. [238], 

[239], [240]  

A stronger interpretation usually depends on several observations being read 

together. Morphological analysis is needed to show how the phases are distributed and 

whether good contact is actually formed. Optical analysis helps to determine whether the 

observed changes originate from intrinsic absorption effects or mainly from geometry. 

Further insight may be obtained from impedance and transient measurements, which can 

help show whether the interface has changed and whether recombination behaviour has 

shifted, while stability tests indicate whether the observed improvement is maintained over 

longer operation. When these different results point in the same direction, the introduction 

of MXene can be discussed more convincingly as a way of improving charge utilisation in 

architectured systems. [39], [239], [241]  

At the same time, MXene should not be treated as a guaranteed improvement. Its 

effect depends on the semiconductor, the preparation route, the working medium, and the 

way the composite is built. If too much MXene is added, it may shade the semiconductor or 

cover active surface sites. If the sheets aggregate, the contact with the active phase may 

become poorer and the sample-to-sample behaviour less reproducible. Therefore, MXene 

content has to be optimised together with the processing conditions. A larger amount does 

not automatically mean better photocatalytic or photoelectrochemical performance. [240], 

[242], [243]  

2.6.8. Relevance of MXene-containing systems to the present research 

MXene-containing hybrids are relevant here because they bring together several 

ideas discussed earlier: interface design, architecture control, and better use of 

photogenerated charges. In the systems considered in this dissertation, MXenes are not 

treated only as conductive fillers. Their role depends on how they contact oxide 

semiconductors, how they are distributed in the structure, and whether they help or hinder 

access to the active interface. In this way, MXene becomes part of the architecture itself, 

influencing both charge behaviour and the working surface of the material. [238], [239], 

[240]  

The integration of MXenes into structured or membrane-like systems is especially 

consistent with the research focus on practical formats. In immobilised photocatalysts, 

improved wetting, adsorption, and transport can be as important as electronic effects. 

MXenes provide a route to influence these properties while also potentially improving 

charge separation. At the same time, their chemical dynamics under aqueous conditions 

require careful evaluation of stability and of the evolving nature of hybrid interfaces. This 

perspective supports a more realistic understanding of how conductive two-dimensional 

components operate within complex photoactive materials. [39], [241], [242]  
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2.6.9. Concluding remarks 

MXenes have become attractive components in photocatalytic and 

photoelectrochemical hybrid materials because they bring together high electrical 

conductivity, chemically active surfaces, and broad compatibility with different 

semiconductors and composite designs. Once introduced into such systems, they may help 

the generated charges to be used more effectively by supporting electron extraction and 

transport. At the same time, they can also influence adsorption, wetting behaviour, and the 

microstructural organisation of the material, especially in immobilised architectures. [215], 

[243]  

At the same time, MXene-based enhancement must be interpreted carefully because 

their multifunctionality can produce performance changes through several coupled 

mechanisms. In addition, stability and oxidation behaviour under aqueous and oxidative 

conditions remain important considerations for practical application and long-term 

operation. When these factors are treated systematically, MXene-containing systems provide 

a valuable platform for studying how conductive two-dimensional phases can be integrated 

into architecture-engineered photoactive materials. [172], [221]  

2.7. Electrospun and membrane-type photocatalysts: 

immobilisation, transport effects, and functional design 

For real use in water treatment and related environmental applications, photocatalytic 

systems are often limited as much by process and materials-handling issues as by the 

chemistry of the catalyst itself. Many powdered photocatalysts may show high apparent 

activity in laboratory experiments, yet their use in practice becomes more difficult because 

they have to be separated from the treated water, part of the material may be lost, and 

repeated reuse is not always straightforward. These constraints have motivated extensive 

research on immobilised photocatalysts in the form of coatings, monoliths, foams, meshes, 

porous scaffolds, and membrane-type systems. Among these approaches, electrospun fibrous 

membranes have attracted particular attention because they combine high geometric surface 

area, interconnected porosity, and structural flexibility with the possibility of incorporating 

multiple functional components within a single architecture. [73], [244]  

In membrane-type photocatalysts, the material is designed not only to be photoactive, 

but also to act as a structurally organised platform through which the reacting solution can 

interact with the active surface in a controlled manner. This shifts the design problem from 

a purely composition-centred question to a coupled systems question involving catalyst 

distribution, reactant access, light interaction with the membrane, and the mechanical 

behaviour of the architecture during repeated use. As a result, membrane-type photocatalysts 

must be analysed through a combination of semiconductor photophysics and transport-aware 

materials engineering. [59], [245]  
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2.7.1. Why immobilisation matters: from powder catalysts to recoverable 

architectures 

A large part of photocatalytic work is still carried out with powders, since this format 

puts a substantial fraction of the material in direct contact with the solution and is convenient 

for comparing materials of different composition. In a well-mixed suspension, reactants can 

reach the particles efficiently, and concentration changes can be followed easily by optical 

measurements. At the same time, this format is not easy to transfer directly into practical 

operation. After treatment, the catalyst has to be separated from the liquid, usually by 

filtration, sedimentation, or related steps, which makes the process more complicated and 

more costly. If recovery is incomplete, part of the catalyst may be lost and secondary 

contamination can also become an issue. In addition, fine powders may agglomerate, lose 

dispersibility, or undergo surface changes over repeated cycles, making long-term 

performance less predictable. [246], [247]  

Immobilised photocatalysts address these issues by fixing the active phase onto a 

recoverable support or within an organised architecture that can be removed easily from the 

medium. This can improve reusability and simplify integration into flow-through reactors or 

modular treatment systems. At the same time, immobilisation changes the operating 

conditions of the catalyst. In immobilised photocatalysts, part of the active surface may be 

harder to reach, transport inside the structure may become slower, and light may not 

penetrate the material uniformly. For this reason, they should not be judged only by direct 

mass-based comparison with powders. They work in a different format. Their value also 

depends on whether they are stable, easy to handle, reusable, and able to treat the solution 

effectively under conditions closer to practical use. [248], [249]  

From a research perspective, the transition from powders to immobilised 

architectures is not merely a practical adjustment. It also opens new scientific questions 

concerning how geometry, wetting, diffusion pathways, and structural hierarchy influence 

the observed kinetics of photocatalytic processes. This is especially important in research 

aimed at developing architecture-driven design principles. Membrane-type photocatalysts 

provide an experimentally rich platform in which mass transport and surface accessibility 

become controllable variables rather than uncontrolled experimental artefacts. [59], [249], 

[250], [251]  

2.7.2. Electrospinning as a versatile route to fibrous photocatalytic 

membranes 

Electrospinning is widely used to produce fibrous membranes whose fibre diameters 

can range from the micrometre scale down to a few tens of nanometres, depending on the 

properties of the solution and on the applied processing conditions. In this technique, a 

polymer solution or precursor mixture is driven from a nozzle in a strong electric field. The 

resulting charged jet is stretched while the solvent evaporates, and this finally leads to 
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continuous fibres that are collected in the form of a nonwoven mat. By varying solution 

viscosity, conductivity, surface tension, flow rate, and applied voltage, electrospinning 

allows substantial control over fibre diameter, morphology, and membrane thickness. [252], 

[253]  

 

Figure 2.6. Schematic representation of the electrospinning process together with 

the main parameters that influence fibre formation and membrane morphology, including 

solution properties, environmental conditions, and electrospinning settings. Reproduced 

from Ref. [254] with permission from Elsevier. 

A strong advantage of electrospinning is that it allows the membrane composition to 

be changed during fabrication, not only after the fibres are made. Nanoparticles, 

semiconductor powders, metal salts, precursor compounds, or two-dimensional additives 

can be added directly to the spinning solution. The fibres can also be modified later by 

coating, impregnation, or deposition. Depending on the system, the electrospun mat may 

remain as a polymer support carrying the photocatalyst, or it may be converted by heat 

treatment into inorganic or carbon-based fibres. This flexibility makes electrospinning useful 

for photocatalytic membranes, because the chemical composition and the fibrous 

architecture can be adjusted together. [245], [255]  

Electrospun membranes also have structural advantages for photocatalysis. Their 

porous fibre network can let water pass through or spread across the material more easily 

than in a dense film. The fibres provide a large exposed surface, while the open spaces 

between them can help reactants reach active regions. At the same time, a continuous 

membrane is easier to handle, remove from solution, and reuse. This makes electrospun 
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systems attractive not only because of their activity, but also because they offer a practical 

immobilised format. [73], [256]  

2.7.3. Architectures of electrospun photocatalytic membranes 

The architecture of electrospun photocatalytic membranes can vary widely 

depending on how the active phase is introduced and where it is located relative to the fibre 

surface. Several general configurations are commonly encountered. [257]  

In one common design, semiconductor particles are placed inside the polymer fibres. 

This can help keep the particles fixed in the membrane and reduce material loss during use. 

The drawback is that not all of the photocatalyst may remain available to the solution. If 

much of the active phase is trapped inside the polymer, the reaction can only occur where 

light, water, and pollutant molecules still reach it. For this reason, the performance of such 

fibres depends strongly on particle exposure at the surface, polymer permeability, and the 

quality of contact between the active phase and the reacting medium. [258]  

A second configuration involves decorating fibre surfaces with semiconductor 

particles or coatings. This can improve accessibility of active sites because the particles 

remain exposed to light and reactants, but it may also introduce challenges related to 

adhesion and long-term stability. If surface-deposited particles detach during use, 

performance may decrease over time and the practical advantages of immobilisation may be 

lost. [202]  

A third option is to make core-shell or multilayer fibres, where the different 

components are placed in separate parts of the fibre. This can be useful because each part 

can have a different role. For example, the core may provide mechanical support, while the 

outer layer provides the photoactive surface. In another design, a conductive inner phase 

may help charge transport, while the semiconductor shell remains in contact with the 

solution. These architectures can improve stability and charge movement, but only if the 

processing is well controlled and the layers are formed as intended. [259]  

In all of these configurations, two factors become especially important: how the 

active phase is distributed and how thick the membrane is. If the membrane is too thin, the 

available active area may be limited and the structure may lack sufficient mechanical 

stability. If it becomes too thick, light may penetrate less effectively and transport through 

the membrane may become restricted. For this reason, membrane design has to balance 

activity with accessibility, permeability, and structural robustness. [26], [245] 

2.7.4. Light distribution and optical effects in fibrous membranes 

Light interacts with electrospun membranes in a way that differs markedly from 

dispersed powders. In powder suspensions, individual particles are often exposed to light 

more independently, although scattering and turbidity still affect how photons are 
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distributed. In a fibrous membrane, by contrast, light passes through a structured network 

made up of fibres, voids, and particles that may be embedded or deposited on the surface. 

The resulting optical environment is therefore more complex, with scattering, reflection, and 

absorption taking place at the same time. [65], [260]  

Membrane thickness and the degree of fibre packing have a strong effect on how 

deeply light can penetrate into the structure. When the fibres are packed too closely, or when 

the membrane contains a large amount of opaque material, the upper part may absorb or 

scatter most of the incoming light, so the deeper regions remain only weakly illuminated. In 

that case, part of the internal active phase may be used inefficiently. A membrane of more 

moderate thickness and with a more open porous structure, by contrast, may allow light to 

distribute more evenly and thus improve effective use of the active material. [65], [261]  

Fibre diameter also affects the way light behaves inside the membrane. Nanofibres 

may increase scattering and provide a larger surface area, whereas microfibres may allow 

deeper light penetration and a lower pressure drop in flow-through systems. Surface 

roughness or additional hierarchical features on the fibres can further modify optical 

interaction. This shows that photocatalytic membranes are intrinsically dependent on 

architecture, and that optical design has to be considered together with transport and surface 

accessibility. [260], [262]  

An important interpretive consequence is that improved photocatalytic performance 

in a fibrous membrane may reflect more favourable light utilisation arising from geometry 

rather than a change in intrinsic semiconductor properties. When membrane-based systems 

are compared, it is therefore useful to relate activity trends to structural parameters such as 

membrane thickness, fibre diameter distribution, and, where relevant, optical transmission 

or reflectance characteristics. [65]  

2.7.5. Mass transport, wetting, and boundary-layer effects 

A membrane changes the conditions of the photocatalytic test. In a stirred powder 

suspension, the catalyst particles are dispersed in the liquid, so dye molecules and dissolved 

oxygen can reach them more directly. A membrane is fixed, and the solution must enter or 

pass along its internal fibre network. For that reason, pore size, fibre packing, wettability, 

and tortuous pathways become part of the reaction environment. The measured activity may 

therefore depend not only on the semiconductor and its charge behaviour, but also on how 

easily the solution reaches the active regions and how quickly products can leave them. 

[201], [263]  

Wetting is one of the key factors in membrane operation. When the membrane is not 

wetted well enough, water may enter the structure unevenly and part of the material may 

remain effectively inactive. If hydrophilicity is improved, capillary penetration can become 

easier and the contact area available to the liquid can increase. Because of this, apparent 
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activity may change strongly even when the semiconductor content stays nearly the same. 

This becomes particularly important in composite membranes, where added components can 

markedly alter the surface chemistry. [147], [264]  

Boundary-layer effects may also play an important role in membrane photocatalysis. 

The degradation rate depends not only on the activity of the catalyst itself, but also on how 

efficiently pollutant molecules are transported to the active sites. When this transport is slow, 

the measured kinetics may be governed more by diffusion than by the intrinsic photocatalytic 

reactivity of the material. Under such conditions, increasing the semiconductor loading does 

not necessarily lead to a proportional improvement, because the system is already limited by 

mass transport. This creates an important limitation for interpretation: comparisons between 

photocatalytic membranes need to take geometry and transport conditions into account, 

rather than assuming that the observed differences reflect kinetic factors alone. [263], [265]  

The interplay between transport and reaction is also relevant for the design of flow-

through systems. Although membranes offer the possibility of continuous treatment, their 

performance depends on residence time, flow distribution, pressure drop, and stability under 

flow. For this reason, meaningful evaluation of membrane photocatalysts often requires more 

than batch degradation tests. It also benefits from analysis of reuse behaviour, mechanical 

stability, and performance under conditions closer to the intended application. [92], [266]  

2.7.6. Adsorption versus photocatalytic conversion: interpretive discipline 

A membrane can lower the measured dye concentration even before photocatalytic 

conversion is considered, because its chemistry, porosity, and added functional phases may 

already promote strong uptake of the pollutant from solution. As a result, dye concentration 

may drop noticeably already in the dark, before illumination is applied. This is useful from 

the point of view of pollutant capture, but it should not be confused with chemical 

transformation. After the light is switched on, the adsorbed dye may undergo degradation, 

may desorb back into solution, or may be converted into intermediates with different optical 

absorption. [267], [268], [269]  

When dye-based systems are used to evaluate membrane photocatalysts, the 

experiments have to be designed and interpreted with particular care. Reaching adsorption-

desorption equilibrium in the dark, reporting the extent of dark adsorption, and checking 

whether decolourisation reflects actual mineralisation or only disruption of the chromophore 

all make the conclusions more reliable. In the same way, rate constants should not be 

interpreted without considering whether the measured behaviour is governed by the reaction 

itself or instead by adsorption and transport effects. [269], [270], [271]  

Immobilised photocatalysts can change the role of adsorption compared with 

powders. A membrane may hold pollutant molecules close to the active surface, which can 

make removal appear more efficient. However, if adsorption is strong, the first drop in 
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concentration may mainly reflect uptake by the membrane rather than photocatalytic 

conversion. For this reason, adsorption has to be included in the discussion of membrane 

behaviour, but it should not be confused with photocatalytic activity when the mechanism is 

interpreted. [267], [268]  

2.7.7. Hybridisation and multifunctionality in electrospun photocatalytic 

membranes 

Electrospun membranes are well suited to hybrid design because several components 

can be incorporated into one fibrous architecture. In these systems, TiO2 is often combined 

with other oxides, conductive additives, or two-dimensional materials to modify not only 

charge utilisation, but also adsorption and wetting behaviour. Conductive phases may act as 

routes for electron transport and in this way help to limit recombination, while additional 

semiconductors may create heterojunctions that modify charge separation and the spectral 

response. The polymer used to build the membrane can likewise influence hydrophilicity, 

mechanical behaviour, and stability. For this reason, membrane photocatalysts are better 

viewed as multifunctional systems rather than as simple carriers of a single active phase. 

[190], [202], [272], [273]  

However, this multifunctional character also makes the design more difficult. 

Introducing additional components can increase complexity and, if dispersion is poor or fibre 

formation becomes unstable, reproducibility may suffer. A high loading of particles may lead 

to bead formation, fibre breakage, or uneven distribution within the membrane. Some 

additives may also shield the material from light or reduce the exposed semiconductor 

surface by covering active sites. For this reason, the design of hybrid membranes has to 

balance functional benefits against structural integrity and accessibility. [245], [274], [275]  

Another important design dimension is reusability. One of the main motivations for 

immobilisation is the possibility of reusing the photocatalyst over multiple cycles without 

major loss of material or performance. Hybrid components may improve initial activity but 

may also introduce long-term stability problems if they leach, oxidise, or degrade under 

irradiation. Research on hybrid membranes therefore benefits from stability testing and post-

use characterisation to confirm that observed enhancement is sustained rather than merely 

transient. [91], [276], [277]  

2.7.8. Stability, durability, and practical constraints 

A photocatalytic membrane has to remain usable under the conditions in which it is 

tested. It is placed in water, exposed to light, mixed or flowed over, removed, and often used 

again. During this process, the polymer may swell, soften, become brittle, or change at the 

surface. The active particles may also be lost if they are not held firmly in the fibre network. 

There is also a chemical risk: reactive species formed during photocatalysis can attack the 

polymer close to the catalytic sites, not only the pollutant. For this reason, the first 
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degradation result is not enough to judge the membrane. Its structure, particle retention, and 

repeated-use stability have to be considered together with photocatalytic activity. [278], 

[279], [280]  

In many systems, the polymer matrix is chosen mainly for mechanical support and 

chemical resistance, while the photoactive phase is responsible for the functional response. 

Even so, polymers that are relatively stable may still degrade during prolonged exposure to 

reactive radicals, especially under oxidative photocatalytic conditions. Possible ways to limit 

this include selecting more resistant polymers, designing architectures in which radicals are 

consumed close to the semiconductor surface, and building composites that reduce attack on 

the polymer backbone. This shows that the design of membrane photocatalysts has to address 

not only photoactivity, but also long-term compatibility of the materials. [281], [282]  

Practical limitations also include fouling and blockage when membranes are used in 

more realistic water-treatment conditions. Natural organic matter, dissolved salts, and 

suspended contaminants may change membrane behaviour, lower permeability, and alter 

interactions at the surface. Although laboratory studies often rely on relatively clean model 

solutions, any move towards practical application requires these effects to be taken into 

account explicitly. For this reason, membrane-photocatalysis research becomes most 

meaningful when laboratory performance is discussed together with questions of stability, 

reuse, and integration into a broader treatment system. [92], [283]  

2.7.9. Relevance of membrane photocatalysts to the present research 

Electrospun and membrane-type photocatalysts are relevant to the present research 

because they represent a practical and architecturally rich format for implementing 

semiconductor photoactivity. In the investigated systems, immobilisation is treated not as a 

minor practical step, but as a structural design strategy that changes how light, reactants, and 

charge carriers interact. Membrane architectures make it possible to examine questions of 

accessibility, wetting, and transport directly alongside more classical semiconductor 

considerations such as recombination and interface quality. [249], [272]  

The inclusion of electrospun hybrid membranes also supports the broader aim of 

linking photocatalysis and photoelectrochemistry through a common materials perspective. 

Both fields involve the same fundamental challenge of converting absorbed photon energy 

into usable interfacial charge. Membranes provide a platform in which architecture and 

interface engineering can be used to improve charge utilisation and practical functionality. 

At the same time, they highlight the importance of transport and operational format in 

determining observed performance. [265], [284]  

In this sense, membrane photocatalysts contribute to an integrated understanding of 

photoactive materials design. They show that performance is not determined solely by 
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intrinsic material properties, but also by how those properties are expressed within an 

organised structure capable of operating in a realistic environment. [285]  

2.7.10. Concluding remarks 

Electrospun and membrane-type photocatalysts are attractive mainly because they 

avoid one of the practical problems of powders: after use, the material can be removed from 

the solution and used again. The fibre network also gives a large surface and open pores, and 

different active components can be introduced into the membrane during or after fabrication. 

However, such systems do not work only because of their composition. Their activity 

depends on whether light reaches the active regions, whether the liquid wets the fibres, 

whether pollutants and oxygen can move through the structure, and whether the membrane 

remains stable during use. For this reason, membrane photocatalysis has to be discussed as 

an architecture-dependent process, not simply as powder photocatalysis fixed onto a support. 

[92], [249]  

For this reason, the design and evaluation of membrane photocatalysts require an 

integrated approach that treats photophysics, interface engineering, and transport as coupled 

aspects of a single system. This perspective is consistent with the broader architecture-driven 

framework developed throughout this chapter and provides the basis for linking immobilised 

photocatalytic platforms with structured photoelectrochemical architectures and hybrid 

interfaces discussed in the subsequent sections. [58], [199], [249], [272]  

2.8. Linking photocatalysis and photoelectrochemistry: shared 

principles and format-dependent constraints 

In the literature, photocatalysis and photoelectrochemistry are usually discussed 

separately, largely because the experiments are carried out in different ways and the results 

are expressed through different kinds of performance data. In photocatalysis, attention is 

usually focused on the rate of chemical conversion under illumination, typically in batch or 

flow systems. In photoelectrochemistry, the main signal is the extraction of photogenerated 

charge in the form of electrical current under controlled electrochemical conditions. Even 

so, both are based on the same underlying physical principles. In each case, the process 

begins with light absorption in a semiconductor, followed by generation of electron-hole 

pairs, competition between recombination and separation, transport of carriers to the relevant 

interfaces, and finally interfacial charge transfer to chemical species. The practical 

distinction lies in how the carriers are used and in how the system constrains transport and 

reaction pathways. [174], [286], [287]  

Because photocatalysis and photoelectrochemistry are both governed by the same 

basic semiconductor processes, considering them within one research framework can give a 

broader view than treating them as unrelated subjects. This is particularly important in work 

focused on architecture-driven design. Changes in morphology, interface quality, and 
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structural hierarchy often affect several steps of the overall process at once, although the 

relative importance of those steps is not the same in photocatalytic and photoelectrochemical 

systems. Looking at both fields together therefore makes it easier to distinguish effects that 

arise from carrier dynamics and interfacial kinetics themselves from those that depend 

mainly on the operating format. [58], [288]  

 

Figure 2.7. Conceptual overlap between photocatalysis and photoelectrochemistry, 

showing their shared semiconductor basis and their main format-dependent features. 

Prepared by the author. 

2.8.1. Common physical basis: generation and fate of photogenerated charge 

carriers 

In both photocatalysis and photoelectrochemistry, the first step is absorption of light 

by the semiconductor and the generation of electron-hole pairs. What matters next is what 

happens to those carriers. If recombination takes place, the absorbed energy is dissipated 

without useful effect, for example as heat or luminescence. If the charges are separated and 

reach the relevant interfaces, they can participate in redox reactions. In this sense, both fields 
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are limited by the same basic competition between carrier loss through recombination and 

their productive use in interfacial charge transfer. [193], [289]  

The same design ideas appear in photocatalysis and photoelectrochemistry, but they 

do not mean exactly the same thing in both cases. In both formats, the material first has to 

deal with the same problem: light creates electrons and holes, and many of them are lost 

before they reach a useful interface. This is why heterostructures, conductive additives, 

defect control, crystallinity, and coating thickness are all important. Architecture adds 

another level to this issue. It can bring the active interface closer to where charges are 

formed, improve contact with the liquid, or give the material a more usable shape. The 

difference is what happens afterwards. In photocatalysis, the final result is affected by the 

solution itself, including adsorption, wetting, oxygen access, and diffusion of the pollutant. 

In photoelectrochemistry, the structure also has to stay connected to the current collector and 

work under applied bias. For this reason, the same material strategy can connect the two 

fields, but the explanation has to follow the way the system is actually tested. [195], [290]  

2.8.2. Key operational difference: where charges go and how they are used 

The main difference between photocatalysis and photoelectrochemistry is where the 

generated charges are used. In photocatalysis, there is no external circuit. Electrons and holes 

are usually consumed at or near the semiconductor surface, where they react with adsorbed 

molecules, water, oxygen, or other dissolved species. Because of this, the result depends 

strongly on the immediate surface environment. Adsorption, surface hydroxyl groups, 

oxygen availability, and diffusion of reactants or products can all affect how efficiently the 

generated charges are converted into chemical change. [291], [292]  

In photoelectrochemistry, by contrast, at least one type of carrier is extracted through 

an external circuit. For a photoanode, electrons are transported to the current collector and 

through the circuit, while holes participate in oxidation at the semiconductor-electrolyte 

interface. For a photocathode, the situation is reversed. Because the system includes external 

bias and a defined electrode architecture, carrier extraction becomes a major limiting factor. 

The semiconductor must therefore remain electrically integrated with a conductive substrate, 

and the interface with the electrolyte must support stable and efficient charge transfer. Film 

continuity, substrate contact, and electrical resistance consequently play a stronger role than 

in many photocatalytic tests. [42], [141], [286]  

This difference also affects how materials are evaluated. A photocatalyst may show 

high apparent activity because of favourable adsorption and surface reactivity even when 

long-range carrier transport is poor, since carriers are consumed locally at the surface. A 

photoelectrode, in contrast, requires more stringent transport pathways because carriers must 

reach the current collector efficiently. The same material can therefore behave differently 

depending on whether it is used as a suspended photocatalyst, an immobilised membrane, or 

a thin-film electrode. [32], [185]  
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2.8.3. Format-dependent transport constraints 

Because photocatalysis and photoelectrochemistry impose different transport 

requirements, architecture optimisation must be evaluated in a format-dependent manner. 

[199], [201]  

In photocatalysis, the movement of molecules can be just as important as the 

semiconductor itself. In powder suspensions, stirring and dispersion decide how easily 

pollutant molecules and oxygen reach the catalyst surface. In immobilised systems, 

especially membranes, the situation is more restricted. The solution has to wet the material, 

enter the pores, and move through the fibre network, while light also has to reach the active 

regions. Even a good semiconductor will contribute only partly if it is hidden inside poorly 

wetted or poorly illuminated parts of the membrane. For this reason, mass transport and light 

penetration should be treated together when discussing how much of the active phase is 

really used. [249], [265], [272]  

In photoelectrochemistry, the architecture has to do more than expose a 

semiconductor to light. The material is connected to a current collector, so the charges 

produced under illumination must be able to move through the solid part of the electrode 

before they are lost by recombination. At the same time, the electrolyte still has to reach the 

active surface. This creates a compromise. A thicker coating may absorb more light, but it 

can also make charge collection less efficient. A textured support may give more surface 

area, but it can also make the coating thickness, resistance, and electrolyte access less 

uniform. For this reason, a PEC electrode works best when the active layer remains 

accessible to the electrolyte and is also well connected to the substrate. [32], [37], [58], [141]  

This helps explain why photocatalytic and PEC performance do not necessarily 

improve in the same way. A modification that is beneficial in one case may have only a 

limited effect in the other. For example, a conductive additive may help electrons leave the 

semiconductor more easily, but that benefit can remain barely visible in photocatalysis when 

the measured behaviour is still dominated by adsorption or by the chemistry of the surface. 

By contrast, a surface modification that improves adsorption and wetting may markedly 

enhance photocatalysis, while giving little benefit in PEC operation if charge extraction 

through the solid remains the main limitation. For this reason, considering the two fields 

together is useful, because it helps separate design features that address general carrier-

related limitations from those whose benefit is mainly tied to a specific operating format. 

[174], [293]  

2.8.4. Comparing performance metrics and their interpretation 

Another difference is the type of result that is taken as “performance”. In 

photocatalysis, this is often the decrease of dye concentration during irradiation, expressed 

as colour removal, degradation efficiency, or an apparent kinetic constant. Such values are 
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useful, but they belong to the whole test, not only to the catalyst. They can change with 

adsorption time, starting concentration, light geometry, catalyst amount, stirring, and 

diffusion conditions. In dye experiments, colour loss also needs caution, because it does not 

necessarily mean complete mineralisation of the molecule. Sensitisation and intermediate 

products may also affect the measured signal. For this reason, photocatalytic results should 

be read as experiment-dependent values, rather than as fixed properties of the material itself. 

[86], [268], [294]  

In photoelectrochemical work, performance is usually discussed on the basis of 

quantities such as photocurrent density, onset potential, incident photon-to-current 

efficiency, applied-bias photon-to-current efficiency, and chronoamperometric stability. 

These parameters can provide useful information about charge extraction and behaviour at 

the interface, but they do not lend themselves to a simple direct interpretation. A higher 

photocurrent, for instance, does not automatically mean that chemical conversion or fuel 

production has increased. A stronger current response does not by itself show that 

photoelectrochemical conversion has become more efficient. Some of the measured signal 

may still come from side reactions or capacitive charging, so Faradaic efficiency cannot be 

claimed unless the reaction products are analysed directly. The same caution applies to 

rougher electrodes, where photocurrent may increase simply because the interface area is 

larger, even though charge separation in the semiconductor itself has not improved. For this 

reason, PEC metrics, just like photocatalytic ones, have to be interpreted in relation to 

architecture, interface design, and operating conditions. [295], [296], [297]  

Using both tests makes the discussion less dependent on a single measurement. 

Photocatalysis shows the behaviour of the material in solution, where dye uptake, wetting, 

oxygen supply, light penetration, and diffusion can all affect the apparent conversion. PEC 

measurements examine another part of the same system by following how efficiently charges 

are extracted under applied bias. In this sense, the two approaches are complementary. 

Agreement between them supports a charge-utilisation explanation, while disagreement 

suggests that other factors, such as transport, surface accessibility, optical effects, film 

continuity, or electrical contact, may be involved. [298], [299], [300]  

2.8.5. Architecture-driven design principles that connect photocatalysis and 

PEC 

A key advantage of linking photocatalysis and PEC is that certain architecture-driven 

design principles can be examined across both formats, even though the metrics differ. [174]  

Light management is a useful link between photocatalysis and PEC, but it should not 

be treated as a benefit by itself. A textured or hierarchical surface can lower reflection and 

increase the time that light spends inside the material. This may help create more charge 

carriers near useful interfaces in photocatalysis, or increase absorption in a photoelectrode. 

The important question is what happens to those carriers afterwards. If they recombine 
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before reaching the surface or the current collector, stronger absorption does not improve the 

real function of the material. For this reason, optical improvement has value only when it is 

matched with short transport paths, continuous charge-collection routes, and interfaces that 

can actually use the generated carriers. [299], [301]  

Short transport distances are another principle common to both fields. In 

photocatalysis, the generated carriers have to reach the surface quickly, whereas in PEC 

systems they must be transported efficiently to the surface and/or to the current collector. 

Thin films, conformal coatings, nanostructured surfaces, and hierarchical scaffolds can all 

help shorten the path that carriers need to travel. At the same time, there is no single universal 

definition of a “short” transport distance, because it depends on factors such as diffusion 

length, defect density, and recombination at interfaces.. For this reason, architectural 

optimisation is most effective when the sites of carrier generation remain close to the 

interfaces where those carriers are either collected or used in reaction. [302], [303]  

Interface engineering is an important issue in both photocatalysis and 

photoelectrochemistry. In photocatalytic systems, the nature of the surface interface strongly 

influences whether charge carriers are used in reactions that generate active species or are 

instead lost by recombination. In PEC systems, much depends on what happens where the 

semiconductor meets the electrolyte. What happens at this boundary has a direct effect on 

both the onset of photocurrent and the final efficiency of the system, since it is here that band 

bending is established and interfacial charge-transfer reactions take place. For that reason, 

the quality and continuity of interfaces become important in both photocatalysis and 

photoelectrochemistry, especially when hybrid materials are involved. When deposition is 

well controlled and junctions are formed properly, recombination losses can be reduced and 

charge transfer can become more efficient. If the interfaces are poorly formed, they may 

instead become the dominant source of loss. [304], [305]  

Immobilisation is another point where photocatalysis and PEC come close to each 

other. In photocatalysis, membranes, coated substrates, and other fixed formats move the 

material away from powder suspensions and closer to a usable device. In PEC, the material 

is already fixed as an electrode, so the same issues appear from the beginning. In both cases, 

the architecture has to do more than hold the active phase. It must allow wetting, transport 

through or across the structure, mechanical stability, and repeated operation. For this reason, 

immobilisation is not only a practical choice. It is part of how the photoactive system 

performs. [96], [295]  

2.8.6. How photocatalysis and PEC complement each other in research 

interpretation 

Reading photocatalysis and PEC results together can strengthen the conclusions, 

because each approach highlights a different part of the same charge-carrier behaviour. [96]  
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Photocatalysis emphasises chemical outcomes in complex aqueous environments, 

where adsorption, diffusion, and surface chemistry strongly influence the results. It therefore 

reflects practical behaviour well, but often provides only limited direct insight into carrier 

transport and extraction pathways. [49], [298]  

PEC makes it possible to examine charge extraction and interfacial behaviour under 

controlled bias conditions. Because the generated charges have to be collected as current, 

this approach can reveal transport-related limitations that may remain less obvious in 

photocatalytic tests. Additional insight may come from measurements such as impedance 

spectroscopy, transient photocurrent response, and potential-dependent analysis, which can 

help to identify changes in interfacial resistance and recombination behaviour. Even so, PEC 

results on their own are not enough to define chemical-conversion efficiency unless they are 

supported by direct product analysis. [192], [241], [306], [307]  

When both approaches are used and interpreted within a consistent materials 

framework, they can provide a more complete understanding of how architecture and 

interface engineering influence photoactive behaviour. For example, if a structured material 

shows improved photocatalytic degradation together with improved photocurrent response, 

this supports the view that charge utilisation has improved rather than only adsorption 

effects. If photocatalytic performance improves clearly while the PEC response changes only 

slightly, this may indicate that the main gain in the photocatalytic format comes from 

adsorption and wetting, whereas charge extraction still remains one of the limiting steps in 

PEC operation. Conversely, if PEC improves without strong photocatalytic improvement, it 

may indicate that electrical extraction pathways have improved while surface redox 

pathways or adsorption behaviour in photocatalysis remain limiting. [16], [23], [37]  

2.8.7. Relevance to the present research framework 

Linking photocatalysis and photoelectrochemistry is central to the present research 

framework because the investigated materials and architectures span both formats and are 

unified by the concept of architecture-controlled charge utilisation. Structured substrates, 

conformal oxide coatings, hybrid interfaces, and immobilised membrane platforms all 

influence the same fundamental processes, but they do so under different constraints 

depending on whether the system is tested as a photocatalyst or as a photoelectrode. [37], 

[58], [308]  

This combined perspective supports a more coherent interpretation of the 

publication-based results presented later. It provides a conceptual basis for explaining why 

architecture-driven design is expected to influence both pollutant degradation and 

photoelectrochemical behaviour, while also recognising that improvements must be 

interpreted in relation to format-dependent limitations. In this way, different material 

platforms can be connected through shared principles rather than treated as unrelated studies. 

[174], [309]  
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Furthermore, discussing photocatalysis and PEC together helps avoid an overly 

narrow explanation of performance changes. If trends are compared across both formats, it 

becomes easier to see whether the improvement is more likely related to charge use, transport 

and accessibility, optical effects, or surface chemistry. This makes the interpretation stronger 

and supports the chapter’s main argument that architecture and interfaces have to be 

considered together. [23], [272]  

2.8.8. Concluding remarks 

Photocatalysis and photoelectrochemistry start from the same semiconductor 

processes, but the material is tested in different ways. In photocatalysis, the response is 

followed through chemical change in the solution, so adsorption, wetting, diffusion, and 

access of reactants to the surface can strongly influence the apparent kinetics. In 

photoelectrochemistry, the material has to work as an electrode. The generated charges must 

be extracted under applied bias, which makes film continuity, substrate contact, interfacial 

resistance, and stable electrolyte access especially important. [37], [287], [292]  

Photocatalysis and PEC are considered together in this dissertation because the same 

design idea can be tested in two different ways. A structured support, a conformal oxide 

layer, a hybrid interface, or an immobilised membrane may improve one part of the process, 

but its real role depends on the operating format. In photocatalysis, these features influence 

how light, water, oxygen, and pollutants reach the active surface. In PEC, they must also 

allow the generated charges to move through the electrode and be collected under bias. This 

comparison helps bring the publication results into one line of discussion, centred on how 

architecture and interface quality affect the use of photogenerated charges in different 

photoactive systems. [58], [72], [96]  

2.9. Open problems, literature gaps, and reporting pitfalls in 

photoactive materials research 

The literature on photocatalysis and photoelectrochemistry has grown very quickly, 

and under laboratory conditions many material systems appear to perform better than earlier 

ones. At the same time, this large body of work has also made a number of recurring 

weaknesses easier to recognise. Results are often difficult to compare, and mechanistic 

explanations are sometimes stated with greater certainty than the available evidence 

supports. This problem does not arise only from the way experiments are performed. It also 

lies in the way data are reported, in the limited separation of overlapping effects, and in the 

fact that stability and true chemical conversion are not always verified in a sufficiently 

rigorous way. Identifying these gaps is important because they define the research space in 

which architecture-driven design can provide meaningful progress. They also clarify what 

kinds of evidence are needed for reliable interpretation of performance improvements, 

especially in complex structured and hybrid systems. [16], [23], [37]  
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In TiO2-based and related photoactive systems, a better number does not explain 

itself. Faster dye removal or higher photocurrent only shows that the system has changed. 

The reason may be improved charge separation, but it may also be better light trapping, 

larger exposed surface, stronger adsorption, easier wetting, or better contact between phases. 

This is why such results have to be interpreted together with the structure of the material and 

the way the experiment was performed. Dye tests are especially sensitive, because colour 

loss can include adsorption or sensitisation. PEC results also depend strongly on how 

potentials, illuminated area, light intensity, efficiency values, and product formation are 

reported. Stability must also be considered, since structured and hybrid materials may 

change during use. In this dissertation, architecture is therefore treated not as an automatic 

advantage, but as something that must preserve accessible interfaces, continuous contact, 

structural stability, and useful charge transfer. [22], [58], [309]  

2.9.1. Conflation of optical enhancement with intrinsic electronic 

modification 

After structuring, a material may reflect less light, but this does not mean by itself 

that the semiconductor absorbs differently at the electronic level. In rough, porous, or 

periodic surfaces, part of the incident light is simply redirected many times inside the 

structure instead of returning directly to the detector. The spectrum can therefore suggest 

stronger absorption even when the absorption edge of the semiconductor is unchanged. For 

this reason, in this dissertation such changes are treated mainly as an effect of surface 

geometry, unless they are supported by additional evidence for band-structure modification. 

[144], [149]  

This point is especially important for laser-structured systems. Laser-made micro- 

and nanoscale features can strongly reduce reflectance, so the optical change may look very 

convincing. However, lower reflectance does not by itself prove that the semiconductor has 

changed electronically. The important question is whether the additional light interaction 

leads to carriers that are actually separated and used. If recombination still dominates, the 

optical improvement may give only a small functional benefit. For this reason, one recurring 

problem in the literature is that light-coupling effects are not always separated clearly from 

real changes in semiconductor electronic structure. [149], [193]  

A similar problem appears in hybrid systems when added components also affect the 

optical response. Conductive phases, carbon-based materials, or two-dimensional additives 

may increase absorption in the visible range, but this does not necessarily mean that the 

semiconductor is generating more useful photocarriers. In some cases, the added absorption 

may be largely parasitic. In such cases, improved optical absorption may not correlate with 

improved photocatalytic or PEC performance and can even reduce performance through 

light shielding of the semiconductor. Thus, the literature reveals a need for architecture-

aware optical interpretation, where optical changes are evaluated together with evidence of 
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charge utilisation rather than being treated as independent proof of functional improvement. 

[15], [310]  

2.9.2. Adsorption, photosensitisation, and the interpretation of dye 

degradation 

Dye degradation is often used because it is simple to run and easy to follow by UV-

Vis spectroscopy. It gives a fast way to compare samples, but the result is not always 

straightforward. A lower dye concentration during illumination may come from oxidative 

degradation, but it may also include adsorption on the material, desorption during the test, 

changes in dye aggregation, or formation of products with different absorption bands. Dyes 

can also take part in the photochemical process themselves. Some of them absorb visible 

light and inject electrons into the semiconductor, even when the semiconductor is not 

strongly excited in that range. In such cases, the observed visible-light response may be 

partly dye-sensitised rather than caused only by intrinsic excitation of the photocatalyst. [12], 

[22], [270]  

In membrane and hybrid photocatalysts, the concentration curve does not describe 

only the semiconductor reaction. It describes the behaviour of the whole material in contact 

with the dye solution. A fibrous or MXene-containing structure may retain part of the dye 

while illumination is already taking place, so adsorption, diffusion, and photooxidation can 

overlap. For this reason, the results are discussed here as dye-removal behaviour, with 

photocatalytic degradation assigned only where the experimental controls justify it. [12], 

[22], [73]  

Another limitation is that colour loss is not always checked against deeper chemical 

conversion. In many dye-degradation studies, the disappearance of the main absorption band 

is treated as the main result, although this may only show disruption of the chromophore. 

Full mineralisation is not required in every study, but some distinction between 

decolourisation and broader oxidative breakdown is still important for environmental 

interpretation. This is especially true when adsorption or dye sensitisation may contribute to 

the observed response. For this reason, dye-removal data are stronger when they are 

supported by additional evidence on the degradation pathway or conversion products. [16], 

[268]  

2.9.3. Separation of surface-area effects from genuine charge-utilisation 

improvement 

In nanostructured and hierarchical materials, higher surface area is often taken as a 

reason for better activity. In some cases this is correct, but it is not a complete explanation. 

More surface may simply give the dye more places to adsorb and more contact points with 

the solution. The measured activity can therefore increase even if charge separation or carrier 

transport has not improved much. At the same time, a material with a smaller surface area 
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may still work efficiently if charges are collected more easily and the interface is better 

organised. Surface area is therefore important, but it should not be used as the only 

explanation for improved performance. [23], [174], [297]  

Surface-area and roughness changes are often reported, but their meaning is not 

always clear. A rougher or more developed surface can give a stronger photocatalytic 

response simply because more interface is exposed. In PEC measurements the same problem 

appears as a larger electrochemically active area or roughness factor: the photocurrent may 

increase partly because there is more working surface, not necessarily because carrier 

separation or transport inside the semiconductor has improved. For this reason, geometric 

enhancement should be separated from mechanistic enhancement. A higher signal caused 

mainly by larger area should not be presented as direct evidence of better charge-carrier 

behaviour. [39], [241], [311]  

In structured electrodes and membranes, a change in surface area usually brings other 

changes with it. A rougher surface may expose more active sites, but it can also change how 

light is reflected, how the liquid wets the material, and how easily reactants move through 

the structure. Because of this, a higher activity or photocurrent should not be assigned too 

quickly to better charge utilisation. It may partly come from geometry itself. This is why 

controlled sample series are important in architecture-driven work: when thickness, 

coverage, and interface quality are kept as comparable as possible, the role of the structure 

can be judged more reliably. [39], [308], [312]  

2.9.4. Incomplete control and reporting of interface quality in hybrid and 

structured systems 

A heterostructure is only useful if the interface actually works. Placing two phases in 

one material does not guarantee this. The phases may be present, but if they meet only poorly, 

or if the boundary between them is defective, charges may still recombine before they can 

be separated. This is also important for coated structured supports. A textured substrate can 

help with surface area and light interaction, but these advantages depend on the quality of 

the oxide layer placed on it. If the coating is incomplete, weakly attached, or uneven in 

thickness, the hidden contact between the coating and the support may become a place where 

losses occur rather than a functional junction. [72], [195], [313]  

The weak point in many hybrid and structured systems is that the interface is taken 

for granted. Showing TiO2, MXene, ZnO, or another phase by XRD, Raman, or XPS only 

proves that the components are present. It does not prove that they touch each other in the 

right way. In porous or hierarchical architectures this becomes critical, because the coating 

has to follow a difficult surface, not a flat one. If some regions are uncovered, overfilled, 

weakly attached, or electrically disconnected, the measured response may be controlled by 

these imperfections rather than by the intended design. Therefore, the interface has to be 
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treated as a real structural feature of the material, not just as an assumed boundary between 

two detected phases. [39], [241], [289]  

Controlled methods such as ALD can reduce this problem because they give better 

control over coverage and reproducibility. Still, ALD does not remove the need for careful 

interpretation. The final interface also depends on the chosen thickness, possible post-

treatment, crystallinity of the deposited layer, and the defects introduced or passivated during 

growth. For this reason, interface quality remains one of the main variables in structured 

photoactive systems. If it is not discussed directly, it can easily become a hidden source of 

ambiguity in the explanation of performance trends. [100], [113], [304]  

2.9.5. Stability, durability, and evolving material state under operation 

Initial performance describes only the material before it has been tested. Once the 

system is exposed to light, electrolyte, stirring, flow, or applied bias, its surface and 

interfaces may change. Active components can detach, pores or surface sites can become 

blocked, polymer supports can age, and electrode contacts can be altered during operation. 

Stability testing is therefore part of the performance assessment itself. It shows whether the 

measured response is a lasting feature of the working material or only the behaviour of the 

freshly prepared sample. [278], [314]  

This is especially important for hybrid systems that contain chemically active or 

unstable components. Conductive phases and two-dimensional materials may change during 

contact with water, oxygen, light, or reactive species. MXenes are a clear example, because 

oxidation can change their conductivity, surface chemistry, and contact with the 

semiconductor over time. Such changes may reduce performance, but they may also create 

new interfacial conditions that change the response in a less predictable way. Without 

stability testing, it is difficult to know whether the observed enhancement belongs to a stable 

material system or only to an early stage of its operation. [221], [225]  

Another stability-related gap is that many studies focus on activity trends while 

providing limited evidence of the post-operation structural state. Yet for mechanistic 

interpretation it is often essential to know whether the material remains chemically and 

structurally similar after testing. Without such confirmation, performance changes may be 

explained incorrectly, especially if the material evolves during operation. Stability 

assessment together with post-test characterisation therefore represents a major gap that 

must be addressed when designing practical architecture-engineered photoactive systems. 

[39], [278]  

2.9.6. Comparability and reporting limitations in photocatalysis 

Photocatalytic results can be difficult to compare even when each experiment is done 

correctly. The measured rate depends on the whole testing setup, not only on the 

photocatalyst. Lamp intensity, spectrum, reactor geometry, catalyst amount, pollutant 
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concentration, pH, and oxygen level can all change the degradation curve. Because of this, 

rate constants or final degradation percentages are most useful inside one controlled sample 

series. Across different studies, they should be compared only with caution, unless the 

experimental conditions are clearly similar. [315], [316]  

In photocatalysis, the way the test is reported can strongly affect how the result is 

understood. Naming the lamp or giving its nominal power is not enough, because the 

reaction depends on the light that actually reaches the sample: its intensity, spectral range, 

and path through the reactor. Adsorption has a similar effect on interpretation. If the dark 

stage is not reported clearly, especially for membranes, pollutant uptake can be mixed with 

photocatalytic removal. The final rate may then describe the behaviour of the whole test 

system rather than the intrinsic activity of the material. [269], [317]  

Activity is also reported in different ways, which makes comparison harder. Some 

studies give only the percentage of dye removed after a chosen irradiation time, while others 

calculate an apparent rate constant. The kinetic model used is not always justified, even 

though pseudo-first-order or pseudo-second-order fitting may describe different limiting 

situations. This becomes especially important for complex architectures, where diffusion, 

wetting, and access to active sites can affect the shape of the kinetic curve. For this reason, 

inconsistent reporting is a real limitation in the literature, because it makes it difficult to 

compare materials systematically rather than only within one experimental series. [298]  

2.9.7. Comparability and reporting limitations in photoelectrochemistry 

PEC performance is also sensitive to the way the experiment is set up. A photocurrent 

value is not determined by the electrode material alone. It can change with light intensity, 

illuminated area, electrolyte composition, pH, reference-electrode scale, scan rate, and the 

prior condition of the surface. For this reason, similar photoelectrodes may appear to perform 

differently simply because they were measured under different conditions. Photocurrent 

should therefore be treated mainly as a charge-extraction signal. To claim efficient chemical 

conversion, it has to be supported by product detection, Faradaic efficiency, and stability 

data. [32], [39], [42]  

Photocurrent is an important PEC descriptor, but it cannot explain the electrode by 

itself. A higher current may mean better charge extraction, but it may also reflect lower 

resistance, different active area, improved light access, or a more favourable measurement 

geometry. For this reason, PEC discussion should include impedance, stability, and clear 

reporting of potentials. Values measured with different reference electrodes must be 

converted to the same scale before comparison. The illumination setup also has to be defined, 

since front-side and back-side irradiation, exposed area, and light intensity can change the 

response even for the same electrode. [4], [39]  
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In structured electrodes, a higher photocurrent does not necessarily mean that the 

semiconductor itself has become more efficient. Part of the increase may come from rougher 

morphology, larger electrochemically active area, or better exposure of the surface to the 

electrolyte. For this reason, photocurrent trends should be discussed together with the 

architecture of the electrode and, where possible, with impedance results that indicate 

changes in charge transfer or resistance. The issue is not that photocurrent data are 

unimportant, but that they need supporting evidence before a clear mechanism can be 

assigned. [241], [311]  

2.9.8. Limited integration between photocatalysis and PEC as complementary 

evaluation tools 

Photocatalysis and PEC look at the same photoactive material from different sides. 

Photocatalysis shows whether light exposure leads to chemical change in the solution, but 

the result can be mixed with adsorption, wetting, and mass transport. PEC follows charge 

extraction more directly, but photocurrent does not by itself prove efficient product 

formation. When both types of data are considered together, the interpretation becomes less 

one-sided. It becomes easier to judge whether the improvement is mainly related to charge 

use, interface quality, transport, or the architecture of the material. [23], [37], [309]  

When a structured material is examined in only one working format, its behaviour is 

easy to overread. Faster dye removal from a membrane does not necessarily identify the role 

of charge transfer, because adsorption, wetting, and internal transport may contribute to the 

same trend. A higher photocurrent from a structured electrode also does not fully define the 

mechanism, since area, electrolyte access, and electrical contact may all influence the 

response. This is why photocatalytic and PEC measurements are most useful when they are 

used together. They help test whether the architecture improves the use of photogenerated 

charges, or mainly changes the environment in which those charges are generated and 

consumed. [22], [39], [73], [241]  

2.9.9. Summary of key gaps relevant to architecture-engineered TiO2-based 

systems 

The gaps and pitfalls outlined above can be summarised as several interrelated needs that 

define meaningful progress in architecture-engineered photoactive materials: [22], [37], 

[149], [311]  

1. Clear separation of optical coupling effects from intrinsic electronic modification, 

especially in structured and laser-processed systems. 

2. Systematic treatment of adsorption and photosensitisation in dye-degradation 

studies, particularly in membrane and hybrid materials. 
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3. Separating improvements caused mainly by larger surface area from those related 

to better charge utilisation, using supporting electrochemical and spectroscopic 

evidence. 

4. Explicit attention to interface quality and coating continuity, especially in 

heterostructures and structured supports where local defects can dominate 

behaviour. 

5. Robust stability assessment and post-operation characterisation, especially for 

systems involving dynamic components such as two-dimensional conductive phases. 

6. Improved reporting and comparability of experimental conditions, including 

illumination parameters and potential-reference conventions. 

7. Use of complementary evaluation frameworks that integrate photocatalytic and PEC 

perspectives in order to strengthen mechanistic interpretation. 

These points define not only limitations in existing work, but also opportunities for 

systematic research. Architecture-driven design provides a promising route for improving 

photoactive systems, but its success depends on controlling and interpreting the coupled 

roles of geometry, interface quality, transport, and stability. [58]  

2.10 Research strategy and positioning of the present work 

relative to the identified gaps 

The points discussed above show that improved performance is not enough unless 

the reason for it is also examined. In structured and hybrid materials, a higher activity or 

photocurrent has to be related to the real form of the system: the geometry that was created, 

the continuity of the coating, the quality of the interfaces, the access of liquid and light, and 

the stability during use. This is especially important for TiO₂-based systems, because TiO₂ 

does not have one fixed role. It may act as a thin coating, a photoactive membrane 

component, part of a heterostructure, or the active layer of a photoelectrode. For this reason, 

this dissertation treats architecture as the common link between the studied materials and 

uses both photocatalytic and PEC testing to understand how structure and interfaces affect 

the final response. [23], [37], [58]  

TiO2 is used in this work in several different forms, and these forms cannot be treated 

as interchangeable. A compact coating, a layer on a laser-textured support, a membrane 

component, and a phase combined with a conductive additive all place the oxide in a 

different environment. The same material may therefore show a different response because 

the coating continuity, interface contact, liquid access, light distribution, and carrier path are 

different. This is why the discussion pays attention not only to TiO2 itself, but also to how it 

is built into the final structure. [22], [149], [249]  
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2.10.1. Architecture-driven design as the organising research principle 

The research is structured around the idea that architecture can be engineered at multiple 

length scales in order to improve both functional performance and practical relevance. This 

includes: 

• Micro- and nanoscale surface structuring to influence light interaction, wettability, 

and accessible interfacial area. 

• Hierarchical scaffolds and membranes to create immobilised photoactive formats 

that are recoverable and suitable for repeated use. 

• Thin-film and conformal coatings to introduce photoactive oxides onto complex 

supports while preserving the underlying geometry. 

• Hybrid and heterostructured interfaces to guide charge carriers towards productive 

transfer pathways and suppress recombination. 

By treating these elements as parts of one strategy, the research does not present each 

improvement as a separate effect. Instead, it uses the different material systems to examine 

the same broader question: how the spatial organisation of the active phase, support, and 

interfaces affects performance in different photoactive formats. 

This design principle also supports a consistent interpretation of results. Because 

architecture can influence optical behaviour, adsorption, wetting, and transport 

simultaneously, the research emphasises comparisons in which the structural variable is 

introduced deliberately and evaluated in relation to the full set of coupled effects it can 

produce. In this way, architecture serves not only as a route to improved performance, but 

also as a framework for more disciplined mechanism-oriented interpretation. [15], [249]  

2.10.2. Controlled interface formation through thin-film deposition and 

reproducible platforms 

A rough or porous support is useful only after the active layer has been placed on it 

properly. Until then, the geometry is only a potential advantage. If TiO₂ does not cover the 

surface evenly, or if the contact with the scaffold is poor, the system being tested is no longer 

just a structured support with an active coating. It is also a material with local coating defects. 

In this work, this point is treated seriously. The deposition step is therefore used not only to 

introduce the semiconductor, but also to make the contact between the active phase and the 

support as controlled as possible. [72], [100]  

Conformal thin-film deposition is useful here because it allows the oxide layer to be 

added without losing the shape of the support. On complex or hierarchical surfaces, this 

makes it possible to control the coating thickness and coverage more reliably. The same 

scaffold can then be compared with different oxide thicknesses, while the main geometry 
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remains largely unchanged. This is important because it helps separate what comes from the 

structured substrate from what comes from the deposited oxide layer. It also makes the 

sample series easier to compare, since performance changes are less likely to result from 

random coating differences. [100], [105], [113]  

This controlled-interface strategy is not limited to the deposition step itself. It also 

shapes the way the research is organised. Simpler reference systems are considered first, 

then coating thickness, post-treatment, and interface quality are adjusted before moving to 

more complex architectures or hybrid combinations. This stepwise approach makes the 

interpretation safer, because the effect of each change can be followed more clearly instead 

of introducing many variables at once. [23]  

2.10.3. Using structured substrates to study optical coupling without 

overclaiming electronic modification 

In this work, laser treatment is used mainly to shape the surface. The textured 

substrate may reflect less light, hold light for longer, or expose the coating to the solution in 

a different way. These changes can improve the measured response, but they are not taken 

as proof that the semiconductor band structure has changed. A band-structure change is 

discussed only when there is evidence for it beyond the optical effect caused by the surface 

texture. [144], [149]  

In this approach, lower reflectance is treated first as a result of the surface structure, 

not as direct evidence of band-gap narrowing. A textured support can change where light 

goes, how long it remains in the material, and how the active layer is exposed at the interface. 

These effects can improve performance, but they are different from a true electronic 

modification of the semiconductor. For this reason, optical changes are interpreted together 

with the role of the architecture. This is especially important when structured supports are 

combined with conformal coatings or hybrid layers, because improved light use is valuable 

only if the interface also supports charge separation and transport. [15], [193]  

2.10.4. Addressing adsorption and transport effects in immobilised 

photocatalytic systems 

One major weakness in many photocatalytic studies is that pollutant removal is not 

always separated clearly from photocatalytic degradation. This is especially problematic in 

dye tests, where adsorption or dye sensitisation can strongly affect the early part of the 

experiment. The issue becomes even more important for immobilised membranes, because 

these materials can adsorb dye and at the same time create slower, less uniform transport 

inside the structure. [12], [73], [270]  

In this work, membrane photocatalysts are treated as whole working systems, not 

only as supports carrying an active phase. Their response depends on adsorption, wetting, 

diffusion, light access, and the way the membrane is handled during testing. For this 



 

131 

 

reason, the discussion does not rely only on apparent kinetic constants. It also considers 

how immobilisation changes access to the active regions, how dark adsorption affects the 

starting point of the reaction, and how reuse, fibre arrangement, and membrane thickness 

influence the observed behaviour. [249], [269], [272]  

This approach also gives immobilised photocatalysts a more practical meaning. 

Immobilisation is not treated only as a way to recover the catalyst after the test. It is 

considered as a way to build a defined material format, where liquid access, transport paths, 

and exposure of the active surface can be controlled. This makes it easier to discuss 

membrane-type catalysts on their own terms, rather than comparing them directly with 

powders. It also helps interpret hybrid composites more carefully, because any improvement 

can be related not only to composition, but also to how the architecture affects accessibility 

and transport. [249], [258]  

2.10.5. Positioning hybrid interfaces as charge-utilisation strategies rather 

than universal “enhancement” claims 

Hybrid and heterostructured materials are often described as automatically better, but 

this is not always justified. Their improved response may come from several effects at once, 

including morphology, adsorption, wetting, light shielding, or real charge-transfer 

improvement. In this work, hybrid interfaces are therefore treated as tools whose value 

depends on how well the phases contact each other and how they are placed within the 

architecture. They are useful only when they help the generated charges move or react more 

effectively, rather than simply adding another component to the system. [15], [195]  

In practical terms, this means that conductive additives and two-dimensional phases 

are considered not as guaranteed enhancers but as components whose role must be 

established within the composite architecture. Their potential to act as electron acceptors, 

transport pathways, or interfacial modifiers is evaluated in relation to their distribution, 

contact quality, and stability under operating conditions. This approach is especially relevant 

for MXene-containing systems, where chemical evolution in aqueous environments can 

modify conductivity and functional behaviour over time. [190], [221], [225]  

This positioning helps keep the interpretation more controlled. Performance changes 

are not assigned to one simple explanation, such as “better charge transfer”, unless the 

structure and interface support it. Instead, the results are read through the combined effects 

of architecture, contact quality, accessibility, and charge utilisation. [23]  

2.10.6. Complementary evaluation across photocatalysis and 

photoelectrochemistry 

The interpretation in this work is not based on one performance signal alone. Dye-

degradation data are read as the behaviour of the whole material in an illuminated solution, 

where reaction, adsorption, wetting, and diffusion may occur together. PEC data are used as 
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a separate check of how easily photogenerated charges leave the electrode and cross the 

interface. Since photocurrent is not the same as product yield, it is not used alone as proof 

of conversion efficiency. The two datasets are therefore combined to judge whether the 

improvement is mainly linked to charge utilisation, surface access, transport, or contact 

between phases. [37], [286]  

In this work, photocatalytic and PEC measurements are used as two views of how 

architecture affects charge use. If both dye-degradation behaviour and PEC response 

improve, the case for better carrier utilisation becomes stronger. If the trends do not match, 

the difference is also useful: it may show that photocatalysis is being limited by adsorption, 

wetting, or transport, while PEC is more sensitive to charge extraction and interfacial 

resistance. In this way, the two types of testing help connect the different material formats 

within one architecture-based interpretation, rather than treating each result as an isolated 

performance value. [272], [298]  

2.10.7. How the publication set addresses the identified gaps 

The research outcomes presented in the publication part of the dissertation are 

structured as connected case studies that collectively address the major gaps identified in the 

literature. 

Structured substrates are useful in this work mainly as controlled light-management 

platforms. They make it possible to discuss changes in reflectance, scattering, and optical 

coupling without automatically treating them as band-gap modification. 

Conformal oxide coatings address the interface problem more directly. The question 

here is whether the active oxide can be deposited on a complex scaffold while keeping both 

the scaffold geometry and a continuous contact region. 

Immobilised fibrous membranes bring the discussion closer to practical 

photocatalysis, but they also add transport-related limitations. Their performance is read 

together with dye uptake, wetting, diffusion through the membrane, and accessibility of the 

active regions. 

Hybrid systems containing conductive or two-dimensional phases are used to test 

whether added components can really support charge utilisation. Their role is not assumed 

from their presence alone. It depends on where they are located, how well they contact the 

semiconductor, and whether they remain stable during operation. 

Together, these studies form a coherent architecture-driven research programme 

rather than a collection of independent optimisations. They demonstrate how structured and 

hybrid systems can be designed and interpreted in a way that is consistent with the needs of 

reproducibility, mechanism-aware analysis, and practical relevance. 
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2.10.8. Concluding remarks and transition to the publication-based chapters 

The literature discussed in this chapter shows that photocatalytic and PEC behaviour 

is shaped by several connected processes rather than by composition alone. Optical response, 

charge transport, interface quality, accessibility, adsorption, and stability all affect the 

measured performance. It also shows that improvement can be difficult to assign when the 

material architecture is not well controlled, when the interface is only assumed, or when 

adsorption and durability are not considered carefully. [22], [23], [37]  

The present research addresses these limitations by using architecture as the main 

organising principle. The focus is placed on controlled interface formation, structured and 

immobilised material formats, and evaluation by both photocatalytic and PEC methods. In 

this way, the work aims not only to improve performance, but also to make the observed 

changes easier to interpret and more relevant for future practical use. 

On this basis, the next chapter presents the publications that form the main research 

output of the dissertation. Each paper is introduced by a short contextual note explaining the 

problem addressed, the architecture tested, and its contribution to the broader aim of 

understanding charge utilisation in TiO2-based and related photoactive systems. 
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Chapter 3. Overview of the publication-based 

research and integration within a unified 

framework 

The research presented in this dissertation is based on four peer-reviewed 

publications. These publications are reproduced at the end of the thesis file in their published 

form, but they are not treated here as separate and disconnected research outputs. Instead, 

Chapter 3 explains how they form one coherent research direction centred on architecture-

engineered semiconductor nanocomposites for photocatalytic and photoelectrochemical 

applications. 

The purpose of this chapter is therefore not to repeat the full experimental details 

already available in the published papers. Its role is to show how the individual studies are 

connected, how they address the main objective of the dissertation, and how they contribute 

to the broader interpretation developed in Chapters 1 and 2. Particular attention is given to 

the relationship between material architecture, interface quality, light utilisation, charge 

separation, transport limitations, and operational stability. 

The publications deal with four different systems: laser-structured Si/MXene/TiO2 

surfaces, electrospun PID/TiO2/WO3/MXene membranes, ZnFe2O4/ZnO core-shell 

nanofibres, and structured Ti-TiO2 photoanodes. They are not connected by one identical 

composition. They are connected by the way the active material is arranged and joined with 

its support or neighbouring phase. In each case, the question is whether this arrangement 

helps the semiconductor use light more effectively, separate and move charges, and interact 

with the reaction environment under irradiation. 

In this dissertation, the published papers contain the full experimental details and 

results. The thesis text is used to connect those papers and explain their place in the overall 

study. For this reason, the following sections do not summarise each article step by step. 

They show how each publication contributes to the common research direction. 

3.1. Integrated research objective and research logic 

The integrated objective of the dissertation was to determine how architecture-controlled 

design can improve the photocatalytic and photoelectrochemical behaviour of TiO2-based 

and related semiconductor nanocomposites. The central assumption was that the 

performance of such systems is not determined by chemical composition alone. Instead, it 

depends on how the active material is organised, how interfaces are formed, how light enters 

and interacts with the structure, and how photogenerated charge carriers are transported and 

used at reactive boundaries. 
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This connection can be seen already in the Si/MXene/TiO2 study. There, the laser-

structured silicon was not used only as a substrate, but as the element that defined the surface 

geometry and light interaction. MXene and ALD-grown TiO₂ were then added to give the 

structured surface its conductive and photocatalytic functions. In the PID/TiO2/WO3/MXene 

study, the electrospun membrane was important not only as a support, but as the working 

photocatalyst form, where wetting, transport through the fibre mat, exposure of active 

regions, and contact between components all affected the response. The ZnFe2O4/ZnO 

nanofibre publication showed the same idea in a PEC oxide heterostructure, where the core-

shell arrangement and annealing-driven interdiffusion influenced the visible-light behaviour. 

Finally, the Ti-TiO2 membrane study combined laser-shaped titanium with ALD TiO2 to 

obtain a binder-free hierarchical photoelectrode, in which the texture, oxide thickness, 

coating continuity, and charge-transfer behaviour had to be considered together. 

The publications therefore represent different experimental answers to the same broader 

problem. Each study examines a different way of organising semiconductor materials so that 

light absorption, charge separation, charge transport, and interfacial reaction pathways 

become more favourable. The material formats are different, but the underlying principle is 

the same: architecture is treated as a functional design parameter rather than as a secondary 

morphological feature. 

This approach also creates a link between photocatalysis and photoelectrochemistry. In 

photocatalytic dye degradation, the useful response is followed mainly through the removal 

of an organic model pollutant from solution. In PEC water splitting, the response is followed 

through photocurrent, impedance behaviour, photoconversion efficiency, and wavelength-

dependent charge extraction. These two testing formats are different, but they are governed 

by related physical processes. In both cases, the material must absorb light, generate charge 

carriers, limit recombination, transport charges to the interface, and support interfacial redox 

reactions. 

For this reason, the dissertation does not treat photocatalysis and PEC as isolated 

research areas. Instead, they are used as complementary ways of examining how architecture 

and interfaces affect photoinduced processes. Photocatalytic experiments show how 

structured and immobilised materials behave in contact with polluted water under 

irradiation. PEC measurements provide more direct insight into charge extraction, interfacial 

resistance, and electrode behaviour under applied bias. Taken together, these approaches 

provide a broader basis for interpreting the role of architecture in semiconductor 

nanocomposites. 

The dissertation follows one main line of work. The materials are first given a defined 

form, whether by laser structuring, electrospinning, ALD growth, or heterostructure 

formation. After that, their structure, composition, optical behaviour, and electrochemical 

properties are examined in relation to the intended function. Photocatalytic and PEC tests 
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are then used not only to compare activity, but also to understand how the chosen material 

form affects charge generation, transport, interface contact, and final utilisation. 

This approach is important because a higher degradation efficiency or photocurrent 

density is treated as a starting point, not as a complete explanation. The functional result is 

read together with the structure of the sample, the quality of the interface, and the conditions 

under which the material works. Adsorption, wetting, light scattering, surface access, coating 

thickness, and stability may all influence the measured response. In this way, the publication 

set supports a careful interpretation of semiconductor photoactivity, where performance 

trends are connected with the real working architecture of each system. 

3.2. Relationship to open problems and methodological 

positioning 

The publication set responds to several problems that appear repeatedly in photocatalytic 

and PEC materials research. Optical changes are not always easy to separate from real 

electronic improvement. Dye-degradation results can be affected by adsorption, wetting, and 

transport. Hybrid interfaces may also change during operation, especially when chemically 

dynamic components are used. At the same time, improved performance is often explained 

too quickly by composition alone. The studies included in this dissertation address these 

issues by focusing on how the material is built, how the interfaces are formed, and how these 

factors influence the final photoactive response. 

Optical enhancement is treated carefully in the two laser-structured studies. A stronger 

optical response does not automatically mean that the semiconductor band structure has 

changed. In textured systems, part of the effect can come simply from the way the surface 

redirects and traps incoming light. This is the case for both the Si/MXene/TiO2 and Ti-TiO2 

systems, where laser processing created organised surface features before the active 

components were introduced. The improved response is therefore discussed first in relation 

to surface architecture and light management. The TiO2 layer, and MXene in the silicon-

based system, are then considered through their interfacial role rather than as evidence that 

the optical change comes only from intrinsic electronic modification. 

A second issue is the role of adsorption and mass transport in photocatalytic dye 

degradation. In immobilised systems, especially membranes and fibrous materials, a 

decrease in dye concentration may be affected not only by photocatalytic conversion, but 

also by adsorption, wetting, diffusion into the structure, and accessibility of active sites. This 

is particularly relevant for the PID/TiO2/WO3/MXene membrane system, where the fibrous 

architecture improves practical handling and reusability, but also introduces transport-related 

factors that must be considered when interpreting the degradation results. For this reason, 

the photocatalytic response is treated as the behaviour of a complete membrane architecture 

rather than as a simple property of the oxide additives alone. 
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A third problem concerns the interface itself. In many hybrid systems it is tempting to 

explain the result by band alignment, but band alignment only describes the possible 

direction of charge transfer. It does not show whether the two phases are actually joined well 

enough for that transfer to occur. The contact may be incomplete, defect-rich, chemically 

unstable, or different from one region of the material to another. This point is addressed in 

the dissertation through several examples. In the Si/MXene/TiO2 system, ALD is used to 

form TiO₂ on a structured hybrid surface. In the ZnFe2O4/ZnO fibres, the interface forms 

during annealing as Fe and Zn species intermix. In the Ti-TiO2 membrane photoelectrode, 

the contact between the laser-shaped Ti support and the ALD TiO2 layer is treated as a key 

part of the PEC response, not only as a boundary between two materials. 

The fourth issue is the durability of the functional architecture. A material that performs 

well only in the first test may still have limited practical relevance. Therefore, the included 

publications consider stability and repeated operation where possible. In the electrospun 

PID/TiO2/WO3/MXene membrane study, reuse tests show how activity changes during 

repeated dye degradation cycles. In the Ti-TiO2 membrane study, post-operation structural 

analysis is used to assess whether the hierarchical electrode remains stable after PEC testing. 

These examples support the broader view that stability must be discussed together with 

architecture, because surface blockage, oxidation, coating integrity, and interface changes 

may all affect long-term performance. 

The dissertation does not take one measurement as enough to explain the material 

response. Dye degradation is considered together with optical and spectroscopic results, and 

PEC data are read together with impedance, Mott-Schottky analysis, IPCE, ABPE, and 

structural characterisation. This is important because each measurement can be misleading 

when used alone. A higher photocurrent may result from better charge extraction, but also 

from larger area or improved contact. Faster dye removal may involve photocatalysis, but 

also adsorption or transport. Lower PL intensity or stronger absorbance may support better 

charge behaviour, but they do not prove the full mechanism by themselves. For this reason, 

the discussion is based on how different measurements point in the same direction, rather 

than on a single performance indicator. 

The four publications are not used to show the same effect four times. They show how 

different material formats change the conditions under which a semiconductor works. In one 

case, the important issue may be liquid access to a membrane. In another, it may be coating 

continuity, contact with the support, or charge extraction through an electrode. Each study is 

therefore read according to its own experimental form. The connection between them is 

simpler: in every case, the active phase has to be placed and connected in a way that allows 

photogenerated charges to be used before they recombine. 

In this sense, the methodological contribution of the dissertation is not limited to the 

fabrication of new materials. It also lies in the way the results are read. The same general 
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principle is applied across the publications: performance enhancement should be connected 

to structural, optical, chemical, and interfacial evidence, and possible alternative 

explanations should be acknowledged where the data do not allow one mechanism to be 

isolated completely. 

3.3. Publication map and contribution to the integrated 

framework 

The dissertation is based on four peer-reviewed publications that together form the 

experimental foundation of the work. The full papers are reproduced at the end of the thesis 

file in the publication section, where each article is preceded by an individual contextual 

introduction. In the present chapter, they are discussed only as parts of one integrated 

research framework. 

The order of the publications in the dissertation follows the scientific logic of the 

work rather than only the chronological order of publication. The sequence moves from 

structured photocatalytic surfaces, through immobilised fibrous photocatalytic membranes, 

towards heterostructured and hierarchical photoelectrochemical systems. This arrangement 

helps to show that the dissertation is not a collection of separate studies, but a connected 

research path built around architecture-controlled photoactivity. 

Publication 1 deals with a silicon surface that was first organised by laser treatment 

and then modified with MXene and ALD TiO2. This study is used in the dissertation to show 

how a flat semiconductor support can be turned into a more functional photocatalytic 

surface. The nanoripples mainly change the surface geometry and optical response. The TiO2 

layer gives the surface an oxide coating suitable for photocatalysis, while MXene introduces 

an additional conductive contact between the structured support and the oxide phase. The 

dye-degradation improvement is therefore read as the result of this combined surface 

construction, rather than as a simple consequence of adding one extra component. 

Publication 2 shifts the discussion to an immobilised membrane system. In this 

study, electrospun polyimide fibres were modified with TiO2, WO3, and Ti3C2Tx MXene for 

photocatalytic water purification. The membrane gives the photocatalyst a recoverable form, 

while the oxide nanowires provide the photoactive domains and MXene adds a conductive 

component at the hybrid interface. The study is important because the result cannot be 

explained only by the presence of these components. In a fibrous membrane, dye degradation 

also depends on how the liquid wets the mat, how easily dye reaches the active regions, how 

the components are distributed inside the fibres, and whether the membrane can be reused. 

Publication 3 deals with ZnFe2O4/ZnO core-shell nanofibres prepared by co-axial 

electrospinning and thermal treatment. This work is included as a heterostructured oxide 

system with visible-light photoelectrochemical response. Its importance lies in the use of 

fibrous core-shell architecture to bring together two oxide phases with different optical and 
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electronic roles. The final structure is also affected by Fe/Zn interdiffusion during annealing, 

which means that the photoelectrochemical behaviour cannot be explained only by the 

idealised starting core-shell design. This publication contributes to the dissertation by 

extending the discussion beyond TiO2-based systems and by showing how fibrous geometry, 

oxide heterostructure formation, and phase interaction influence PEC response. 

Publication 4 is the final study because it brings the work back to TiO2 in a PEC 

electrode format. The system is based on titanium membranes shaped by femtosecond laser 

ablation and then coated with TiO2 by ALD. The laser step gives the Ti support a hierarchical 

surface and improves light interaction, while ALD makes it possible to add TiO2 with 

controlled thickness. This allowed thinner and thicker oxide layers to be compared on the 

same type of scaffold, so the effect of coating thickness, crystallinity, and Ti/TiO2 contact 

could be discussed more clearly. The study shows how a metallic support and a controlled 

oxide layer can be combined into a binder-free photoelectrode for water-splitting 

measurements. 

Taken together, the publications cover four different ways of building a photoactive 

material: a laser-structured Si surface modified with TiO2 and MXene, a fibrous 

polymer/oxide/MXene membrane for dye degradation, a ZnFe2O4/ZnO core-shell fibre 

system for visible-light PEC response, and a laser-shaped Ti membrane coated with ALD 

TiO2 for water splitting. The systems are different, but they all test the same point. A 

semiconductor does not work only because of its composition. Its response also depends on 

where the active phase is placed, how it contacts conductive or supporting components, how 

the surface is exposed to light and liquid, and how the interfaces are formed inside the final 

architecture. 

Although each publication uses a different system, all four are connected by the same 

scientific question. They ask how the organisation of the material influences the use of light 

and the fate of photogenerated charge carriers. In some cases, the architectural contribution 

is mainly optical, as in light trapping by laser-structured surfaces. In other cases, it is related 

mainly to interface quality, coating continuity, or heterostructure formation. In the fibrous 

systems, the architecture also controls practical aspects such as wetting, accessibility, mass 

transport, and recoverability. 

The publication map leads to the main point of the thesis. In photocatalytic and PEC 

nanocomposites, composition explains only part of the response. The same phase can behave 

differently when it is placed in another geometry, connected to another component, or tested 

in another format. For this reason, the results are discussed through the whole working 

system: the active phase, conductive elements, support structure, interface contact, and 

operating conditions. 

This section also clarifies the role of the individual introductions placed before each 

full paper in the final publication section. Those introductions provide the detailed paper-by-
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paper context, including motivation, working hypothesis, architecture concept, main results, 

interpretation, limitations, and author contribution. The present chapter provides the broader 

map, while the final publication section preserves the full published record and explains the 

place of each paper within the dissertation. 

3.4. Integration of the publications into one research narrative 

Although The publications included in this dissertation are connected by a common 

research narrative based on architecture-controlled photoactivity. Each paper investigates a 

different material system, but all of them address the same broader problem: how the useful 

response of a semiconductor material can be improved by controlling not only its 

composition, but also its geometry, interface quality, and operating format. 

The first publication introduces the idea that surface architecture can directly 

influence photocatalytic behaviour. In the SiNR/MXene/TiO2 system, the laser-induced 

nanoripple structure provides an organised substrate that improves light interaction through 

surface structuring and light trapping. The ALD-grown TiO₂ layer gives the system a 

chemically stable oxide interface, while MXene contributes to interfacial charge transfer. 

The importance of this study within the dissertation is that it shows how photocatalytic 

enhancement can arise from the combination of optical, chemical, and electronic effects 

within one structured surface. 

The second publication is based on electrospun PID membranes containing TiO2, 

WO3, and MXene. This is a different type of photocatalyst, because the active phases are 

fixed inside a fibrous mat instead of being used as a powder or a flat coating. The membrane 

can be removed from solution and reused, but its structure also affects the test itself. Liquid 

has to wet the fibres, dye has to reach the active regions, and light has to pass through the 

mat. For this reason, the photocatalytic response is read as the behaviour of the whole 

membrane system, not only as the effect of TiO2, WO3, or MXene separately. 

The third publication introduces ZnFe2O4/ZnO core-shell nanofibres as a PEC 

system. It is included not because it repeats the TiO2 work, but because it shows the same 

problem in another oxide material. The fibre has to keep two phases in contact, and this 

contact is partly formed during annealing, when Fe and Zn species interdiffuse. As a result, 

the final PEC behaviour depends on more than the presence of ZnO and ZnFe2O4. It depends 

on the fibre shape, the core-shell arrangement, and the interface produced during heat 

treatment. This study therefore connects the fibrous-material part of the dissertation with the 

PEC discussion. 

The fourth publication concerns the Ti-TiO2 membrane photoelectrode. Unlike the 

earlier systems, this work starts from a metallic titanium membrane that already serves as 

the current collector. Femtosecond laser ablation is used to give this membrane a hierarchical 

surface, and ALD is then used to cover it with TiO2 of controlled thickness. The result is a 
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binder-free PEC platform in which the support, the photoactive oxide, and the charge-

collection pathway are part of the same structure. For this reason, the study is placed at the 

end of the publication sequence. 

The publications are arranged to show the main forms in which the photoactive 

materials were studied. The first work concerns a modified silicon surface, where laser 

structuring, TiO2 deposition, and MXene addition are combined. The second work changes 

the format to an electrospun membrane, so the photocatalyst is considered as a recoverable 

fibrous material rather than a loose or flat system. The third and fourth works move to PEC 

electrodes, first through ZnFe2O4/ZnO core-shell fibres and then through Ti-TiO2 

membranes prepared from structured titanium. Although the systems differ, they are 

connected by the same practical issue: the active phase has to be placed in a form that allows 

contact with light, the reaction medium, and, where relevant, the current collector. 

The publications show that improved performance is usually not caused by one 

feature alone. Laser structuring changes the surface in several ways at once: it can reduce 

reflection, increase surface development, and modify contact with the liquid or electrolyte. 

ALD also has more than one role, because the TiO2 layer has to be continuous, sufficiently 

thin or thick for the intended function, properly crystallised, and well connected to the 

support. MXene is similar in this respect. It may support charge transfer, but only if it is well 

distributed, in contact with the oxide, and stable during operation. Electrospun membranes 

add still another set of effects, since the fibre network helps with recovery and reuse but also 

controls wetting, diffusion, and access to active regions. For this reason, the results are 

interpreted as the behaviour of complete material systems, rather than as the effect of a single 

component or property. 

This integrated reading allows the dissertation to move beyond a simple comparison 

of activity values. The main conclusion from the publication set is not only that one sample 

performs better than another, but that the final behaviour of semiconductor nanocomposites 

depends on the full architecture in which the active phase operates. Light absorption, charge 

separation, interfacial transfer, surface accessibility, and stability are not independent 

variables. They are coupled through the way the material is built. 

For this reason, the publications are treated in the dissertation as complementary 

evidence for one central argument. Architecture is not only a descriptive feature of the 

material. It is a functional design parameter that determines how efficiently photogenerated 

charge carriers are produced, separated, transported, and used in photocatalytic or 

photoelectrochemical processes. 

3.5. Author contribution and role in the included publications 

The publications included in this dissertation were prepared as collaborative research 

works, but the author’s contribution to them was direct and substantial. Across the 
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publication set, the author participated in the development of the research concept, 

experimental work, material preparation, functional testing, data interpretation, 

visualisation, and manuscript preparation. The author’s role was therefore not limited to 

technical assistance, but was connected with the central experimental and interpretive tasks 

that form the basis of the dissertation. 

In the study on highly regular laser-induced silicon nanoripples modified with 

MXene and ALD-grown TiO2, the author contributed to the investigation of the structured 

photocatalytic system and to the interpretation of its functional behaviour. This work was 

important for establishing the role of laser-induced surface architecture, TiO2 coating, and 

MXene-assisted interfacial charge transfer in photocatalytic dye degradation. Within the 

dissertation, the author’s contribution to this publication is connected with the development 

and analysis of the structured photocatalytic platform and with the preparation of the 

research output included in the thesis. 

In the publication on electrospun polyimide nanofibres modified with TiO2, WO3, 

and Ti3C2Tx MXene, the author contributed to fabrication, investigation, methodology, data 

curation, and preparation of the original draft. This contribution is especially relevant to the 

dissertation because the study represents the immobilised membrane-type photocatalyst 

within the publication set. The author’s work was connected with the preparation and 

analysis of the hybrid fibrous architecture, evaluation of its photocatalytic behaviour, and 

interpretation of the relationship between membrane structure, oxide/MXene modification, 

and dye degradation performance. 

In the study on ZnFe2O4/ZnO core-shell nanofibres, the author’s contribution was 

connected with the fabrication of the core-shell structures, photoelectrochemical 

characterisation, data analysis, and preparation of the draft manuscript. This work is 

important in the dissertation because it extends the architecture-driven approach to a related 

metal-oxide heterostructure with visible-light PEC response. The author’s role therefore 

covered both the experimental development of the fibrous oxide system and the 

interpretation of its photoelectrochemical behaviour. 

In the publication on hierarchically structured Ti-TiO2 membranes fabricated by 

femtosecond laser ablation and ALD, the author contributed to investigation, formal 

analysis, visualisation, and preparation of both the original and revised manuscript. This 

study is one of the central elements of the dissertation because it combines laser-generated 

hierarchical architecture with controlled TiO2 deposition for PEC water splitting. The 

author’s contribution was therefore directly connected with the preparation, analysis, and 

interpretation of the binder-free Ti-TiO2 membrane photoanode. 

Taken together, these contribution statements show that the author was actively 

involved in the main scientific tasks required for the dissertation. These tasks included the 

fabrication and modification of semiconductor architectures, photocatalytic and 
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photoelectrochemical testing, interpretation of structural and functional results, and 

preparation of the published manuscripts. The author’s work therefore covered the essential 

stages of the research process, from material design and experimental realisation to the 

scientific explanation of the observed behaviour. 

The collaborative character of the publications is also important to acknowledge. 

Several experimental and analytical tasks were carried out together with co-authors who 

provided expertise in laser processing, electrospinning, electron microscopy, surface 

analysis, photoelectrochemical testing, and materials characterisation. However, the author’s 

contribution remained central to the research direction presented in the dissertation, 

especially in relation to architecture-engineered photocatalytic and photoelectrochemical 

systems. 

Within the dissertation, the author’s contribution covered the main stages of the 

included studies: experimental design, material fabrication, characterisation, functional 

testing, data analysis, and manuscript preparation. A further part of this work was to place 

the individual results within the broader interpretation used in the thesis, where the role of 

architecture, interface quality, and charge utilisation is considered across the different 

material systems. 

3.6. How the publication section is organised and introduced 

The full publications are reproduced at the end of the dissertation in a separate 

publication section. This arrangement was chosen in order to keep the main thesis text 

focused on synthesis and interpretation, while still preserving the complete published record 

on which the dissertation is based. The publications therefore function as the documented 

experimental foundation of the thesis, whereas the preceding chapters explain the scientific 

background, research logic, and integrated meaning of the results. 

Each reproduced paper is introduced by a short contextual note. These notes are not 

meant to summarise the full article or repeat the experimental section. They are included to 

guide the reader through the publication part of the dissertation: why the paper is placed 

there, which architectural idea it represents, and how its results contribute to the common 

aim of the thesis. 

Each contextual introduction follows the same general structure. First, the scientific 

problem and motivation of the publication are briefly introduced. Second, the research 

objective and working hypothesis are stated. Third, the material architecture is described in 

relation to the design concept of the dissertation. Fourth, the main results are summarised 

with emphasis on those findings that are most relevant to the thesis framework. Fifth, the 

results are interpreted in terms of architecture, interface quality, light utilisation, charge 

transfer, transport effects, and stability. Finally, the main limitations or open questions are 

identified, together with the author’s contribution to the work. 



 

144 

 

This structure was used to make the publication section more coherent. Without these 

introductions, the reproduced papers would remain formally connected to the dissertation, 

but the reader would have to reconstruct their relationship to the main thesis objective 

independently. The contextual notes therefore act as a bridge between the integrated 

discussion in the main text and the full published papers placed at the end of the thesis file. 

The introductions also help avoid unnecessary repetition. Detailed experimental 

procedures, complete characterisation results, figure-by-figure discussion, and full reference 

lists remain in the published articles themselves. The introductory notes focus only on the 

role of each publication within the dissertation. In this way, the publication section becomes 

more than an archive of papers, but it does not interrupt the main flow of the thesis with 

repeated article-level details. 

The publications are placed in an order that follows the change in material format. The 

section begins with a laser-structured Si/MXene/TiO2 photocatalytic surface. It then moves 

to electrospun PID/TiO2/WO3/MXene membranes, where the photocatalyst is used in an 

immobilised fibrous form. The next publication presents ZnFe2O4/ZnO core-shell nanofibres 

as a related oxide system for PEC studies. The section ends with Ti-TiO2 membrane 

photoanodes, where laser-structured titanium and ALD-grown TiO2 are combined for PEC 

water splitting. 

With this organisation, the thesis text and the publication section have different roles. 

The main chapters explain the background, the research idea, and the connection between 

the studied systems. The publication section gives the full peer-reviewed papers on which 

the experimental part is based. In this way, the dissertation can be read as a single connected 

work, while the original publications remain included in full at the end. 

3.7. Transition to the publication chapters 

 The preceding sections have shown how the included publications are connected 

within one research framework. Although the papers differ in material system, fabrication 

route, and testing method, they all address the same central issue: how architecture and 

interface quality influence the behaviour of semiconductor nanocomposites under 

photocatalytic or photoelectrochemical conditions. 

The publication section is organised around four experimental systems. The first is a 

laser-structured Si/MXene/TiO2 surface used for photocatalytic degradation. The second is 

an electrospun PID/TiO2/WO3/MXene membrane, where the photocatalyst is fixed in a 

recoverable fibrous form. The third is a ZnFe2O4/ZnO core-shell nanofibre system examined 

under visible-light PEC conditions. The fourth is a Ti-TiO2 membrane photoelectrode 

prepared by femtosecond laser ablation of titanium followed by ALD growth of TiO2. 

The sequence shows how the work changes from one material form to another. It 

begins with a structured surface for photocatalysis, continues with a recoverable electrospun 
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membrane, and then moves to PEC electrodes. These systems are different, but they are read 

in the same way: the active phase has to be placed where light can reach it, where charges 

can move away from it, and where the solution or electrolyte can contact it. This is the link 

between the publications. 

The full published papers are presented in the final publication section of the thesis. 

Each paper is preceded by an individual contextual introduction prepared by the author. 

These introductions explain the motivation of the study, the architectural concept being 

tested, the main results relevant to the dissertation, the interpretation of the findings within 

the common framework, and the limitations or open questions that remain. 

The publication section should therefore be read as the experimental basis of the 

dissertation. The papers contain the peer-reviewed research results, while the short 

introductions explain how each study connects with the argument developed in the previous 

chapters. Taken together, they support the main conclusion of the thesis: semiconductor 

nanocomposites cannot be understood through composition alone. Their performance 

depends on how composition, geometry, interfaces, light use, transport, and stability come 

together in the working material. 
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Chapter 4. Introductions to the publications 

included in the dissertation 

The following chapter introduces the peer-reviewed publications on which the 

dissertation is based. These introductions are included in the main body of the thesis because 

their purpose is interpretive rather than documentary. They explain how each publication fits 

into the overall research framework, what scientific problem it addresses, which 

architectural concept is tested, and how the main findings contribute to the thesis objective. 

The published articles are not inserted in full at this point of the dissertation. They 

are collected at the end of the thesis in their original published form, together with the author 

contribution statements and the relevant publication documents. This keeps the main body 

of the dissertation reserved for the connecting discussion: how the studies relate to each 

other, how the results are interpreted, and how they support the overall scientific argument. 

The full papers then serve as the documented peer-reviewed basis for the experimental work. 

Each publication introduction follows the same general structure. First, the scientific 

context and motivation of the study are presented. Second, the research objective and 

working hypothesis are stated. Third, the material architecture is described in relation to the 

design strategy of the dissertation. Fourth, the most important results are summarised, with 

emphasis on their relevance to the thesis framework. Fifth, the findings are interpreted in 

terms of architecture, interface quality, light utilisation, charge transfer, transport effects, and 

stability. Finally, the main limitations and open questions are identified. 

The introductions are ordered by the function of the systems rather than by 

publication date. The chapter first presents the photocatalytic part of the work, beginning 

with the Si/MXene/TiO₂ structured surface and then moving to the PID/TiO₂/WO₃/MXene 

electrospun membrane. It then turns to the photoelectrochemical part, represented by 

ZnFe₂O₄/ZnO core-shell nanofibres and the Ti–TiO₂ membrane photoelectrode. This order 

helps the reader follow the change from pollutant degradation systems to water-splitting 

photoelectrodes, while keeping the common focus on architecture, interfaces, and charge 

utilisation. 

These introductions should therefore be read as part of the scientific argument of the 

thesis. They connect the individual papers with the broader dissertation framework before 

the complete published articles are presented at the end of the thesis. In this way, the reader 

first receives the author’s integrated interpretation of the publication set and then the formal 

publication record on which the dissertation is based. 
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4.1. Highly regular laser-induced periodic silicon surface 

modified by MXene and ALD TiO2 for organic pollutants 

degradation 

Reference: 

A. Lys, I. Gnilitskyi, E. Coy, M. Jancelewicz, O. Gogotsi, I. Iatsunskyi, Highly regular 

laser-induced periodic silicon surface modified by MXene and ALD TiO₂ for organic 

pollutants degradation, Applied Surface Science 640 (2023) 158336. 

DOI: 10.1016/j.apsusc.2023.158336 

Journal impact factor: 6.9 

Ministerial points: 140 

4.1.1 Context and motivation 

The removal of dye pollutants from water is not only a question of decolourisation, 

but of changing the organic molecules that remain in the solution. This makes semiconductor 

photocatalysis a useful approach, because irradiation can create reactive charge carriers at 

the solid-liquid interface and drive surface redox reactions. TiO2 is a suitable reference 

material for such work because it is stable in water, relatively low in toxicity, and has a well-

known photocatalytic response. At the same time, its use as a single-phase photocatalyst is 

limited. Most of its excitation occurs under ultraviolet light, and many of the generated 

carriers are lost through recombination before they can take part in surface reactions. 

One way to improve the behaviour of TiO2-based photocatalysts is to combine the 

active oxide with a structured support that can improve light interaction and provide a more 

favourable architecture for charge separation. Silicon is attractive in this respect because it 

is abundant, well understood, and can be structured with high precision. At the same time, 

bare silicon is not sufficiently stable under photocatalytic and aqueous conditions, which 

means that surface protection and interface control are required. 

Laser-induced periodic surface structures provide a useful route for producing 

regular surface architectures without relying on complex lithographic processing. In this 

publication, highly regular silicon nanoripples were used as a structured platform. Their role 

was not only to support the active material, but also to improve light interaction through 

scattering and light trapping. The system was further modified with Ti3C2Tx MXene and 

ALD-grown TiO2 in order to combine optical, conductive, and chemical functions within 

one hybrid photocatalytic architecture. 

This publication starts the dissertation from a modified silicon surface. The laser 

treatment gives the substrate a regular nanoripple morphology. TiO2 is deposited by ALD to 

create the photocatalytic oxide layer, and MXene is added as a conductive phase at the 

interface. The study is used to show that the dye-degradation response depends on how these 

parts are arranged on the surface, not only on the presence of TiO2 or MXene. 
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4.1.2 Research objective and working hypothesis 

The objective of the study was to fabricate SiNR/MXene/TiO2 photocatalytic 

surfaces and evaluate their activity in rhodamine 6G degradation. The main comparison was 

made between SiNR/TiO2 and SiNR/MXene/TiO2 samples, in order to determine whether 

Ti3C2Tx MXene provides an additional improvement within the same laser-structured 

silicon/TiO2 platform. 

The working hypothesis was that the SiNR/MXene/TiO2 surface would improve 

rhodamine 6G degradation because MXene would change the way the structured silicon 

support and the TiO2 coating communicate electronically. The silicon nanoripples were used 

to increase the interaction of light with the surface, and the ALD-grown TiO2 layer provided 

the photocatalytic oxide phase. The role of Ti3C2Tx was to create a more conductive contact 

at the SiNR/TiO2 interface, so that photogenerated charges could be transferred more 

efficiently instead of recombining. The expected improvement was therefore connected with 

the interface created between SiNR, MXene, and TiO2. 

4.1.3 Materials and architecture concept 

The study was carried out on laser-formed silicon nanoripples rather than on flat 

silicon. This surface gave the material a regular texture for light interaction and served as 

the base for the hybrid photocatalytic layer. Ti3C2Tx MXene was introduced onto the rippled 

silicon before TiO2 was deposited by ALD. The obtained SiNR/MXene/TiO2 surface was 

then tested in rhodamine 6G degradation. 

ALD was chosen so that TiO2 could be added without losing the nanoripple texture 

already formed on silicon and modified with MXene. The coating had to remain thin and 

continuous enough to follow this surface, because the structure itself was part of the 

photocatalytic design. In the final SiNR/MXene/TiO2 system, the optical effect of the rippled 

silicon, the conductive contact introduced by MXene, and the stable oxide surface provided 

by TiO2 were therefore considered together rather than separately. 

The material was therefore not designed as a simple mixture of components. It was 

designed as a layered and structured photocatalytic surface in which geometry, conductivity, 

and surface chemistry were combined. This makes the publication directly relevant to the 

architecture-driven approach of the dissertation. 

4.1.4 Key results and main contribution 

The SiNR/MXene/TiO2 surface showed a much stronger photocatalytic response 

than the SiNR/TiO2 reference. In the publication, the degradation efficiency of the ternary 

system was about 2.6 times higher. This increase was not assigned only to the presence of 

MXene. It was discussed in relation to the whole structured interface, including stronger 
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light interaction, improved charge separation, and the conductive role of MXene between 

the silicon nanoripples and the TiO2 coating. 

The optical results showed that the ternary architecture absorbed light over a broad 

spectral range. This behaviour was linked to the laser-patterned silicon surface, which 

contributed to light trapping and lower effective reflectance losses. At the same time, the 

MXene-containing system showed features consistent with improved charge-carrier 

separation and reduced recombination. 

The main contribution of the publication lies in demonstrating that a highly regular 

laser-induced silicon surface can be converted into a more effective photocatalytic platform 

through MXene modification and ALD TiO2 coating. In the context of the dissertation, this 

work provides the first example of how surface architecture, conformal oxide deposition, 

and conductive two-dimensional materials can be combined to improve photocatalytic dye 

degradation. 

4.1.5 Interpretation within the research framework 

The results of this publication are interpreted in the dissertation as an example of 

architecture-controlled photocatalytic enhancement. The improved behaviour of the 

SiNR/MXene/TiO2 system should not be assigned only to the presence of TiO2 or only to 

MXene. Instead, it results from the way the three components are organised within one 

structured system. 

The silicon nanoripples changed the optical conditions at the surface by increasing 

interaction with incident light. The TiO2 coating supplied the photocatalytic oxide interface 

and also helped stabilise the silicon-based structure. MXene was included as a conductive 

phase that could assist charge transfer across the interface and limit recombination. The 

improved response was therefore interpreted as the result of these elements working in one 

surface architecture, rather than as the effect of a single component. 

At the same time, the result should be interpreted with caution. Dye degradation 

experiments may be affected by adsorption, dye sensitisation, surface wetting, and light 

distribution. Therefore, the increased degradation efficiency is best understood as the 

response of the full SiNR/MXene/TiO2 architecture under the applied experimental 

conditions, rather than as a simple intrinsic property of one component. 

4.1.6 Limitations and open questions 

This result should be kept within the scope of the test that was performed. The 

MXene-containing surface showed better removal of R6G than the SiNR/TiO2 reference, 

which confirms the benefit of the hybrid architecture for this model photocatalytic reaction. 

At the same time, the experiment does not allow the full reaction pathway to be separated 

into adsorption, sensitisation, and radical oxidation contributions. For that reason, the result 
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is used here as evidence of improved dye-degradation performance, while more detailed 

pathway assignment would require additional control experiments. 

Second, the state of MXene after use remains an open question. Ti3C2Tx may change 

in water under illumination, especially in an oxidative photocatalytic environment. Such 

changes could alter the MXene/TiO2 contact and reduce, or modify, its conductive role in 

the hybrid surface. Longer cycling tests, together with post-reaction analysis of the 

SiNR/MXene/TiO2 surface, would be needed to check whether the interface remains stable 

during operation. 

Third, this study shows the benefit of the SiNR/MXene/TiO2 surface, but it does not 

allow each contribution to be separated completely. The nanoripple geometry, TiO2 layer, 

and MXene-containing interface were changed as one surface system, so the higher activity 

should be treated as the response of this combined architecture. A clearer separation would 

need additional series in which only one parameter is changed at a time, such as MXene 

amount, TiO2 thickness, or ripple geometry. 

Overall, this publication establishes the first step in the dissertation’s research 

narrative. It shows that laser-structured surfaces can be used not only as supports, but as 

active architectural elements that influence light utilisation and photocatalytic behaviour. 

4.1.7 Author contribution and role in the publication 

The author contributed to the investigation, analysis, visualisation, and preparation 

of the manuscript. Within the context of the dissertation, the author’s role was connected 

with the evaluation and interpretation of the structured SiNR/MXene/TiO2 photocatalytic 

system, including the relationship between surface architecture, TiO2 coating, MXene 

modification, and photocatalytic degradation behaviour. The author was also involved in 

presenting the results in the form of a peer-reviewed publication and in connecting the 

findings with the broader architecture-driven research framework developed in this thesis. 

4.2. Electrospun Polyimide Nanofibers Modified with Metal 

Oxide Nanowires and MXene for Photocatalytic Water 

Purification 

Reference: 
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Nanowires and MXene for Photocatalytic Water Purification, Nanomaterials 15 (2025) 
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4.2.1 Context and motivation 

Photocatalytic water purification is commonly studied using powder photocatalysts, 

because powders usually provide high surface area and good contact with the pollutant 

solution. However, this format also creates practical problems. After the process, the catalyst 

has to be separated from treated water, and repeated use may become difficult. Immobilised 

photocatalysts offer a possible solution to this problem because they can be recovered more 

easily and used in repeated cycles. 

At the same time, immobilisation changes the way a photocatalyst works. In a 

membrane or film, the active material is no longer fully dispersed in the solution. Therefore, 

the observed photocatalytic response may depend not only on the chemical composition of 

the active phases, but also on wetting, diffusion of the dye solution, access to active sites, 

light penetration, and the distribution of the photoactive components inside the structure. 

Electrospun nanofibrous membranes are useful in this context because they combine 

high surface area with a self-supporting and recoverable form. Their open fibrous network 

can provide access for the liquid phase while allowing the material to be handled as a 

membrane rather than as a powder. For this reason, electrospun membranes are attractive for 

photocatalytic water purification, especially when the active components can be 

incorporated into the fibre network in a controlled way. 

This publication examines a hybrid membrane based on electrospun polyimide 

nanofibres modified with TiO2, WO3, and Ti3C2Tx MXene. Within the dissertation, the study 

is important because it shifts the discussion from structured rigid surfaces to flexible 

immobilised photocatalytic membranes. It shows that the membrane itself should be treated 

as a functional architecture, not only as a passive support for the oxide particles. 

4.2.2 Research objective and working hypothesis 

The objective of the study was to prepare polyimide electrospun membranes 

containing TiO2, WO3 nanowires, and Ti3C2Tx MXene, and to evaluate them in 

photocatalytic degradation of rhodamine 6G under simulated solar irradiation. The study 

focused on this material as a hybrid fibrous membrane, where the active components are 

immobilised in one recoverable photocatalytic structure rather than used as a dispersed 

powder. 

The working hypothesis was that the membrane would benefit from bringing the 

oxide phases and MXene into one fibrous structure. TiO2 and WO3 were used as the 

photoactive oxide components responsible for light-induced charge generation and surface 

oxidation reactions. MXene was introduced as a conductive two-dimensional phase that 

could improve contact between components and support charge transfer within the hybrid 

membrane. The expected improvement was therefore connected not only with the 
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composition of the membrane, but also with how the oxide and MXene phases were 

distributed and exposed inside the electrospun fibre network. 

The polyimide scaffold was expected to provide a stable membrane format that could 

be handled and reused more easily than powder photocatalysts. Therefore, the expected 

improvement was not connected only with the presence of TiO2, WO3, or MXene separately, 

but with their organisation inside a fibrous immobilised architecture. 

4.2.3 Materials and architecture concept 

The study was based on a polyimide membrane produced by electrospinning. The 

membrane was used to keep the photocatalytic material in a fixed fibrous form instead of a 

powder suspension. TiO2 and WO3 nanowires formed the oxide fraction of the composite, 

while Ti3C2Tx MXene was added as the conductive component. In this system, the fibre mat 

was part of the photocatalyst itself, because it affected how the active phases were 

distributed, connected, and exposed to the dye solution. 

The architecture can be understood as a hybrid fibrous network in which several 

functional elements operate together. The polyimide fibres provide the recoverable 

membrane form. The oxide nanowires introduce photoactive regions where light-induced 

charge carriers can be generated and used for photocatalytic reactions. MXene provides 

electronic communication between the components and may help reduce recombination 

losses. 

This design is directly connected with the main thesis framework because it 

combines material composition with immobilised architecture. The photocatalyst is not 

simply a mixture of oxide and MXene particles. It is a structured membrane in which fibre 

morphology, additive distribution, wetting, light access, and interfacial contact influence the 

final behaviour. 

4.2.4 Key results and main contribution 

The results showed that PID-based nanofibrous hybrids can work as immobilised 

photocatalysts under simulated solar light. Among the tested samples, the membrane 

containing TiO2, WO3, and Ti3C2Tx MXene gave the best response, removing about 74% of 

rhodamine 6G after 90 min of irradiation. This result indicates that the combined 

oxide/MXene composition was more effective when fixed within the electrospun fibre 

network. 

The higher activity was connected with changes in optical and charge-carrier 

behaviour. The MXene-containing membranes absorbed light over a broader range and 

showed weaker photoluminescence emission. This was taken to indicate lower 

recombination and more effective charge separation in the hybrid fibre system, most likely 

due to better interfacial charge transfer between the oxide phases and MXene. 
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The publication also tested the membrane over repeated photocatalytic cycles. The 

PID/TiO2/WO3/MXene sample kept most of its activity after five uses, although the removal 

efficiency decreased slightly. This point is important for the dissertation because the 

membrane was not only active under irradiation, but could also be recovered and reused, 

which is one of the main advantages of the immobilised fibrous format. 

The main contribution of this publication is the demonstration of a recoverable 

hybrid photocatalytic membrane based on electrospun polyimide fibres containing oxide 

nanowires and MXene. In the dissertation, this study is important because it shows that 

immobilised photocatalysts cannot be discussed only through their composition. The 

membrane form also affects how the dye solution wets the material, how easily active 

regions are reached, and how the sample behaves during repeated use. 

4.2.5 Interpretation within the research framework 

Within the dissertation, this publication is important because it changes the 

photocatalyst from a dispersed material into a fixed fibrous membrane. This changes the 

interpretation of the result. The measured activity depends not only on the TiO2/WO3/MXene 

composition, but also on how the membrane wets, how the dye solution enters the fibre 

network, and how much of the active material remains exposed during irradiation. The study 

is therefore discussed as a membrane-based photocatalytic system, where composition and 

material form have to be considered together. 

The fibrous membrane changes the way the photocatalyst works during the test. The 

dye solution has to wet the fibre mat, pass through or along its pores, and reach the oxide-

containing regions. Light also has to penetrate the membrane far enough to activate these 

regions. These points are important because the catalyst is fixed in one structure rather than 

freely dispersed in the solution. 

The oxide components form the photoactive part of the membrane, while MXene is 

considered as the conductive phase that may help electron transfer and limit recombination. 

Its role, however, cannot be judged only from its presence in the composite. It also depends 

on how well MXene is distributed, how closely it contacts the oxide domains, whether it 

affects light absorption, and whether it remains stable in water under oxidative photocatalytic 

conditions. 

The publication therefore supports one of the main points of the thesis: a 

photocatalytic membrane should not be judged only by which active phases it contains. Its 

response also depends on the way the membrane is built: the polymer scaffold, fibre 

structure, oxide/MXene contact, movement of the dye solution through the material, and 

stability during reuse. 
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4.2.6 Limitations and open questions 

The PID/TiO2/WO3/MXene membrane performed well in the R6G test, but the result 

should be read as dye removal by an electrospun membrane system. In such a material, the 

dye can be removed from solution in more than one way: by photocatalytic degradation 

under irradiation and by retention within the fibre network. The porous structure and large 

accessible surface of the membrane make this adsorption contribution important, so it should 

be considered together with the photocatalytic response rather than ignored. 

Second, the behaviour of MXene after repeated photocatalytic use still needs to be 

verified. Ti3C2Tx can be sensitive to water, light, and oxidative species, so its surface and 

conductivity may change during operation. If this happens, the contact between MXene and 

the oxide phases may also change, which would affect the charge-transfer role assigned to 

it. Longer reuse tests, together with post-reaction analysis of the membrane, would help 

determine whether the MXene/oxide interface remains stable over time. 

Third, the membrane was not yet optimised as a structure. The fibre size, membrane 

thickness, and amount of TiO2, WO3, and MXene can change the result as much as the choice 

of components themselves. A membrane that is too thick or compact may block light and 

slow dye movement through the fibre mat. Poor distribution of the additives may also leave 

the oxides and MXene poorly connected. For future work, the loading should be adjusted 

carefully, because too much additive can cause aggregation, light shielding, and irregular 

fibres, while too little may give too few active contacts for efficient photocatalysis. 

These limitations do not weaken the main contribution of the study, but they show 

that immobilised hybrid photocatalysts require careful optimisation. Their performance is 

controlled by a balance between photoactivity, transport, accessibility, and stability. 

4.2.7 Author contribution and role in the publication 

The author contributed to the synthesis of the hybrid electrospun membranes, 

investigation, methodology, data curation, interpretation of the results, and preparation of 

the original draft of the publication. Within the dissertation framework, the author’s role was 

directly connected with the preparation, evaluation, and interpretation of the 

PID/TiO2/WO3/MXene membrane system as an immobilised photocatalytic architecture. 

In particular, the author was involved in producing the membrane materials and 

analysing how the incorporation of TiO2, WO3, and Ti3C2Tx MXene affected the structure 

and photocatalytic behaviour of the fibrous system. This contribution was important because 

the publication is not only about the activity of individual components, but about the 

fabrication and interpretation of a complete recoverable membrane platform. 

The author’s work helped connect the experimental results with the broader thesis 

argument that fibrous photocatalytic membranes are not only passive supports for active 
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phases. In this study, the membrane response is interpreted through the whole fibrous system: 

membrane morphology, oxide/MXene contact, charge-transfer behaviour, wetting, dye 

access, and stability during repeated use all contribute to the final photocatalytic 

performance. 

4.3. Core-shell nanofibers of ZnFe2O4/ZnO for enhanced visible-

light photoelectrochemical performance 

Reference: 
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4.3.1 Context and motivation 

In PEC water splitting, the electrode has to absorb light and then move the generated 

charges to the right interface before they recombine. This is a demanding requirement for 

wide-band-gap oxides such as ZnO. They are stable and can be processed relatively easily, 

but most of their optical response is limited to the UV region. As a result, ZnO alone cannot 

use the visible part of solar irradiation efficiently, even though this part represents a large 

fraction of the available light. 

Visible-light response can be improved by moving from a single oxide to an oxide 

heterostructure. In this study, ZnFe2O4 was used to introduce absorption in the visible range, 

while ZnO remained part of the system as a stable oxide phase. The important point was the 

core-shell fibre form, because it placed the two oxides in direct contact along a continuous 

nanofibre architecture. This arrangement was expected to support charge separation more 

effectively than the individual oxides and to give a stronger PEC response under visible 

illumination. 

Electrospun fibres are well suited for this type of PEC material because they give a 

continuous oxide network with a large exposed surface. Co-axial electrospinning adds 

further control, since different precursors can be introduced into the core and shell parts of 

the fibre before calcination. After annealing, however, the final oxide structure does not 

always reproduce the starting core-shell design exactly. Fe and Zn species may diffuse 

between regions during heat treatment, so the final fibre has to be understood as a thermally 

formed heterostructure rather than a perfectly separated core and shell. 
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Within the dissertation, this publication extends the discussion to a non-TiO2 oxide 

system. Its relevance is not only the use of ZnO and ZnFe2O4, but the way these phases are 

organised in a fibrous electrode. The PEC behaviour is shaped by the nanofibre morphology, 

the core-shell precursor arrangement, the phase changes produced during annealing, and the 

ability of the final heterostructure to respond to visible light. In this way, the study broadens 

the thesis discussion while keeping the same focus on architecture, interface formation, and 

charge utilisation. 

4.3.2 Research objective and working hypothesis 

This study was designed to obtain a ZnFe2O4/ZnO fibrous oxide system from co-

axial electrospinning and annealing. The prepared fibres were examined structurally, 

optically, and photoelectrochemically in order to see whether the core-shell-derived 

arrangement of the two oxides could support a visible-light PEC response. 

The working hypothesis was that the combination of ZnFe2O4 and ZnO within a core-

shell nanofibre architecture would improve the use of visible light and support more effective 

charge separation at the oxide interface. ZnFe2O4 was expected to contribute visible-light 

absorption, while ZnO was expected to provide a stable oxide phase and support charge 

transport. The core-shell geometry was expected to increase interfacial contact between the 

two oxide components and provide a continuous fibrous pathway favourable for PEC 

operation. 

At the same time, the study recognised that the final structure could be affected by 

Fe/Zn interdiffusion during annealing. Therefore, the working concept was not only based 

on an ideal core-shell model, but also on understanding how the real annealed oxide 

architecture controls optical and PEC behaviour. 

4.3.3 Materials and architecture concept 

The investigated material was prepared using co-axial electrospinning. Separate 

precursor solutions were used for the core and shell, containing iron and zinc salts in 

polymeric matrices. After electrospinning, the obtained precursor fibres were thermally 

treated to remove the polymer and convert the inorganic precursors into oxide phases. 

The intended architecture was a ZnFe2O4/ZnO core-shell nanofibre system. In this 

design, the fibrous morphology provides a high-surface-area pathway for interaction with 

the electrolyte, while the oxide heterostructure introduces an interface for charge separation. 

The core-shell format is important because it spatially organises the two oxide components 

and increases the probability of contact between them along the fibre length. 

Characterisation showed that the final material should be understood as a real 

annealed heterostructure rather than as a perfectly sharp core-shell arrangement. Fe/Zn 

interdiffusion during heat treatment affected phase formation and the final oxide distribution. 
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This point is important for the dissertation because it shows that architecture is not only 

defined by the initial synthesis design, but also by the transformations that occur during post-

treatment. 

4.3.4 Key results and main contribution 

The study confirmed the formation of ZnO and ZnFe2O4 phases in the electrospun 

nanofibres. Structural and spectroscopic characterisation showed that the final architecture 

was strongly influenced by interdiffusion during annealing. This interdiffusion helped form 

the ZnFe2O4/ZnO heterostructured system, but it also made the boundary between the core 

and shell less idealised than in a simple schematic model. 

The optical analysis showed visible-light absorption associated with the ZnFe2O4-

containing heterostructure. This was important because it addressed one of the main 

limitations of ZnO-based photoelectrodes, namely the restriction of absorption mainly to the 

UV range. The fibrous heterostructure therefore provided a route towards broader spectral 

utilisation. 

Photoelectrochemical measurements demonstrated a clear response under visible-

light illumination. The material showed improved PEC behaviour compared with reference 

oxide configurations, and the response was discussed in relation to charge separation, 

heterointerface formation, and the fibrous architecture of the electrode. 

The main contribution of the publication lies in demonstrating that co-axial 

electrospinning can be used to produce fibrous ZnFe2O4/ZnO oxide heterostructures with 

visible-light PEC activity. Within the dissertation, this study broadens the research 

framework by showing that architecture-driven improvement is not limited to TiO2, but can 

also be applied to related metal-oxide systems where heterostructure formation and fibrous 

morphology control the photoelectrochemical response. 

4.3.5 Interpretation within the research framework 

Within the dissertation, this publication is interpreted as a bridge between 

immobilised fibrous photocatalysts and structured PEC photoelectrodes. Like the PID-based 

membrane system, it uses an electrospun fibrous architecture. However, its function is 

evaluated through photoelectrochemical measurements rather than dye degradation. This 

makes it useful for connecting the photocatalytic and PEC parts of the thesis. 

The ZnFe2O4/ZnO system shows that the architecture is created during both fibre 

formation and annealing. The electrospun fibre gives the material its accessible shape, but 

the useful heterostructure appears only after the oxide phases form and contact each other 

during heat treatment. In the final material, the fibre morphology affects electrolyte access, 

while the ZnFe2O4/ZnO interface affects visible-light response and charge separation. The 

PEC behaviour therefore depends on how these two parts of the structure develop together. 
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A key point is that the co-axial fibre is not the final architecture, but the route used 

to obtain it. During annealing, Fe- and Zn-containing regions can mix, react, and form the 

final oxide phases. The ZnFe2O4/ZnO system therefore has to be interpreted from the 

structure after heat treatment, including phase distribution, crystallinity, and the real contact 

between the oxides. This is important for the dissertation because it shows that architecture 

is not defined only by the synthesis scheme, but by what is actually formed in the final 

material. 

The publication also provides a complementary example to the TiO2-based studies. 

While TiO2 remains the main reference oxide of the dissertation, the ZnFe2O4/ZnO system 

shows how other metal-oxide combinations can be used to address visible-light response and 

charge separation. It therefore strengthens the broader discussion of related semiconductor 

architectures. 

4.3.6 Limitations and open questions 

Although the publication shows visible-light PEC activity, the important structure is 

the one formed after annealing. The co-axial fibre only provides the initial placement of the 

Fe- and Zn-containing precursors. During heat treatment, these species partly redistribute, 

and the final ZnFe2O4/ZnO contact develops inside the fibre. This is beneficial for creating 

an oxide heterointerface, but it also means that the original boundary between the two 

regions cannot be treated as sharp. Therefore, the PEC behaviour should be interpreted 

through the annealed phase distribution and oxide contact, rather than through an idealised 

core-shell model. 

Second, further optimisation of the precursor ratios, fibre diameter, annealing 

temperature, and annealing time would be useful. These parameters could influence phase 

composition, crystallinity, defect density, and the degree of interdiffusion. Better control 

over these factors may improve the balance between visible-light absorption and charge 

transport. 

Third, longer PEC stability tests would be needed to judge how durable the nanofibre 

electrode is during operation. The material shows a promising photoelectrochemical 

response, but this does not yet show how it behaves under extended illumination and 

electrolyte contact. Continuous testing would help determine whether the oxide fibre 

structure remains stable and whether the photocurrent can be maintained over longer 

operating times. 

Finally, the electrode surface could be further developed by adding a suitable 

cocatalyst or by applying an additional surface modification. This would be aimed at the 

reaction interface rather than at light absorption alone. In a PEC electrode, even when 

charges are generated and separated, slow transfer to the electrolyte can still limit the final 
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response. A cocatalyst could help lower these interfacial kinetic losses and improve the 

conversion of photogenerated carriers into the desired reaction. 

4.3.7 Author contribution and role in the publication 

The author contributed to the synthesis and fabrication of the ZnFe2O4/ZnO core-

shell nanofibre structures, as well as to their photoelectrochemical characterisation, data 

analysis, interpretation of the results, and preparation of the draft manuscript. Within the 

dissertation framework, the author’s role was directly connected with producing and 

evaluating the fibrous oxide heterostructure as a visible-light-responsive PEC architecture. 

In particular, the author was involved in preparing the core-shell nanofibre system 

by co-axial electrospinning and in analysing how the synthesis route, annealing treatment, 

oxide phase formation, and Fe/Zn interdiffusion affected the final material structure. This 

contribution is important because the publication does not only test a ready-made material, 

but examines how the fabricated fibrous heterostructure develops and how this real 

architecture controls the PEC response. 

The author’s work also included connecting the experimental findings with the 

broader dissertation argument that semiconductor photoactivity depends not only on oxide 

composition, but also on the architecture actually obtained after synthesis and thermal 

treatment. In this publication, that means interpreting the PEC behaviour through the 

combined effects of fibrous morphology, ZnFe2O4/ZnO heterostructure formation, visible-

light absorption, and interfacial charge separation. 

4.4. Hierarchically Structured Ti-TiO2 Membranes Fabricated 

by Femtosecond Laser Ablation and Atomic Layer Deposition for 

Enhanced Photoelectrochemical Water Splitting 
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4.4.1. Context and motivation 

In PEC water splitting, the photoelectrode has to do several things at once. It must 

absorb light, keep the generated charges separated, move them through the solid phase, and 

maintain stable contact with the electrolyte. TiO2 is a useful material for this type of system 

because it is stable, inexpensive, and relatively safe. However, it absorbs mainly UV light, 
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and many of the generated carriers are lost through recombination or slow transport before 

they can contribute to the electrochemical reaction. 

For this reason, improvement of TiO2-based photoelectrodes cannot rely only on 

changing chemical composition. The architecture of the electrode is also important. A 

structured support can increase light trapping, enlarge the effective surface area, improve 

electrolyte contact, and create more favourable pathways for charge extraction. In parallel, 

a controlled semiconductor coating can improve interface quality and define the active 

surface of the electrode. 

This publication addresses the problem through a Ti-TiO2 membrane photoelectrode. 

The titanium membrane was first structured by femtosecond laser ablation, which produced 

a hierarchical conductive scaffold without the need for a binder. TiO2 was then deposited by 

ALD, allowing the oxide layer to cover the structured metal surface with controlled 

thickness. In the dissertation, this study is important because the PEC response is considered 

as the result of the Ti scaffold and TiO2 coating acting as one electrode system. The 

discussion therefore focuses on how the laser-made hierarchy, oxide thickness, coating 

continuity, and Ti/TiO2 interface influence light use and charge transfer. 

4.4.2. Research objective and working hypothesis 

The objective of the study was to fabricate Ti-TiO2 membrane photoanodes by first 

structuring titanium with femtosecond laser ablation and then growing TiO2 by ALD. The 

work compared TiO2 coatings of different thickness on the same type of hierarchical Ti 

scaffold in order to determine how the oxide layer affects morphology, optical response, 

crystallinity, charge-transfer behaviour, and PEC water-splitting performance. 

Two TiO2 coating thicknesses were investigated: approximately 10 nm and 

approximately 100 nm. This comparison was important because it allowed the role of oxide 

thickness and structural development to be examined while keeping the same laser-

structured titanium support. 

The working hypothesis was that the PEC response of the Ti-TiO2 membrane would 

be determined by the balance between the laser-made scaffold and the ALD oxide layer. The 

hierarchical titanium support was expected to improve light interaction and provide direct 

electrical connection. The TiO2 coating was expected to supply the photoactive surface, but 

its thickness had to be optimised. A thicker layer could be favourable because of improved 

crystallinity and absorption, but only if it did not create excessive transport losses or 

recombination before the charges reached the Ti/TiO2 interface. 

4.4.3. Materials and architecture concept 

The investigated system was based on titanium foil processed by femtosecond laser 

ablation. The laser treatment produced a highly ordered array of micro-pyramidal structures 
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and transformed the flat titanium foil into a structured membrane-like scaffold. This 

geometry is important because it creates a binder-free electrode architecture rather than a 

conventional particle-based film deposited on a flat conductive substrate. 

The laser-structured titanium scaffold was subsequently coated with TiO2 by ALD 

using TiCl4 and H2O as precursors. ALD was used to deposit the oxide on the three-

dimensional Ti surface while keeping control over the layer thickness. Two coatings were 

prepared for comparison: 250 cycles produced an approximately 10 nm TiO2 layer, whereas 

2500 cycles produced an approximately 100 nm layer. 

In this system, the titanium membrane and the TiO2 coating have to be considered 

together. The laser-treated Ti surface provides the developed conductive scaffold, while ALD 

places the oxide directly onto that geometry. As a result, the electrode response depends not 

only on the properties of TiO2, but also on how the oxide is connected to the structured metal 

surface. Coating continuity, electrolyte access, and charge extraction through the Ti scaffold 

are therefore central to the interpretation of the PEC behaviour. 

4.4.4. Key results and main contribution 

The laser-structured titanium membrane showed very low reflectance over a broad 

spectral range. This optical behaviour was attributed mainly to the hierarchical 

microstructure, which promotes light trapping and multiple reflections within the surface 

architecture. This result is important because it shows that the support geometry itself 

contributes to light management before the semiconductor coating is even considered. 

The thickness of the ALD TiO2 layer was one of the main factors controlling the 

electrode behaviour. The 10 nm coating was too thin to form a well-developed crystalline 

oxide layer and remained mostly amorphous, so its effect on the PEC response was limited. 

The 100 nm coating gave a clearer anatase contribution and a more complete TiO2 structure. 

This change in the oxide layer was reflected directly in the photoelectrochemical 

measurements, where the thicker coating showed the stronger response. 

Among the tested samples, the 100 nm TiO2 coating gave the strongest PEC 

response. The photocurrent reached about 27 µA cm-2 at 1.4 V vs NHE, with an IPCE of 

about 31% at 275 nm and an ABPE roughly three times higher than for the uncoated 

structured Ti membrane. In the dissertation, these results are used mainly to show the effect 

of the electrode design. The value of the system lies in combining a laser-structured Ti 

scaffold with a controlled ALD TiO2 layer, producing a binder-free photoelectrode whose 

improved response can be linked to the developed surface geometry and better oxide 

formation. 

The main contribution of the publication lies in demonstrating a freestanding Ti-TiO2 

membrane photoanode fabricated by a laser-assisted ALD strategy. Within the dissertation, 

this study provides the strongest example of how surface geometry, oxide thickness, 
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crystallinity, interface quality, and charge-transfer behaviour can be integrated into one 

photoelectrochemical platform. 

4.4.5. Interpretation within the research framework 

Within the dissertation, this publication is the clearest PEC example of the 

architecture-based approach. The higher response is not explained simply by the presence of 

TiO2. It comes from the prepared Ti-TiO2 electrode as a whole: the laser-made titanium 

scaffold, the conformal oxide coating, and the interface between them. The 100 nm TiO2 

layer was especially important because its better-developed structure and crystallinity 

improved the way charges were used during PEC operation. 

The laser-structured titanium scaffold is mainly responsible for the optical and 

geometrical contribution. Its pyramidal architecture reduces reflectance, increases 

interaction with incident light, and provides a larger effective area for contact with the 

electrolyte. At the same time, the metallic titanium support provides a conductive pathway 

for charge extraction. 

The ALD TiO2 layer is the part of the electrode that determines the semiconductor 

response, but this depends on how the layer develops during deposition. The 10 nm coating 

confirmed that TiO2 was present, but it did not yet provide a sufficiently developed oxide 

structure for strong PEC behaviour. The 100 nm coating gave a more effective photoactive 

layer, with clearer crystallinity and better continuity on the structured Ti scaffold. Its stronger 

response is therefore connected with the quality of the formed oxide layer and its contact 

with titanium, rather than with TiO2 deposition alone. 

This publication also supports one of the main methodological arguments of the 

dissertation: photocurrent should not be interpreted alone. The PEC behaviour was discussed 

together with structural characterisation, optical analysis, impedance behaviour, IPCE, 

ABPE, Mott-Schottky analysis, and stability-related observations. This combined 

interpretation makes the work directly connected to the thesis framework developed in 

Chapters 1 and 2. 

4.4.6. Limitations and open questions 

This study improves the way TiO2 is used in a photoelectrode, but it does not change 

the nature of TiO2 itself. The laser-made hierarchy gives the electrode a more favourable 

surface for light interaction and electrolyte contact, and ALD allows the oxide layer to be 

placed on this surface in a controlled way. However, the active semiconductor remains TiO2, 

so the response is still mainly governed by UV excitation. For this reason, further 

development should focus on modifying the oxide part of the system, for example by 

introducing dopants, forming a heterostructure, or adding a phase that can use visible light 

more effectively. 
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Second, the TiO2 thickness still needs more precise optimisation. In this study, the 

100 nm layer gave a better PEC response than the 10 nm layer, showing that a more 

developed oxide coating was beneficial. However, increasing the thickness further would 

not necessarily improve the electrode. At some point, a thicker TiO2 layer could make charge 

transport longer, increase recombination, or add resistive losses. For this reason, the useful 

thickness window should be defined more carefully in future work. 

Third, the durability of the Ti-TiO2 membrane still needs to be followed over longer 

operation. The post-test characterisation reported in the study shows that the electrode 

remains stable after the applied PEC measurements. However, hierarchical electrodes may 

change slowly during longer exposure to light, bias, and electrolyte. Small changes in the 

TiO2 layer, surface chemistry, or Ti/TiO2 contact may only become visible after extended 

operation. For this reason, future work should include longer continuous PEC tests together 

with structural and chemical analysis after use. 

Finally, the next improvement should probably be made at the surface where the PEC 

reaction actually occurs. The Ti-TiO2 membrane already gives a useful electrode form, with 

a structured metal scaffold and a directly grown oxide layer. However, charge transfer from 

TiO2 to the electrolyte may still be slow, especially for oxygen evolution. A cocatalyst or 

very thin interfacial layer could be used to make this step easier. The important condition is 

that this added layer should not hide the laser-made surface, block electrolyte contact, or 

weaken the direct connection between TiO2 and the titanium scaffold. 

4.4.7. Author contribution and role in the publication 

The author contributed to the investigation, formal analysis, visualisation, 

interpretation of the results, and preparation of both the original and revised manuscript. 

Within the dissertation framework, the author’s role was connected with the analysis and 

interpretation of the hierarchical Ti-TiO2 membrane photoanodes and their 

photoelectrochemical behaviour. 

In particular, the author was involved in examining how the femtosecond-laser-

structured titanium scaffold and ALD-grown TiO2 coatings affected morphology, light 

trapping, surface chemistry, oxide crystallinity, charge-transfer behaviour, and PEC 

performance. This contribution is important because the publication is not only about 

reporting a TiO2-coated electrode, but about interpreting a complete binder-free 

photoelectrode architecture in which support geometry and oxide-layer properties act 

together. 

The author’s work helped place the results of this publication within the wider 

argument of the dissertation. The Ti-TiO2 membrane is not discussed only as a photoanode 

with improved photocurrent, but as a system where several factors act together. The 

geometry of the titanium support, the quality and thickness of the TiO2 coating, charge 
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transfer across the metal/oxide and oxide/electrolyte interfaces, and stability during PEC 

operation all shape the final response. For this reason, the publication provides a suitable 

closing point for the publication sequence, since it brings together the main design principles 

developed throughout the dissertation. 

  



 

165 

 

Chapter 5. General conclusions and future 

perspectives 

5.1. General conclusions 

The work presented in this dissertation focused on architecture-engineered 

semiconductor nanocomposites for photocatalytic and photoelectrochemical applications. 

The central aim was to examine how the behaviour of TiO2-based and related metal-oxide 

systems can be improved by controlling not only chemical composition, but also support 

geometry, surface structure, interface quality, immobilisation strategy, and charge-transfer 

pathways. 

The results collected across the publications show that architecture was part of the 

working function of the materials, not only their external morphology. The photocatalytic 

and photoelectrochemical responses were not determined by composition alone. They 

depended on how each structure affected light interaction, charge separation, carrier 

transport, access to the reaction interface, and stability during use. In this way, the 

publication set supports the main thesis argument that material performance must be 

understood through the complete architecture of the system. 

The SiNR/MXene/TiO2 study shows that the structured surface itself takes part in 

the photocatalytic response. The regular silicon nanoripples changed the way light was used 

at the surface, while ALD made it possible to place TiO2 on this geometry in a controlled 

way. MXene introduced an additional electronic pathway between the structured substrate 

and the oxide layer. For this reason, the improved degradation behaviour is better interpreted 

as the result of the complete SiNR/MXene/TiO2 surface architecture, rather than as the effect 

of silicon, MXene, or TiO2 considered separately. 

The electrospun PID/TiO2/WO3/MXene membrane showed that immobilised 

photocatalysis cannot be reduced to the presence of active phases in a polymer support. The 

membrane form affected how the material was used, recovered, and exposed to the dye 

solution. The TiO2/WO3/MXene combination improved the photoactive part of the system, 

mainly through stronger light absorption and more favourable charge separation. However, 

the final response also depended on the fibrous PID network, including wetting, adsorption, 

access to oxide-rich regions, and transport of the solution through the membrane. 

The ZnFe2O4/ZnO nanofibre study moved the discussion away from TiO2-only 

architectures and introduced another oxide system for PEC operation. Its importance lies in 

the link between fibre geometry, visible-light absorption, and the formation of a 

ZnFe2O4/ZnO interface. The study also showed that the final electrode is not simply the 

structure planned during co-axial electrospinning. Annealing changes the precursor fibre 

through phase formation and Fe/Zn interdiffusion. For this reason, the PEC response has to 
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be discussed on the basis of the annealed material itself, especially the real phase 

distribution, crystallinity, and oxide-oxide contact formed after thermal treatment. 

The hierarchically structured Ti-TiO2 membrane study is the most complete PEC 

example in the dissertation. The electrode was built by combining a laser-structured titanium 

membrane with an ALD-grown TiO2 layer, without using a binder. Femtosecond laser 

processing gave the titanium a developed surface that improved light interaction, while ALD 

allowed TiO2 to be deposited with controlled thickness on this complex geometry. 

The comparison between 10 nm and 100 nm TiO2 layers showed that the PEC 

response was controlled by the state of the oxide layer, not only by its presence. The thicker 

coating gave a more developed TiO2 structure, with improved crystallinity and more 

effective charge-transfer behaviour. This study therefore confirms one of the main points of 

the dissertation: hierarchical geometry and controlled semiconductor interfaces can work 

together in a single photoelectrode architecture. 

Taken together, the publications show that improved performance in semiconductor 

photocatalysts and photoelectrodes is rarely the result of a single factor. In the systems 

studied here, enhancement was governed by the interaction between optical effects, surface 

accessibility, interfacial charge transfer, material stability, and the physical format of the 

material. For this reason, the dissertation supports the view that photocatalytic and 

photoelectrochemical materials should be designed and evaluated as integrated architectures. 

The thesis also shows that photocatalysis and photoelectrochemistry can be used as 

complementary ways of examining photoactive semiconductor materials. Dye-degradation 

tests show how a material behaves during pollutant removal under irradiation, but the result 

is not always governed only by photocatalysis. Adsorption, dye sensitisation, wetting, and 

transport through the structure may also affect the measured removal. PEC measurements 

give a clearer view of charge extraction and interfacial losses, although they are also 

influenced by electrode geometry, electrolyte contact, applied bias, and stability during 

operation. Taken together, these two approaches give a wider picture of how material 

architecture affects light-driven processes. 

A further conclusion is that the methods used in the dissertation should not be seen 

only as preparation techniques. Each of them was used to control a particular part of the 

material function. Femtosecond laser structuring shaped the surface and improved light 

interaction. ALD allowed TiO2 and other oxide layers to be deposited with controlled 

thickness and good coverage on complex supports. Electrospinning gave the materials a 

recoverable fibrous form, which is important for membrane photocatalysis. Heterostructure 

formation and MXene addition were used to modify charge separation and interfacial 

transport. Together, these methods show how fabrication can be used as a way to design the 

working behaviour of photocatalysts and photoelectrodes. 
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Overall, the dissertation shows that TiO2-based and related semiconductor 

nanocomposites work best when several material functions are developed together. Light 

use, chemical stability, surface accessibility, charge transfer, and durability during operation 

cannot be separated completely from one another. The results therefore support an integrated 

design approach, where composition, morphology, and interface quality are treated as 

connected parts of the same photocatalytic or photoelectrochemical system. 

5.2. Future perspectives 

The results presented in this dissertation suggest several directions for future work. 

One of the most important is a clearer separation of photocatalytic degradation from 

adsorption and possible dye-sensitisation effects. This is particularly relevant for 

immobilised membranes and MXene-containing hybrids, where the measured decrease in 

dye concentration may be influenced by dye uptake, surface interactions, and absorption of 

light by the dye itself. Future studies should therefore use a wider range of pollutant models 

and, where possible, include mineralisation measurements and analysis of degradation 

intermediates. 

Second, future work should examine whether the developed architectures remain 

stable during longer operation. This is important for both photocatalytic membranes and PEC 

electrodes. In MXene-containing systems, Ti3C2Tx may gradually oxidise or change its 

surface terminations in water under illumination, which could affect its conductivity and its 

contact with the oxide phases. In hierarchical photoelectrodes, prolonged exposure to light, 

electrolyte, and applied bias may influence the surface morphology, the oxide coating, or the 

metal/oxide interface. Therefore, longer photocatalytic and PEC stability tests should be 

combined with post-operation structural, chemical, and electrochemical analysis. 

Third, the next step is to tune the physical design of the membranes and electrodes 

more carefully. In the electrospun systems, small changes in fibre size, membrane thickness, 

porosity, and additive content can change how the liquid enters the mat, how light reaches 

the active regions, and how well the oxide and MXene phases contact each other. These 

parameters should therefore be varied deliberately, rather than treated only as fabrication 

outcomes. 

A similar issue applies to ALD-coated photoelectrodes. The TiO2 layer has to be thick 

enough to form a useful photoactive coating, but not so thick that charge extraction becomes 

more difficult. Crystallinity, defects, coating continuity, and contact with the support all need 

to be balanced together. Future optimisation should therefore look for the range where the 

architecture still supports light absorption, charge transport, and interfacial transfer at the 

same time. 

Fourth, the next improvement could come from the surface chemistry of the 

photoelectrode. Even if the architecture helps with light trapping and charge collection, the 
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oxygen-evolution reaction can still be slow at the semiconductor/electrolyte boundary. A 

cocatalyst or a very thin interfacial layer could help at this point by making hole transfer to 

the electrolyte easier and lowering charge-transfer resistance. 

Such modification should be introduced in a way that respects the architecture 

already created by laser structuring and ALD. The main value of the Ti-TiO2 membrane lies 

in its binder-free conductive scaffold, conformal oxide coverage, and developed surface 

relief. A cocatalyst or additional interfacial layer should therefore not replace these features 

or cover them excessively. Its role should be limited to improving the reaction side of the 

electrode, especially charge transfer during oxygen evolution. In this form, the modified 

photoelectrode could gain better interfacial kinetics while still keeping the advantages of the 

original design: light trapping, electrolyte access, direct charge collection through the 

titanium scaffold, and mechanical stability. 

Finally, the architecture-driven strategy developed in this thesis could be extended to 

other semiconductor systems and application formats. The same principles may be useful 

for designing visible-light-active photocatalysts, integrated photoelectrodes, flow-through 

photocatalytic membranes, and hybrid systems combining light absorption, charge transport, 

and catalytic functionality. The most promising future direction is therefore not only to 

search for new compositions, but to design complete working architectures in which 

composition, geometry, interfaces, and operating environment are considered together from 

the beginning. 
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List of publications 

1. Enhancing the Hydrogen Storage Properties of AxBy Intermetallic Compounds by 

Partial Substitution: A Short Review 

Andrii Lys, Julien O. Fadonougbo, Mohammad Faisal, Jin-Yoo Suh, Young-Su 

Lee, Jae-Hyeok Shim, Jihye Park and Young Whan Cho 

Hydrogen,1(1), 38-63, 2020 

doi.org/10.3390/hydrogen1010004 

2. Highly regular laser-induced periodic silicon surface modified by MXene and ALD 

TiO2 for organic pollutants degradation 

Andrii Lys, Iaroslav Gnilitskyi, Emerson Coy, Mariusz Jancelewicz,  

Oleksiy Gogotsi, Igor Iatsunskyi  

Applied Surface Science, 640, 158336, 2023 

doi.org/10.1016/j.apsusc.2023.158336 

3. Core-shell nanofibers of ZnFe2O4/ZnO for enhanced visible-light 

photoelectrochemical performance 

Andrii Lys, Viktor Zabolotnii, Mária Čaplovičová, Iryna Tepliakova, Agris Berzin,

Martin Sahul, Ľubomír Čaplovič, Alexander Pogrebnjak, Igor Iatsunskyi, 

Roman Viter 

Journal of Alloys and Compounds, 984, 173885, 2024 

doi.org/10.1016/j.jallcom.2024.173885 

4. Ag, Cu, and Se-doped ultrasmall iron oxide colloidal gels: Revealing potential for 

photo/electrochemical applications 

Olena Ivashchenko, Artur Jędrzak, Andrii Lys, Karol Załęski, Sylwia Różańska, 

Jacek Różański, Emerson Coy Igor Iatsunskyi 

Applied Surface Science, 673, 160916, 2024 

doi.org/10.1016/j.apsusc.2024.160916 

5. Hierarchically Structured Ti-TiO2 Membranes Fabricated by Femtosecond Laser 

Ablation and Atomic Layer Deposition for Enhanced Photoelectrochemical Water 

Splitting 

Andrii Lys, Iaroslav Gnilitskyi, Emerson Coy, Mariusz Jancelewicz, Mikhael 

Bechelany, Igor Iatsunskyi 

ACS Applied Materials & Interfaces, 17(30), 43390-43402, 2025 

doi.org/10.1021/acsami.5c07488 

6. Electrospun Polyimide Nanofibers Modified with Metal Oxide Nanowires and 

MXene for Photocatalytic Water Purification 

Andrii Lys, Valerii Myndrul, Mykola Pavlenko, Błażej Anastaziak, Pavel Holec, 
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Nanomaterials 2025, 15(17), 1371, 2025 
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Funded project 

PRELUDIUM 23, National Science Centre, Poland, project no. 

2024/53/N/ST5/02538. Principal investigator. Project title: Enhanced photocatalytic 

hydrogen production via nanoscale engineering of N-doped metal oxide heterostructures and 

metal oxide/metal nitride heterostructures. 

Participation in research projects 
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/63/Mem4BoTiReg/2023 – project led by Prof. dr. hab. Igor Iatsunskyi; research work 

related to nanomaterial characterisation. 
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research work related to nanomaterial characterisation. 
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• 2023, Latvia, 3D Strong Ltd. 
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applications. 
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1. A. Lys, I. Iatsunskyi, “Substitutional effects in intermetallic compounds for 

hydrogen storage”, NanoTech Poland 2022, 12th International Conference, 1–3 
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promising photoelectrochemical properties for water splitting applications”, 
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3. A. Lys, I. Hanif, I. Iatsunskyi, “Novel 1D ZnO nanomaterials with promising 
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A B S T R A C T   

The co-catalytic ability of surface groups in MXene renders MXene-based composites efficient photocatalysts for 
organic dye photodegradation. In this study, we introduce a novel approach combining highly-regular laser- 
induced periodic surface Si structures (Si nanoripples - SiNR) with MXene and TiO2, deposited through atomic 
layer deposition (ALD), to achieve stable, repeatable, and highly efficient photocatalytic materials. The ternary 
system, SiNR/MXene/TiO2, exhibits high light absorption across the entire spectrum. Furthermore, the photo
degradation efficiency of SiNR/MXene/TiO2 is approximately 2.6 times higher than that of SiNR/TiO2 samples. 
This remarkable enhancement in photocatalytic activity can be attributed to two main factors: increased sepa
ration of photogenerated charge carriers and enhanced light absorbance through the light trapping effect. The 
synergistic combination of SiNRs, MXene, and TiO2 in the ternary nanocomposite structure enables efficient 
separation of photogenerated charge carriers, thereby minimizing recombination and enhancing the degradation 
of organic dyes. Moreover, the introduction of a laser-patterned surface and its ALD modification significantly 
enhances light absorbance, ensuring effective utilization of a wider range of the solar spectrum for photo
catalysis. Therefore, SiNR/MXene/TiO2 ternary nanocomposites hold great promise for developing high- 
performance photocatalysts for water purification applications, offering improved stability, repeatability, and 
enhanced photocatalytic efficiency.   

1. Introduction 

Nowadays, various synthetic dyes are widely used in diverse pro
duction fields such as pharmaceutics, food, textile, papermaking, tan
nery, and cosmetic industries. However, most synthetic dyes exhibit 
toxicity, mutagenicity, and carcinogenicity, posing a threat to the 
environment and water sources. Traditional water treatment approaches 
have been employed to address this concern, including reverse osmosis, 
ozonation, UV radiation, membrane filtration, chemical coagulation, 
and chlorination [1]. Unfortunately, these methods often fall short of 
completely removing pollutants from water. In contrast, photocatalytic 
degradation shows strong potential for efficient water treatment [2]. 
Numerous semiconductor materials such as ZnO, TiO2, WO3, CdS, ZnS, 
etc. have demonstrated a high potential for degrading organic contam
inants in wastewater. Among these semiconductors, TiO2 has been 

widely used due to its superior chemical stability, nontoxicity, and high 
photosensitivity in the UV region [3]. However, its main drawback lies 
in its inability to efficiently utilize visible light, representing 50% of the 
solar radiation spectrum, thereby limiting the overall photocatalytic 
efficiency. 

Silicon, being one of the most abundant, low-cost, environmentally 
friendly, and widely used materials in the electronic industry, exhibits 
high performance as a photoactive material. However, the valence band 
energy level of silicon (0.6 eV) is lower than the oxidation potential of 
most environmental pollutants, and the Si surface is prone to surface 
corrosion and degradation. To overcome these limitations, nano
structuring and incorporating heterojunctions with other materials, such 
as TiO2, have been widely explored to enhance the performance of sil
icon [4]. In our recent work, we demonstrated that Si nanopillars 
covered by different metal oxides (TiO2, ZnO) and palladium 
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nanoparticles exhibited superior photoactivity for solar water splitting 
and photocatalytic degradation of organic pollutants in water [5–7]. We 
found that by utilizing the Atomic Layer Deposition (ALD) technique, we 
can precisely control the thickness of the deposited metal oxide layers on 
the Si nanopillar surface, thereby enhancing the efficiency of the pro
duced photoanodes. However, the complexity of obtaining Si nano
pillars necessitates developing and applying new and repeatable 
methods of Si nanostructuring. 

Several techniques enable the production of well-developed func
tional Si surfaces, including lithography, acid etching, electropolishing, 
and anodic oxidation. However, some of these methods suffer from 
limited flexibility, complex equipment, high costs, and poor repeat
ability of surface morphology (excluding lithography) [8,9]. 

In recent years, material processing and surface patterning using 
femtosecond lasers have gained significant attention due to their unique 
ability to achieve cold ablation, avoiding surface overheating, damage, 
and recoil pressure [10]. Linearly polarized femtosecond pulses have 
been utilized to induce periodic surface structures in various materials, 
including semiconductors, metals, and polymers. In this laser patterning 
process, the interference between scattered light from random surface 
defects and the incoming beam creates a regular intensity pattern. This 
periodicity gives rise to laser-induced periodic surface structures (LIPSS) 
[11]. Compared to conventional chemical nanostructuring methods, 
LIPSS is free of chemical contamination, highly durable, and easily 
controllable in terms of size. However, LIPSS suffers from quality issues 
due to the absence of a coherency ensuring translational invariance of 
surface structures. To overcome this limitation, a highly-regular LIPSS 
(HR-LIPSS) technique has been proposed and demonstrated to produce 
high-quality surface nanostructures over large areas at an industrially 
high production rate [12,13]. By employing this method, various Si 
nanostructured surfaces with regular periodicity can be produced over 
large areas and have already been successfully exploited in sensor ap
plications [14,15]. Those kinds of morphology pose an advantage in 
photons absorption over polished silicon wafers through multiple in
ternal reflections effect in nanostructure cavities leading to a lower 
effective reflectance loss [16]. 

By combining the ALD and HR-LIPSS methods, we can fabricate 
highly stable and repeatable Si-TiO2 nanocomposites with a high surface 
area and efficient photoactivity. 

To further enhance the photocatalytic activity of Si/TiO2-based 
nanocomposites, incorporating highly conductive nanomaterials that 
promote high charge carrier drift and low recombination rates is a 
promising approach. MXenes, a novel class of 2D materials based on 
transition metal carbides or carbonitrides, have gained significant 
attention since the first report of Ti3C2Tx by Yury Gogotsi’s team in 2011 
[17]. The chemical composition and surface functional groups of 
MXenes provide good metal conductivity, negatively charged surfaces, 
larger surface areas, superior hydrophilicity, bending stiffness superior 
to graphene, and other unique properties. These features enable MXenes 
and MXene-based composites to act as efficient photocatalysts for the 
photodegradation of organic molecules [18,19]. For instance, Huang 
et al. modified Bi2WO6 with Ti3C2Tx through electrostatic adsorption, 
demonstrating excellent photocatalytic degradation of volatile organic 
compounds[20]. A ternary system based on AgNPs/TiO2/Ti3C2Tx also 
showed efficient photocatalytic degradation of organic dyes under UV 
and solar irradiation [21]. The authors demonstrated that MXenes 
facilitate charge carrier transfer, reducing the recombination of photo
generated electrons. 

In this study, we investigate the effect of MXenes on enhancing the 
photocatalytic activity (specifically, the photodegradation of rhodamine 
6G - R6G) of Si/TiO2-based nanocomposites. We propose a highly- 
regular laser-induced periodic surface Si structures (Si nanoripples - 
SiNR)-Ti3C2Tx-TiO2 ternary system. The combination of these materials 
is expected to further enhance the photocatalytic performance through 
improved light absorption and reduced recombination rates of photo
generated charge carriers. We present a comprehensive physicochemical 

characterization of the produced nanocomposites using Raman spec
troscopy, Atomic Force Microscopy (AFM), Scanning Electron Micro
scopy (SEM), Transmission Electron Microscopy (TEM), Energy 
Dispersive Spectroscopy (EDX), X-Ray Photoelectron Spectroscopy 
(XPS), Electrochemical Impedance Spectroscopy (EIS), and Ultra
violet–Visible spectroscopy (UV–Vis). Our results demonstrate that the 
synergistic effect of MXene incorporation and the ordered Si surface 
significantly improves the photocatalytic performance. 

2. Materials and methods 

2.1. Materials and synthesis 

All chemicals, including hydrochloric acid and lithium fluoride, were 
purchased from Sigma-Aldrich. Commercially available n-type (100) 
(phosphorus-doped, 0.02 Ω⋅cm) polished Si wafers were used in this 
study. Before application, 1x1 cm2 pieces of Si were cut and cleaned in 
acetone, isopropanol, and water for 10 min. Si nanoripples (SiNR) were 
obtained by laser nanostructuring. The experiments are performed in a 
multiple-pulse laser ablation irradiation regime. The laser exposure was 
conducted using a Yb: KGW laser system producing pulses with linear 
polarization, having a pulse width of 266 fs. The experimental 
arrangement depicted in Fig. 1 also includes a configuration comprising 
a half-waveplate (HW) and an expander to enlarge the beam before 
passing through the aperture of the galvoscanner ExcelliScan. Subse
quently, the beam was directed towards the galvoscanner ExcelliScan 
which is equipped with an F-theta lens having a focal length of 80 mm, 
responsible for focusing the beam onto the sample. The sample was 
positioned on a motorized stage. The size of the focal spot was measured 
and computed to be approximately 10.4 µm in diameter at e-2 intensity 
using a CCD camera placed on the focal plane within the Rayleigh range 
of the lens. The incident energy density of individual laser pulses is 
estimated to be 0.785 J per square meter for exposure in the atmosphere. 

Ti3C2Tx MXene was prepared by etching Ti3AlC2 (MAX-phase) using 
the minimally intensive layer delamination (MILD) method in a solution 
of lithium fluoride (LiF) in hydrochloric (HCl) acid [22]. The etching 
mixture was prepared from 40 mL of 12 M HCl (37%), 10 mL of DI water, 
and then 3.2 g of LiF dissolved in this solution. The mixture was placed 
in a plastic container with a volume of 50 mL. Then 2 g of Ti3AlC2 
powder with particle sizes of less than 40 μm is gradually added into the 
etching solution under continuous stirring for 24 h at 25 ◦C. Then MXene 
slurry was rinsed with DI-water via repetitive centrifugation. As- 
prepared MXene slurry is further processed to obtain a colloidal solu
tion of separated MXene flakes using the MILD delamination procedure. 

After MXene synthesis, we prepared a water solution with 2 mg/ml 
of Ti3C2Tx. MXene flakes were deposited on the SiNR surface by drop 
casting method – SiNR/MXene sample. Finally, the ALD TiO2 layer (500 
ALD cycles corresponding to approximately 20 nm) was deposited using 
TiCl4 and water as ALD precursors at 150 ◦C. The growth rate was 
typically 0.4 A/cycle on the planar Si surface (this was confirmed by 
ellipsometry measurements) – SiNR/MXene/TiO2 sample. The sche
matic representation of the procedure for sample preparation is pre
sented in Fig. 1. 

2.2. Characterization 

The structure of produced nanocomposites and separate materials 
were investigated by scanning electron microscopy (SEM) (JEOL, 
JSM7001F) with a dispersive energy X-ray (EDX) analyzer and trans
mission electron microscopy (TEM) (JEOL ARM 200F) high-resolution 
transmission electron microscope (200 kV) with an EDX analyzer. A 
Renishaw micro-Raman spectrometer with a confocal microscope 
measured Raman spectra for produced samples. A KRATOS Axis DLD 
spectrometer was used for X-ray photoelectron spectroscopy (XPS). The 
optical properties (absorbance, photoluminescence) have been studied 
with Ocean Optics spectrophotometer QE65pro. The diffuse reflectance 
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was measured in an Ocean Optics QE PRO spectrometer coupled with an 
integrating sphere. Electrochemical impedance spectroscopy was per
formed using potentiostat Gamry Reference 620. 

2.3. Photodegradation tests 

The photocatalytic degradation tests were conducted using a Xe lamp 
(300 W) for irradiation, with rhodamine 6G (R6G) selected as the model 
organic dye. The R6G solution was prepared with a concentration of 10-2 

mg/mL. UV–Vis light irradiation of the samples was performed in a 
quartz cuvette positioned at a distance of 10 cm from the light source. 
The absorption spectrum was continuously recorded using the Ocean 
Optics USB spectrometer (QE65-PRO). The remaining concentration of 
R6G in the solution was determined by analyzing the absorbance spec
trum at λ = 530 nm. A calibration curve of absorbance was utilized to 
estimate the photocatalytic activity of the samples. 

3. Results and discussion 

3.1. Structural characterization 

The morphology and structure of the SiNR, SiNR/MXene, SiNR/ 
TiO2, and SiNR/MXene/TiO2 composites were characterized using SEM, 
AFM, and TEM techniques. In Fig. 2a, the formation of LIPSS on a 1 cm 
× 1 cm Si sample is shown. The pattern consists of parallel and linear 
grooves with a distance of approximately 1 µm between them and a 
depth of around 0.5 µm (Fig. S1). Scatter granules caused by the melting 
effect can also be observed. Fig. 2b displays delaminated 2D sheets of 
Ti3C2Tx MXene with varying lateral sizes ranging from approximately 4 
µm to 20 µm, obtained after ultrasonic shaking. Fig. 2c,d demonstrate 
the SiNR/MXene/TiO2 heterostructure, clearly showing the contacts 
between SiNR, MXene, and TiO2. The AFM images (Fig. 2e-g) indicate 
the consistency of the structural pattern throughout the synthesis stages 
and significant variations in the Root Mean Square (RMS) roughness at 

Fig. 1. Schematic representation of the procedure for sample preparation of SiNR, MXene, and ALD coating by TiO2.  

Fig. 2. SEM images of (a) SiNR, (b) T3C2Tx MXene on Si surface, (c,d) SiNR/MXene/TiO2 samples. AFM images of (e) SiNR, (f) SiNR/MXene, and (g) SiNR/ 
MXene/TiO2. 
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each step of the sample fabrication. It can be observed that the presence 
of MXene flakes reduces the Rq value of the SiNR surface from 22.10 ±
2.3 nm to 11.60 ± 2.6 nm. However, during the ALD deposition stage, 
the Rq value increases to 17.49 ± 1.8 nm. This suggests that the depo
sition of MXene flakes makes the rough surface of SiNR, produced by 
HR-LIPSS, smoother. On the other hand, the ALD process results in the 
formation of a polycrystalline/amorphous layer of TiO2 with grain 
structures, leading to an increase in surface roughness. Similar phe
nomena of crystalline TiO2 grain growth and increasing of roughness 
during ALD cycles was reported by Puurunen et al. [23]. 

To verify and evaluate the formation of TiO2-MXene hetero
structures, TEM analysis was conducted. MXene solution was dropped 
onto TEM grids, followed immediately by the ALD process. In Fig. 3a, 
the TEM image of the MXene flake exhibits an undulation pattern, while 
Fig. 3c shows a flat surface of the nanocomposite after TiO2 ALD. This 
suggests that the ALD process stabilizes the MXene surface and improves 
its mechanical properties. The high-resolution TEM (HR-TEM) image of 
a single MXene flake (Fig. 3b) reveals ordered lattice fringes with a 
lattice spacing of 0.265 nm corresponding to the (10–10) facet of 
Ti3C2Tx [24]. Fig. 3d illustrates the amorphous structure of the depos
ited TiO2 layer. However, in the selected area electron diffraction 
(SAED) analysis (inset of Fig. 3d), the crystal hexagonal structure of 
Ti3C2Tx flakes covered by the amorphous TiO2 layer can be observed. To 
examine the elemental composition of the produced heterostructures, 
EDX mapping was performed. Fig. 3e displays an EDX mapping of the 
Ti3C2Tx/TiO2 nanocomposites, showing a uniform distribution of ele
ments, which confirms the conformal deposition of TiO2 over the entire 
surface area of the MXene flakes. 

3.2. Chemical and optical characterization 

To analyze the chemical composition of developed nanocomposites, 
Raman spectroscopy and XPS analysis were utilized. Fig. 4a displays the 
Raman spectra of the SiNR, SiNR/MXene, and SiNR/MXene/TiO2 sam
ples. The SiNR samples produced by HR-LIPSS exhibit a strong Raman 
peak at 520 cm− 1, corresponding to the crystalline silicon surface [25]. 
The Raman spectrum of SiNR/MXene shows at least three additional 
modes centered at 205, 370, and 610 cm− 1. Recent studies have indi
cated that the first two Raman modes correspond to out-plane and in- 
plane vibrations of carbon and titanium atoms and/or the surface 
groups of MXene (such as F and –OH) [26–28]. The Raman peak at 610 
cm− 1 may be associated with Ti-C vibrations [29]. After the ALD 

deposition of TiO2, the intensity of the peaks corresponding to MXene 
significantly decreases. Additionally, the Raman mode of anatase 
(140–150 cm− 1) was not observed, indicating the amorphous phase of 
the deposited TiO2 (confirmed by TEM analysis). 

The electronic properties of pristine MXene and SiNR/MXene/TiO2 
composites were examined using XPS. The survey spectrum of MXene 
flakes indicates the presence of Ti, C, O, and F elements (SI). The 
deconvoluted titanium core–shell (Ti 2p) XPS spectrum of MXene re
veals two doublets corresponding to Ti–C 2p1/2, Ti–C 2p3/2, and Ti–O 
2p1/2, Ti–O 2p3/2, centered at 454, 460, and 459.3, 465 eV, respectively 
(Fig. 4b). The spin-orbital splitting between the 2p1/2 and 2p3/2 com
ponents is 6 and 5.7 eV, corresponding to Ti-C and Ti-O bonds [30–32]. 
Therefore, XPS confirms the presence of –OH groups on the surface of 
MXene. After TiO2 deposition, no peaks related to Ti-C bonds were 
observed, indicating the presence of only Ti-O bonds. Considering the 
average thickness of the TiO2 layer (≈20 nm) and the XPS depth analysis 
is less than 10 nm, we can conclude that the TiO2 ALD provides 
conformal coverage of the entire sample surface. The XPS analysis of 
carbon and oxygen core-level peaks confirms the aforementioned con
clusions (SI, Fig. S2). 

The light-harvesting capabilities of SiNR, SiNR/MXene, and SiNR/ 
MXene/TiO2 composites were evaluated using UV–Vis-NIR diffuse 
reflectance spectroscopy (DRS), as illustrated in Fig. 5a. The SiNR ex
hibits a broad absorption that extends from 400 to 950 nm, with ab
sorption peaks at 350 and 950 nm. The deposition of MXene enhances 
light absorption due to several factors, such as broadband absorption, 
light harvesting, surface plasmon resonance and multiple reflections and 
scattering, [33,34], and upon the subsequent deposition of TiO2, the 
optical absorption of SiNR/MXene/TiO2 composites increases threefold 
across the entire spectrum. This amplified light absorption is expected to 
increase the concentration of photogenerated charge carriers, conse
quently enhancing the photocatalytic efficiency of the developed 
nanocomposites. However, it is unclear how this enhancement in light 
absorption occurs, considering the low absorption of MXene and TiO2 in 
the visible range. One possible explanation for this effect is the occur
rence of light multireflection processes within the silicon ripple cavity. 
To validate this assumption, optical simulations were conducted, which 
confirmed the presence of a light-trapping effect within the cavity (as 
discussed in the following section). 

Fig. 3. The TEM and HR-TEM images of Ti3C2Tx (a) (b), Ti3C2 Tx /TiO2 (c), and corresponding SAED in inset (d); the EDX mapping images of C, O, and Ti elements in 
Ti3C2Tx /TiO2 selected area (e). 
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3.3. Photodegradation tests 

The photocatalytic activity of the synthesized nanocomposites was 
assessed by performing R6G degradation reactions under Xe light irra
diation. In Fig. 6a, the UV–Vis absorption spectra of the R6G solution are 
presented as a function of irradiation time for the SiNR/MXene/TiO2 
sample. The absorbance peak of R6G, located around 530 nm, gradually 
diminishes over time, indicating the remarkable photodegradation ac
tivity of the SiNR/MXene/TiO2 composite. Fig. 6b compares the pho
todegradation performance among the SiNR, SiNR/TiO2, SiNR/MXene, 
and SiNR/MXene/TiO2 samples. After 120 min of light illumination, the 
R6G photodegradation efficiencies are estimated to be 8%, 30%, 32%, 
50%, and 77% for the blank experiment, SiNR, SiNR/TiO2, SiNR/ 
MXene, and SiNR/MXene/TiO2 samples, respectively. The photo
degradation kinetics of R6G is fitted using a pseudo-first-order model, as 
depicted in Fig. 6c. The photodegradation process conforms to the 
pseudo-first-order kinetics model, which can be expressed as follows: 

ln(C0/C) = kt (1)  

where k - the photodegradation rate constant (min− 1), t - the photo
degradation time (min), C0 and C are the concentrations of R6G solution 
before degradation (t = 0) and corresponding to time, respectively. The 
calculated values of k are presented in Fig. 6c. The rate constant of the 
SiNR/MXene/TiO2 sample (0.0103 min− 1) is 1.8 times that of the SiNR 
/TiO2 sample (0.0057 min− 1). This sample (SiNR/MXene/TiO2) dem
onstrates the best photoactivity compared to others. 

Recyclability tests were conducted to evaluate the stability and 
reusability of the SiNR/MXene/TiO2 sample, as shown in Fig. 6d. It is 
evident that the SiNR/MXene/TiO2 sample exhibits stable behavior even 
after five consecutive runs of photodegradation tests. In contrast, the 
parameters and photocatalytic activity of the other samples deteriorated 
after the first run of experiments. This observation can be attributed to 
the surface oxidation of Si and degradation of MXene. However, the 

Fig. 4. Raman and XPS spectra for SiNR, SiNR/MXene and SiNR/MXene/TiO2 samples.  

Fig. 5. (a) UV–Vis-NIR diffuse reflectance and (b) the absorption spectra of SiNR, SiNR/MXene, and SiNR/MXene/TiO2 composites.  
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presence of the ALD-deposited TiO2 layer plays a crucial role in pro
tecting the inner Si and MXene, thereby stabilizing the entire 
heterostructure. 

3.4. Mechanism and origin of the photocatalytic enhancement 

The high photocatalytic activity of the SiNR/MXene/TiO2 sample 
can be attributed to the synergistic effect of increased photogenerated 
charge carrier separation (I. Hole extraction effect) and enhanced light 
absorbance (II. Light trapping effect). Fig. 7a illustrates the possible 
mechanisms behind these effects. 

In SiNR/TiO2 heterostructures, electron-hole pairs are generated 
under light illumination. The presence of a Si/TiO2 heterostructure 
barrier reduces the recombination rate and improves charge carrier 
mobility. As a result, photogenerated holes migrate to the semi
conductor/electrolyte interface, while electrons migrate to the silicon 
substrate. These separated electrons and holes interact with O2 and H2O 
in water, leading to the generation of superoxide anion radicals (e- + O2 
→ O2

–) and hydroxyl radicals (h+ + OH– → ⋅OH), which can decompose 
R6G molecules (⋅OH/⋅O2− + R6G → R6G photodegradation) [35]. In 
order to confirm this assumption, additional photocatalytic tests with 
scavengers were performed. Isopropyl alcohol (IPA) (10 mM) and 
disodium ethylenediaminetetraacetate (EDTA) (10 mM) were intro
duced as scavengers to capture ⋅OH and h+ species, respectively, within 
the photocatalytic reaction. The analysis depicted in Fig. S6 reveals that 
both ⋅OH and h+ play predominant roles in the nanocomposite 

photocatalytic reaction system, with h+ demonstrating higher efficiency 
compared to ⋅OH. 

Introducing MXene in the SiNR/MXene/TiO2 heterostructure en
hances the photogenerated electron-hole pair separation. MXene, due to 
its high negative potential, facilitates the extraction of photogenerated 
holes from Si and promotes their migration to TiO2, improving their 
overall efficiency. Additionally, MXene exhibits excellent electrical 
conductivity, resembling metal-like behavior. This implies that the re
sistivity of the SiNR/MXene/TiO2 heterostructure should be signifi
cantly lower than that of SiNR/TiO2. Electrochemical Impedance 
Spectroscopy (EIS) measurements were conducted to validate this 
assumption. Fig. 7b displays the Nyquist plots for SiNR, SiNR/TiO2, and 
SiNR/MXene/TiO2 samples. The semicircle diameter in a Nyquist plot 
corresponds to the charge transfer resistance (Rct), which characterizes 
the charge transfer processes [6]. The SiNR/MXene/TiO2 sample ex
hibits a lower Rct value than SiNR and SiNR/TiO2, indicating improved 
conductivity due to the presence of MXene. The MXene flakes between 
Si and TiO2 facilitate charge transfer, enhancing photocatalytic 
performance. 

The enhanced photocatalytic activity of SiNR/MXene/TiO2 samples 
can also be attributed to increased light absorbance (as shown in Fig. 5) 
and, consequently, a higher concentration of photogenerated charge 
carriers in the semiconductors. The complex nanoripple structure of the 
Si surface might explain this phenomenon. Finite-Difference Time 
Domain (FDTD) analysis using the Ansys Lumerical FDTD simulation 
package (Fig. 7c) was conducted to investigate the optical properties of 

Fig. 6. (a) UV–Vis absorption spectra of R6G vs. irradiation time, (b) Photodegradation efficiencies of produced nanocomposites, (c) the corresponding rate constant 
k values of nanocomposites under Xe irradiation; (d) Recyclability of the photodegradation for the SiNR/MXene/TiO2 sample. 
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the Si cavity covered by MXene and MXene/TiO2. The dimensions of the 
cavity were obtained from SEM data, and the optical constants of MXene 
were obtained from Ref. [36]. The analysis focused on the distribution of 
the electric field (E-field) inside the cavity for SiNR, SiNR/TiO2, and 
SiNR/MXene/TiO2 samples under linear polarized light at λ = 550 nm. 
The simulation results clearly show that the electric field intensity for 
the SiNR/MXene/TiO2 sample is approximately 1.5 times higher than 
that of the bare Si cavity. This enhancement is likely due to light mul
tireflection processes occurring within the silicon cavity covered by the 
MXene/TiO2 layer. 

In Table 1, the performance of the SiNR/MXene/TiO2 nano
composites developed in this study is compared with previously re
ported photocatalysts based on MXene. The SiNR/MXene/TiO2 
photocatalysts exhibit comparable photodegradation performance, 
surpassing some nanocomposites in terms of their photocatalytic effi
ciency. The comparison includes various parameters such as the 
degradation efficiency of a specific pollutant, the concentration, the 
irradiation source, the photocatalyst composition, and the reaction 
conditions. It is evident that the SiNR/MXene/TiO2 nanocomposites are 
equivalent to the other reported MXene-based photocatalysts in terms of 

Fig. 7. (a) The mechanisms of photocatalytic activity, (b) the results of EIS experiments, (c) the electric field intensity map in linear scale for SiNR, Si/MXene, and 
SiNR/MXene/TiO2 samples. 

Table 1 
Comparison of photodegradation performance of various photocatalysts.  

Photocatalyst Pollu-tants Concentration 
(µg/mL) 

Irradiation time (min) Light source k 
(min− 1) 

Removal efficiency (%) Ref. 

SiNR/Ti3C2/TiO2 R6G 10 120 300 W xenon lamp 0.0103 72 this work 
Safflower-shaped TiO2/Ti3C2 RhB 9.6 60 300 W xenon lamp – 95 [37] 
Ti3C2/g-C3N4 MB 10 180 500 W halogen lamp – 60 [38] 
Ti3C2 derived oxide MB 20 180 visible light illumination 0.008 94 [39] 
Multilayer -Ti3C2(OH)2 MB 

RhB 
MO 

10 120 300 W xenon lamp – 81.2 
17.3 
2.8 

[40] 

Rare Ag-doped partial etched Ti3C2/ 
Ti3AlC2 

MB 
RhB 
MO 

10 20 
55 
360 

300 W lamp (UV) 0.048 
0.006 
0.0014 

98 
100 
100 

[41] 

AgNPs/TiO2/Ti3C2 MB 
RhB 

10 30 
40  

400 W mercury lamp (UV)  0.162 
0.143 

99 
99 

[21] 

Ag/Ag3PO4/Ti3C2 MO 20 60 300 W xenon lamp 0.014 61 [34,42] 
TiO2/Ti3C2 MB 

MO 
1 30 500 W mercury lamp 0.107 

0.045 
98 
80 

[43] 

TiO2/Ti3C2 BPB 
RhB 
MO 

40 40 300 W xenon lamp – 93.6 
95.15 
99.15 

[44] 

CuFe2O4/ 
Ti3C2 

MB 15 60 visible light illumination 0.0715 94 [45]  
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their photocatalytic activity. This comparison highlights the consider
able performance of the SiNR/MXene/TiO2 nanocomposites in the 
degradation of pollutants under Xe light irradiation, underscoring their 
potential as highly effective photocatalysts for environmental remedia
tion applications. 

4. Conclusions 

In conclusion, we have successfully developed a novel ternary 
nanocomposite, SiNR/MXene/TiO2, for efficient photodegradation of 
organic dyes (R6G). The combination of highly-regular laser-induced 
periodic surface Si structures, MXene, and ALD TiO2 demonstrated 
remarkable improvements in photocatalytic performance. We demon
strated that the use of SiNRs (silicon nanoripples) in the SiNR/MXene/ 
TiO2 nanocomposites resulted in enhanced light trapping and absorp
tion properties. The unique morphology of SiNRs, characterized by 
parallel and linear grooves with specific dimensions, contributed to the 
efficient trapping of incident light within the cavity. Due to the presence 
of SiNRs, multiple reflections and light scattering occurred, leading to 
prolonged interaction between light and the nanocomposite structure. 
This extended light-matter interaction increased the overall absorption 
of photons by the SiNR/MXene/TiO2 nanocomposites, especially in the 
visible range. Furthermore, the incorporation of MXene in the SiNR/ 
MXene/TiO2 nanocomposites exhibited unique co-catalytic abilities, 
which further enhanced the photodegradation efficiency of the nano
composite system. The presence of MXene between the SiNRs and TiO2 
provided an efficient pathway for the migration of photogenerated 
holes, reducing their recombination with electrons and improving their 
availability for surface reactions. This enhanced charge carrier separa
tion and transfer significantly contributed to the overall photocatalytic 
efficiency of the nanocomposites. The ternary system, SiNR/MXene/ 
TiO2, exhibited a photodegradation efficiency approximately 2.6 times 
higher than that of SiNR/TiO2 samples. This significant enhancement 
can be attributed to the increased separation of photogenerated charge 
carriers, which effectively reduced recombination, and the improved 
light absorbance by the synergistic effect of SiNRs and MXene. 

The development of SiNR/MXene/TiO2 nanocomposites offers 
promising prospects for the construction of high-performance photo
catalysts for water purification applications. These nanocomposites 
provide stable and repeatable photocatalytic materials with superior 
efficiency, addressing the need for effective and sustainable solutions in 
wastewater treatment. 

In summary, our study demonstrates the potential of SiNR/MXene/ 
TiO2 ternary nanocomposites as highly efficient and stable photo
catalysts for organic dye photodegradation, paving the way for 
advanced water purification technologies with enhanced environmental 
sustainability. 
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Abstract

As the demand for clean water continues to rise, the development of reliable and environ-
mentally sustainable purification methods has become increasingly important. In this study,
we describe the production and characterization of electrospun polyimide (PID) nanofibers
modified with MXene (Ti3C2Tx), tungsten trioxide (WO3), and titanium dioxide (TiO2)
nanomaterials for improved photocatalytic degradation of rhodamine 6G (R6G), a model or-
ganic dye. Superior photocatalytic performance was achieved by suppressing electron–hole
recombination, promoting efficient charge carrier separation, and the significant increase
in light absorption through the addition of metal oxide nanowires and MXene to the PID
matrix. Comprehensive characterization confirms a core–shell nanofiber architecture with
TiO2, WO3, and MXene effectively integrated and electronically coupled, consistent with
the observed photocatalytic response. The PID/TiO2/WO3/MXene composite exhibited
the highest photocatalytic activity among the tested configurations, degrading R6G by 74%
in 90 min of light exposure. This enhancement was ascribed to the synergistic interactions
between MXene and the metal oxides, which reduced recombination losses and promoted
effective charge transfer. The study confirms the suitability of PID-based hybrid nanofibers
for wastewater treatment applications. It also points toward future directions focused on
scalable production and deployment in the field of environmental remediation.

Keywords: electrospinning; nanofibers; MXene (Ti3C2Tx); metal oxides; organic dye
degradation; advanced functional materials

1. Introduction
Water scarcity is becoming increasingly challenging and difficult to manage in many

regions worldwide. This is due in part to rapid population growth, expanding industrial
development, and the limited adaptability of conventional purification technologies [1].
Textile manufacturing is a significant source of water pollution, releasing large volumes
of wastewater containing synthetic dyes. These compounds tend to be chemically stable,
environmentally persistent, and harmful to aquatic ecosystems [2]. The challenges of
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operational complexity, high costs, and the production of secondary waste remain sig-
nificant and critical [3]. These challenges have encouraged researchers to explore new
treatment technologies that offer greater reliability, can be scaled up more easily, and have
a lower environmental impact. Among them, photocatalysis has gained recognition as a
promising approach for breaking down organic pollutants in water through a light-driven,
energy-efficient process. Semiconductor photocatalysts such as TiO2, ZnO, WO3, CdS, and
ZnS are widely studied for dye and pollutant removal, with recent work emphasizing
defect engineering and heterostructure design to enhance activity under illumination [4,5].
These materials are favored for their chemical robustness, environmental compatibility,
and relatively low production costs [6]. Nevertheless, their practical use remains limited
by several intrinsic drawbacks. These include insufficient absorption in the visible range,
high rates of electron–hole recombination, and considerable band gap energies, all of which
reduce overall photocatalytic efficiency [7,8].

Improving photocatalytic materials often comes down to two main ideas. The initial
step in the process is to reduce the particle size, thereby exposing a larger surface area,
which helps increase the number of active sites [9,10]. The second approach involves
the combination of different semiconductors into heterostructures, which facilitate the
movement of charges more freely and maintain their separation for more extended pe-
riods. This improves how light is absorbed and utilized, and reduces the likelihood of
recombination [11,12]. These changes are most effective when the material structure can be
easily adjusted, especially at the nanoscale, where minor differences have significant effects.

Among the various fabrication methods, electrospinning stands out due to its ability
to easily produce long, high-porosity fibers with a large surface area. This method is
compatible with multiple materials, including polymers and ceramic additives, and allows
control over fiber structure, spacing, and surface properties [13]. The fibrous networks
created in this manner are beneficial for photocatalysis, as they provide light and reactants
with better access to active regions and can be modified to accommodate various reactions.

The incorporation of conductive nanomaterials into photocatalytic systems has re-
cently shown great potential in enhancing charge transport and prolonging the lifetime of
photogenerated carriers. MXenes, a family of two-dimensional transition metal carbides
and carbonitrides first introduced by Gogotsi and co-workers in 2011 [14], have attracted
particular attention. Ti3C2Tx, the most extensively studied MXene, exhibits excellent elec-
tronic conductivity and strong hydrophilicity, along with surface terminations (-OH, -O,
-F) that enable tunable interfacial interactions. In hybrid systems, MXenes can function
as efficient electron sinks, facilitating charge separation and improving light absorption.
For instance, Zheng et al. [15] demonstrated that incorporating Ti3C2Tx into a TiO2 matrix
led to enhanced dye degradation performance under light irradiation due to improved
charge separation.

In this study, we report a composite nanofiber system based on electrospun polyimide
(PID) incorporating TiO2 and WO3 nanowires along with Ti3C2Tx MXene sheets. This
design aims to exploit the synergistic effects of the metal oxides and MXene within a
well-structured fibrous network to enhance the photocatalytic degradation of rhodamine
6G (R6G), a model organic dye. AFM, SEM, TEM, XPS, UV-Vis spectroscopy, photolumi-
nescence analysis, and photocatalytic testing under simulated solar irradiation were used
to characterize the resulting materials. Our findings indicate that incorporating MXene
and metal oxides into the electrospun PID matrix significantly enhances photocatalytic
performance, driven by improved light absorption, efficient interfacial charge transfer, and
suppressed charge recombination. These results underscore the promise of PID-based
composite fibers for next-generation water purification technologies.
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2. Materials and Methods
2.1. Reagents and Chemicals

Polyimide pellets (P8TM SG) (PID) were purchased from HP Polymer Inc. (Lenzing,
Austria). N,N-Dimethylacetamide (99.8%) (DMA) was obtained from PENTA Chemicals
(Prague, Czech Republic). Titanium dioxide (TiO2) and tungsten trioxide (WO3) nanowires,
along with titanium aluminum carbide (Ti3AlC2, MAX phase), were sourced from Sigma-
Aldrich (St. Louis, MO, USA). Unless specified, reagents were used as received without
further purification; solutions were prepared fresh in deionized water (18.2 megaohm cen-
timeter). Dispersions were sonicated to homogenize and, when required, passed through a
0.22 micrometer syringe filter.

2.2. Synthesis of MXenes

Ti3C2Tx MXene was prepared by etching Ti3AlC2 (MAX-phase) using the MILD
method in a solution of lithium fluoride (LiF) in hydrochloric (HCl) acid. The etching
mixture was prepared from 40 mL of 12 M HCl (37%) and 10 mL of DI water, and then
3.2 g of LiF was dissolved in this solution. The mixture was placed in a 50 mL plastic
container. Next, 2 g of Ti3AlC2 powder with particle sizes less than 40 µm was gradually
added to the etching solution under continuous stirring for 24 h at 25 ◦C. The MXene slurry
was then rinsed with DI water via repetitive centrifugation. As-prepared MXene slurry is
further processed to obtain a colloidal solution of separated MXene flakes using a mild
delamination procedure.

2.3. Solutions Preparation and Electrospinning

The schematic representation of the solution preparation and electrospinning pro-
cesses is shown in Figure 1a. The polymeric solution for electrospinning was prepared
by dissolving 16% w/w polyimide (PID) pellets in N,N-dimethylacetamide (DMA). The
mixture was stirred at 250 rpm for 24 h at room temperature to ensure complete dissolution.

Solutions containing additives were prepared following the same procedure, with an
additional 5% w/w of each planned additive mixed with the 16% w/w PID pellets. The
following composite solutions were prepared: pristine PID, PID/TiO2, PID/TiO2/MXene,
PID/WO3, PID/WO3/MXene, and PID/TiO2/WO3/MXene.

A custom-made electrospinning setup was used for fiber fabrication (Figure 1b). The
prepared solutions were loaded into 5 mL plastic syringes. Standard sterile injection
needles (0.60 mm in diameter, 40 mm length) were modified by cutting the tips to ensure
a symmetric electric field and were subsequently used for electrospinning. An antistatic
polypropylene spunbond non-woven mat (surface density 18 g/m2) was attached to the
grounded conveyor belt collector, maintaining a 200 mm distance between the needle tip
and the collector. An electric field of 10 kV was applied during electrospinning, and the
solution was dispensed at a constant flow rate of 5 mL/hour using a syringe pump.

2.4. Characterization

The structural properties of the produced nanofibers were investigated by scanning
electron microscopy (SEM) (JEOL JSM-7001F), equipped with an energy-dispersive X-ray
(EDX) analyzer with an accelerating voltage of 5–10 kV and working distance of 8–12 mm,
and high-resolution transmission electron microscopy (HR-TEM) (JEOL ARM 200F, 200 kV)
(JEOL Ltd., Akishima, Tokyo, Japan), also equipped with an EDX analyzer. AFM Bruker
ICON was employed to study properties of MXene flakes (Bruker Corporation, Biller-
ica, MA, USA). X-ray photoelectron spectroscopy (XPS) was performed using a KRATOS
Axis DLD spectrometer with monochromatic Al Kα (1486.6 eV) (Kratos Analytical Ltd.,
Manchester, UK); survey and core levels were at 160 eV and 20 eV pass energies (energy
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resolution ~0.4 eV); spectra was referenced to C 1s at 284.8 eV and fitted using a Shirley
background and mixed Gaussian–Lorentzian profiles. We used Renishaw in-Via micro-
Raman system with plane-polarized lasers at λexc = 633 nm with a 50× objective, a laser
power of ≤1 mW, and an over measurement range with two to four accumulations and
calibrated to the 520.7 cm−1 Si line. FTIR spectra by JASCO FT/IR-4700 (with ATR PRO
ONE) (JASCO Corporation, Hachioji, Tokyo, Japan) were collected in ATR mode over
4000–400 cm−1 at 4 cm−1 resolution, and the spectra were baseline-corrected and normal-
ized before analysis. The optical properties, including absorbance and photoluminescence,
were examined using an Ocean Optics QE65 Pro spectrophotometer (Ocean Optics, Inc.,
Dunedin, FL, USA). Diffuse reflectance measurements were performed using an Ocean Op-
tics QE Pro spectrometer, coupled with an integrating sphere, with subsequent conversion
via the Kubelka–Munk function F(R), and band gaps were extracted from Tauc plots with n
= 2 by linear extrapolation. However, no significant changes or additional insights were
observed compared with other characterization methods.

Figure 1. (a) Schematic representation of the composite nanofiber synthesis process. (b) Experimental
setup used for nanofiber fabrication.
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2.5. Photodegradation Tests

Photocatalytic degradation tests were performed using a 300 W xenon (Xe) lamp as
the irradiation, with Rhodamine 6 G (R6G) selected as the model organic dye. The R6G
solution (pH ~7.0) was prepared at a concentration of 10−2 mg/mL. Photodegradation used
a 1 × 2 cm nanofiber coupon (2.0 cm2) mounted on a plastic holder; although mats differed
between samples, photocatalyst loading was controlled by applying an identical aliquot of
the same dispersion per coupon (single-sided) under identical drying/curing conditions,
and each test used 2.0 mL of Rhodamine 6G solution. UV-Vis light irradiation of the samples
was conducted in a quartz 3.5 mL cuvette positioned 10 cm from the light source. The
absorption spectrum was continuously recorded using an Ocean Optics USB spectrometer
(QE65-Pro) (Ocean Optics, Inc., Dunedin, FL, USA). The remaining concentration of R6G
in the solution was determined by analyzing the absorbance spectrum at λ = 530 nm.
A calibration curve of absorbance was used to evaluate the photocatalytic activity of
the samples.

3. Results and Discussion
3.1. Structure Characterization

Prior to their incorporation into polymeric nanofibers, the morphological characteris-
tics of the as-prepared MXene flakes were analyzed using AFM. Figure 2a shows MXene
flakes deposited on a flat substrate. The flake displays a uniform and planar morphology
with sharply defined edges, indicating successful exfoliation of the Ti3C2Tx MXene. The
average lateral size of the flake is approximately 1.5 µm, consistent with micrometer-scale
flakes typically obtained through mild delamination techniques. The inset in Figure 2a
shows the height profile along a selected cross-section of the flake, with an average thick-
ness of approximately 1.5 nm. This thickness corresponds to single- to few-layer Ti3C2Tx

MXene sheets as reported in previous studies [16].
The structural features of the exfoliated Ti3C2Tx MXene were first examined by Raman

spectroscopy using a 633 nm excitation laser (Figure 2b). The spectrum displays broad
and distinct peaks characteristic of few-layer MXene with surface terminations and defect-
induced disorder. The prominent peak at 155 cm−1 corresponds to the A1g mode of out-
of-plane Ti vibrations [17], confirming the preservation of the Ti–C network. A secondary
peak at 205 cm−1 is attributed to the Eg mode, related to in-plane vibrations. Additionally,
bands observed at 405 cm−1 and 615 cm−1 are associated with Ti–O and Ti–OH surface
terminations [16], respectively, and possible lattice distortions caused by delamination or
oxidation [18].

XPS analysis (Figure 2c) provided further insight into the surface chemistry of Ti3C2Tx.
The C 1s spectrum revealed peaks at 281.3 eV (C–Ti), 284.7 eV (C–C/C–H), 286.7 eV
(C–O/C–OH), and 288.6 eV (C=O/O–C=O) [19], confirming the coexistence of carbide
and oxidized carbon species. The Ti 2p spectrum showed three distinct components: Ti–C
(451.8 eV), Ti3+ (~457.7 eV), and Ti4+ (~458.9 eV), indicating partial surface oxidation, likely
forming a thin TiO2 shell while preserving the carbide-rich core. These analyses confirm
the successful synthesis of MXene with maintained structural integrity.

The as-synthesized polymeric nanofibers incorporating MXene, TiO2, TiO2/MXene,
WO3, WO3/MXene, and TiO2/WO3/MXene were thoroughly examined using SEM cou-
pled with EDX analysis, as well as TEM, to gain a comprehensive understanding of the
composites’ morphology and internal structure.

In Figure 3a, the morphology of the pristine polymeric nanofibers is displayed,
with EDX analysis confirming characteristic polymeric peaks. The morphology of the
PID/MXene composite, shown in Figure 3b, maintains a nanofiber structure but exhibits
the formation of polymeric beads. The occurrence of these beads is attributed to changes in
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net charge density due to the introduction of MXene nanoflakes [20]. The EDX pattern in
Figure 3b confirms the presence of Ti3C2 MXenes, as indicated by the clear Ti and F peaks.
The fluorine peak is associated with surface termination groups remaining on the Ti3C2

surface after etching the Ti3AlC2 MAX phase [21].

Figure 2. (a) AFM image and height profile of an exfoliated Ti3C2Tx MXene flake. (b) Raman
spectrum of Ti3C2Tx. (c) High-resolution XPS spectra of the C 1s and Ti 2p regions.

The most uniform nanofibers, in terms of additive dispersion, are those formed
from PID combined with commercial TiO2 nanowires. As shown in Figure 3c, the TiO2

nanowires embedded within the PID nanofibers form a coaxial (core–shell) structure, which
is analogous to the insulation surrounding traditional wires. This structure enables the
fabrication of flexible, conductive, and insulated nanoscale wires suitable for advanced
electronic applications.

Figure 3d–f illustrates the morphologies of PID/WO3, PID/WO3/MXene, and
PID/TiO2/WO3/MXene composites. These fiber mats display an uneven distribution of
WO3, TiO2, and MXene within the fibers. This non-uniformity could result from electrostatic
interactions among the components, sedimentation, or blockages in the electrospinning
needle [22]. However, the composite containing TiO2 nanowires (Figure 3f) demonstrates
improved uniformity and distribution of solid materials within the nanofiber core.

TEM analysis was conducted to investigate further the structural features of PID
nanofibers incorporating TiO2 and WO3, as shown in Figure 4. The results reveal the forma-
tion of a TiO2-core/PID-shell structure (Figure 4, upper row), where the TiO2 nanowire is
centrally embedded within the PID nanofiber (the image labeled “Ti” represents elemental



Nanomaterials 2025, 15, 1371 7 of 15

titanium). In contrast, the PID/WO3 nanofibers exhibit an irregular distribution of WO3

nanowires or their fragments. The presence of WO3 is confirmed by the elemental mapping
of tungsten (labeled “W”) in the lower row of Figure 4.

Figure 3. (a) SEM images of PID, (b) PID/MXene, (c) PID/TiO2, (d) PID/WO3, (e) PID/WO3/MXene,
and (f) PID/TiO2/WO3/MXene nanofibers. Inset graphs represent corresponding EDX measure-
ments. Red circles highlight areas within the nanofiber mats where nanoparticles are incorporated
into the fibers.

Figure 4. TEM images of PID/TiO2 (upper line), PID/WO3 (lower line).

3.2. Chemical and Optical Properties of Produced Nanocaomposites

To investigate the chemical structure and composition of the developed nanocom-
posite system, a combination of Raman spectroscopy, XPS, FTIR, UV-Vis, and PL analyses
was employed.

To evaluate the impact of MXene and metal oxide incorporation into the polyimide
(PID) matrix, high-resolution XPS was also conducted on the electrospun nanofibers
(Figure 5). In the O 1s region (Figure 5b), the dominant peak at ~530 eV corresponds
to O=C bonds, while those at ~531–532 eV are attributed to O–H and O–C functionali-
ties [23]. The appearance of a minor peak near ~533 eV, associated with adsorbed water,
suggests slight non-uniformity in the electrospun mats [23]. A noticeable increase in
oxygen content and subtle shifts in peak positions were observed upon addition of MX-
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ene or TiO2/WO3/MXene, suggesting interactions between the polymer and the surface
terminations of the nanomaterials [24].

Figure 5. (a) Full-range XPS spectra, and (b) high-resolution O 1s, (c) C 1s, (d) N 1s spectra of
PID-based nanofibers. Corresponding binding energy values obtained by the deconvolution of the
detected peaks are shown in the insets.

The C 1s spectrum (Figure 5c) exhibited consistent peaks at ~283 eV (sp2 C) [25],
~284.8 eV (C–C/C–H), and ~288 eV (O–C=O), with no significant changes following admix-
ture incorporation [26]. However, the ~286 eV peak (C–O, C–N) showed reduced intensity,
indicating possible modification of the polyimide backbone or matrix–additive interactions.
The weak and unstable C=O peak at ~287 eV was only occasionally detected, suggesting
no significant structural disruption [26].

Nitrogen bonding was assessed via the N 1s spectrum (Figure 5d), where the peak
at ~400 eV, assigned to C–(NH, NH2) groups, increased in intensity upon additive
incorporation [26]. This enhancement suggests stronger nitrogen interactions between
the polymer and embedded nanomaterials, particularly MXene.

Complementary FTIR analysis (Figure S1) confirmed the preservation of the polyimide
molecular structure across all nanocomposite samples. The presence of characteristic
absorption bands, including C=O stretching (~1720 cm−1), C–N stretching (~1375 cm−1),
and imide ring deformation (~725 cm−1), was consistently observed [27]. The absence
of new peaks or significant shifts indicates that TiO2, WO3, and MXene were physically
embedded, rather than chemically altering the polyimide matrix.

The optical properties of the nanofibers were evaluated by UV-vis spectroscopy
(Figure 6a). The pristine PID exhibited strong UV absorption and limited visible activity [28].
The incorporation of TiO2 and WO3 enhanced UV absorption [29], while the addition of
MXene significantly broadened the absorption into the visible region due to its metallic char-
acter and dark coloration [30]. The Tauc plot-derived [31] band gaps (Figure 6b) revealed a
slight reduction (~50 meV) in Eg for the composite samples, indicative of enhanced electronic
interaction and interfacial charge transfer.
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Figure 6. (a) UV-Vis absorption spectroscopy, (b) Tauc plot, and (c) photoluminescence spectra of
different samples.

PL spectra (Figure 6c) revealed a broad emission peak centered at approximately
550 nm [32] under 360 nm excitation [33], characteristic of PID. A substantial reduction
in PL intensity was observed across all composite samples, with the most pronounced
quenching occurring in those containing MXene. This decrease in emissions suggests
enhanced charge carrier separation and reduced radiative recombination, likely resulting
from improved electrical conductivity and more effective interfacial charge transfer within
the hybrid nanofiber network.

These results confirm that the incorporation of MXene and metal oxides into PID
nanofibers leads to enhanced surface chemistry, broadened optical absorption, and im-
proved charge carrier dynamics, all of which are beneficial for photocatalytic applications.

Although Figure 6b gives only the optical gaps, the band edges of the oxide phases
are well documented. In anatase TiO2, the conduction-band minimum is placed at about
−0.24 V vs. NHE by electronegativity arguments [34], and flat-band measurements in
aqueous media cluster near −0.16 V [35]; with a band gap of ~3.2 eV, this sets the valence
band at ~+2.96 V vs. NHE. For pristine WO3, the conduction-band edge is reported close
to +0.44 V vs. RHE [36], which, together with its gap, locates the valence band at about
+3.0–3.1 V vs. RHE. In such an alignment, photoexcited electrons in TiO2 have a downhill
route into the MXene (Ti3C2Tx) conductor, while holes reside on the deep WO3 valence
band at potentials sufficient for oxidative steps. Comparable band-alignment analyses
reach the same band-alignment scenario [37].

3.3. Dye Photodegradation

The photocatalytic activity of the synthesized PID nanofiber composites was evaluated
through the degradation of R6G under Xe lamp irradiation. UV-Vis absorption spectra
of the R6G solution were recorded at various time intervals to monitor the degradation
process. The characteristic absorption peak of R6G at approximately 530 nm gradually
decreased with increasing irradiation time, indicating effective photodegradation facilitated
by the nanofiber composites.
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Figure 7a presents a comparison of photodegradation efficiencies among the investigated
samples: PID, PID/MXene, PID/TiO2, PID/TiO2/MXene, PID/WO3, PID/WO3/MXene,
and PID/TiO2/WO3/MXene. After 90 min of light exposure, the degradation efficiencies
were calculated to be 53%, 43%, 49%, 51.5%, 51.5%, 65%, and 74%, respectively. The
PID/TiO2/WO3/MXene composite exhibited the highest degradation efficiency, clearly
demonstrating the synergistic enhancement resulting from the integration of TiO2, WO3,
and MXene.

Figure 7. (a) R6G decolorization and (b) reaction kinetics over pristine and various hybrid PID
nanofibers; (c) the mechanism of charge transfer in heterojunction during the photodegradation
process on PID/TiO2/WO3/MXene nanofiber.

To gain deeper insight into the reaction mechanism, the photodegradation kinetics
were evaluated using a pseudo-first-order model, expressed as

ln(C0/C) = k × t, (1)

where k is the apparent rate constant (min−1), t is the irradiation time (min), and C0 and C
are the initial and time-dependent dye concentrations, respectively. The calculated k values
are shown in Figure 7b. The highest rate constant, 0.01426 min−1, was observed for the
PID/TiO2/WO3/MXene composite, which is approximately 1.82 times greater than that
of the pristine PID sample (0.00783 min−1), confirming its superior photocatalytic perfor-
mance. To benchmark the efficiency of the fabricated PID-based nanofibers against other
photocatalytic systems reported in the literature, we compared their kinetic parameters and
overall degradation efficiencies under different experimental conditions. A summary of
representative photocatalysts, pollutants, irradiation sources, and corresponding removal
efficiencies is provided in Table 1.
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Table 1. Comparison of photodegradation performance of various photocatalysts.

Photocatalyst Pollutant (C0, mg/L) Lamp, Power (W) Spectrum Time (min) k (min−1) Removal (%) Ref.

PID/TiO2/WO3/MXene R6G (10) Xenon, 300 UV–Vis 90 0.01426 74 this
work

AgNPs/TiO2/Ti3C2Tx

MB (10) Mercury, 400 UV 30 0.162 99

[38]
RhB (10) Mercury, 400 UV 40 0.143 99
MB (10) Solar simulator Sunlight 120 0.028 96
RhB (10) Solar simulator Sunlight 120 0.020 88

Ag3PO4/TiO2@Ti3C2
(Petals) MB (10) Xenon, 300 Visible 40 0.289 94–100 [39]

Ti3C2@TiO2/g-C3N4
(ternary) RhB (10) Xenon, 300 Visible 120 0.01575 - [40]

g-C3N4 RhB (10) Xenon, 300 Visible 120 0.01575 - [40]

TiO2(B)/Ti3C2/Ag3PO4 RhB (10) Visible lamp Visible 60 0.182–
0.345 90–100 [41]

TiO2(B) RhB (10) Visible lamp Visible 60 0.008 - [41]

TiO2(B)/20% Ti3C2 RhB (10) Visible lamp Visible 60 0.011 - [41]

MXene/g-C3N4
(1 wt% Ti3C2) MB (10) Halogen, 500 Visible 180 ~0.0051 ~60 [42,

43]

TiO2@Ti3C2 (baseline in
Petals work) RhB (9) Solar simulator Sunlight 20 0.0093 - [39]

Supported TiO2
(Raschig rings) R6G (5) White light Visible - 0.025 66–77 [44]

Pristine Ti3C2 Congo Red (10) Visible lamp Visible 120 - ~12 [45]

The remarkable enhancement in photocatalytic activity can be attributed to improved
charge separation and interfacial charge transfer between TiO2, WO3, MXene, and the
polyimide matrix. This finding is consistent with previous reports on polyimide-based
hybrid photocatalysts [46]. The degradation of R6G is primarily driven by photogenerated
holes (h+), which directly oxidize dye molecules. Hydroxyl radicals (•OH) act as secondary
reactive species, further contributing to the breakdown of R6G into less harmful intermedi-
ates. The formation of these species is attributable to the oxidation of water or hydroxide
ions by excess photogenerated holes.

Based on the aforementioned conduction and valence band positions of WO3, super-
oxide formation is unlikely, and photogenerated holes are expected to be the main reactive
species [36]. Studies on WO3 composites further show that quenching holes causes the
largest drop in photocatalytic activity [47].

TiO2 and WO3 function as complementary photocatalysts. TiO2 facilitates efficient
electron transfer due to its conduction-band position, while WO3 stabilizes photogenerated
holes through its deeper valence band. MXene, serving as a highly conductive co-catalyst,
enhances electron mobility and suppresses charge recombination. The combination of
these components yields a multi-component photocatalytic system that harnesses solar
energy more effectively, leading to enhanced degradation efficiency. Additionally, in our
hybrid, the Ti3C2Tx layer acts as an electron sink that draws electrons from the oxides and
improves charge separation, leaving the oxidative step to the holes on the oxide domains
rather than electrons [48].

We evaluated reusability in five consecutive runs on the same sample (Figure S2).
After each run, the coupon was removed, rinsed with deionized water, dried under a gentle
argon flow, and then returned to fresh dye solution. In the first run, the removal was about
72%, which corresponds to a concentration ratio of C over C0 of roughly 0.28. The second
and third runs stayed close to 70%. A slight decline appeared thereafter, and by the fifth
run, the removal was about 66% with a concentration ratio near 0.34. This modest loss is
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consistent with some dye remaining on the surface and partial blocking of active sites, and
overall, the results indicate stable performance upon reuse.

4. Conclusions
In this study, electrospun polyimide (PID) nanofibers incorporating TiO2, WO3, and

MXene (Ti3C2Tx) nanomaterials were successfully fabricated and systematically evaluated
for their photocatalytic efficiency in the degradation of rhodamine 6G (R6G). The inte-
gration of metal oxide nanowires and MXene into the PID matrix significantly enhanced
photocatalytic activity by improving light absorption, promoting effective charge carrier
separation, and suppressing electron–hole recombination. A comprehensive structural
and chemical characterization using SEM, TEM, XPS, UV-Vis spectroscopy, and photolu-
minescence analyses confirmed the successful incorporation of the nanomaterials and the
formation of well-organized core and shell fiber architectures. The PID/TiO2/WO3/MXene
composite exhibited the best photocatalytic performance among the samples, achieving
74% dye degradation within 90 min. This improvement likely results from the combined
effects of the three constituents, which improved charge mobility across interfaces and
suppressed charge carrier recombination. Core–shell nanofiber platform integrating TiO2,
WO3, and MXene in a polyimide scaffold outperforms the PID, PID/TiO2, and PID/WO3

controls in Rhodamine 6G removal at neutral pH. The TiO2/WO3/MXene coupon removes
about seventy-four percent in ninety and maintains activity over five reuse cycles, con-
sistent with a hole-driven pathway supported by the band positions and optical data.
These results highlight the potential of PID-based hybrid nanofibers as advanced mate-
rials for sustainable wastewater treatment. Future work should prioritize scaling up the
synthesis process, assessing the long-term stability and recyclability of the composites,
and extending their application to a broader range of organic pollutants under varying
environmental conditions.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/nano15171371/s1, Figure S1: FTIR spectra of the electrospun
nanofibers. Figure S2. Recyclability of the photodegradation for the PID/TiO2/WO3/MXene sample
over five consecutive runs (90 min each).
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R6G Rhodamine 6G
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EDX Energy-dispersive X-ray spectroscopy
HR-TEM High-resolution transmission electron microscopy
FTIR Fourier-transform infrared spectroscopy
AFM Atomic force microscopy
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A B S T R A C T   

Recent research places significant importance on the development of innovative nanocomposites for photo
electrochemical applications. This paper presents the fabrication, characterization, and possible photo
electrochemical applications of novel ZnFe2O4/ZnO core-shell nanofibers. These core-shell nanofibers were 
fabricated through co-axial electrospinning using PVP solutions containing iron and zinc nitrate precursors for 
the core and shell. The structural and optical properties of ZnFe2O4/ZnO core-shell nanofibers were examined 
through TEM, SEM, XRD, FTIR, Raman spectroscopy, and diffuse reflectance spectroscopy. This comprehensive 
analysis unveiled that the development of core and shell characteristics was notably influenced by the inter
diffusion of [Fe]/[Zn] during the annealing process. The photoelectrochemical properties of ZnFe2O4/ZnO core- 
shell nanofibers were assessed through electrochemical impedance spectroscopy (EIS), linear sweep voltammetry 
(LSV), and the Mott-Schottky method. These core-shell nanofibers demonstrated a robust electrochemical 
response to visible light. Photocurrent and photoconversion efficiency of the core-shell nanofibers were calcu
lated and compared with the corresponding values for core-shell nanoparticles. The mechanisms underlying the 
structural, optical, and photoelectrochemical properties of ZnFe2O4/ZnO core-shell nanofibers were discussed. 
These advanced nanofibers hold potential applications in photocatalysis, photovoltaics, and energy storage, 
making this research timely and crucial for advancing sustainable energy technologies and environmental 
remediation efforts.   

1. Introduction 

With the growing global demand for renewable energy sources and 
environmental remediation, the development of nanomaterials with 
high surface area and tunable absorption in the visible range takes on 
added importance. Metal oxide nanostructures, including ZnO, TiO2, 
WO3, and others, are essential nanomaterials with applications in sen
sors, photocatalysis, and water splitting [1–4]. However, due to their 
high optical band gaps, these materials can only harness UV light for 
photogenerated charge carriers, limiting their efficiency. The increasing 
demand for solar light applications necessitates improved optical 
properties in the visible range [1–3]. 

Metal oxide heterostructures, composed of two alternating layers of 

metal oxides, offer a promising solution [5]. The design of electron af
finity, work functions, and Fermi levels facilitates the formation of in
terfaces with significant charge transfer between these alternating layers 
[6,7]. Recent advancements in techniques such as PVD/CVD, sol-gel, 
and ALD have demonstrated substantial progress in creating metal 
oxide heterostructures based on the core-shell geometry [8–11]. 
Core-shell nanostructures are favored in photoelectrochemical applica
tions because they optimize charge separation, protect core materials 
from degradation, and enhance light absorption across a broader spec
trum, ultimately improving energy conversion efficiency. Their versatile 
design allows for precise engineering of energy levels and band struc
tures, making them a promising platform for more efficient and sus
tainable photoelectrochemical systems. 
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Among different fabrication techniques, co-axial electrospinning has 
emerged as a rapidly developing method [12]. Initially developed for 
biotechnology applications like wound healing and drug release [13], 
co-axial electrospinning has proven to be sufficient to fabricate metal 
oxide heterostructures [14]. Metal oxide precursors introduced into a 
polymeric matrix undergo transformation into metal oxides during 
high-temperature post-treatment [14]. This technique has enabled the 
fabrication of both dense core-shell and hollow single-metal oxide 
nanofibers. 

Various core-shell nanofibers, such as SnO2/TiO2 and In2O3/SnO2, 
have shown promise in UV light photocatalysis and gas sensing appli
cations [15,16]. However, the challenges associated with core-shell 
metal oxide nanomaterials exhibiting strong absorbance in the visible 
region include precise synthesis, band alignment, scalability, mecha
nistic understanding, environmental stability, and integration into 
practical devices for photoelectrochemical applications. 

This paper focuses on the fabrication and examination of optically 
active in the visible range ZnFe2O4/ZnO core-shell nanofibers using co- 
axial electrospinning, providing new insights into their structural, op
tical, and photoelectrochemical performance. We also delve into the 
mechanisms underpinning the formation of these core-shell nanofibers 
and their potential applications in sustainable energy technologies and 
environmental remediation. The outcomes of this research have the 
potential to advance the development of materials for visible light 
photocatalysis and water splitting, making a significant contribution to 
energy conversion and environmental sustainability. 

2. Material and methods 

2.1. Materials 

Polyvinylpyrrolidone (PVP) (Mw 1300000), N, N-dimethylforma
mide (DMF), 5% Nafion solution, Fe(NO)3⋅9 H2O, Zn(NO)2⋅6 H2O were 
purchased from Sigma Aldrich. 

2.2. Fabrication of solutions 

The core solution (Solution A) has been prepared as follows. Ethanol 
(3 ml) and DMF (2 ml) were mixed, stirred for 30 minutes at room 
temperature, and warmed to 50 ◦C. PVP (0.5 g) was added to the hot 
solution and dissolved under vigorous stirring at 50 ◦C. 0.3 g of Fe(NO) 
3⋅9H2O were added to the PVP solution. The solution A was cooled 
down to room temperature and stirred overnight. 

Shell solution (Solution B) has been prepared as follows: ethanol 
(1 ml) and DMF (4 ml) were mixed, stirred for 30 minutes at room 
temperature, and warmed to 50 ◦C. PVP (0.7 g) was added to the hot 
solution and dissolved under vigorous stirring at 50 ◦C. 0.5 g of Zn(NO) 
2⋅6H2O were added to the PVP solution. The solution B was cooled down 
to room temperature and stirred overnight. 

2.3. Electrospinning of core-shell nanofibers 

Solutions A and B were each loaded into separate 5 ml plastic sy
ringes. Core-shell electrospinning was conducted using a coaxial needle 
(Linari Engineering, Piza, Italy) with inner and outer diameters of 
0.5 mm and 1 mm, respectively. An aluminum foil was affixed to the 
rotating collector. The distance between the needle and the collector 
was maintained at 20 cm. An electric field of 20 kV was applied while 
the collector rotated at a speed of 200 rpm. The core and shell solutions 
were delivered using a syringe pump, each with a constant flow rate of 
200 and 300 microliters per hour, respectively. 

The resultant nanofibers were subjected to vacuum drying at room 
temperature overnight. Subsequently, the core-shell nanofibers were 
annealed in air at 500 ◦C for 2 hours. A schematic representation of this 
process is provided in Fig. 1. 

2.4. Characterization technique 

We utilized X-ray Diffraction (XRD) and Fourier-Transform Infrared 
Spectroscopy (FTIR) techniques to identify the phases present in the 
core-shell nanofibers we developed. XRD was performed using a Bruker 
D8 diffractometer equipped with CuKa radiation from Germany. At the 

Fig. 1. Experimental setup for fabrication of ZnFe2O4/ZnO core-shell nanofibers.  
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same time, FTIR analysis was conducted in ATR mode using a Bruker II 
Alfa instrument from the same source. 

Raman spectroscopy measurements were carried out using a 
Renishaw micro-Raman spectrometer equipped with a confocal micro
scope (Leica). The excitation wavelength employed was 633 nm. 

The structural properties of the deposited nanofibers were investi
gated through Scanning Electron Microscopy (SEM) using equipment 
from Hitachi, Japan, and Transmission Electron Microscopy with Energy 
Dispersive X-ray Spectroscopy (TEM/EDX) utilizing JEOL equipment 
from Japan. 

We employed Diffuse Reflectance Spectroscopy to study the optical 
properties of the core-shell nanofibers in the UV–visible range. This 
analysis was conducted using an Ocean Optics fiber optic light source 
(DH2000, 250–900 nm, USA), an integrating sphere (Ocean Optics, IS-8, 
USA), and a fiber optic spectrometer (Ocean Optics HR4000, USA). 

Furthermore, our investigation included a double-corrected JEM 
ARM 200cF transmission electron microscope (TEM) from JEOL, Japan, 
which operated at an accelerating voltage of 200 kV. Energy Dispersive 
X-ray Spectroscopy (EDX) was performed using a large angle JEOL JED- 
2300 T CENTURIO SDD (silicon drift) detector, boasting a solid angle of 
up to 0.98 sr and a detection area of 100 mm2. To prepare samples for 
TEM, nanofibers were dispersed in ethanol, sonicated for 10 minutes, 
and a drop of the suspension was placed on a TEM Cu-grid covered by 
holey carbon film. After drying in the air, the samples were examined 
under the microscope. 

2.5. Photoelectrochemical characterization 

The photoelectrochemical (PEC) properties of the ZnFe2O4/ZnO 
core-shell nanofibers were evaluated using a conventional three- 
electrode cell setup. For the working electrodes, approximately 
0.6 cm2 × 0.7 cm2 windows were created on photopolymer-masked FTO 
glass, onto which a slurry consisting of 1 mg of nanofibers, ultra
sonicated with 100 μL of DMF solvent and 15 μL of Nafion binder, was 

drop-cast. 
The working electrodes were characterized using the Autolab 

PGSTAT12 Potentiostat/Galvanostat Electrochemical System in a stan
dard three-electrode configuration at room temperature. The counter 
electrode was a platinum spiral, while the reference electrode was Ag/ 
AgCl in 3 M KCl. 

The 0.5 M KOH electrolyte solution was continuously deaerated with 
a constant argon (Ar) flow for 30 minutes before and during all mea
surements. Samples were illuminated with a Halogen lamp at 25 mW/ 
cm2 power density. 

Electrochemical impedance spectroscopy (EIS) measurements were 
conducted in dark and illuminated conditions, covering a frequency 
range from 0.1 Hz to 4 kHz with an amplitude of 10 mV. Mott-Schottky 
analysis was conducted at a frequency of 5 kHz, spanning an amplitude 
range of − 0.8 V to − 0.2 V vs. Ag/AgCl in 3 M KCl. 

Chronoamperometric measurements were carried out to study photo 
transient response and stability of prepared electrodes as current versus 
time at 1.2 V vs Ag/AgCl and chopped light irradiation with 0.8 s period. 

The photoconversion efficiency (applied bias photon-to-current 
conversion efficiency (ABPE,%)) of the fabricated electrodes is calcu
lated as [17]: 

ABPE(%) =

[

Iph

(
mA
cm2

)

×
(
1.23 −

⃒
⃒Vapp

⃒
⃒
)
(V)

]

[

Pls

(
mW
cm2

)] × 100(%) (1)  

where Iph is the measured photocurrent density, Pls - the intensity of the 
light source, Vapp is the measured potential of PCE cell recalculated vs. 
reversible hydrogen electrode by the Nernst equation: 

Vapp = Vm +V0
Ag/AgCl + 0.059pH, (2)  

where Vm is the potential measured against the Ag/AgCl reference 
electrode, V0

Ag/AgCl is the standard electrode potential of the Ag/AgCl 

Fig. 2. Structure characterization of core-shell nanofibers by scanning electron microscopy: a) SEM image of the core-shell nanofibers, b) diameter distribution of the 
core-shell nanofibers, c) EDX line profile across the nanofiber surface. 
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electrode (0.1976 V). 

3. Results and discussion 

3.1. Structure properties of the core-shell nanofibers 

SEM images illustrating core-shell nanofibers obtained are presented 
in Fig. 2a. The SEM analysis reveals a network of nanofibers with a 
random orientation. To assess the distribution of nanofiber diameters, a 
Gaussian distribution analysis was conducted on a sample of 100 fibers 
(Fig. 2b). The core-shell nanofibers’ average diameter was 156±21 nm. 
The range of observed diameters spanned from 120 nm to 210 nm. The 
relatively narrow distribution of fiber diameters can be attributed to the 
effective alignment of core and shell solution properties, optimized in
jection rates for the core and shell solutions, and the applied electrical 
field strength. 

An EDX analysis performed on the cross-section of the core-shell 
nanofibers’ surface revealed the presence of Zn, O, and Fe, with 
atomic percentages of 19.8%, 78.2%, and 2%, respectively (Fig. 2c). 

XRD studiesThe have been performed to analyze the atomic structure 
and crystalline phases of the core-shell nanofibers (Fig. 3a). The XRD 
spectrum was analyzed by Rietveld refinement using Profex software 
[18]. Two main phases were identified: ZnO and ZnFe2O4. The re
flections from ZnO have been identified at the following 2θ positions: 
31.7 (100), 34.4 (002), 36.2 (101), 47.4(102), 56.1(110), 62.9(103), 
66.2 (200) [19]. The reflections from ZnFe2O4 have been identified at 

the following 2θ positions: 29.8 (220), 35.3 (331), 42.8 (400), 56.3 
(511), 62.1 (440) [20]. 

The XRD analysis is compiled and summarized in Table 1. 
Notably, the XRD data did not indicate the presence of a crystalline 

phase of iron oxide within the core-shell nanofibers. However, the 
coexistence of two phases, ZnO and ZnFe2O4, strongly implies an 
interdiffusion process between the core and shell precursors during the 
thermal removal of the polymer. 

FTIR spectrum of the core-shell nanofibers is shown in Fig. 3b. Ab
sorption bands have been identified at 410 cm− 1, 440 cm− 1, 520 cm− 1, 
610 cm− 1, 638 cm− 1 and 668 cm− 1. FTIR studies of ZnFe2O4 nano
structures revealed Fe-O vibrational peaks at 430, 520, 560, and 
575 cm− 1 [21,22]. On the other hand, FTIR findings in Fe2O3 and Fe3O4 
found Fe-O vibrational peaks at 440, 578, 610, and 668 cm− 1 [23]. In 
the present work, the band at 410 cm− 1 is associated with Zn-O 
stretching vibration [24]. A shift of Fe-O FTIR peak was observed 

Fig. 3. Structure characterization of the core-shell nanofibers by: a) XRD, b) FTIR and c) Raman spectroscopy.  

Table 1 
Structure parameters of ZnFe2O4/ZnO core-shell nanofibers, obtained from XRD 
analysis.   

Phase 
content 

a, nm c, nm Lattice 
strain 

d, 
nm 

ZnO 0.796 
±0.022 

0.32613 
±0.00016 

0.52121 
±0.00025  

0.007348 14 
±1 

ZnFe2O4 0.204 
±0.022 

0.84439 
±0.00055 

-  0.017321 23 
±1  
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Fig. 4. TEM images of the core-shell nanofibers: a) Low magnification TEM image, b) HRTEM image of nanofiber (FFT pattern in inset), c) HRTEM image of ZnO 
nanocrystal in the fiber shell (FFT pattern in inset), d) HRTEM of the ZnO nanocrystal shell, e) Low magnification BF STEM image of nanofiber, (f) Nanofibers 
recorded using SE STEM method. 

Fig. 5. Elemental mapping of the core-shell nanofiber: a) SE STEM image of core shell nanofiber; EDX mapping of the nanofiber surface b) ZnK map, c) FeK map, d) 
OK map, (e) overlayed image, (f) EDX spectrum acquired from highlighted area. 
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from 520 cm− 1 to 528 cm− 1 when ZnFe2O4 was deposited on the ZnO 
surface. The FTIR vibrations of the Zn-Fe-O stretching band and Fe-OH 
surface bond were associated with peaks at 617 cm− 1and 630 cm− 1, 
respectively [25,26]. 

Raman spectrum of the core-shell nanofibers is shown in Fig. 3c. The 
observed peaks at 438 and 513 cm− 1 are attributed to wurtzite ZnO 
E2

(high) and 2B1
(low) modes of wurtzite ZnO, respectively [27,28]. The 

Raman peaks of cubic spinel ZnFe2O4 were found at 346, 479, and 
644 cm− 1, referring to F2 g(2) local symmetry vibration of Fe cations in 
ZnFe2O4 structure [29], F2 g(3) asymmetric [30] and oxygen breathing 
vibrations against zinc in tetrahedral ZnO4 group [31], respectively. The 
findings from XRD, FTIR, and Raman analyses provide compelling evi
dence of the presence of ZnFe2O4/ZnO crystalline phases within the 
prepared core-shell electrospun nanofibers. 

TEM, STEM, and EDX measurements have been performed to char
acterize the core-shell nanostructure of nanofibers. The TEM images of 
the core-shell nanofibers are summarized in Fig. 4a-f. The low magni
fication TEM image in Fig. 4a clearly shows that nanofibers consist of 
fine-grained core and coarse-grained shell. The average thickness of the 
surface layer was 23±4 nm, and the core of nanofibers had a thickness of 
130±38 nm. More detailed high-resolution TEM (HRTEM) images of 
nanofiber and relevant FFT patterns gained from the core region are 
presented in Fig. 4b. Rings in the FFT pattern indicate that crystallites in 
a core with a size around 10 nm are randomly oriented. Determined 
interplane distances correlate with data valid for ZnFe2O4 cubic crystal 
structure (PDF 98–007–2027). 

The shell of the nanofibers consists of well-faceted nanocrystals. 
Evaluation of the FFT pattern showed a good correlation of the esti
mated interplane distances with data for the ZnO hexagonal crystal 
structure (PDF 98–002–9272). Detailed HRTEM image of ZnO nano
crystal in the shell is presented in Fig. 4c, d. Evaluation of the FFT 
pattern (Fig. 4c) showed that the ZnO crystals are well faceted by [1120] 
type planes and oriented along [0001] zone axis. The determined [1120] 
type planes on the surface of the ZnO shell can affect the photocatalytic 
performance of the developed core-shell nanofibers. In addition, ZnO 
crystals, oriented along [0001] direction perpendicularly to the growth 
axis of the nanofiber, have been identified from the relevant FFT pat
terns (Fig. 4d). 

The images of the core-shell nanostructure, recorded using second
ary electrons (SE) in STEM mode, are presented in Fig. 4e,f. Faceted ZnO 
crystals have been observed, grown on the fiber core along [0001] di
rection. The surface plane at the top of ZnO crystal was {0001} type. 
Fine-grained core fragments of fibers have also been observed. 

EDX mapping, as depicted in Fig. 5, confirmed the core-shell struc
ture of the nanofibers by revealing the distribution of Zn K, Fe K, and O 

K. The spectrum obtained from the highlighted surface area is presented 
in Fig. 5, providing further evidence of the structural composition. 
Quantitative EDX results, recorded from the nanofiber’s edge, indicate 
the atomic percentages of Fe, Zn, and O. Specifically, the analysis 
revealed the following composition: 7% Fe, 41% Zn, and 53% O, as 
illustrated in Fig. 5f. 

It is noteworthy to mention that, in our current study, we did not 
observe a distinct demarcation between the core and shell layers, as 
previously reported in Refs [16,32], particularly when the core and shell 
are both composed of the same polymer. This absence of differentiation 
suggests that the polymer degradation properties are consistent between 
the core and shell components. 

However, it is essential to consider the crystalline structure of the 
core and shell metal oxides, the mass ratio between core and shell pre
cursors, and the extent of interdiffusion between the core and shell 
materials. The transition from Fe2O3 to ZnFe2O4 phases commences at 
temperatures exceeding 450–500 ◦C and is contingent upon the [Fe]/ 
[Zn] precursor mass ratio within the core-shell nanostructures, as indi
cated in previous work [33]. Notably, Fe2O3/ZnO and ZnFe2O4/ZnO 
core-shell nanoparticles were successfully formed through annealing at 
500 ◦C, with precursor mass ratios of 1/2 and 2/3, respectively, as 
detailed in Ref [33]. In our current investigation, the [Fe]/[Zn] mass 
ratio was 3/5, while the core and shell pumping speeds ratio was 
maintained at 2/3, consistent with findings in Ref [16]. 

The ZnO shell in our study was characterized by crystallites oriented 
perpendicular to the nanofiber’s surface. It is important to note that XRD 
and Raman’s measurements did not reveal the presence of iron oxide 
phases within the deposited core-shell nanofibers. We may speculate 
that in our study, the formation of ZnFe2O4/ZnO core-shell nanofibers 
occurred due to robust interdiffusion between the core and shell mate
rials during high-temperature annealing processes. 

3.2. Optical properties of the core-shell nanofibers 

The optical characteristics of the ZnFe2O4/ZnO core-shell nanofibers 
were thoroughly examined through diffuse reflectance spectroscopy, as 
illustrated in Fig. 6a. These core-shell nanofibers exhibited a broad ab
sorption spectrum spanning from 350 to 640 nm, marked by three 
distinctive slopes. To further analyze this data, the measured diffuse 
reflectance (R) was subsequently transformed into the Kubelka-Munk 
coefficient (F) using the following formula [34]: 

F =
(1 − R)2

2 • R
(3) 

Band gap values Eg of the ZnFe2O4/ZnO core-shell nanofibers were 

Fig. 6. Optical properties of core shell ZnFe2O4/ZnO nanofibers: a) diffuse reflectance spectrum, b) band gap calculations.  
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calculated by using the Tauc plot for direct optical transition [27]: 

(F • hv)2
= A •

(
hv − Eg

)
(4)  

where A and hv are constant and photon energy, respectively. 
In Fig. 6b, we can discern three distinct linear slopes, from which we 

have computed the following band gap values: 3.26±0.05 eV, 2.76 
±0.06 eV, and 2.3±0.03 eV. Notably, the highest band gap value cor
responds to that of ZnO [35], whereas the band gap value of 2.3 eV 
indicates ZnFe2O4 [31]. Prior research has reported band gap values for 
ZnFe2O4 in the range of 1.9–2.3 eV [35], with a noteworthy observation 
that a reduction in grain size leads to an increase in the band gap value 
attributable to the quantum confinement effect [36]. For instance, a 
decrease in the grain size of ZnFe2O4 from 60 to 16 nm can result in a 
blue shift of the absorption edge from 0.15 to 0.65 eV [37]. Further
more, an elevation in the Zn content within the formation of core-shell 
ZnFe2O4/ZnO nanoparticles augments the optical band gap [35]. 

In several prior studies, an absorption band within the 2.5–2.8 eV 
range in ZnFe2O4/ZnO materials has been consistently observed, albeit 
without a comprehensive explanation [36,38]. To shed light on this 
phenomenon, the band gap of ZnFe2O4/ZnO nanoparticles was exam
ined as a function of the [ZnFe2O4]/[ZnO] mass ratio [38]. Notably, this 
investigation revealed a noticeable shift in the ZnO band gap from 
3.18 eV to 2.9 eV, a change attributed to the integration of ZnFe2O4 into 
the ZnO lattice. Based on these findings, we postulate the existence of an 
additional ZnFe2O4-doped ZnO layer, possessing a band gap of 2.76 eV, 
situated between the ZnFe2O4 core and the ZnO shell. These outcomes 
regarding the optical properties align well with our structural analysis, 
providing compelling evidence for the substantial impact of 
inter-diffusion between the core and shell materials. 

3.3. Photoelectrochemical properties of the core-shell nanofibers 

EIS, the Mott-Schottky method, and LSV have investigated the 
(photo)electrochemical properties of the ZnFe2O4/ZnO core-shell 
nanofibers. 

EIS was employed to probe the charge transport processes occurring 

on the surface of the core-shell nanofibers. EIS spectra were recorded at 
a bias potential of 0.6 V (vs. Ag/AgCl) under dark and visible light 
illumination. The collected EIS spectra for the core-shell nanofibers are 
presented in Fig. 7a. Notably, the core-shell nanofibers exhibited a sig
nificant photoresponse, as evidenced by the changes observed in the EIS 
spectra upon exposure to light. These EIS spectra were analyzed using 
Randell’s model, a well-suited approach for characterizing porous 
nanofiber structures [39–41]. The impact of light irradiation was 
evident in the substantial reduction of the semicircle radius, as depicted 
in the equivalent circuit diagram shown in Fig. 7a. The values of the 
fitted resistances (R) and constant phase elements are summarized in  
Table 2. 

The fitted parameters were associated with specific electrochemical 
properties, including the solution resistance (Rs), charge transfer resis
tance (Rct), and the double layer capacitance, which can be accurately 
described using a Constant Phase Element (CPE) model [46]. The 
notable changes observed in the impedance spectra can primarily be 
attributed to the light-induced reduction of charge transfer resistance at 
the interface between ZnO and ZnFe2O4. Additionally, it is worth 
mentioning that the double-layer CPE exhibited an increase under light 
irradiation, suggesting the involvement of defect states in the generation 
of photocharges [41]. 

In Fig. 7b, a Mott-Schottky (MS) plot of the samples is presented, 
with measurements conducted both in the dark and under illumination. 
Analysis of the Mott-Schottky plots enabled the determination of key 
parameters, including the flat band potential (Vfb) and donor concen
tration, as outlined in Table 2, using equation [42]: 

1
C2 =

2
εε0qNdA2

(

E − Efb −
kBT

q

)

(5)  

where C is the capacitance of the space charge layer, ε is the dielectric 
constant of the ZnO layer, ε0 is the vacuum permittivity, q is the 
elementary charge, Nd is the donor density, A is the square of the elec
trode immersed in the electrolyte, E is the applied potential, Efb is the 
flat-band potential, kB is the Boltzmann constant, and T is the 
temperature. 

The considerably high flat band potential value indicates the for
mation of a substantial depletion layer within the ZnO shell layer upon 
contact with the electrolyte. The donor concentrations estimated for 
ZnO-based nanomaterials are notably higher, implying a shift of the 
Fermi level from the conduction band toward the valence band [36,43]. 
An intriguing observation is that applying visible light irradiation does 
not significantly alter the flat band potential value. However, a signifi
cant discovery from the Mott-Schottky measurements is the increase in 
donor concentration under visible light irradiation. This suggests that 

Fig. 7. Electrochemical characterization of ZnFe2O4 – ZnO core-shell nanofibers: a) EIS spectra, b) Mott-Schottky plot.  

Table 2 
ESI parameters, calculated for core-shell ZnFe2O4/ZnO nanofibers.   

Rs Rct CPE, F n Nd Vfb, V 

Light 
off 

36.6582 
±0.0024 

1085.1 
±0.1 

1.1⋅10− 5  0.87 3.17⋅1019 

cm− 3 
1.025 
±0.003 

Light 
on 

36.55 
±0.01 

194 
±0.1 

1.72⋅10− 5  0.83 3.91⋅1019 

cm− 3 
1.025 
±0.003  
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the transfer of photogenerated charges across the core-shell interface 
plays a defining role in the photoelectrochemical response of the 
ZnFe2O4/ZnO core-shell nanofibers. The findings from the 
Mott-Schottky measurements align well with those from the EIS spec
troscopy, collectively confirming that the absorption of visible light by 
the ZnFe2O4 core layer facilitates the transfer of charges toward the ZnO 
shell layer. 

LSV spectra were employed to assess the photoelectrochemical 

properties of the core-shell nanofibers. These nanostructures exhibited 
electrocatalytic activity due to their expansive interface and active 
surface area, even without light (Fig. 8a). The anodic current exhibited 
an increase within the voltage range of 0.6–1.2 V. When the samples 
were illuminated with visible light, the current values increased, and the 
potential at which the current was set shifted to lower values. The 
photocurrent was calculated as the difference between the currents 
measured in the dark and under visible light irradiation. The conversion 
energy, ABPE, was calculated by Eq. (1) [17], and the results for 
photocurrent and conversion efficiency are presented in Fig. 8b. The 
photocurrent rapidly increased within the 0.6–0.8 V voltage range and 
approached saturation at higher voltages. The highest conversion effi
ciency was observed at 0.85 V. 

Comparisons were made between the results of this study and the 
photoelectrochemical data for ZnFe2O4/ZnO core-shell nanoparticles 
[36]. A notable distinction was observed in the dark current between the 
ZnFe2O4/ZnO core-shell nanoparticles and core-shell nanofibers. The 
dark current values in the core-shell nanofibers were two to three orders 
higher than those in the nanoparticles [43]. Based on the structural 
characterization, EIS, and Mott-Schottky measurements, the 
ZnFe2O4/ZnO core/shell nanofibers exhibited a higher concentration of 
surface defect states, presumed to be responsible for the enhanced 
charge transfer. 

The photocurrent values and photoconversion efficiency of the 
ZnFe2O4/ZnO core-shell nanofibers fell within the same range as those 
of the core-shell nanoparticles, specifically 0.6–1.5 mA/cm2 and 
0.4–0.8%, respectively. The visible light absorption by the ZnFe2O4/ 
ZnO core/shell nanofibers led to a 19% increase in charge concentra
tion. This increase can be attributed to the lower power density of 

Fig. 8. Photocurrent analysis of ZnFe2O4/ZnO core-shell nanofibers: a) LVS plot (scanning rate 50 mV/s), b) photocurrent and photoconversion plots.  

Fig. 9. Schematic structure of photoelectrochemical water splitting measure
ments by ZnFe2O4/ZnO core-shell nanofibers. 

Table 3 
Comparison of photoelectrochemical performance of various photocatalysts.  

Photoanode Substrate Deposition method Electrolyte Photo-current 
density 

Light source Input 
potential 

Ref. 

ZnFe2O4/ZnO film FTO/glass Drop casting 0.1 M 
Na2SO4 

~0.93 mA/cm2 1 SUN solar simulated 
intensity 

1.0 V vs. Ag/ 
AgCl 

[41] 

ZnFe2O4/ZnO structures FTO/glass Electrophoretic 
deposition 

N/A ~5.73 μA/cm2 300 W Xenon lamp N/A [44] 

ZnO/ZnFe2O4/PbS nanorod 
arrays 

FTO/glass Solvothermal + dip- 
coating 

0.1 M 
Na2SO4 

~0.93 mA/cm2 300 W Xenon lamp 1.12 V vs. RHE [45] 

BiVO4/ZnFe2O4 structures FTO/glass SILAR 0.5 M 
Na2SO4 

~1.60 mA/cm2 1 SUN solar simulated 1.5 V vs. RCE [46] 

ZnFe2O4/TiO2 

nanocomposites 
N/A Drop casting 1 M 3KOH ~12.4 μA/cm2 1 SUN solar simulated 

intensity 
N/A [47] 

ZnFe2O4 thin film FTO/glass Electrodeposition 0.5 M 
Na2SO4 

~4.6 μA/cm2 35 W Xenon lamp 0.8 V vs. Ag/ 
AgCl 

[48] 

ZnFe2O4/ZnO nanofibers FTO/glass Drop casting 0.5 M KOH ~1.3 mA/cm2 Halogen lamp 25 mW/ 
cm2 

1.2 V vs. Ag/ 
AgCl 

This 
work  
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0.025 W/cm2 compared to the standard solar radiation of 0.1 W/cm2 

[36,43]. 
Further, photo responsiveness and stability of photoanodes were 

tested by chronoamperometry measurement using light pulses with 0.8 s 
period of on/off cycles (Figure S2). The current density is stabilized by 
time, constantly quickly raised as the light is switched on, and falls when 
illumination is switched off. Which indicated excellent reproducibility 
and reasonable stability with time. 

The mechanism underlying the photoelectrochemical properties and 
charge transfer, as illustrated in Fig. 9, is essential for understanding the 
performance of ZnFe2O4/ZnO core-shell nanofibers. Upon the formation 
of these core-shell nanofibers, band alignment phenomena, as reported 
in previous studies [36,43], come into play. Electrons generated during 
photoexcitation efficiently migrate from the ZnFe2O4 core to the ZnO 
surface due to the favorable band structure. This electron transfer is a 
crucial step in the photoelectrochemical process and promotes efficient 
charge separation. 

Concurrently, at the surface of the ZnFe2O4/ZnO core-shell nano
fibers, water oxidation reactions occur under the influence of the 
photoexcited electrons. After moving to the ZnO shell, the electrons 
participate in the reduction half-reaction of water oxidation, which 
leads to the liberation of oxygen and the generation of protons. This step 
is pivotal in the photoelectrochemical water splitting process, as it 
contributes to the overall production of oxygen gas (O2) and hydrogen 
ions (H+). 

The success of ZnFe2O4/ZnO core-shell nanofibers in this charge 
transfer and water oxidation mechanism can be attributed to the core- 
shell architecture’s unique structural and compositional features. The 
core-shell design optimizes the charge transfer processes by facilitating 
efficient electron movement while providing a high surface area for 
water oxidation reactions. As a result, these nanofibers exhibit prom
ising photoelectrochemical properties and hold potential for various 
applications in renewable energy and environmental sustainability. 
Further investigations and optimizations can harness the full potential of 
these core-shell nanofibers for enhanced solar-driven water splitting and 
other photocatalytic processes. 

The performance of ZnFe2O4/ZnO core-shell nanofibers developed in 
this study was compared (Table 3) with previously reported photo
anodes based on ZnFe2O4. ZnFe2O4/ZnO photocatalysts` performance is 
commensurate with other nanocomposites and surpasses some. The 
comparison includes photoanode composition, deposition method, the 
electrolyte used for the photoelectrochemical experiments, revealed 
photocurrent density, light source, and input potential. The results 
showed that ZnFe2O4/ZnO nanofibers are apparent on the same level of 
photocatalytic performance as other reported photoanodes based on 
ZnFe2O4. Comparison underscored the potential of developed in this 
study nanofibers as highly effective photocatalysts for water splitting 
applications. 

4. Conclusion 

This study presents our findings on the synthesis, characterization, 
and photoelectrochemical application of novel ZnFe2O4/ZnO core-shell 
nanofibers fabricated using a co-axial electrospinning technique. Char
acterization techniques, including XRD, FTIR, and Raman measure
ments, have confirmed the formation of the ZnFe2O4 phase in the core 
and the ZnO wurzite phase in the shell. TEM analysis has provided visual 
evidence of core/shell properties forming through [Fe]/[Zn] interdif
fusion. These core-shell nanofibers exhibited light absorption in the 
range of 330–700 nm, and we have identified three distinct band gaps: 
one for the ZnFe2O4 core, one for the ZnO shell, and one for the inter
face layer between the core and shell. 

The photoelectrochemical characterization of these ZnFe2O4/ZnO 
core-shell nanofibers revealed a significant response to visible light, 
increasing donor concentration. Notably, the flat band potential value of 
these nanofibers was higher than that of ZnFe2O4/ZnO core-shell 

nanoparticles. However, due to their high surface area and elevated 
donor concentrations, these nanofibers displayed a considerably higher 
dark current than core-shell nanoparticles. Encouragingly, the photo
current response and photoconversion efficiency were compatible with 
and even exceeded those of core-shell nanoparticles. 

These newly developed ZnFe2O4/ZnO core-shell nanofibers hold 
promise for various photoelectrochemical and photocatalytic applica
tions. Future efforts to enhance the properties of these nanofibers could 
include increasing the core/shell thickness ratio to facilitate faster 
charge transfer, boosting visible light absorption to enhance photo
conversion rates, and introducing specific scavengers on the nanofiber 
surface to augment the photoelectrochemical response. 
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ABSTRACT: Efficient and scalable photoelectrodes are essential
for advancing solar-driven hydrogen production via photo-
electrochemical (PEC) water splitting. This work presents a
novel binder-free Ti-TiO2 membrane photoanode engineered by
the synergy of femtosecond laser ablation and atomic layer
deposition (ALD). Laser processing produced a highly ordered
array of micro pyramids on titanium foil, significantly increasing the
surface area and light-trapping capability. Subsequent ALD of TiO2
(10 and 100 nm) yielded conformal coatings with tunable
crystallinity. Among the tested configurations, the 100 nm TiO2
layer showed superior performance, attributed to its enhanced
crystallinity, optical absorption, and charge transport properties.
The optimized membrane achieved a photocurrent density of ∼27
μA cm−2 at 1.4 V vs NHE, an IPCE (Incident photon to current conversion efficiency) of ∼31% at 275 nm, and a 3-fold increase in
ABPE (Applied Bias Photon-to-current Efficiency) compared to the uncoated sample. This strategy presents a scalable and
reproducible approach to high-performance, binder-free photoanodes for solar hydrogen production.
KEYWORDS: photoelectrochemical water splitting, hierarchical TiO2, titanium membrane, femtosecond laser ablation,
atomic layer deposition, binder-free photoanode, solar hydrogen production

1. INTRODUCTION
Over the last century, the significant consumption of fossil fuels,
technological advancements, and the Industrial Revolution have
contributed to a nearly 50% increase in atmospheric CO2
concentration.1 This rise, in turn, is the driving force behind
climate change, global warming, environmental problems, and
deterioration of health conditions.2 While hydrogen (H2) is
often viewed as a clean, high-energy fuel with strong potential for
decarbonization, its current production methods are mainly
unsustainable,3 because over 90% of global hydrogen is still
derived from fossil fuel-based technologies, leading to
considerable CO2 emissions.

4 Among all the available alternative
technologies, photoelectrochemical (PEC) water splitting is a
promising approach for generating clean hydrogen. This method
uses semiconductor materials to capture sunlight, producing
electron−hole pairs that facilitate the dissociation of water into
hydrogen and oxygen.5

Titanium dioxide (TiO2) has attracted significant attention as
a photoanode material due to its affordability, chemical stability,

and nontoxic nature.6 Our previous work demonstrated that
atomic layer deposition (ALD) allows precise control over the
thickness of metal oxide layers, including TiO2.

7−10 However, its
wide band gap (∼3.2 eV) limits its absorption to the UV region,
hindering efficient charge separation and negatively impacting
the PEC performance. As a result, its overall efficiency remains
unsatisfactory.11 To overcome these challenges, several
solutions have been explored, including the incorporation of
noble metals,12,13 dopant engineering,14,15 heterostructure
formation,13,16 and morphological modifications.17,18

In this context, the application of femtosecond laser-based
surface engineering has gained growing interest due to its
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precision, speed, high reproducibility, and contactless character-
istics. It provides a powerful and versatile tool for tailoring
surface properties of materials and significantly enhancing their
functionality.19 Laser-processed functional surface structures
(LPFSS) have been extensively explored for diverse applications
in surface texturing, wettability control, and functional coat-
ings.20,21

Some laser-structured surfaces, referred to as hierarchical
structures, have complex shapes and large surface areas that
enhance photocatalytic properties.22 Zhou et al. demonstrated
that microstructured arrays alter optical properties and
significantly impact impedance, resulting in a considerable
reduction in impedance due to morphology-induced changes.23

When comparing laser treatment with the widely used
electrochemical machining (ECM) technique, several key
disadvantages of ECM become evident. The factors to consider
encompass corrosive characteristics, reliance on the electrical
properties of the metal, significant overcut, and scalability
constraints for industrial applications.24 On the other hand,
laser-based micromachining has emerged as a highly effective
and dependable method for extensive surface treatment and
modification. It provides exceptional precision at the micro-
scopic scale, operates without contact, and offers remarkable
versatility for working with challenging materials.25,26

Several previous studies have explored hierarchical structuring
of titanium-based photoelectrodes to enhance light absorption
and charge separation. In particular, Liang et al.27 combined
femtosecond laser processing with anodization to fabricate
TiO2−x hierarchical nanotube arrays containing oxygen
vacancies, which exhibited significantly enhanced photocatalytic
activity due to bandgap narrowing and defect-mediated charge
transfer. Nonetheless, the introduction of elevated concen-
trations of oxygen vacancies could potentially undermine long-
term stability in photoelectrochemical processes.

In this study, ALD and laser-processed functional surface
structures (hierarchical structures) were integrated to fabricate a
novel titanium(Ti)-based membrane. The membrane was first
structured via femtosecond laser ablation, forming a micro-
metric array of titanium pyramids, followed by ALD deposition
of TiO2 to introduce a photoactive layer. The resulting highly
regular Ti-TiO2 membrane functions as a photoanode for
electrochemical water splitting, aiming to develop a new, binder-
free electrode for sustainable hydrogen production. In contrast
to conventional Ti/TiO2 systems, this work introduces a
scalable laser-assisted ALD integration strategy that enables
precise conformal coating over complex hierarchical structures,
providing a versatile platform for future photovoltaic electro-
chemical (PEC) device optimization. We present a compre-
hensive physicochemical characterization of the fabricated
composites, employing Raman spectroscopy, contact-angle
analysis, scanning electron microscopy (SEM), X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), and ultra-
violet−visible (UV−vis) spectroscopy. Additionally, we perform
a series of photoelectrochemical tests, including cyclic
voltammetry (CV), linear sweep voltammetry (LSV), chro-
noamperometry (CA), electrochemical impedance spectrosco-
py (EIS), Mott−Schottky analysis, and incident photon-to-
current efficiency (IPCE) measurements.

2. EXPERIMENTAL SECTION
2.1. Materials and Synthesis. Titanium tetrachloride (TiCl4,

99.9% trace metals basis, ReagentPlus, Sigma-Aldrich) and sodium
sulfate (Na2SO4, ≥ 99.0%, ACS reagent grade, anhydrous, Sigma-
Aldrich) were used without further purification. Deionized water with a
resistivity of 18.2 MΩ·cm was obtained from a Milli-Q system. High-
purity argon gas (Ar, 5.0, 99.999%, Linde HiQ, UN 1006) was used to
purge the electrolyte solution before PEC measurements. The Ti
membrane was fabricated using a Pharos P20 fs laser system from
LightConversion (Lithuania). This system delivers a p-polarized (PP)
laser beam with excellent beam quality (M2 < 1.2), a beam diameter of

Figure 1. Schematic representation of the production cycle of the Ti-TiO2 membrane: (a) Ti substrate, (b) laser setup for membrane formation, (c) Ti
membrane, (d) photographs of nonprocessed and laser-processed Ti surfaces, (e) ALD TiO2 deposition process (1. precursor pulse, 2. precursor
purge, 3. oxidizer pulse, 4. oxidizer purge), and (f) final Ti-TiO2 membrane.
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2.5 mm, a central wavelength of 1030 nm, a pulse duration of 266 fs, a
maximum average power of 20 W, and a maximum pulse repetition
frequency of 1 MHz. The average laser power and pulse repetition rate
were precisely controlled using the Pharos control software. The
generated laser beam was enlarged by passing through an expander and
then forwarded to a galvanometric scanning head ExcelliScan (Scan
Lab, Germany). Quadratic Ti coupons measuring 1 cm× 1 cmwere cut
from commercially pure titanium (>99% Ti, grade 1). The Ti samples
were polished with abrasive papers to increase fineness and remove
significant surface imperfections before undergoing laser micro-
machining. Square pyramid structures were fabricated via raster
scanning at an incident angle (θ) of 0°, employing a laser fluence of
1.3 J/cm2, a repetition rate of 1 MHz, a scanning speed of 3 m/s, a line
overlap of 83%, and delivering 300 pulses per spot (PPS), under
ambient atmospheric conditions. The chosen fluence, repetition rate,
and scanning speed yielded themost uniform and reproducible pyramid
arrays. Lower fluence levels (<1.0 J/cm2) resulted in insufficient
ablation and poorly defined surface features, compromising the
formation of uniform microstructures, while higher fluences (>1.5 J/
cm2) led to excessive melting and random redeposition. The selected
parameters ensured a balance between material removal and
morphological definition. The sample-carrying stage moved along the
x-axis, enabling precise laser spot scanning. Upon completion of each
scanline, the stage returned to its initial position and shifted
incrementally along the y-axis to initiate the subsequent scanline. An

electro-optic modulator-based beam shutter was utilized to selectively
block the laser beam when traversing designated pyramid locations,
thereby ensuring these regions remained unablated. This overscanning
procedure was repeated multiple times to attain the desired final pillar
height. Additionally, after each overscan cycle, the z-position of the
stage was adjusted to maintain the laser focal point on the sample
surface. Following the formation of the Ti membrane, two different
TiO2 layers were deposited using ALD at 150 °C with TiCl4 and water
as precursors. The protocol for depositing thin TiO2 layers on nano-
and microstructures has been previously optimized and developed.28,29

The first deposition consisted of 250 ALD cycles, yielding a TiO2 layer
of approximately 10 nm, while the second deposition comprised 2500
ALD cycles, resulting in a TiO2 thickness of approximately 100 nm. The
typical growth rate was 0.4 Å/cycle. Simultaneously, a metal oxide layer
was grown on a planar Si surface to confirm the thickness using
ellipsometry measurements. A schematic representation of the sample
preparation procedure is presented in Figure 1.
2.2. Characterization. The structure of the produced nano-

composites and individual materials was investigated using scanning
electron microscopy (SEM) (JEOL JSM7001F). Raman spectra were
recorded with a Renishaw micro-Raman spectrometer equipped with a
confocal microscope and a 633 nm excitation laser. X-ray photoelectron
spectroscopy (XPS) with a monochromatic X-ray source (Al−Kα; hυ =
1486.6 eV) was performed to determine the surface elemental
composition. The optical properties, including absorbance and

Figure 2. (a) Pyramidal surface structure on the Ti membrane, (b) magnified view of the pyramidal surface, (c) the 3D surface texture scan of the Ti
membrane, (d) the light transmission test, (e) the contact angle measurement of the Ti membrane, and (f) the contact angle measurement after ALD
deposition of TiO2.
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photoluminescence, were analyzed using an Ocean Optics QE65Pro
spectrophotometer. Diffuse reflectance measurements were conducted
using an Ocean Optics QE PRO spectrometer coupled with an
integrating sphere. A series of electrochemical tests was performed
using a Gamry Reference 620 potentiostat.
2.3. Photoelectrochemical Tests. The PEC properties of the

produced Ti-TiO2 membranes were evaluated using a standard three-
electrode system. The membranes served as the working electrodes, a
platinum wire was the counter electrode, and an Ag/AgCl (3 M KCl)
electrode was used as the reference electrode. All measurements were
conducted at room temperature. A 0.5 M Na2SO4 electrolyte solution
with pH ∼7 was diaurated by purging with argon (Ar) gas for 30 min
before and during all experiments to remove dissolved oxygen. The
samples were irradiated with a 300 W xenon lamp, adjusted to a power
density of 100 mW/cm2. IPCE measurements were performed using a
monochromator to control the wavelength of incident light. CA
measurements were conducted under continuous illumination at a bias
potential of 1.23 V vs the normal hydrogen electrode (NHE) to
evaluate the photocurrent stability. Electrochemical impedance spec-
troscopy (EIS) was conducted both in the dark and under illumination,
within a frequency range of 0.1 Hz to 5 MHz, using an amplitude of 10
mV and a bias potential of 1.23 V vs NHE. TheMott−Schottky analysis
was performed at a fixed frequency of 1 kHz, over a potential range of
−0.8 to 1.23 V vs NHE. The photoconversion efficiency, specifically the
applied bias photon-to-current conversion efficiency (ABPE, %) of the
fabricated electrodes, was calculated.30
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where Iph is themeasured photocurrent density, Pls is the intensity of the
light source, and VRHE is the applied potential of the PEC cell,
recalculated relative to NHE using the Nernst equation:30

= + + ×V V V 0.059 pHRHE app Ag/AgCl
0

(2)

where Vapp is the potential measured against the Ag/AgCl reference
electrode, VAg/AgCl0 is the standard electrode potential of Ag/AgCl
electrode (0.1976 V).

3. RESULTS AND DISCUSSION
3.1. The Morphology and Structural Characterization.

The morphology of the Ti membrane, the Ti membrane with a
10 nm TiO2 layer deposited by ALD (Ti-TiO2 10 nm), and the
Ti membrane with a 100 nm TiO2 layer deposited by ALD (Ti-
TiO2 100 nm) were analyzed using SEM and 3D surface texture
measurements. Figure 2a illustrates the regular pyramidal
surface structure on a large scale, confirming a uniform
morphological transformation across the 1 × 1 cm2 Ti foil. As
seen in Figure 2b, the pyramids feature square bases about 85
μm wide and show visible brittleness at the top regions. The

Figure 3. (a) Raman spectra of Ti foil, Ti membrane, Ti-TiO2 (10 nm), and Ti-TiO2 (100 nm) samples; (b) XRD patterns of the same samples, with
reference diffraction patterns of anatase (JCPDS 21-1272) and rutile (JCPDS 21-1276) inserted for phase identification. Dominant peaks are
annotated to highlight crystallinity trends induced by ALD; (c) diffuse reflectance spectra; and (d) Raman mapping of the Ti-TiO2 (100 nm) sample,
highlighting the 144 cm−1 peak in red.
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entire pyramidal surface contains rough artifacts resulting from
laser ablation. Figure S1 presents a cross-sectional view of the
pyramids, showing rough walls and signs of damage at the tops.
The 3D surface analysis further confirmed that the structured
area maintains a uniform and consistent surface profile.
Combined with SEM cross-sectional analysis, these measure-
ments revealed a height range of 300−400 μm from the base of
the foil to the apex of the pyramids. A detailed ISO 25178 surface
texture analysis is presented in Table S1. The shapes of
pyramidal structures are defined by scanning regime applied to
the entire surface. The scanning regime is based on a mesh
strategy with a tight spot overlap (83%), resulting in significant
energy confinement in a subsurface region. The choice of the
laser fluence of 1.3 J/cm2, which is significantly above the typical
ablation threshold for titanium, reported to be around 0.2−0.3
J/cm2, combined with a high repetition rate (1 MHz) and dense
spot overlap (83%), ensures highly efficient ablation.31

Furthermore, the brittle morphology observed at the apex of
the pyramids (Figures 2b and S1) might be related to the
formation of titanium oxides during laser processing. The
associated thermal gradients and rapid solidification may induce
residual stresses, making the oxidized regions susceptible to
fracture. This hypothesis is supported by XPS analysis, which
confirms the presence on surface TiO2. The inherently brittle
nature of the oxide layer compared to metallic Ti likely
contributes to the observed structural damage.
Additionally, cross-sectional SEM images confirmed that the

laser had drilled entirely through the Ti foil. This was further
verified by direct irradiation using a 300WXe lamp (Figure 1d),
where light transmission through the drilled holes further
supports the classification of the material as a Ti membrane after
modification. Contact angle measurements demonstrated that
after laser modification, the surface became highly hydrophilic,
whereas ALD deposition rendered the surface hydrophobic,
which is a characteristic behavior of TiO2 ALD layers.

32 This
behavior is attributed to the low density of surface hydroxyl
groups and residual chlorine species resulting from the TiCl4/
H2O ALD process, both of which reduce surface polarity and
limit water adsorption.33 Detailed contact angle measurement
results are provided in Table S2.
3.2. Chemical and Optical Properties. Raman spectros-

copy was conducted to analyze the chemical composition of the
developed composites. Figure 3a presents the Raman spectra of
the Ti foil, Ti membrane, Ti-TiO2 (10 nm), and Ti-TiO2 (100
nm) samples. As a result of laser ablation, not only did the
surface morphology change, but the surface also oxidized, as
indicated by the formation of TiO2 phases. This transformation
is expected to represent one of the standard methods for TiO2
formation.34 The observed peak at 152 cm−1 corresponds to the
Eg mode of anatase TiO2, but the shift from the typical position
could be due to structural defects or phase mixing effects.35 The
detection of Raman bands at around 440 and 610 cm−1,
corresponding to the Eg and Agmodes of rutile, further supports
the presence of mixed TiO2 phases.

36 After the deposition of a
10 nm TiO2 layer by ALD, shifts were observed in all major
peaks. Specifically, the peaks shifted to 146, 440, and 605 cm−1,
which can be explained by several factors. The shift to 146 cm−1

may be attributed to oxygen deficiency, phonon confinement, or
extrinsic doping, reflecting the sensitivity of this peak to
structural and compositional changes.37 The shifts at 440 and
605 cm−1 may be due to an amorphous layer formed during the
thin ALD coating and its influence on local structural
disorder.38,39 With the deposition of a 100 nm TiO2 layer, a

crystalline phase emerges.40 This is confirmed by the sharpening
of the Raman peaks and their appearance at 144, 395, 515, and
633 cm−1, which correspond to the characteristic modes of
crystalline anatase TiO2, as widely reported in the literature.

41,42

Figure 3d presents a Raman mapping image of the 144 cm−1

peak, confirming homogeneous surface coverage of the Ti
membrane by the 100 nm ALD layer.
To support the Raman findings, XRD analysis (Figure 3b) was

conducted to investigate the long-range crystallographic
structure of the synthesized materials. The untreated Ti foil
exhibited characteristic reflections of hexagonal α-Ti at 2θ =
35.1° ((100)), 38.4° ((002)), 40.2° ((101)), and 53.0° ((102)),
consistent with reference data.43 Additional weak peaks were
attributed to surface oxidation or impurities. The XRD pattern
of the laser-processed Ti membrane revealed the formation of
mixed-phase TiO2 corresponding to both anatase and rutile
phases. The anatase phase indicates peaks at 2θ = 25.4° ((101))
and 48.3° ((202)), while the rutile phase showed peaks at 27.6°
((110)), 36.2° ((101)), 41.4° ((111)), 44.2° ((210)), 54.5°
((211)), and 56.8° ((220)). These peak positions correspond
with values reported in the literature.44

The formation of a TiO2 layer led to a decrease in Ti foil peak
intensities without detectable shifts in their positions, which
indicates partial surface coverage without significant substrate
lattice distortion. Subsequent ALD (10 nm TiO2 layer) did not
result in new diffraction peaks or noticeable intensity changes,
confirming the amorphous nature of the thin ALD film. In
contrast, the 100 nm ALD layer induced enhanced diffraction
features. Specifically, the intensity of anatase reflections at 25.4°
((101)) and 48.3° ((202)) increased markedly, and a new
anatase (004) peak appeared at 37.9°, indicating crystallization
and preferential orientation of the TiO2 layer. Simultaneously, a
reduction in rutile peak intensities was observed, suggesting a
phase shift toward a predominantly anatase structure with
increased ALD thickness.
These complementary analyses confirm the formation of

mixed-phase TiO2, with both anatase and rutile phases present.
The anatase phase becomes predominant after deposition of the
100 nm ALD TiO2 layer. The improved crystallinity and phase
composition are expected to influence the photoelectrochemical
behavior of the fabricated membranes.
The optical properties of the samples were characterized

through diffuse reflectance analysis. The Ti foil showed high
reflectivity in the visible and near-infrared (NIR) regions, but its
diffuse reflectance reached over 40% (>900 nm). In contrast, the
laser-processed Ti membrane showed a significant reduction in
reflectance, with values dropping below 5% across the entire
spectrum. This decrease is attributed to the microstructuring of
the Ti surface and the formation of a thin amorphous TiO2 layer.
As depicted in Figure 1c, the laser-processed areas exhibit a
significant darkening effect, characterized by a deep black
coloration. Since no significant improvement in light absorption
was observed after depositing 10 and 100 nm TiO2 layers via
ALD, it can be concluded that the laser-induced surface
structure plays the dominant role in boosting broadband
absorption. The results clearly indicate that combining micro-
structured surfaces with TiO2 coatings enhances light
absorption across the solar spectrum, which is crucial for
improving PEC water splitting efficiency. Due to the highly
structured nature of the Ti-TiO2 membranes, accurate optical
bandgap determination using Tauc plot analysis could not be
reliably performed, as scattering and surface morphology effects
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significantly distorted the absorption edge in diffuse reflectance
measurements.
3.3. XPS Analysis. XPS analysis was conducted to

investigate the chemical state evolution of fabricated samples.
The survey spectra reveal mainly titanium (Ti), oxygen (O) and
carbon (C) for all samples (Figure S2). In the case of pristine Ti
foil, one may observe additional impurities like, calcium (Ca),
silicon (Si), sulfur (S) and nitrogen (N).
The core-level spectra for pristine Ti foil, laser-nanostructured

Ti surface, and ALD-modified samples reveal distinct trans-
formations in surface composition and oxidation state (Figure
4). In the case of the untreated Ti foil, the Ti 2p3/2 and Ti 2p1/2
peaks are observed at binding energies of approximately 454.0
and 460.5 eV, respectively, with a spin−orbit splitting of ∼6.5
eV. The observed peak positions correspond to metallic Ti
(Ti0), suggesting that the surface remains unoxidized mainly.
The sharp and symmetric shape of the peaks indicates a clean,
well-structured surface. However, a minor shoulder near 458.5
eV may point to the presence of a thin native oxide layer, such as
TiO2 or suboxides like Ti2O3, which typically develop upon air
exposure.45 Following laser treatment, the Ti 2p spectrum
experiences a notable alteration, characterized by the significant
peaks migrating to elevated binding energies: Ti 2p3/2 around
458.5 eV and Ti 2p1/2 close to 464.3 eV. This shift suggests the
presence of the Ti4+ oxidation state linked to TiO2. The metallic
Ti signal is either absent or significantly suppressed, suggesting
extensive surface oxidation induced by the high-power laser
pulses. The broadened and asymmetric peaks indicate a mixture
of titanium oxidation states, including Ti3+ and Ti2+, which likely
result from the complex thermal and oxidation processes
triggered by femtosecond laser irradiation in air.45,46 Following

the ALD deposition of a 10 nm TiO2 layer, the Ti 2p core-level
spectrum is dominated by sharp and symmetric peaks at 458.8
eV (Ti 2p3/2) and 464.6 eV (Ti 2p1/2), corresponding to
stoichiometric Ti4+ in TiO2. No detectable signals from metallic
Ti or suboxide species are present, confirming the formation of a
uniform and fully oxidized TiO2 overlayer. The reduced peak
width and increased intensity reflect the high chemical purity,
uniformity, and conformality of the ALD coating.
A comparative analysis of the evaluation of the O 1s spectra

was conducted as well. The O 1s spectrum for Ti foil displays a
broad asymmetric peak centered around 530.0 eV, which
corresponds to lattice oxygen (O2−) in stoichiometric TiO2.
This observation suggests the presence of a thin native oxide
layer that forms spontaneously on titanium when exposed to
ambient conditions. A minor shoulder near 531.5 eV is also
observed, which is attributed to surface hydroxyl groups (−OH)
or adsorbed water molecules commonly associated with
environmental exposure to the native oxide surface. The O 1s
spectral envelope becomes significantly more intense and
asymmetric upon high-power femtosecond laser processing.
The main peak remains at ∼ 530.0 eV, consistent with TiO2. A
more pronounced shoulder appears in the 532.0−532.5 eV
region, indicating a higher concentration of surface hydroxyl
groups, adsorbed water molecules, and possibly substoichio-
metric titanium oxides (TiO2−x).

29 This effect is likely due to
more surface area, more defects, and greater oxygen content on
the surface. The O 1s spectrum of the ALD modified sample
exhibits a distinctly sharper and more intense peak centered at
530.0 eV, accompanied by a notable reduction in asymmetry.
The limited presence of the higher-binding energy component
indicates a dense, conformal, and stoichiometric TiO2 coating

Figure 4. Core-level spectra of pristine Ti foil, laser-nanostructured Ti surface, and ALD-modified samples.
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characterized by minimal hydroxylation and surface impurities.
The narrow fwhm and prominent lattice oxygen peak validate
the exceptional chemical purity and uniformity of the ALD-
grown TiO2 film, which efficiently passivates the underlying
laser-structured surface.
Finally, the high-resolution C 1s XPS spectra revealed distinct

chemical states of carbon across the three samples. For pristine
titanium, the C 1s spectrum is mainly centered at ∼284.8 eV,
consistent with surface contamination fromC−C/C−H species,
and includes minor peaks from oxygenated carbon compounds
like C−O and O−C�O. After femtosecond laser processing, a
noticeable rise in carbon intensity was observed, along with the
appearance of a new feature at ∼282.0 eV, indicating the
formation of Ti−C bonds likely caused by laser-driven surface
modifications. In contrast, the ALD-coated Ti showed a
significant reduction in carbon contamination and a sharper
Ti−C component, suggesting interfacial carbide stabilization by
the ALD process.47

We also employed the valence band X-ray photoelectron
spectroscopy (VB-XPS) to evaluate the evolution of surface
electronic structure (Figure S3). These measurements and their
analysis provide insights into the modification of the valence

density of states (DOS) resulting from laser surface processing
and TiO2 thin-film deposition.
The untreated Ti foil shows a broad and strong valence band

spectrum, with a leading edge starting around∼2.6−2.7 eV from
the Fermi level. The elevated density of states ranging from
approximately 3 eV to beyond 10 eV aligns with the metallic
characteristics of Ti, primarily influenced by the hybridization of
Ti 3d and 3p states. The pronounced valence band maximum
(VBM) and elevated intensity are indicative of bulk metallic Ti,
reinforcing the notion that there is no substantial oxide layer
present at the surface.
The Ti membrane exhibits a notable change in the valence

region. The spectrum indicates a shallower VBM around 2.1−
2.2 eV, with a noteworthy redistribution of spectral intensity
toward midbinding energies. The observed features indicate the
development of a surface oxide resembling TiO2, potentially
consisting of both amorphous and crystalline phases, whether
formed naturally or through laser induction.45

The sample modified by ALD exhibits a VBM around 2.3−2.5
eV, along with a broadened valence band that extends up to
approximately 10 eV. The spectrum exhibits features typical of
stoichiometric TiO2, highlighting significant contributions from

Figure 5. (a) Cyclic voltammetry measurements of all samples at a scan rate of 50 mV/s, (b) chronoamperometry analysis with an inset highlighting
one light ON/OFF cycle, (c) photocurrent density from linear sweep voltammetry (LSV) measurements, and (d) calculated applied bias photon-to-
current efficiency (ABPE).

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.5c07488
ACS Appl. Mater. Interfaces 2025, 17, 43390−43402

43396

https://pubs.acs.org/doi/suppl/10.1021/acsami.5c07488/suppl_file/am5c07488_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.5c07488?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c07488?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c07488?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c07488?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c07488?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


O 2p nonbonding states and Ti 3d-O 2p hybridized states,
aligning with an anatase-like electronic structure.45 The lack of
notable sub-bandgap characteristics close to the Fermi level
implies a minimal presence of Ti3+ or oxygen vacancy states,
pointing to a well-structured oxide layer. The spectrum shows a
more advanced and organized valence band, indicating the
successful creation of an ultrathin TiO2 coating and the
reduction of contributions from the metallic Ti surface, which
aligns closely with the XPS core-level analysis.
3.4. Photoelectrochemical Performance. The PEC

behavior of the Ti-based electrodes was first evaluated using
electrochemical methods, including CV, CA, and LSV,
performed under both dark and light conditions. CV tests
were conducted across a range of scan rates (20−500 mV/s).
Representative CV curves at 50 mV/s are shown in Figure 5a,
while the complete data set is provided in Figure S4. The Ti
membrane exhibited a moderate photocurrent response with
clear scan rate dependence, suggesting a predominantly
capacitive behavior likely associated with native oxide formation
and surface roughness introduced by laser processing. The
photocurrent for the Ti-TiO2 (10 nm) sample was lower, likely
because the amorphous ALD coating limited its ability to absorb
light efficiently and facilitate charge transfer. Moreover, the
hydrophobic surface promotes oxygen bubble entrapment at the

electrode−electrolyte interface, reducing the effective contact
area and increasing charge-transfer resistance. This interfacial
effect becomes particularly critical for ultrathin TiO2 films,
where limited wettability further impairs PEC efficiency.48 In
contrast, the Ti-TiO2 (100 nm) sample exhibited the highest
photocurrent, accompanied by a more significant variation with
scan rate. The findings indicate enhanced charge storage at the
surface and increased light absorption, likely due to the thicker
and more crystalline TiO2 film. To better understand how
charge is stored, peak current was plotted versus scan rate and
log (scan rate), as seen in Figure S5a,b. The linear trend in the
peak current density versus scan rate plot suggests predom-
inantly capacitive behavior across all samples, with steeper
slopes indicating a larger surface-controlled contribution. For a
more detailed understanding, b-values were extracted from the
log−log plots according to the following relationship:49
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Figure 6. (a) Electrochemical impedance spectroscopy data for all samples, (b) Mott−Schottky plots, (c) incident photon-to-current efficiency
measurements, and (d) schematic illustration of the photoelectrochemical behavior and charge transfer mechanism.
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The Ti-TiO2 (100 nm) sample showed the highest photo-
current along with sharp and stable transitions during the light
ON/OFF cycles, as illustrated in the inset of Figure 5b. This
points to a fast photoresponse and good photostability for all the
samples. In addition, 3-h chronoamperometry ON/OFF
photostability measurements were performed to evaluate the
operational stability of the Ti-TiO2 membranes. The corre-
sponding data are provided in the Supporting Information
(Figure S6). LSV measurements were carried out to further
assess oxidation activity (Figure 5c). The Ti-TiO2 (100 nm)
electrode exhibited a steady increase in photocurrent across the
entire potential range, reaching around 27 μA/cm2 at 1.4 V vs
NHE. A photocurrent of ∼11 μA/cm2 was recorded for the Ti
membrane, with the 10 nm TiO2-coated sample exhibiting
reduced efficiency. This supports the idea that the thin ALD
layer may act more as a barrier to charge transport than as an
active photoabsorber. The results of LSV measurements under
illumination and in the dark are presented in Figure S7. To
quantify PEC performance, ABPE was also calculated and is
presented in Figure 5d. The 100 nm-coated sample yielded the
optimal result, attaining a peak ABPE of 0.014% at 0.39 V vs
NHE, about thrice greater than both the untreated and 10 nm-
coated electrodes. The diminished ABPE values in the thinner
and uncoated samples indicate inferior charge separation and
probable recombination losses.
It is worth highlighting that although Liang et al.27 reported

higher photocurrent densities for TiO2−x photoelectrodes, their
enhancement primarily originated from oxygen vacancy
introduction, which may negatively affect long-term operation
due to enhanced recombination and chemical instability under
continuous illumination. In contrast, our ALD-based approach
provides highly conformal, stoichiometric TiO2 coatings with
controlled crystallinity and superior adhesion to the laser-
structured substrate. The combination of hierarchical structur-
ing and defect-free crystalline coatings results in stable
photoelectrode operation, ensuring mechanical integrity and
sustained PEC performance without deterioration over
extended periods.
Electrochemical impedance spectroscopy (EIS) and Mott−

Schottky (MS) analyses were conducted under dark and
illuminated conditions to investigate the interfacial charge
transport characteristics and semiconducting behavior of the
fabricated electrodes. The Nyquist plots (Figure 6a) were fitted
using a Randles-type equivalent circuit, commonly applied to
TiO2 ALD interfaces.50,51 This model includes the solution
resistance (Rs), charge transfer resistance (Rct), and a constant
phase element (CPE) to account for nonideal capacitive
behavior at the electrode−electrolyte interface. The extracted
fitting parameters are summarized in Table S3. The Ti
membrane exhibited high Rct values of 76.17 kΩ (dark) and
73.99 kΩ (light), indicating sluggish charge transfer kinetics.
The deposition of a 10 nm TiO2 layer by ALD significantly
reduced the Rct values to 47.69 kΩ (dark) and 52.79 kΩ (light).
Notably, the slightly elevated Rct observed under light suggests
that the TiO2 layer could introduce trap states or facilitate
surface recombination, which may interfere with efficient charge
transport.52−54 The Ti-TiO2 (100 nm) electrode exhibited the
lowest Rct values, with 40.53 kΩ (dark) and 39.90 kΩ (light),
indicating substantially improved charge transfer characteristics
due to the increased thickness and crystallinity of the TiO2 layer.
It is also noteworthy that the solution resistance (Rs) for the 10
nm-coated sample was slightly elevated (16.66 Ω dark, 16.09 Ω
light) compared to the Ti membrane (∼14.7 Ω), likely due to

interfacial resistance introduced by the amorphous ALD film. In
contrast, Rs decreased significantly in the 100 nm-coated
electrode, reaching 3.41 Ω under illumination, reflecting
improved electronic contact and lower electrolyte resistance.
A drop in the CPE exponent (α) from 0.91 (Ti membrane) to
0.71 (Ti-TiO2 100 nm, under illumination) points to greater
surface irregularity, likely caused by the formation of the
nanostructured TiO2 coating. To further analyze the semi-
conductor properties, Mott−Schottky (MS) plots were
generated (Figure 6b) to determine the flat-band potential
(Vfb) and acceptor concentration (Na) of the electrodes,
assuming p-type semiconductor behavior. These values were
extracted by linear fitting of 1/Csc2 versus applied potential,
using the following equation:55
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where C is the capacitance of the space-charge layer, ε is the
dielectric constant of TiO2, ε0 is the vacuum permittivity, q is the
elementary charge, Na is the acceptor density, A is the electrode
area, E is the applied potential, Efb is the flat-band potential, kB is
the Boltzmann constant, and T is the absolute temperature.
The extracted data are summarized in Table S4. The Ti

membrane exhibited flat-band potentials of −0.44 V (dark) and
−0.45 V (light) vs NHE, with acceptor concentrations in the
range of (1.39−1.44) × 1019 m−3. The 10 nm TiO2-coated
sample displayed more negative flat-band potentials (−0.56 V
dark, −0.57 V light) and significantly lower acceptor
concentrations (3.28−3.76 × 1018 m−3), suggesting reduced
carrier availability and a suppressed charge transport capability.
These results are consistent with the lower photocurrent and
ABPE values observed in PEC tests, likely due to the amorphous
nature and higher defect density in the ultrathin film. Compared
to other samples, the 100 nmTiO2-coated electrode showed flat-
band potentials between −0.45 and −0.48 V and a much higher
acceptor concentration (∼4.34 × 1019 m−3), pointing to
improved p-type conductivity and better overall electronic
behavior. The p-type behavior in all electrodes is likely
influenced by surface and interfacial defect states,56 especially
in the Ti-TiO2 (10 nm) sample, where these effects appear to
dominate the overall electronic response. While TiO2 is
normally an n-type semiconductor, apparent p-type behavior
in Mott−Schottky plots has been reported in thin films
exhibiting high concentrations of surface defects or non-
stoichiometric phases.56,57 In our case, the oxygen vacancies
and Ti3+ defect states evidenced by XPS and VB-XPS, combined
with the mixed anatase/rutile phases identified by XRD, likely
result in band bending or surface inversion effects that explain
the positive slope without indicating true bulk p-type
conductivity. The observed trend toward improved conductivity
and lower interfacial resistance with increasing TiO2 thickness
confirms that a crystalline, nanostructured TiO2 layer can
overcome charge transfer limitations imposed by defects from
laser structuring and thin amorphous films. Together, the EIS
and Mott−Schottky results reinforce PEC findings by high-
lighting that the 100 nm TiO2 layer provides faster charge
transfer, lower solution and interfacial resistance, higher
acceptor concentration, and ultimately, enhanced photoelec-
trochemical performance.
IPCE measurements were conducted to evaluate the

wavelength-dependent photoactivity of the fabricated electro-
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des, as shown in Figure 6c. The IPCE values were calculated
using the equation:58
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where λ is the wavelength in nanometers (nm), Jsc is the
measured photocurrent density (mA/cm2), and Pin(λ) is the
incident light power density at the corresponding wavelength
(mW/cm2).
The measurements were performed using a monochromator

to isolate specific wavelengths. At each selected wavelength, the
incident light intensity was recorded with a calibrated photo-
detector, and the photocurrent response of the electrodes was
measured. All samples showed a clear photoresponse in the UV
region (200−370 nm), which aligns with the wide band gap of
TiO2. Among the tested electrodes, the Ti-TiO2 (100 nm)
sample achieved the highest IPCE, reaching around 31% at 275
nm. This suggests better light absorption and more effective
charge carrier separation. The Ti membrane showed a moderate
IPCE response (∼6.5%), likely due to its laser-induced surface
texturing and the formation of mixed-phase TiO2 during
processing. In comparison, the Ti-TiO2 (10 nm) sample had
the lowest IPCE (∼3.5%), confirming the limited performance
of the thin, amorphous TiO2 layer. These results align with
photocurrent, ABPE, and EIS data, underscoring the signifi-
cance of TiO2 thickness and crystallinity in enhancing the PEC
behavior of Ti-based electrodes.
To summarize and better explain the photoelectrochemical

behavior and charge transfer processes of the prepared
electrodes, a conceptual schematic is shown in Figure 6d. In
this diagram, illumination triggers the generation of electron−
hole pairs within the TiO2 regions, both from the laser-induced
oxide layer and the ALD-deposited TiO2 coating. The
photogenerated holes move toward the electrode−electrolyte
interface, driving the oxygen evolution reaction (OER). At the
same time, the electrons are transported through the conductive
Ti base and collected at the counter electrode to carry out the
hydrogen evolution reaction (HER). This configuration
facilitates efficient charge separation, driven by the synergy
between the laser-structured surface and the conformal TiO2
layer, which together enhance light absorption and optimize
charge transport pathways. Based on the electrochemical and
spectroscopic results, the 100 nm ALD TiO2 layer enhances
carrier generation and transfer. This is supported by the
observed increase in photocurrent, lower charge transfer
resistance, and higher incident photon-to-current efficiency
(IPCE). In addition, the laser-structured Ti membrane
significantly contributes to light harvesting, enhancing the
PEC performance of both coated and uncoated electrodes by
increasing the surface area and promoting effective photon
capture. Post-PEC SEM and XRD measurements were
performed to evaluate changes in surface morphology and
crystal structure after photoelectrochemical tests. No significant
changes were observed, confirming that the pyramidal
morphology and phase composition remained stable under the
applied PEC conditions. The data are presented in the
Supporting Information (Figure S8).
To assess our UV PEC performance against recent TiO2

systems, we note that hierarchical photonic-crystal TiO2
nanotubes achieved photocurrent densities of approximately
1.4 mA/cm2 at around 1.23 V versus NHE under UV light,59

significantly higher than our 27 μA/cm2. However, this

performance relied on complex templated architectures and
multilayer photonic structures that involve precise design and
fabrication steps. In comparison, Au-decorated TiO2 nanotubes
produced a photocurrent of only approximately 15.8 μA/cm2
under UV illumination, despite the use of noble metal
enhancement.60 Our binder-free and freestanding Ti-TiO2
membrane reaches ∼27 μA/cm2 and ∼31% IPCE at 275 nm,
without the need for noble metals, transparent substrates, or
templated morphology. This demonstrates a practical and
structurally robust UV photoelectrode platform that can serve as
a reproducible and scalable baseline for further development.
We can conclude that the enhanced PEC performance

observed in our system is attributed to the synergistic effects of
hierarchical structuring, controlled composition, which is
reached by ALD, and modified optical properties. The
femtosecond laser-induced microstructures significantly in-
crease light harvesting by enhancing multiple internal reflections
and scattering, as supported by the UV−vis absorption spectra.
The conformal ALD-deposited TiO2 layer provides high
crystallinity and uniform coverage of the complex 3D
morphology, ensuring efficient charge separation and suppress-
ing bulk recombination. Additionally, laser-induced oxygen
vacancies and Ti3+ states, identified by XPS and VB-XPS,
introduce shallow trap states that may facilitate sub-bandgap
absorption and enhance charge carrier dynamics at the
semiconductor-electrolyte interface. The coexistence of anatase
and rutile phases, as revealed by XRD, may further promote
interfacial charge separation due to favorable band alignment.
The structural and compositional properties collectively boost
photocurrent density, lower onset potential, and improve PEC
activity as evidenced by our data.

4. CONCLUSIONS
This study presents an innovative fabrication method for TiO2-
based photoanodes that combines femtosecond laser-induced
hierarchical structures with ALD. Laser processing generates
microstructured surfaces that improve light trapping and
augment the active surface area. Simultaneously, ALD facilitates
the deposition of conformal, highly crystalline TiO2 coatings
with precise thickness control and superior interfacial adhesion.
This binder-free connection guarantees mechanical durability
and enhanced stability during PEC operation. While the
absolute photocurrent density achieved in this study is inferior
to that of leading TiO2 photoanodes, our principal aim was to
develop a highly controllable and scalable manufacturing
platform to produce stable and structurally designed photo-
electrodes. The integrated laser-ALD technique has consid-
erable potential for optimization through compositional adjust-
ment, cocatalyst incorporation, and heterostructure develop-
ment, thereby improving PEC performance. This adaptable
platform has the potential to provide a robust foundation for the
future advancement of durable and efficient PEC systems for
solar water splitting and associated applications.
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L. Raman Spectra of Titanium Dioxide (Anatase, Rutile) with
Identified Oxygen Isotopes (16, 17, 18). Phys. Chem. Chem. Phys.
2012, 14 (42), 14567−14572.
(42)Hyam, R. S.; Choi, D. Effects of Titanium Foil Thickness on TiO2
Nanostructures Synthesized by Anodization. RSC Adv. 2013, 3 (19),
7057−7063.
(43) Jafari, M.; Vaezzadeh, M.; Noroozizadeh, S. Thermal Stability of

α Phase of Titanium byUsing X-RayDiffraction.Metall. Mater. Trans. A
2010, 41 (13), 3287−3290.
(44) El-Desoky, M. M.; Morad, I.; Wasfy, M. H.; Mansour, A. F.
Synthesis, Structural and Electrical Properties of PVA/TiO2 Nano-
composite Films with Different TiO2 Phases Prepared by Sol−Gel
Technique. J. Mater. Sci.:Mater. Electron. 2020, 31 (20), 17574−17584.
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