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Abstract 

Photocatalytic hydrogen production from water with solar light at a commercial scale is 

an attractive approach for developing the so-called hydrogen economy and solving the problem 

of the increasing demand for renewable energy sources. Implementing an effective and low-

cost photocatalytic nanomaterial could diminish the reliance on fossil fuels and decrease carbon 

pollution in the atmosphere. Such a nanomaterial is needed to match a number of requirements 

to sustain the uphill thermodynamic reactions effectively in the water-splitting process. This 

simple thermodynamic process requires the energy of 1.23 eV to conduct two half-reactions: 

HER, which implies a reduction of hydrogen ions to H2 gas, and OER, which implies an 

oxidation of water to O2 gas. These chemical reactions depend on the effective transport of 

protons and electrons. They require a suitable catalyst that effectively transforms the incident 

photons into the energy for the charge transfer. Various materials have been investigated for 

use in photocatalytic water-splitting applications over recent years. Most of them show the 

maximal absorbance and charge carriers separation efficiency in the solar spectrum’s UV range. 

The IR and VIS ranges of the spectrum represent the major amount of incident solar energy. 

Therefore, it is a serious challenge for contemporary photovoltaics to develop nanomaterials 

that effectively separate and transfer the charge carriers in those ranges of the incident light 

spectrum. Achieving this goal is possible through engineering a nanocomposite material that 

combines the effectiveness of single materials in different solar spectrum ranges. 

Transition metal oxides have received growing attention in photocatalytic studies due 

to their high abundance, low cost, facile synthesis and nontoxicity, and unique electronic 

properties. Among other metal oxides, owing to the high mobility of charge carriers and robust 

stability in electrolyte solutions, TiO2 and ZnO gained much interest in engineering 

photoelectrode nanomaterials. Unfortunately, because of band gaps higher than 3.0 eV, the 

absorbance of these materials is only effective in the UV range. However, combining TiO2 and 

ZnO with another material could efficiently use its properties and overcome the problem of low 

PEC efficiency in the whole solar spectrum. Silicon is a good choice because it is a well-studied, 

highly abundant and easily tuneable semiconductive material. Changing the doping 

concentration and type can readily tailor its electronic properties. At the same time, silicon’s 

morphology and optical properties can be tuned by nanostructuralization via etching by various 

techniques. Besides, it can absorb light in the VIS range, as the band gap value is about 1.1 eV, 

which could be effective for photocatalytic applications. On the other hand, silicon’s chemical 

stability is the main drawback of photocatalytic purpose usage. This problem could be solved 
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by applying a protective layer to the silicon surface. Such a layer must be chemically stable in 

harsh electrolytic solutions under different pH values and efficiently absorb the incident light. 

In this thesis, consistent research was addressed to investigate the structural, optical and 

PEC properties of PSi material with a protective photocatalytic layer of transition metal oxide. 

Thin conformal layers of TiO2 and ZnO were deposited by the ALD technique on the PSi 

substrate, which was previously fabricated by MACE. Due to facile control of a surface-to-

volume ratio during the MACE fabrication process, PSi represents a highly capable platform 

for nanocomposite engineering. A further increase in the specific area was realized through 

one-dimensional structurization by NSL. Owing to the high penetration ability of the deposited 

layer into the porous nanostructure, which is a noticeable feature of the ALD process, either 

TiO2 and/or ZnO form nanocrystallites inclusions inward of the PSi. These nanocrystallites 

inside the mesoporous silicon entail the quantum confinement effect, which is detected through 

changes in the optical properties of the nanocomposite. It results in enhanced separation, 

decreased recombination and facile transfer of photoinduced electron-hole pairs in the 

nanocomposite. 

Studies represented in this thesis are focused on PSi/TiO2, PSi/ZnO and PSi/TiO2/ZnO 

nanocomposites that exhibit efficient light harvesting, advanced mechanical and chemical 

stability, as well as the noticeable positive effect of quantum confinement on photocurrent yield. 

It demonstrated a comprehensive investigation of the influence of structure and morphology on 

the optical properties of fabricated nanocomposites. They were tested under solar-simulated 

light to prove photocurrent yield depending on pH and morphological features. The application 

of plasmonic nanoparticles and its impact on photocurrent yield is demonstrated as well. 

The work presented in this thesis provides valuable information for applying silicon and 

transition metal oxides in the water-splitting process and achieving an increased PEC 

performance using these widely used semiconductors. The presented results could be useful in 

designing and engineering the photoanodes in PEC cells to realize an effective photocatalytic 

water-splitting. 
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Streszczenie 

Fotokatalityczna produkcja wodoru z wody na skalę komercyjną, przy wykorzystaniu 

światła słonecznego, jest atrakcyjnym podejściem do rozwoju tzw. gospodarki wodorowej i 

rozwiązania problemu rosnącego zapotrzebowania na odnawialne źródła energii. Wdrożenie 

skutecznego i taniego nanomateriału fotokatalitycznego może pomóc zmniejszyć zależność od 

paliw kopalnych oraz wpłynąć na zmniejszenie zanieczyszczenia atmosfery dwutlenkiem 

węgla. Taki nanomateriał powinien spełnić szereg wymagań, aby skutecznie podtrzymać 

reakcję termodynamiczną rozszczepiania wody. Ten proces termodynamiczny wymaga energii 

1,23 eV niezbędnej do przeprowadzenia dwóch reakcji połówkowych: wydzielania wodoru, co 

oznacza redukcję jonów wodoru do gazowego H2, oraz wydzielania tlenu, co oznacza utlenianie 

wody do gazowego O2. Reakcje te wymagają również odpowiedniego katalizatora, który 

skutecznie przekształca padające fotony w energię niezbędną do przenoszenia ładunku. 

Ponadto efektywność rozszczepienia wody zależy również od efektywnego transportu 

protonów i elektronów. W ostatnich latach zbadano różne materiały fotokatalityczne stosowane 

do rozszczepienia wody. Większość z nich wykazuje maksymalną skuteczność absorpcji 

światła i separacji nośników ładunku w zakresie promieniowania ultrafioletowego (UV) widma 

słonecznego. Natomiast znaczna ilość padającej energii słonecznej jest reprezentowana przez 

promieniowanie podczerwone (IR) i światło widzialne (VIS). Dlatego też poważnym 

wyzwaniem dla współczesnej fotowoltaiki jest rozwój nanomateriałów, które skutecznie 

separują i przenoszą nośniki ładunku w tych zakresach widma. Osiągnięcie tego celu jest 

możliwe poprzez rozwój materiału nanokompozytowego, który łączy w sobie efektywność 

jednolitych materiałów w różnych zakresach widma słonecznego. 

Tlenki metali przejściowych cieszą się coraz większym zainteresowaniem w badaniach 

fotokatalitycznych nie tylko ze względu na dużą liczebność, niski koszt, łatwą syntezę i 

nietoksyczność, ale także ze względu na unikalne właściwości elektroniczne. Wśród innych 

tlenków metali, TiO2 i ZnO zyskały duże zainteresowanie w inżynierii nanomateriałów 

fotoelektrod, ze względu na wysoką mobilność nośników ładunku i dobrą stabilność w 

roztworach elektrolitów. Niestety, ze względu na pasmo wzbronione większe od 3,0 eV, 

absorpcja światła w tych materiałach jest efektywna tylko w zakresie promieniowania UV. 

Jednakże połączenie TiO2 i ZnO z innym materiałem mogłoby skutecznie połączyć właściwości 

obu tych materiałów i przezwyciężyć problem niskiej wydajności fotoelektrochemicznej w 

całym widmie światła słonecznego. Krzem jest pod tym względem dobrym wyborem, ponieważ 

jest dobrze przebadanym, występującym w dużej ilości i łatwo modyfikowalnym materiałem 



 

VII 
 

półprzewodnikowym. Jego właściwości elektroniczne można łatwo zmodyfikować, zmieniając 

stężenie i rodzaj domieszki. Jednocześnie morfologię i właściwości optyczne krzemu można 

dostosować za pomocą nanostrukturyzacji poprzez wytrawianie różnymi metodami. Poza tym 

krzem może absorbować światło w zakresie widzialnym VIS, ponieważ wartość pasma 

wzbronionego wynosi około 1,1 eV, co jest skuteczne w zastosowaniach fotokatalitycznych. Z 

drugiej strony stabilność chemiczna krzemu jest jego główną wadą w zastosowaniach 

fotokatalitycznych. Problem ten można rozwiązać, nakładając na powierzchnię krzemu 

warstwę ochronną. Taka warstwa musi być chemicznie stabilna w mocno reaktywnych 

roztworach elektrolitycznych przy różnych wartościach pH i skutecznie absorbować padające 

światło. 

Niniejsza praca składa się z zestawu spójnych tematycznie badań mających na celu 

badania właściwości strukturalnych, optycznych i fotoelektrochemicznych porowatego 

materiału krzemowego (PSi) z ochronną warstwą fotokatalityczną wykonaną z tlenków metali 

przejściowych. Cienkie warstwy TiO2 i ZnO zostały osadzone za pomocą techniki osadzania 

warstw atomowych (ALD) na podłożu PSi, które zostało wcześniej wytworzone metodą 

trawienia chemicznego ze wspomaganiem katalizatora metalicznego (MACE). Dzięki łatwej 

kontroli stosunku powierzchni do objętości podczas procesu trawienia chemicznego MACE, 

PSi stanowi wysoce wydajną platformę do inżynierii nanokompozytów. Dalszy wzrost 

powierzchni właściwej uzyskano dzięki jednowymiarowej strukturyzacji za pomocą litografii 

nanocząstek polistyrenowych (NSL). Ze względu na dużą zdolność penetracji osadzonej 

warstwy w porowatą nanostrukturę, co jest zauważalną cechą procesu ALD, TiO2 i/lub ZnO 

tworzą charakterystyczne wtrącenia nanokrystalitów w porach PSi. Te nanokrystality wewnątrz 

PSi są źródłem efektu uwięzienie kwantowego (ang. quantum confinement), który jest 

wykrywany poprzez zmiany właściwości optycznych nanokompozytu. Wynikiem tego efektu 

jest dłuższy czas życia par elektron-dziura, zmniejszona rekombinacja ładunków oraz większa 

efektywność przenoszenia fotoindukowanych par elektron-dziura w nanokompozycie. 

Badania przedstawione w tej pracy skupiają się na nanokompozytach PSi/TiO2, 

PSi/ZnO i PSi/TiO2/ZnO, które wykazują wydajną absorpcję światła w całym zakresie długości 

fal. Ponadto wykazują się dobrą stabilnością mechaniczną i chemiczną, a ich główną zaletą jest 

zauważalny wpływ efektu uwięzienia kwantowego na zwiększoną wydajność fotoprądu. W 

pracy przedstawiono kompleksowe badanie wpływu struktury i morfologii nanokompozytów 

na ich właściwości optyczne pod kątem zastosowań fotokatalitycznych. Nanokompozyty 

przetestowano w warunkach symulowanego światła słonecznego, aby wykazać wydajność 

fotoprądu w zależności od pH i cech morfologicznych. Zademonstrowano również 



 

VIII 
 

zastosowanie nanocząstek plazmonicznych i ich wpływ na wydajność fotoprądu. 

Przedstawione wyniki badań mogą być przydatne w projektowaniu i inżynierii nowoczesnych 

fotoanod w ogniwach fotoelektrochemicznych co zapewni efektywniejsze w stosunku do 

elektrolizy, rozszczepienia wody.  
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Introduction and motivation 

As a primary material of contemporary technologies, silicon has been one of the most 

investigated semiconductors since the mid-20th century. However, a discovery of intensive 

tunable luminescence in the visible spectrum on mesoporous silicon samples, caused by the 

quantum confinement effect in the nanocrystallites, was conducted only in the early 90th. Since 

then, PSi has been widely investigated and applied to various fields of applied science, such as 

optical emitters, biosensors, drug delivery components, batteries and fuel cell design, etc. 

Owing to its physicochemical properties, high surface-to-volume ratio, and facile fabrication, 

PSi is a prominent material for photocatalytic applications, except for its fast degradation in 

electrolytic media. Nevertheless, it is an appealing idea to use the narrow band gap of this 

semiconductor to utilize the visible part of the solar spectrum, which consists of the major part 

of incident solar energy. One of the extensively used photocatalytic material, TiO2 possess an 

outstanding PEC performance in the UV range and good chemical stability. A thin layer of TiO2 

could be a robust protection of PSi photoelectrode and be transparent for IR and VIS light, 

which would directly be absorbed by silicon and induce excitation of electron-hole pairs. The 

quantum confinement effect, which is a distinctive feature of nanosilicon material, should 

provide additional enhancement to charge separation and hinder recombination. Proper 

technology and fabrication processes must be used to realize this idea. First, the morphology, 

pore proliferation and size of PSi must be precisely controlled. A typical MACE method is an 

excellent solution to this problem, considering the capability of implementing various 

lithographic methods. Second, the TiO2 or another transition metal oxide layer must be 

deposited evenly with low thickness-derivation along the nanosilicon surface and effectively 

proliferate into the pores. The ALD technique is an obvious choice to solve this problem. Thus, 

the fabrication of PSi/TiO2 nanocomposite with the aforementioned methods as well as its 

characterization and investigation of the PEC properties, represents the main goal of this thesis.  

In order to reach this goal, it is necessary to answer the following questions: 

1. How do morphological and structural properties affect the optical properties of 

PSi/TiO2 nanocomposite fabricated by MACE and ALD? 

2. How does PSi/TiO2 nanocomposite act as a photoanode? What parameters are crucial 

for its operation? 

3. How can the photocatalytic properties of the PSi/TiO2 nanocomposite be enhanced?  

4. How does engineering a core-shell nanocomposite based on PSi/TiO2 affect the PEC 

properties? 
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Thus, this thesis presents research on structural, optical and PEC properties of PSi/TiO2 

that has been conducted by the Author mostly at the NanoBioMedical Centre at Adam 

Mickiewicz University in Poznan, under the supervision of Dr. Igor Iatsunskyi and co-

supervision of Dr. Mikhael Bechelany. The thesis is divided into five main chapters. The first 

two chapters describe criteria, approaches and materials for photocatalytic water-splitting as 

well as a review of literature sources on this topic. In Chapter 1 discusses the main practices 

and approaches in photocatalytic water-splitting as well as single and multi-component 

materials used in this field. Chapter 2 is devoted to the technological processing of nanosilicon, 

its application in water-splitting, and the use of various transition metal oxides and approaches 

to make it an effective photocatalytic material. The main part of the thesis is Chapter 3, which 

is divided into six sections. The authorship and co-authorship statements are combined in the 

first section. Each following section consists of a peer-reviewed research article and answers to 

the questions prompted in this thesis.  

The first article (section 3.2) shows the fabrication and characterization of PSi and 

PSi/TiO2 nanocomposite. In this research, the morphological and structural properties were 

investigated and discussed. The correlation of structural features with optical characteristics of  

PSi/TiO2 was demonstrated and explained. The impact of quantum confinement was 

demonstrated and examined by analyzing PL spectra under room temperature, and a model of 

PL excitation was proposed. The second article (section 3.3) is devoted to the 1D patterning of 

PSi/TiO2 nanocomposite and the characterization of its structural and optical properties. The 

mechanical properties were also examined by nanoindentation testing since it is important for 

the mechanical stability of 1D PSi/TiO2 photoanode under hydrodynamic impact in an aqueous 

electrolyte solution. In the third article (section 3.4), the 1D PSi/TiO2 nanocomposite is 

investigated as a photoanode for water photooxidation. Here the correlation of PEC properties 

with morphological and structural features, like the length of the nanopillars, dependence on 

the thickness of the ALD-grown TiO2 layer and pH value in the electrolyte were studied. The 

influence of the conductivity type of Si and TiO2 on the PEC performance of the 1D core-shell 

PSi/TiO2 nanocomposite was discussed as well. The fourth article (section 3.5) elucidates the 

impact of Pd nanoparticles on the mechanical, structural, optical and PEC properties of the 1D 

core-shell PSi/TiO2 nanocomposite. Here the positive effect of SPR at Pd nanoparticles on the 

absorbance and PEC performance was demonstrated. It also proposed and discussed the 

principal model of charge carriers transfer inward the 1D core-shell PSi/TiO2/Pd 

nanocomposite structure. And the last article (section 3.6) shows a study on 1D core-shell 

PSi/TiO2/ZnO nanocomposite. Examining the structural, optical and PEC properties showed a 
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positive effect on charge separation and overall efficiency of TiO2/ZnO compared to the TiO2 

shell. The model and explanation of such results are also provided. 

Chapter 4 contains research papers with the Author’s contribution related to engineering 

and study on PSi and PSi/MOx materials. The conclusions, main results and prospects of the 

research in this thesis are discussed in Chapter 5. The obtained results are important for further 

implementing nanosilion and transition metal oxides into developing photocatalytic 

nanomaterials. 

 

 

…………………….…. 

MSc Mykola Pavlenko 
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Chapter 1 Photoelectrochemical water-splitting process 

 

1.1. Approach to the hydrogen economy development 

Throughout the whole history of humanity, humans have used the energy of chemical 

bonds stored in various fossil fuels, like wood, coal, oil and natural gases. Through centuries 

till the present day, overall energy consumption has only increased. Sustainable and renewable 

fuel is key to the development of the future of our civilization for the next generations. 

Excluding nuclear energy, the Sun is the most powerful available energy source [1]; it irradiates 

hundreds of watts per square meter diurnally [2]. Contemporary semiconductor technologies 

have enabled a relatively efficient harness of solar light since the discovery of the photovoltaic 

effect [3]. From simple silicon solar cells to today’s complex nanomaterials, like perovskites 

[4], [5] and organic material [6], [7], the employment of quantum effects and complex 

nanoengineering approaches made solar panels relatively efficient but not cost-effective. 

Although solar cell technology is very promising and important, the world economy requires a 

more cheap and more useful energy source. Since our planet possesses plenty of water sources, 

the hydrogen extraction with solar energy is an obvious solution to this problem [8].  

Hydrogen is an effective and renewable fuel, though its storage is not trivial [9]. 

Currently, hydrogen is mainly produced (around millions of tons per annum) from methane 

using substantial external energy, which depends on fossil fuels. Therefore, a realization of an 

appealing idea of hydrogen extraction with solar energy could significantly bolster the world’s 

economic development and decrease carbon emissions into the atmosphere. A transition to 

hydrogen as the primary fuel is called hydrogen economy and is considered the most effective 

solution to the current energy and ecology crisis [10]–[12]. According to uphill chemical redox 

reactions, an extraction of H2 from water with solar energy is possible through water 

dissociation. This process is called water-splitting and has already been accomplished by nature 

in natural photosynthesis [13], [14]. Thus, the most effective artificial water-splitting strategy 

is mimicking the photosynthesis process. It is realized in so-called artificial leaves, made from 

semiconductor materials like silicon [15]. However, stability and efficiency are still to be 

improved. Incident light excites electron-hole pairs separated in semiconductors, transferring 

to the active sites and taking part in chemical processes. Due to recombination on defect sites 

and low mobility of charge carriers, the efficiency of this process is relatively low. Therefore, 

the external bias of sufficient potential and catalysts are needed to make this process efficient. 



Chapter 1 Photoelectrochemical water-splitting process 

 

16 
 

Thus, realizing effective photocatalytic water-splitting relies mainly on the development of 

effective, robust and cheap materials.  

 

1.2. Water-splitting reaction 

The photocatalytic water-splitting process is an endogenic uphill chemical reaction with 

free Gibbs energy of ∆𝐺 = 237 𝑘𝐽/𝑚𝑜𝑙 (at 25 oC), induced by light on liquid water and results 

in the production of two gases, hydrogen and oxygen, as: 

 

2𝐻2𝑂 → 2𝐻2 + 𝑂2                                        𝐸0 = − 1.23 𝑉                                                 (1) 

 

The thermodynamic potential of the reaction, noted here as 𝐸0, is the most essential 

requirement for occurring of water-splitting. It defines the value of a band gap of more than 

1.23 eV for semiconductors suitable for overall water-splitting. The effective separation, 

extraction and low recombination of photoexcited charge carriers, electrons and holes is also 

an important issue in driving HER and OER, respectively. These reactions are represented by 

two half-reactions, which could be realized on two different materials separately. The chemical 

equations are following:  

 

2𝐻2𝑂 → 𝑂2 + 4𝐻+ + 4𝑒−                   𝐸0 = ( 1.23 − 0.059 × 𝑝𝐻)𝑉 𝑣𝑠. 𝑁𝐻𝐸                    (2) 

 

4𝐻+ + 4𝑒− → 2𝐻2                                 𝐸0 = ( 0 − 0.059 × 𝑝𝐻)𝑉 𝑣𝑠. 𝑁𝐻𝐸                        (3) 

 

The thermodynamic potentials of the reactions depend on the pH of the aqueous 

electrolyte solution in which the semiconductor is immersed. Its values can be calculated 

through the Nernst equation compared to NHE as shown in (2) and (3). External energy input 

is required since the reaction does not occur spontaneously and is thermodynamically 

unfavorable at ambient conditions (standard pressure and temperature). Considering a 

“classical” method of water-splitting via electrolysis, where the HER and OER occur at the 

electrode and anode separately, the external input should be more than 1.23 V (because of 

different losses), to sustain the reactions. This external input is called an overpotential [16]. An 

external voltage bias shifts the electrode potential from the equilibrium with the electrolyte 

solution and alters the potential difference along the electrical double layer at the electrode’s 

surface. Activation energies of every electrochemical step during the redox reactions are 
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functions of applied potential. The well-known Butler-Volmer equation [17] describes the 

dependence of activation energies at the electrode under applied potential in terms of 

overpotential. Under experimental conditions, the overpotential is simply defined as the 

additional applied potential to drive a given current density to achieve the OER with different 

catalysts. From the theoretical point of view, overpotential describes the additional voltage over 

1.23 V vs. RHE that is needed to lower the highest free Gibbs energy for the electrochemical 

reaction’s step. 

 

1.3. Physicochemical mechanisms of OER and HER 

The corresponding reactions of electrocatalytic water-splitting are: 

 

Anode:      4𝑂𝐻−  +  4ℎ+  →  𝑂2  +  2𝐻2𝑂                         𝐸0 = −1.23𝑉 𝑣𝑠. 𝑁𝐻𝐸                  (4) 

 

Cathode:     2𝐻2𝑂 +  2𝑒−  →  𝐻2 + 2𝑂𝐻−                         𝐸0 = 0 𝑉 𝑣𝑠. 𝑁𝐻𝐸                       (5) 

 

The overall reaction considering (4) and (5) is: 

 

2𝐻2𝑂 +  4𝑒− +  4ℎ+   →  𝑂2 + 2𝐻2                          𝐸0 = −1.23𝑉 𝑣𝑠. 𝑁𝐻𝐸                        (6) 

 

Comparing the HER and OER reactions, the last one requires more energy to proceed. This 

reaction’s occurrence significantly depends on pH and overcoming the activation energies 

during oxygen bond formation. These energy barriers can be decreased by using catalytic 

materials in acidic or basic electrolytes and tuning the concertation of active sites on the surface. 

The OER is a complex multi-step reaction [18]–[20], investigation requiring thorough 

theoretical, computational and experimental studies. A theoretical representation of OER 

occurrence steps at a metal electrode surface is shown as Scheme 1 in Table 1. In the case of 

metal, a high concentration of electron acceptors is located near the Fermi level. Generally, 

charge accumulation at either catalysts or co-catalyst materials has a crucial impact on the 

reaction rate. Some recent research [21] has shown that the activation energy decreases linearly 

with the amount of accumulated charge. Some other research [22]–[24] has elucidated the 

occurrence mechanisms of OER on oxide-hydroxide composites with the employment of 

extensively used co-catalysts based on Co, Fe and Ni.  
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In contrast to the metal material, the occurrence of OER on a semiconductor depends 

on holes concentration and transport at the surface. In this case, the main steps are shown as 

Scheme 2 in Table 1. An elucidation of charge carrier’s behaviour under water-splitting 

conditions requires investigations on drift and diffusion mechanisms, rate constants of electrons 

and holes transport, and definition of boundary conditions [25]. Generally, the OER on the 

semiconductor surface can be described by a set of oxidation reactions involving holes, and 

reduction reactions involving electrons, of the intermediate species. The loss entailed by 

recombination processes could be described by reactions marked as (*) in Scheme 2, neglecting 

the reduction of unbound molecular oxygen. More precise identification and investigation of 

chemical reactions with surface-bound species requires a thorough computational via DFT and 

spectroscopic analysis [26]–[28]. 

 

Table 1. Schematic representation of OER occurrence involving active surface sites (M - 

notation of active surface site) 

Scheme 1: OER on the metal surface 

Scheme 2: OER on the semiconductor 

surface (the collected concentration of holes 

h+ at the surface is involved) 

 

 

M + H2O → M – H2O 

M – H2O → M – OH + H+ + e-  

M – OH → M – O + H+ + e- 

M – O + H2O → M – OOH + H+ + e- 

M – OOH → M – O2 + H+ + e- 

M – O2 → M + O2 

M + H2O → M – H2O 

M – H2O + h+ → M – OH + H+ 

M – OH + H+ + e- → M – H2O (*) 

M – OH + h+ → M – O + H+ 

M – O + H+ + e- → M – OH (*) 

M – O + H2O + h+ → M – OOH + H+ 

M – OOH + H+ + e-  → M – O + H2O (*) 

M – OOH + h+ → M – O2 + H+ 

M – O2 + H+ + e-→ M – OOH (*) 

M – O2 → M + O2 

 

The light-driven OER on the semiconductor surface is a minority carrier reaction, which 

means that the surface concentration of reacting holes is determined by their generation rate as 

well as accumulation and recombination mechanisms. An applied potential changes the width 

of the space charge region and, as a result, influences the accumulation of photoinduced holes 

at the surface. At the same time, the external potential controls the rate of reduction reactions 
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(shown in Scheme 2 in Table 1) by altering the electron concentration. Consequently, the holes 

are able to accept electrons of intermediate species from the oxidation reactions. 

Compared to OER, the HER reaction is more effective due to its occurrence through 

multi-electron pathways than the single-electron pathway as the OER [29]–[31]. It demands 

lower overpotential compared to OER, but the presence of a catalyst is also required. The 

Platinum metal group is the most widely used catalytic material for HER. Generally, adding 

sacrificial agents, electron donors, and acceptors increases the water-splitting process's 

outcome. 

The hydrogen production rate depends on surface reactions, including adsorption, 

desorption, discharge, and recombination processes. These processes are substantially 

dependent on surface features, like passivation. In an alkaline solution, the HER originally takes 

place with adsorption and dissociation processes, which break the H-O-H bonds and release H* 

captured on the catalyst surface (M). The electron’s kinetics follows Volmer-Heyrovsky or 

Volmer-Tafel processes. The following reactions could describe each step of which occurring:  

 

Volmer step: 𝑀 +  𝐻2𝑂 +  𝑒−  ↔ 𝑀 − 𝐻∗ + 𝑂𝐻−  (Discharge step)                                    (7) 

 

Heyrovsky step: 𝑀 − 𝐻∗ +  𝐻2𝑂 + 𝑒− ↔  𝐻2  + 𝑀 + 𝑂𝐻− (Desorption step)                      (8) 

 

Tafel step: 2𝑀 − 𝐻∗ ↔  𝐻2 + 2𝑀                       (Recombination step)                                  (9) 

 

The Volmer step in alkaline media is quite intricate compared to acidic HER; it involves 

adsorption and dissociation of water molecules at the catalyst’s surface. The occurrence of these 

steps in acidic media includes a primary discharge step and following desorption or 

recombination (still the same as in alkaline media) steps are described as: 

 

Volmer step:  𝑀 +  𝐻3𝑂+ + 𝑒− ↔  𝑀 − 𝐻∗ + 𝐻2𝑂  (Discharge step)                                 (10) 

 

Heyrovsky step: 𝑀 − 𝐻∗ +  𝐻3𝑂+ + 𝑒− ↔  𝐻2 + 𝑀 +  𝐻2𝑂 (Desorption step)                  (11) 

 

Wide band gap semiconductors, like transition metal oxides such as TiO2, usually have 

a band gap value of more than 3.0 eV and absorb light in the UV part of the solar spectrum. 

The resulting efficiency of overall water-splitting on single materials is low and requires 

additional catalyst and co-catalyst materials. The band gap could be narrowed through 
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additional levels induced by doping or structural changes, and the light absorbance would 

increase. Polymorphs of TiO2, anatase and rutile, show different activity toward water-splitting 

reactions, for example. Defect states, such as interstitial Ti ions or oxygen vacancies, also 

substantially affect light absorbance and conductivity. For instance, in ZnO, another widely 

used in photocatalytic applications transition metal oxide, oxygen vacancies substantially 

changes the optical properties. 

 

 

 

Figure 1. Graphic representation of photo-driven water-splitting process occurring on TiO2 

nanoparticle as an example of main stages of water-splitting process occurring. 

 

The main stages of the overall photocatalytic water-splitting process are shown in Fig.1. 

First is the light incidence; at this step, the photon energy higher than the band gap value is 

absorbed by the semiconductor and induces free charge carriers. It should be noted that 

excessive thermal energy under intensive solar light or artificial AM 1.5 G illumination during 

the experiment could result in severe thermal degradation of semiconductor material and 

significantly decrease photoexcitation and charge carriers diffusion processes, stages 2 and 3, 

respectively. The low recombination and sufficient mobility of charge carriers in the 

semiconductor are crucial factors for efficient photocurrent response. At stage 4, the HER and 

OER proceed at the surface of the semiconductor material. The rate of these chemical reactions 

significantly depends on the presence and quality of catalysts and co-catalysts. The diverse 

photocatalysts are usually used to enhance light absorption, charge separation and transfer, and 

reduce the activation energy of gas evolution. Generally, these photocatalysts contain transition 

metal cations of d0 electronic configuration, like Ti4+, V5+, Mo2+, etc., or cations of d10 electronic 
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configuration, like Ag+, Zn2+, Ge4+, etc. The co-catalyst materials are usually represented by 

noble metals (e.g. Pt, Ag, Au) or transition metal oxides separately (e.g. RuO2, IrO2), or 

combined into complex multicomponent nanocomposites (e.g. SrTiO3, RhCr2O3). Doped by Cr 

and Fe, the TiO2 material has demonstrated a stable and relatively efficient production of H2. 

 

 
 

 

Figure 2. Schematic illustration of charge carriers photoexcitation on n-type and p-type 

semiconductors, and transfer to OER and HER sites, respectively. 

 

The effectiveness of charge separation and excitation can be tuned through changes in 

the doping type or concentration. In Fig. 2  are demonstrated mechanisms of charge excitation 

and transfer to active sites for n-type and p-type semiconductors as occurrences of OER and 

HER, respectively. Positions of the Fermi quasi levels (𝐸𝐹𝑛
 and 𝐸𝐹𝑝

) define the charge carriers 

kinetics under the light irradiation and rate of the water oxidation or reduction. At the same 

time, positions in the band gap and concentration of defect sites define the bulk and surface 

recombination processes. This problem is usually solved by engineering the nanocomposite’s 

energy band structure. The built-in electric field induced by the deposited catalytic layer (e.g. 

MoS2, MoSe2, CdS) facilitates the diminishing of the bulk recombination and the surface 

passivation layer hinders the surface recombination. 

The concentrations of charge carriers under light irradiation are defined as: 

 

                                                 𝑛 = 𝑁𝐶 (
1

1+𝑒𝑥𝑝(
𝐸𝑐−𝑛𝐸𝑓

𝑘𝑏𝑇
)
)                                                        (12) 

                                                  𝑝 = 𝑁𝑉 (
1

1+𝑒𝑥𝑝(
𝑝𝐸𝑓−𝐸𝑉

𝑘𝑏𝑇
)
)                                                       (13) 
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where 𝑛 and 𝑝 are concentrations of electrons and holes, 𝑁𝐶 and 𝑁𝑉 are densities of states in 

CB and VB, respectively. Considering the n-type semiconductor under dark conditions, the 

equilibrium concentration of holes is too low as minority carriers. After irradiation of light with 

photons energy higher than the energy band gap of the semiconductor, the photoexcitation and 

separation of electrons and holes proceed. As a result, concentrations of excessive electrons in 

CB and holes in VB are accumulating. This excessive concentration of electrons can be 

neglected and the position of 𝐸𝐹𝑛
 almost coincides with the Fermi level 𝐸𝐹 under dark. 

Conversely, the holes excessive concentration induces a shifting of 𝐸𝐹𝑝
 towards VB, resulting 

in a driving force for OER occurring. The difference between 𝐸𝐹𝑝
 at the surface and the 

equilibrium redox Fermi level of water oxidation (depicted as OH- → O2 in Fig. 2) determines 

the occurrence of OER on the active site and defines the overpotential for minority charge 

carriers.  

Considering the reaction (4) in terms of the concentration of reactive species at the 

surface, the overall rate can be determined as: 

 

                                                             
𝑑(𝑂2)

𝑑𝑡
= 𝑘[𝑂𝐻−]𝛼𝑝𝛽                                                  (14) 

 

where 𝛼 and 𝛽 are the reaction orders, 𝑘 is the rate constant and 𝑝 is the holes concentration at 

the interface between the semiconductor and electrolyte, determined by Fermi quasi level. The 

chemical reaction orders can be theoretically estimated considering the kinetic mechanisms of 

the OER on a specific semiconductor. At the same time, the experimental estimation is quite 

complicated and requires complex investigations, for example in [32]–[35]. 

 

1.4. Requirements for the development of an efficient photoanode 

The OER proceeds on the photoanode material, which is an n-type semiconductor with 

a band gap suitable for efficient light absorption in the broad spectrum range. It must possess 

sufficient mobility of charge carriers and stability under PEC operational conditions in the 

aqueous electrolyte solution. The non-toxicity and low-cost requirements are also reasonable 

for usability in real-life PEC systems. Increasing the photoanode material's specific area allows 

photocurrent and gas evolution scalability. Therefore, the nanostructured, nanoparticle and 

porous materials attract much interest in engineering PEC cells. For instance, various metal 

oxide materials (e.g. TiO2, ZnO, Fe2O3, WO3) have already demonstrated an enhanced 
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efficiency as mesoporous, nanowires, hierarchical and nanoparticles systems. But the PEC 

behavior of nanostructured porous materials is significantly affected by bulk and surface states 

introducing a non-ideality in a semiconductor material. Thus, the influence of morphological 

and structural features such as boundary grains, structural defects, pore size and nanocrystallite 

size must be considered when investigating photoanode properties.  

First of all, the estimation of the semiconductor-electrolyte junction behavior of the 

photoanode material is important for the necessary calculations and models development. A 

convenient approach in this regard is the flat band potential 𝑈𝑓𝑏
, which describes the potential 

and charge carriers distribution at the semiconductor-electrolyte interface. Its value represents 

the photoelectrode potential at which CB and VB energies are constant, and there is no electrical 

field in the semiconductor site at the semiconductor-electrolyte junction. Under applied 

potential, the depletion or space-charged region is formed. This disturbance enables the 

withdrawal of the majority of charge carriers out of the junction. If the semiconductor possesses 

an n-type of conductivity, the positive space charge region is formed when the applied potential 

is more positive than 𝑈𝑓𝑏
. In the case of p-type (for HER) the converse statement is true. The 

doping type is represented by immobile ionized donors (n-type) or acceptors (p-type) inward 

the crystalline structure of the semiconductor. The width of the space-charged region 𝑊𝑠𝑐 

depends on the doping density 𝑁 and potential drop ∆𝜑𝑠𝑐 across the space-charged region. This 

potential drop is corresponding to band bending 𝑞∆𝜑𝑠𝑐 at the semiconductor-electrolyte 

interface and allows estimation of energy barriers for charge carriers transport. The whole 

equation is: 

                                                     𝑊𝑠𝑐 = (
2∆𝜑𝑠𝑐𝜀𝜀0

𝑞𝑁
)

1

2
                                                              (15) 

 

where 𝜀 is the relative permittivity of the semiconductor material. 

The charge in the space charge region is balanced by an opposite charge at the 

electrolyte site induced by ions. The electrical double layer at the interface of the 

semiconductor-electrolyte allocates this charge along the outer Helmholtz plane. This 

distribution of charge is more effective for concentrated electrolytes. In terms of capacitance, 

the n-type semiconductor-electrolyte junction can be described by the following Mott-Schottky 

equation: 

                                                
1

𝐶𝑠𝑐
2 =

2

𝜀𝜀0𝑁𝑑
(∆𝜑𝑠𝑐 −

𝑘𝑏𝑇

𝑞
)                                                        (16) 
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where 𝐶𝑠𝑐 is the capacitance of the space charge region in series with Helmholtz capacitance 

𝐶𝐻. If the doping concentration is low or moderate, it is considered that 𝐶𝐻 ≫ 𝐶𝑠𝑐 and changes 

in the electrolyte potential occur mainly in the space charge region. For this condition, under 

applied potential 𝑈, the ∆𝜑𝑠𝑐 can be replaced by 𝑈 − 𝑈𝑓𝑏
. But, in the water-splitting process, it 

is possible that 𝐶𝐻~ 𝐶𝑠𝑐 (e.g. for the non-stoichiometric oxides) and some additional charge 

could be accumulated at the surface of the semiconductor due to surface defect states. In such 

a situation, an effect of so-called Fermi level pinning takes place and the semiconductor could 

behave almost like a metal. Even in the case of passivated surfaces, like N-terminated TiO2 or 

H-terminated Si, for instance, changes in potential drop appear along the Helmholtz layer and 

the potential is varied.  

Holes are minority charge carriers in the n-type semiconductor. Characteristic lengths 

for their movement are represented by the width of the space charge region, the incident light 

penetration depth and diffusion length 𝐿𝑝. The last one is determined by the following equation: 

                                                     𝐿𝑝 = √
𝑘𝑏𝑇

𝑞
𝜇𝑝𝜏𝑝                                                               (17) 

where 𝜇𝑝 is the holes mobility and 𝜏𝑝 is the bulk lifetime of holes, which substantially depends 

on electron-hole recombination processes. The concept of diffusion length does not consider 

the surface and space charge region recombination processes. In the case of mesoporous 

semiconductor photoanode, the majority charge carriers density depends on the external bias 

voltage. Therefore the recombination rate is changing and the diffusion length is hard to 

determine. Also, the characteristic length scale could be much smaller than the Debye length 

𝐿𝐷: 

                                                            𝐿𝐷 = (
𝜀𝜀0𝑘𝑏𝑇

2𝑞2𝑁
)

1

2
                                                           (18) 

This fact implies that the size of the nanostructure constituents (nanoparticles or 

nanocrystallites) is too small for a substantial band bending. Considering a spherical 

nanoparticle, the solution of the Maxwell-Boltzmann equation allows estimation of the 

maximal potential drop ∆𝜑𝑚𝑎𝑥 between the center of the nanoparticle and its surface, as: 

                                                ∆𝜑𝑚𝑎𝑥 =
𝑘𝑏𝑇

6𝑞
(

𝑟0

𝐿𝐷
)

2

=
1

3

𝑟0
2𝑞𝑁

𝜀𝜀0
                                                 (19) 

Estimating small-size nanoparticles about a few tens of nanometers gives bend bending value 

in the order of meV. It is smaller than the thermal energy of 𝑘𝑏𝑇 order. Therefore, the bend-
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bending effect can be neglected for minor constituents of nanocomposite materials. It can be 

considered that photoexcited charge carriers reach the surface by a diffusion process.  

Under a light-driven OER, transferring minority charge carriers through the interface is 

quite a slow process. During the transfer, the minority charge carriers could be reflected back 

from the interface or recombined on the defect sites. In general, the recombination processes in 

the nanostructured oxide electrodes are still a wide topic for research. 

To summarize, in the case of complex nanostructured photoelectrodes the small 

constituents can be almost field-free and significant electrical fields are only presented in the 

space charge regions at the larger constituents of the nanocomposite. For example, in the highly 

doped nanorods, the electron-hole separation processes are assisted mainly by the electric field 

perpendicular to the long axis, if the radius of the nanorod is larger than 𝑊𝑠𝑐. In other words, 

the large parts of the nanocomposite structure accumulate the electrical field in the space charge 

region and this field assists the charge separation processes. At the same time, smaller 

nanofeatures are mostly field-free, and only diffusion mechanisms occur. Therefore, in the 

hierarchical complex nanocomposites with different length scales, the space charge regions are 

confined at the larger morphological features and the collection of charge carriers proceeds at 

the small features via the diffusion mechanisms. Thus, the overall charge transfer is quite 

complicated and for fundamental investigations, it is better first to estimate the flat material 

surface. 

The efficiency of nanocomposite photoanode in the photo-driven water-splitting process 

can be estimated through Gartner equation by the IPCE parameter: 

 

                                        𝐼𝑃𝐶𝐸 =  
𝑗𝑝ℎ𝑜𝑡𝑜

𝑞𝐼0
=

𝑔

𝐼0
= 1 − 𝑒𝑥𝑝 (−

𝛼𝑊𝑠𝑐

1+𝐿𝑝
)                                       (20) 

 

where 𝐼0 is the intensity of incident light, 𝑔 is the minority charge flux (holes for the 

photoanode), 𝛼 is the light absorption coefficient.  

Considering the recombination processes in the semiconductor, the IPCE equation could 

be rewritten as: 

 

                                𝐼𝑃𝐶𝐸 =  
𝑗𝑝ℎ𝑜𝑡𝑜

𝑞𝐼0
=

𝑞𝑔−𝑗𝑟𝑒𝑐𝑜𝑚𝑏

𝑞𝐼0
=

𝑔

𝐼0
(

𝑘𝑡𝑟

𝑘𝑡𝑟+𝑘𝑟𝑒𝑐𝑜𝑚𝑏
)                                     (21) 

 

where 𝑗𝑟𝑒𝑐𝑜𝑚𝑏 is the recombination current, 𝑘𝑡𝑟 and 𝑘𝑟𝑒𝑐𝑜𝑚𝑏 are the constants of holes transfer 

and electron-hole recombination. 
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For practical use, during the collection of the experimental data, the IPCE is usually 

estimated as: 

 

                                    𝐼𝑃𝐶𝐸 (𝜆) =  
𝑗𝑝ℎ𝑜𝑡𝑜(𝑚𝐴∙𝑐𝑚−2)×1239,8(𝑉∙𝑛𝑚)

𝑃𝑚𝑜𝑛𝑜(𝑚𝑊∙𝑐𝑚−2)×𝜆(𝑛𝑚)
× 100%                            (22) 

 

where 𝑗𝑝ℎ𝑜𝑡𝑜 is the measured photocurrent, 1239,8 (𝑉 ∙ 𝑛𝑚) is ℎ𝑐 value (multiplication of the 

Plank constant to the speed of light in vacuum), 𝑃𝑚𝑜𝑛𝑜 is the intensity of incident monochromic 

light. Since the IPCE value gives the photoanode’s performance under specific light wavelength 

value, engineering complex multi-layer materials, where each layer is effective at a specific 

wavelength, would significantly increase the integral IPCE yield of such a nanocomposite. 

Additionally, the band gaps engineering would also impact the total performance.  

 

1.5. Concepts of water-splitting cells 

Generally, engineering systems have three primary strategies for water-splitting to 

produce hydrogen. There are photocatalysts (PC), photoelectrochemical systems (PEC) and 

photovoltaic-photoelectrochemical systems (PV-PEC) [36]–[38]. Basic concepts of the 

implementation of these systems are represented in Fig. 3. 

The first strategy is considered the cheapest, potentially scalable and simple compared 

to PEC and PV-PEC. Usually, photocatalysts are used as powders, dispersed in water or 

deposited on a substrate to form a layered film, like photocatalysts sheet [39]. Employing 

powder photocatalysts does not require additional electrodes, electrical circuits and directional 

light focusing. On the other hand, this type of water-splitting system possesses some significant 

disadvantages that limit its applications. The PC systems efficiency is quite low, because the 

collection of produced gases from HER and OER is complicated and requires additional 

engineering approaches that consume energy. Additionally, backward reactions reduce the 

overall efficiency and lead to a photostationary state, where rates of forward and backward 

reactions are the same and overall water splitting significantly impedes. 
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Figure 3. Various approaches in designing cell configurations for solar water splitting. 

 

The second strategy is derived from the photoelectrochemical properties of metal 

oxides, like TiO2, which was first reported as a photoelectrode [40]. PEC cell consists of two 

photoelectrodes, one or both made from semiconductor material, or one counter electrode could 

be metal, like Pt for TiO2 photoanode. In such a system, the photocatalytic material is deposited 

on a conductive substrate and it acts as a photoanode or photocathode in the PEC cell, where 

external bias is applied to sustain the water splitting. An excitation of photocurrent occurs on 

the photoactive electrode due to the separation and transfer of photoexcited electrons and holes 

in the semiconductor material. Depending on the conduction type of semiconductor, the minor 

and major charge carriers travel to active sites and sustain the occurrence of HER or OER. 

Combining the photoanode and photoelectrode in one PEC cell enables a realization of overall 

water splitting with two half-reactions. 
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Figure 4. Configurations of photoanode, photocathode and combined PEC cells considering the 

energy diagrams of the employed semiconductor material. 

 

In Fig. 4 are shown three configurations of PEC cells where OER and HER proceed 

separately on photocathode and photoanode sites. The electric circuit is completed through a 

platinum wire connected to the counter electrode. In the n-type semiconductor, the CB and VB 

bands are bent up and facilitate the OER (Fig. 4a) through holes transfer to the semiconductor-

electrolyte interface. In the case of the HER, energy bands are bent down in the p-type 

semiconductor and facilitate the transfer of electrons (Fig. 4b). A combination of n-type and p-

type semiconductors in one PEC cell enables the simultaneous occurrence of HER and OER 

(Fig. 4c). In this configuration, semiconductors with smaller band gap values could be used 

against larger band gaps in configurations for separate HER and OER. Therefore, the high 

photovoltage requirement is divided for two semiconductors with narrower band gaps. As a 

result, a higher photocurrent value can be achieved at two combined photoelectrodes 

configurations because of a more effective light absorbance by narrower band gaps 

semiconductors. Thus, this configuration has a significant advantage over the two previous 

ones, resulting in a higher STH production level. Since the HER and OER sites are spatially 

separated, the produced gas collection is much simpler than the PC system. 
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In order to avoid using external bias, a concept of unassisted water-splitting was 

developed to be realized in a so-called tandem scheme. This concept implies the employment 

of double light absorbers [41] in photoanode-photocathode configuration (PEC-PEC) or 

coupling with a photovoltaic device (PEC-PV) [42], [43]. A resulting tandem cell could 

generate a sufficient driving force to sustain a self-driven solar water-splitting. In the PEC-PEC 

cell, semiconductor photoelectrodes are connected in series, like top-on-bottom, where the top 

photoanode absorbs shorter wavelengths and the remaining longer wavelengths are absorbed 

by the photocathode. The PEC-PV tandem cell [44] consists external PV energy source and the 

PEC part comprises a photoelectrode and metal counter electrode.  

Another variation of self-driven water-splitting could be considered a photovoltaic-

electrolysis system (PV-EL), where OER and HER on the metal electrodes are sustained by 

external bias induced by the solar cell [45]. Such a system consists only the p-n junctions of the 

solar cell instead of the semiconductor-electrolyte junctions. 

The overall water splitting could be achieved through a one-component photocatalyst 

by one-step photoexcitation or heterojunction-type photocatalysts comprised of II-type 

heterojunction. However, a single photocatalyst requires a sufficiently narrow band gap to 

utilize the significant part of incident light and favourable positions of CB and VB edges 

regarding water redox potentials. These two requirements are mutually exclusive. It is not 

feasible for a single-component material to satisfy the simultaneous requirement of a narrow 

band gap and sufficiently strong redox potential. Additionally, the density of charge carriers is 

restricted by surface and bulk recombinations [46]. Thus, employing of II-type heterojunction 

enables the induction of photoexcited electrons and holes at two different semiconductors. It 

noticeably increases the lifetime of photoinduced charge carriers. Schematic illustrations of 

one-component and II-type heterojunction photocatalysts are represented in Fig. 5a and Fig. 5b. 

To enhance the charge transfer and efficiency of water-splitting, a concept of the so-called Z-

scheme system was proposed. 

The concept of Z-scheme for overall photo-driven water-splitting is a combined system 

in which two-photon excitation processes proceed (Fig. 5c). This system was first proposed by 

Bard et al. in 1979 [47] to implement the idea of mimicking the natural photosynthesis process. 
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Figure 5. Graphical representation of the photoinduced water-splitting on (a) single-component 

photocatalysts, (b) type-II hetrojunction photocatalysts and (c) Z-scheme with electron mediator 

involved. 

 

Generally, the Z-scheme system consists of two photocatalysts for the implementation of HER 

and OER separately on different sites, and an electron mediator [48], [49]. These photocatalysts 

are referred to as photosystem I (PS I ) and photosystem II (PS II) in Fig 5c. An electron 

mediator sustains the electron transport between these two photosystems. The presence of the 

electron mediator enables a formation of an electron-relaying channel through which the charge 

carriers could be accommodated at two different photocatalysts. Thus, PS II becomes a hole-

rich site and sustains the OER, whereas PS I promotes the HER with accumulated electrons 

[50], [51]. Compared to single-component and type II heterojunctions, Z-scheme requires a 

lower change in the Gibbs energy to sustain overall water-splitting [52]. The concentration of 

electron mediator, pH value and type of co-catalyst have the most significant impact on the 

operation of Z-scheme systems.  

In the first generation of PEC systems built with the Z-scheme, was used liquid electron 

mediator, like IO3
-/I- [53], as a source of donor-acceptor pairs. In such systems, the efficiency 

is affected by the possibility of backward charge carriers transfer and light absorption by the 
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mediator. As the next step, the second generation of the all-solid Z-scheme was proposed. In 

such a system, the ionic liquid mediator is substituted by the metal conductor, such as Au [54]. 

This change overcomes the backward reactions occurrence and decreases the path of electron 

flow [55]. A significant shortcoming of the second-generation Z-scheme is the employment of 

high-cost noble metals like Au and Pt. However, the substitution of the metal conductor as a 

mediator by carbon nanostructures, like carbon nanotubes [56], [57] or carbon quantum dots 

[58], could potentially solve this issue. A mediator-free approach represents the third generation 

of Z-scheme systems. In such a system, the solid-solid contact interface between two 

photosystems induces the internal electric field that controls the flow of electrons. Parameters 

of this field are strongly dependent on the properties of semiconductors. Such a type of Z-

scheme was found in coupling ZnO with CdS [59] by chemical formation method [60]. And 

later, the solid-solid interface was investigated in physically formed SrTiO3:Rh – BiVO4 Z-

scheme under pH variation [61]. The Z-scheme solid-solid system is different from the type II 

heterojunction since the contact between two semiconductors is formed by the physical method 

[55] and represents the Ohmic contact properties. Such a system can be further implemented by 

employing synergistic effects in ternary compounds [62].  

 

1.6. Materials for photocatalytic water-splitting 

Materials for water-splitting use are chosen according to requirements such as the 

properties of constituent atoms, the crystalline structure, electronic properties, light absorption 

and interface/boundary properties. The most important requirement is stability under PEC 

operation conditions. This term usually implies stability against phase changing, segregation 

into constituents and dissolution in aqueous electrolyte. The electronic properties imply band 

gap value and its structure (direct or indirect), mobility of charge carriers (estimated by effective 

masses), separation and a lifetime of charge carriers and defects. The band bending at the 

interface with the electrolyte solution results from charge accumulation at the surface of the 

photoelectrode and an opposite charge at the electrolyte side of the interface. The interface 

properties depend on the electrolyte’s pH and applied potential, and substantially affecting the 

extraction of charge carriers through the interface. 
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Figure 6. Band gap values comparison of some materials widely used for photocatalytic 

water-splitting applications.  

 

Fig. 6. shows some examples of widely used photocatalysts regarding their band gap 

values (left axis) and redox potential values (right axis). Generally, the photocatalytic materials 

could be assigned to four groups: insulating (with wide energy band gap), metallic (with narrow 

band gap), n-type and p-type semiconductors. Thermodynamics places a stringent restriction 

on the occurrence of chemical reactions on the surface of photocatalysts. In order to proceed, 

the reduction reaction must correspond to a requirement that the potential level of CB is higher 

(more negative) than the redox potential of the LUMO of the acceptor molecules. On the 

contrary, for the oxidation reaction, the VB level must be lower (more positive) than the donor 

molecules' redox potential of the HOMO. Taking into account the positions of water oxidation 

and hydrogen reduction levels, it means that the CB level of the photocatalyst must be more 

negative than the H2 reduction level, depicted as –H2/H
+ in Fig. 6. And the VB level must be 

more positive than the water oxidation level, depicted as –H2O/O2. 

The reasonable requirements for an ideal photocatalytic material for overall photo-

driven water-splitting are following: 

1. Under light exposure, it must generate photovoltage of more than 1.23 V. 

2. The band gap must be small enough to absorb as much light as possible. 

3. The energy levels of the band gap must straddle the redox potentials of HER (0 

eV) and OER (1.23 eV). Taking into account the overpotential value to compensate the 
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thermodynamic loss, the optimal band gap should be less than 2.2.eV. Still, the most 

suitable semiconductors in this range are exposed to degradation in electrolytic media. 

4. It must be robust in aqueous electrolyte media. The metal oxides meet this 

requirement, but are ineffective due to a wide band gap. 

5. Minimal energy loss in charge carriers transfer due to the kinetic overpotential. 

6. It should be cost-effective. 

7. It should gain at least 80% quantum yield to be commercially viable.  

Unfortunately, till the current moment, there is no material that meets all these 

requirements simultaneously [63]. But, through the engineering of intrinsic properties of 

semiconductors, it is possible to hinder such detrimental effects as incomplete light trapping, 

nonradiative recombination, nonideal energy bands alignment, etc. Additionally, the 

employment of sensitizers, like QD [64]–[66], for instance, has already shown a positive effect 

on enhancing the properties of photocatalytic materials. The sensitizers are easily tunable in 

size and shape, enable the employment of quantum confinement effect, robust against 

photodegradation effects, possess a broad range of light absorption, etc. 

The majority of binary compounds express photocatalytic activity after nanostructuring 

or doping. The VB location, in most cases, is located deeper than the water redox level. The 

oxygen substituting with nonmetal elements, like sulfur or phosphorous, shifts the VB and CB 

upward. Thus, approaches to independent band edge engineering in binary compounds are 

restricted and applying more complex materials is preferable for photocatalytic use. However, 

the application of catalysts could significantly improve the PEC activity. For example, GaP is 

an indirect semiconductor with a band gap of 2.3 eV that can sustain water-splitting due to band 

edges above hydrogen's reduction potential. However, its n-type is unstable in water in contrast 

to the p-type, which demonstrates longer stability under cathodic conditions [67], [68]. Due to 

interface properties, GaP does not yield the expected photocurrent, but adding Pt nanoparticles 

changes the interface properties and increases the photocurrent yield [69]. Another well-known 

semiconductive material, like GaP from the III-V semiconductors group, is InP. It has a direct 

band gap of 1.35 eV and CB located slightly above the water reduction potential [70], [71]. It 

could be used as a photocathode, but p-type InP is not stable in acidic electrolytes due to 

photocorrosion. This issue could be solved by the deposition of a TiO2 protective layer [72]. 

Therefore, in order to create an efficient material,  a set of criteria should be considered: 

1. To overcome limitations of poor stability, wide band gap and poor transport of 

charge carriers. 
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2. To predict optoelectronic properties of the material considering the crystal 

structure and defect states. 

3. To achieve long-term stability of the material in contact with an electrolyte 

solution. 

4. To estimate carrier diffusion length and its increasing through lowering the 

recombination influence. 

5. To optimize band gap positions compared to redox potentials of the water, 

through doping or structural changes. 

 

1.6.1.  Metal oxides 

Generally, metal oxides are well known due to their stability in electrolytic media, 

especially as photoanode materials, due to a relatively high electronegativity of oxygen, which 

could form stable compounds based on O-2. These materials possess wide range of band gaps, 

good electrical conductivity, favorable electronic transitions, relatively high absorption and 

dielectric constant. Transition metal oxides comprise ions with d0, like Ti4+, Zr4+,Ta5+, etc., and 

d10, like Ga3+, Ge4+, Sb5+, etc., electron configuration. 

The simple binary metal oxides were discovered as the first stable and relatively 

efficient photocatalysts. In 1972 Fujishima and Honda [40] first achieved UV-light-assisted 

electrochemical water splitting using a TiO2 photoanode in a PEC cell. The main drawback of 

transition metal oxides, like TiO2 or WO3, is the high energy bang gap value. An incorporation 

of d0 cations in the crystalline structure of metal oxides leads to empty d-bands and the 

electronic structure consists of O 2p → Ti 3d (or O 2p → W 5d for WO3, for example) 

transitions. The wide energy band gap results in poor light harvesting, since only a small part 

of solar energy lies in the UV range. Therefore, TiO2 and WO3 are not much efficient 

photocatalysts by themselves.  

On the other hand, TiO2 has been widely implemented as a protective layer for various 

photoelectrodes that are not stable in water, like Si, InP or CuO2, for example [72]–[74]. 

Significant efforts were addressed to engineering its band gap to enhance light absorption [75]–

[78]. The nitridation of hydrothermally derived TiO2 in the NH3 atmosphere resulted in the 

narrowed band gap of up to 2.4 eV [79]. Adding co-catalysts, like Co or Ag, also demonstrated 

promising results. The further improvement of photocatalytic properties can be achieved 

through nanostructures, like nanotubes, that are widely used in PEC applications and 

photoelectrodes design [80]. 
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WO3 is an n-type semiconductor with an indirect band gap of 2.5-2.8 eV and is used as 

an inexpensive and nontoxic material for photoanode. It is stable in acidic media [81] and 

demonstrates an enhanced photocurrent yield after hydrothermal treatment and morphology 

adjustment [82], [83]. 

ZnO is an environmentally friendly and inexpensive n-type semiconductor with a band 

gap of 3.2 eV. It is similar to TiO2 but possesses higher mobility of charge carriers. Thus,  

overcoming its limitations allows for the enhancement of photocatalytic properties [84]–[86]. 

For example, engineering p-n junctions of TiO2/ZnO results in effective charge separation and 

chemical stability in OER [87]. Another effective p-n junction could be formed with NiO [88]. 

This semi-transparent and wide band gap (about 4.0 eV) p-type semiconductor possesses such 

features as high hole mobility, low resistance and low lattice mismatch with ZnO. The last one 

is a key feature for designing an efficient p-n junction [89], [90]. Despite a low photocurrent, 

NiO has demonstrated sufficient enhancement with CdSe sensitizers [91] . 

Another n-type semiconductive metal oxide, the hematite (Fe2O3) has a band gap value 

of about 2.0-2.2 eV and a position of the VB suitable for OER [92]. This feature of hematite is 

ascribed to cations with partially filled d orbitals and allowing d-to-d transitions. The α-Fe2O3 

possesses high stability to photocorrosion in harsh electrolytic media [93]–[95] and 

demonstrates a noticeable anisotropic behavior. For example, the transfer of electrons and holes 

is more accessible along the (001) crystal plane than in other directions. Hematite drawbacks 

are related to low absorption, low conductivity and short diffusion length (2 to 4 nm). The main 

shortcoming of the α-Fe2O3 usage as a single photocatalyst is a high surface recombination rate. 

These factors could be overcome through various synthesis methods that yield low defects 

concentration and achieve higher charge carriers mobility. Additionally, applying cobalt-

phosphate and IrO2 co-catalysts has shown promising results in photocurrent stability and 

overpotential reduction [96]. 

Cu2O is one of the most investigated semiconductors and demonstrated a reasonable 

rate of charge transport and separation as a photocatalytic material. It has been widely used as 

a p-type photocathode material due to the direct band gap with a value of 1.9-2.2 eV and 

conduction band position enabling the HER. A noticeable drawback of Cu2O is poor chemical 

stability, since the electrochemical potential for reduction to Cu0 is positive than the water 

reduction potential. Therefore, protective layers are needed to sustain its PEC operation 

usability. In combination with a TiO2 protective layer, CuO2 demonstrated a good cathodic 

reduction of Cu2+ ions in pH 12 aqueous solution with photocurrent -7.6 mA/cm2 at 0V vs. RHE 

[97]. Another variant of Cu-based oxide is CuO. It is a p-type semiconductor with an indirect 
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band gap of 1.2-1.8 eV. Therefore it can achieve a higher photocurrent than Cu2O and 

demonstrate a noticeable hydrogen reduction [98]. The drawback of CuO is photocorrosion, 

which could be overcome by employing a protective layer [99], [100]. 

In summary, the shortcomings of employing metal oxides for either reduction or 

oxidation photo-driven reactions can be overcome through engineering multilayer and 

composite photoelectrodes. Thus, these materials are still promising for the designing of PEC 

cells as well as the development of more complex materials. 

 

1.6.2. Complex oxide compounds  

Binary metal oxides have been investigated as photocatalytic materials over decades. 

However, without complex nanoengineering approaches and modification of intrinsic 

properties, these photocatalysts represent a poor choice for developing cost-effective 

photoelectrodes. A prominent strategy to accumulate already available knowledge on binary 

metal oxide photocatalysts and overcome their drawbacks is synthesizing ternary or even more 

complex oxide material. There is a tenth of thousands of possible compositions of such 

materials, some of which could be effective in photocatalytic water-splitting. Band gap energy 

and positions of CB and VB depend on stoichiometry in such multi-component materials. One 

of the extensively investigated ternary metal oxides is bismuth vanadate (BiVO4), with a band 

gap energy of 2.4 eV, which has demonstrated noticeable performance in PEC reactions under 

VIS incident light [101]. Its CB position is located near the HER potential and the VB position 

requires a low onset potential for OER. The BiVO4 and its monoclinic polymorph, 

clinobisvanite, have an intricate band gap structure. For example, in the electron structure of 

BiVO4, the s2 cation of Bi3+ is mixed with the d0 cation of V5+ and the electronic structure can 

exhibit a coupling between the s and the O 2p states forces an upward dispersion of the VB 

while the coupling between the d bands from the d0 cation and the p band from the s2 cation 

keeps the CB minimum low [102]. In the clinobisvanite variation of BiVO4, the band gap is 

formed of a mixture of unhybridized  O 2p states pushed up by Bi 6s states and form the VB 

edge, whereas V 3d states form the CB edge [103], [104]. The fabrication of BiVO4 material is 

relatively easy and implies extensively used and well-developed methods, like sol-gel coating, 

electrodeposition, spray deposition, etc. Usually, the fabrication process is implemented on 

conductive glass with subsequent annealing at 5000C to obtain a photoactive crystalline 

material. Although BiVO4 shows low photocurrent efficiency, fast recombination, slow water 

oxidation kinetics and charge transfer, it significantly enhanced nanostructured heterojunction 



Chapter 1 Photoelectrochemical water-splitting process 

 

37 
 

structures, like BiVO4/WO3/SnO2. Incorporating BiVO4 into multi-component or multi-layered 

composite structures also protects it in strong basic and acidic electrolytes, where the PEC cells 

operate with the best results. Despite the oxide nature, the best chemical stability of pure BiVO4 

is achieved at pH=7. The capability of water oxidation could be increased by the addition of the 

group VI  metals, like Mo and W. Thus, further experiments with morphology control, doping 

concentration and co-catalysts  could be promising. 

Another promising class of complex oxides is ternary ferrites [105]. The ferrite formula 

is AFe2O4 (where A is a metal cation in 2+ state, like Ba, Ca, Cu, Co, Mg, Mn, Ni and Zn) and 

the structure is based on Fe3+ cation, where the partially filled d-orbital states result in a higher 

lying of the VB edge comparing to the O 2p states and the hybridization of A cation with the 

CB results in tuning the band gap energy to avoid the localized Fe 3d-3d transitions. Ferrite 

materials can be used for photoanodes  (e.g. ZnFe2O4) and photocathodes (e.g. CaFe2O4). The 

fabrication process includes preparing an amorphous thin film from various precursors by 

solution-based method and subsequent annealing to obtain a crystalline material in a spinel 

structure. As a light absorber by itself, ferrite displays low performance compared to Fe2O3, 

like CuFe2O4 [106], for example. A thin ferrite layer is mainly used to enhance the light 

absorption properties of binary oxide, like the ZnFe2O4 [107] light absorber layer on Fe2O3, for 

instance. However, the kinetic limitations for charge extraction in this structure result in 

restricted quantum efficiency.  

Generally, Cu-based complex oxides are materials with noticeable features for PEC 

applications [108]–[111]. The instability of the previously mentioned CuO and CuO2 can be 

bypassed by introducing additional cations into their structure, which allows employing the 

copper 3d energy states for engineering the electronic properties. A strategy for developing Cu-

based complex oxides, like niobates, tantalates, vanadates, etc., implies controlling the 

oxidative states of copper (Cu+, Cu2+) and the introduced cation. A good example of such 

material is CuWO4, which contains Cu2+ and W6+ cations in a triclinic crystal structure [112]. 

Its indirect band energy (2.1 eV) semiconductor was successively applied as a photoanode and 

displayed good compatibility with commonly used photocatalysts [113], [114]. However, the 

charge transport properties in thin films are not sufficient enough. The main drawback of 

CuWO4 and materials of the same composition, like CuTiO3, is a complex fabrication 

technology. Though the theoretical properties of such material could be promising, real-life 

synthesis and properties of as-prepared material are still significant issues. On the other hand, 

the potential of efficient band gap engineering is quite promising, since p-type CuBi2O4 has 

demonstrated a band gap of 1.7 eV, determined by a complex structure, including  O 2p and Cu 
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3d orbitals [115], [116]. The insufficient charge transport and stability issues have been 

demonstrated to be solved by optimized Ag doping. Additionally, developing electrodeposition 

[117] and hydrothermal [118] techniques for CuBi2O4 synthesis could sufficiently improve the 

PEC characteristics along with tuning the structural properties. 

An enhancement of PEC properties could also be achieved by engineering the crystallite 

structure in a sub-class of complex nanocomposites called delafossites. A general formula of 

this material is ABO2, where A is a cation in a +1 oxidation state, like Ag, Pt, Pd or Cu, and B 

is a cation in a 3+ oxidation state, like transition metal, p-block elements or rare-earth metal. 

These materials with A cations as Ag+ and Cu+ as well as B cations as Al3+, Cr3+ and Ga3+, 

demonstrated a noticeable oxidation activity as photoanodes for PEC applications [119]. 

Despite complex multi-step fabrication processes [120], delafossites are promising candidates 

for developing photocathode material for effective PEC cells, owing to narrow band gaps, high 

chemical stability in electrolytes and large absorption coefficient [121]. Application of electron-

extracting overlayer of TiO2, for example, or engineering a heterostructure on a delafoosite base 

could improve the IPCE yield significantly [122]. 

A good example of delafossite material is CuFeO2, with a band gap of 1.5 -1.6 eV, 

allowing absorption of VIS light [123]. It is stable in an electrolyte solution, but expresses low 

charge transport capability [124]. However, enhancing the crystalline quality through multi-

step annealing and adding electrocatalysts, like NiFe or RGO, enhances the photocatalytic 

activity of CuFeO2 [125]. 

The noticeable structure of complex metal oxide compounds is also represented by 

perovskite material with the ABO3 formula. In general, these materials have demonstrated high 

chemical stability and promising optoelectronic properties, like small band gap energy [117], 

[126], [127]. As an example of such material, LaFeO3, which demonstrated enhanced overall 

PEC response after additional doping with metals in 2+ oxidation state, like Mg2+  or Zn2+ [128]. 

Some perovskites, like hybrid lead halide [129], consist of lead and are considered not 

ecologically friendly materials, but express high charge carriers mobility and performance in 

photovoltaic devices. For instance, the high light absorption coefficient of lead halide 

perovskites, like CN3NH3PbI3, is a result of direct transition at the band gap, which involves Pb 

s and p states. The efficiency of these materials has been demonstrated as 21% in photovoltaic 

devices and solar-to-hydrogen conversion about 12% in the presence of earth-abundant 

catalysts [130], [131]. 
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1.6.3. Chalcogenides 

TMC attracted much attention due to the facile tuning of the morphology and electronic 

properties [132]. These materials are often used as electrocatalysts for HER and OER. The main 

approaches to improving the TMC properties are building hierarchical assemblies, element 

doping, crystal phase manipulation and energy band engineering. 

Reducing the dimension of material into 2D or 1D results in additional features not 

specific to a single material [133], [134]. Tuning the thickness in 2D material affects the 

electronic and structural properties, and enhances stability in the electrolytic solution. As an 

example, MoS2 is an indirect band gap (1.23 eV) semiconductor, but its modification into a 

monolayer structure results in a direct energy band gap (1.8 eV) transformation [135]. As a 

result, optical properties are significantly changed, and the capability of light harvesting is 

changed as well. Additional improvements of such effects could be realized through 

heterojunction and defect engineering as well as alloy fabrication [136], [137].  

Changing the structure of mono or dichalcogenides, like MoS2, WSe2 or SnS, into 2D 

material substantially increases its PEC capabilities [138]–[140]. Since light absorption is one 

of the crucial factors for efficiency in the PEC process, the high JDOS near the VB and CB is 

highly preferential, because the total light absorption can be assumed to be proportional to 

JDOS. A high JDOS value results from various flat band locations, like d-bands, for example, 

near the VB and CB edges. Such an effect happened in FeS2 [141] and MoS2[142] and entails 

a high light absorption in these materials. However, photoinduced charge carriers can form 

excitons, the bound electron-hole pairs. The excitons have large effective masses and screened 

Coulomb interaction. The structuralization of material into 3D, 2D or 1D noticeably affects the 

influence of excitons on charge transfer. In 3D inorganic semiconductors, the exciton energy is 

small, about 0.01 eV [143]. However, the screening is reduced in 2D and 1D materials, and the 

dielectric constant is increased. As a result, the exciton energy values are higher. In a monolayer 

of MoS2, for instance, the excitons binding energy is about 0.6 eV compared to bulk MoS2 

material with 0.1 eV [144]. 

One of the most studied materials for photocatalytic water-splitting is CdS due to a direct 

band gap of 2.4 eV. The location of the CB and VB edges of CdS is suitable to sustain both 

OER and HER [145]–[148]. However, the low separation, insufficient transport of charge 

carriers and photocorrosion make CdS a poor choice for effective photoelectrode material. 

Thus, improving the efficiency is possible through the fabrication of 2D nanostructures, which 
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increases the specific area and accumulation of charge carriers. Additionally, the stability of 

CdS could be improved in combination with another material [149], [150]. 

The next extensively used chalcogenide is ZnS, with the capability to sustain HER due 

to fast electron transport, high CB potential and the presence of active sites toward HER at the 

surface. The last feature suggests that expensive co-catalysts for HER, like RuO2 or Pt, are 

redundant for ZnS [151], [152]. The wide band gap of 3.6 eV enables its employment only for 

the UV range. However, doping with transition metals, like Cu or Ni, improves hydrogen 

production under VIS light [153], [154]. Additionally, PEC properties could be enhanced 

through defect engineering in thin film layers [155]. 

Noticeable photoelectronic properties are also displayed by chalcopyrite materials, such 

as CuInS2 or CuGaS2, for photocathode applications. CuInS2 has a direct band gap of 1.5 eV 

and effective absorption of VIS light with a coefficient of about 105 cm-1. Though its fabrication 

is complex and expensive, developing such a method as spray pyrolysis could make the 

fabrication of CuInS2 more effective [156]–[158]. CuGaS2 has a wider band gap of 2.4 eV and 

requires more cathodic potential, but its localization of CB is more favorable for HER than in 

CuInS2 [159]. Also, using co-catalysts such as Zn and Ti improved PEC efficiency [160]. 

 

1.6.4. Nitrides and oxynitrides 

The CB edge in metal oxides is formed of empty d orbital (for transition metal) or s, p 

orbitals (for typical metal) that are located above the HER potential, whereas the VB edge 

includes O 2p orbitals that are located more positively than the OER potential. Considering the 

N 2p orbital, which is located higher than the O 2p orbital, it is promising to use nitride or 

oxynitride in PEC applications. Some oxynitride materials can be fabricated by facile methods 

from oxide powders [161]. Oxynitrides possess a narrower band gap compared to metal oxides. 

It is a result of the less negative position of the N 2p orbital related to oxygen orbitals. 

Oxynitrides with d0 electronic configuration based on ions Ta5+, Nb5+, Ti4+ possess band 

gaps of 1,7-2,5 eV and positions of band edges suitable for overall water-splitting under visible 

light. However, some oxynitrides, like CaTaO2N, SrTaO2N and BaTaO2N [162], demonstrated 

low photocatalytic activity toward OER in the presence of sacrificial agents, like methanol and 

silver nitride. Considering the electronic structure, the d10 configuration is more favorable to d0 

since the hybridized s,p orbitals possess large dispersion, which increases the mobility of 

photoexcited electrons in the CB. Solid solutions of (Ga1-xZn x)(N1-xO x) and (Zn1-xGe)(N2Ox) 

[163] with d10 electronic configuration are stable and photoactive materials for overall water-
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splitting realization. However, its optical properties depend on stoichiometry, and a thorough 

analysis of the band gap structure is required for PEC applications [164]. As an example of 

oxynitride photocatalysts, TaON is an n-type semiconductor with a band gap of 2.5 eV, which 

can sustain an overall water-splitting reaction [165]. It is noticeable due to the relatively high 

achieved maximum quantum efficiency of 34% [166]. Though its band edges alignment allows 

sustaining OER and HER simultaneously, the H2 production is low compared to O2 [167]. The 

presence of N 2p orbitals in the VB results in low stability; therefore, additional catalysts, like 

Ru nanoparticles, or surface treatment are required [168], [169]. 

The structure of metal nitrides consists of the parent metal and nitrogen atoms allocated 

at the interstitial sites [170]. The introduction of interstitial nitrogen results in the increase of 

lattice distances, which changes the electron structure similarly to noble metals. Thus, metal 

nitrides demonstrate high catalytic activity toward HER. Therefore, metal nitrides, like WxN, 

MoxN, TiN, NixN, FexN, CoxN are considered as a viable option for replacement the noble 

metals for photocatalytic applications. As an example, Ta3N5 has a narrow band gap of 2.1 eV, 

which band edges positions could possibly sustain an unassisted water-splitting process and 

demonstrate good chemical stability [171]–[173]. Shortcomings of this material are low charge 

carriers transport, light absorption and photocurrent [174]–[176]. As with a variety of other 

materials, nanostructuring into 1D material and engineering of surface morphology result in 

improved PEC efficiency [177]. 

 

1.6.5. Plasmonic materials 

During the interaction of the resonant electric field of the incident light with the metal 

surface, the resonant collective oscillations of conduction electrons, so-called plasmons, are 

excited. Plasmons are considered as quasi-particles. The term “resonant” is referred to matching 

the incident light frequency to the oscillation frequency of conduction electrons in the metal 

with negative real and positive imaginary dielectric constants.  

The influence of plasmons on the optical properties can be controlled by the morphology 

of nanostructures through varying shapes, sizes, and periodicity of constituent parts. In noble 

metal nanoparticles, plasmons are localized at the surface, and this effect is called SPR. The 

plasmonic properties are easily tunable and open up a lot of opportunities for control of light 

interaction with the surface of nanoscale noble metal structures, such as nanoparticles, metallic 

arrays or thin films. This approach is widely used to enhance the properties of photoelectrode 

materials in photovoltaic or photoelectrocatalytic devices, for instance [178] .  



Chapter 1 Photoelectrochemical water-splitting process 

 

42 
 

The SPR effect has two basic models: LSPR and SPP. The first one, LSPR, describes 

the stationary collective oscillations of valence electrons in the metal nanostructures. The 

second one, describes surface plasmon polaritons, represented by traveling waves of charge 

oscillations along the metal-dielectric interface, that could be observed during light interaction 

with ordered nanoholes, for example. 

 

 

Figure 7 . Graphical representation of LSPR influence on the optical properties of the material 

[179]. (a) Plasmon oscillations in phase with the incident light induce field perturbation resulting in 

absorption and scattering changes. Effect for nanoparticles: (b) smaller than 15 nm and (c) larger 

than 15 nm. 

 

The electric field near the localized plasmons is increased by several times and decays 

exponentially with the distance. This perturbation of electromagnetic field along the surface 

induces a sharp optical absorption or scattering. The graphical representation of this effect is 

shown in Fig. 7. 

Considering the Mie solution and Maxwell’s equations [179], for light scattering and 

absorption on spherical nanoparticles with size less than incident light wavelength, the 

scattering cross-section 𝜎𝑒𝑥𝑝 depends on: 

                                              𝜎𝑒𝑥𝑝 = 9
𝜔

𝑐
𝜀

3

2𝑉0
𝜀2(𝜔)

(𝜀1(𝜔)+2𝜀𝑚)2+𝜀2(𝜔)2
                                         (23) 

where 𝑉0 is the particle’s volume, ω is the angular frequency of the incident light, 𝜀𝑚 is the 

dielectric function of the medium in which the particle is located, 𝜀1(𝜔) and 𝜀2(𝜔) are the real 

and imaginary parts of the dielectric function of the nanoparticle material. Therefore, the crucial 
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impact on light scattering is provided by the dielectric properties of nanoparticles material and 

size as well as the dielectric properties of media. The changes in the dielectric function result 

in a change in the related LSPR peak in the absorption spectrum, where the real part affects the 

position of the peak, while the imaginary part affects the broadening. The resonant enhancement 

of the field in the vicinity of the particle is defined by condition 𝜀1(𝜔) = −2𝜀𝑚. This condition 

is satisfied in VIS and IR ranges for Au and Ag nanoparticles. 

Therefore, employing LSPR nanoparticles in engineering the photoelectode material 

leads to stimulation of light absorption. In a situation when the minority charge carriers with 

relatively short lifetimes are not involved in water-splitting reactions, the inclusion of LSPR 

nanoparticles at the interface leads to minority carriers generation and transfer closer to the 

active sites of whether OER or HER. For effective application of LSPR nanoparticles their 

stability, Fermi level and band bending should be considered under PEC conditions. An 

example of a successful implementation of plasmon-enhanced PEC reactions can be considered 

for Ag nanoparticles [180]. The presence of Ag plasmonic nanoparticles at the surface of N-

TiO2 induce an increased electric field and facilitates the increase in the rate of electron-hole 

pairs formation in the vicinity of Ag nanoparticles. As a result, the photocurrent noticeably 

increases. Engineering of a more complex structure with Au nanoparticles, like flower-like 

core-shell Au/Ag/TiO2 nanocomposite [181], significantly enhances the photocatalytic activity 

in the VIS range for commercially available P25-TiO2. The enhancement mechanism implies 

the employment of hot electrons from photoexcited Ag/Au core for injection into CB of TiO2. 

An effective charge separation prevents the recombination of electron-hole pairs and increases 

the photocatalytic activity 4.7 times compared to pure P25-TiO2. Implementing plasmonic 

nanoparticles on 1D nanostructures of metal oxides resulted in the realization of complex 

charge transfer and separation mechanisms for enhancing the PEC activity. As an example, in 

[182] demonstrated increased photocurrent density and photoconversion efficiency on the 

heterostructure of ZnO sensitized by Au plasmonic nanoparticles. The proposed mechanism is 

presented in Fig. 8. Under illumination, ZnO absorbs UV light and photoexcited electrons and 

holes accumulate at the CB and VB edges. At the same time, the Au nanoparticles introduced 

on the surface of 1D ZnO ordered nanostructure absorb VIS light and produce photoelectrons 

due to LSPR. As sensitizers, Au nanoparticles generate hot electrons and inject them into the 

CB of ZnO through the Schottky barrier. These electrons, driven through the electric circuit to 

the Pt electrode, induce additional electron flow for sustaining HER. At the same time, 

photoexcited holes in the VB transfer to the surface and proceed the OER. The efficiency of 

charge separation and transfer depends on ZnO's crystalline quality and the ZnO-Au interface's 
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properties. Therefore, properly engineering such nanostructures is highly required to avoid 

recombination on defect states. Such a relatively simple PEC system clearly demonstrates the 

effect of plasmonic nanoparticles on the enhancement of photocurrent density and water-

splitting efficiency. 

 

 

 

Figure 8. Schematic representation of PEC operation of 1D ZnO heterostructures enhanced 

by Au plasmonic nanoparticles [182]. 

 

Enhancement of PEC efficiency can be demonstrated for other metal oxide materials. A 

noticeable improvement in Faraday efficiency was detected for WO3/Au [183] composite 

photoanode, from 74% for WO3 up to 94% with the presence of plasmonic Au. With proper 

engineering of heterojunctions for efficient separation and transfer of charge carriers, the 

employment of LSPR significantly improves the performance of composite materials, like 

TiO2/Fe2O3/Ag [184], WO3/Cu/Bi2S3 [185], Au/BiVO4/ZnO [186], etc. Generally, the LSPR 

efficiency depends on the rational design and nanoarchitecture of the nanostructures where the 

plasmon effects are mentioned to use. An example of such an approach can be considered for 

3D hollow nanospheres, like Au/SrTiO3/TiO2 [187]. 
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Figure 9. Graphical representation of SPP [179]: (a) propagation of SPP along the metal-

dielectric interface boundary and decaying of its amplitude out of the interface, (b) representation 

of SPP existence and extreme values in 𝜔(𝑘) space, (c) an illustration of SPP wave at the interface 

metal-dielectric, (d) representation of SPP existence under certain incident angles. 

 

In contrast to LSPR, SPP is not able to be excited by VIS light. A basic representation 

of SPP  theory is described in [188] and [189]. The SPP exists at the boundary of two dielectric 

media (Fig. 9a) and decays with distance (Fig. 9b). The dispersion relation could be described 

as: 

                                              𝐾𝑠𝑝𝑝 = 𝑘√
𝜀𝑑𝜀𝑚

𝜀𝑑+𝜀𝑚
                                                           (24) 

where 𝜀𝑑 and 𝜀𝑚 are dielectric functions of the metal and dielectric media, 𝐾𝑠𝑝𝑝 and 𝑘 are wave 

vectors for SPP and free-space, respectively. More detailed theory and experimental approach 

can be found in [190] and [191]. The coupling condition between light and SPP is 𝜀𝑑 + 𝜀𝑚 =

0. This condition overcome the mismatch in SPP and incident light momentum, and result to a 

resonance condition with the resonance frequency 
𝜔𝑝

√1+𝜀𝑑
 . 

As seen from a graphical representation of the SPP wave in Fig. 9c, the penetration 

depth into the dielectric is longer than in the metal. 

As an example of SPP employed in PEC applications, it could be used to control the 

behavior of hot electrons in photoelectrodes [192] with structure engineering that includes 

nanohole arrays in Au thin film [193]. 
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To summarise, the main advantages of plasmonic materials are tunable resonating 

wavelength, enhanced light absorption, reduced diffusion length, enhanced local electric field, 

and capability of Schottky junction employment. 
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Chapter 2 Silicon material in photocatalytic applications 

 

2.1. Photoelectrochemical properties of silicon 

Owing to a band gap of about 1.12 eV the Si material is beneficial to absorb light in the 

major part of the solar spectrum. The theoretical maximum photocurrent of the Si 

photoelectrode can reach a value up to 44 mA/cm2 under a simulated one Sun AM 1.5 G 

incident light, making Si a promising material for PEC applications [194], [195]. However, 

there are some limitations to employing a pure Si material for photoelectrode designing. In 

contact with aqueous electrolytes, the Si surface suffers from photoanodic corrosion and the 

growing layer of oxidized Si results in drastic degradation of PEC performance. Thus, an 

operational Si photoelectrode design requires using protective layers against a harsh electrolytic 

environment. Besides, the sluggish kinetics of water-splitting reactions substantially limit the 

efficiency of the Si photoelectrode [196], [197].   

One of the most important requirements for the photoelectrode material is long-term 

stability in the aqueous media. The thermodynamic stability of the semiconductive material 

under the PEC conditions is defined by the alignments of the reduction and oxidation potentials 

relative to respective potentials for HER (H+/H2 potential) and OER (O2/H2O potential), for the 

photocathode and photoanode respectively [198]. Thus, considering the respective potentials 

for Si, corrosion takes place under anodic conditions. Additionally, the influence of electron-

hole pairs photoexcitation, surface electronic properties, electrolyte properties and biasing 

conditions should also be considered in the elucidation of the corrosion mechanism [199]. 

Though Si is theoretically stable under cathodic conditions, the practical applications revealed 

the formation of a SiO2 layer due to the presence of oxygen species in the electrolyte solution. 

This layer insulates the surface and impedes PEC performance [200]. For example, such a layer 

can form a 3.1 eV barrier at the surface of the n+p-Si photocathode in the acidic electrolyte 

[201]. 

The oxidation of the Si surface under light irradiation could be reduced by improving 

the charge transfer at the silicon-electrolyte interface by catalyst application. However, under 

dark conditions, a chemically stable layer must protect the Si surface to avoid oxidation. This 

layer should possess sufficient conductivity and transparency to sustain effective light 

harvesting [202], [203]. Commonly used earth-abundant photocatalysts could be used with 

silicon material [204]. Such layers, like ALD-derived Al2O3 or TiO2 [73], [205], can also 
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enhance its PEC properties. This enhancement can be quite noticeable, for example, the SrTiO3 

protective layer displayed a current density of 35 mA/cm2 and long-term stability under 

photocathode operation conditions [206].  

Thus, the Si photoelectrode requires additional processing to sustain its PEC properties 

in an electrolytic environment. 

 

2.1.1. Surface textures 

The crystalline Si material possesses poor optical properties compared to the direct band 

gap materials and at least a 50 µm-thick layer is required to achieve proper optical absorption 

[207]. Additionally, about 25% of the incident light is reflected at the planar Si surface [208]. 

This drawback of Si surface can be solved by the introduction of surface texture as arrays of 

nanowires [209], [210] or microwires [211], nanopores [208] or macropores [212], 

nanopyramids [213] or micropyramids [214], nanoholes [215], etc. Such an approach results in 

substantial enhancement of the light absorption and broadening of the absorption wavelength 

range as well as allows to minimize sensitivity to the incident light angle and polarization  [197], 

[216]. Besides, the texturing of the Si surface results in enlarged junction areas and substantially 

enhances the collection of the photogenerated minority charge carriers [217]. Since the 

photogenerated charge carriers are distributed over a high surface area of the textured Si [218], 

the overpotential is reduced due to decreasing local current density over the textured surface-

electrolyte interface [208]. 

On the other hand, the surface texture induces some problems. First of all, the texturing 

produces a lot of defects and impurities which can generate surface states acting as traps for 

charge carriers. As a result, the measured PEC efficiency could be lower compared to the 

theoretically predicted value [219]. The second problem lies in the deposition of a thin and 

conformal protective layer on the textured surface with high roughness [213]. Therefore, 

surface texturing is required to achieve low recombination and superior light absorption.  

 

2.1.2. Protective layer implementation 

The surface of either silicon photoanode or photocathode can be stabilized in the 

electrolyte by the deposition of a protective layer, which prevents the corrosion processes [220], 

[221]. Such a layer is required to possess sufficient conductivity, optical transparency and 

effectively prevent direct contact of the photoelectrode’s surface with the electrolyte as well as 
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suppress the recombination processes through surface states [199], [222]. Therefore, the 

selection of an appropriate material is not a trivial task. 

Depending on its intrinsic properties metals could be applied as a protective layer. For 

example, Ni film has been demonstrated as a protective layer for photocathodes and 

photoanodes in alkaline electrolyte solutions. Whereas, Ti film was effectively applied for 

photocathodes in acidic electrolytes [201]. Nevertheless, the application of metal films is not 

favorable for effective light absorption.  

On the other hand, transparent semiconductive metal oxides like Al2O3 [223] or TiO2 

[224] have demonstrated effectiveness as passivation layers for Si solar cells and proved 

promising for PEC applications. The application of TiO2 as a protective layer in photoelectrode 

design is dictated by its chemical stability in electrolyte solutions with various pH values under 

conditions of both HER and OER. Additionally, the large band gap of bulk TiO2 (about 3 eV) 

results in excellent optical transmittance of the TiO2 protective layer, since only a small fraction 

of solar light is absorbed in the UV range. However, the conductivity of the thin TiO2 film 

significantly depends on the deposition method and conditions, which makes it difficult to 

control. The thickness and conformity of the polycrystalline thin film are required to be 

sufficient to avoid the permeability of the electrolyte solution and not inhibit the charge transfer 

at the same time [220], [225]. Thus, an implementation of a protective layer requires a 

thoroughly performed design to achieve an optimal PEC performance.  

 

2.1.3. Catalysts application 

The charge-transfer kinetics of the semiconductor-electrolyte interface is described by 

a conventional statistical model proposed by Gerischer [226] and later confirmed by 

experimental results provided by Shreve and Levis [227]. According to this theory, in the 

absence of loaded catalysts the charge transfer kinetic of the bare Si surface is defined by the 

change in the surface charge density. Since the Si material is characterized by low exchange 

current density, the reaction kinetics of multielectron processes of HER (two-electron) and OER 

(four-electron) are quite sluggish at the silicon-electrolyte interface [228]. As a result, useful 

current values that are achievable for pure Si photoelectrode are characterized by high 

overpotential. Therefore, an application of catalysts on the Si surface is required to reduce the 

overpotential and to improve the interfacial charge transfer kinetics [22]. 

Owing to its high catalytic activity as well as its stability under acidic and alkaline 

conditions rare-earth metals like Pt, Ru or Ir are widely used for PEC applications [229]. For 
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instance, the Pt catalyst is useful for HER, whereas Ru and Ir as well as its oxides substantially 

bolster the OER [14], [230]. However, the research activity in the field of practical PEC 

applications has shifted to more abundant and low-cost materials for catalytic applications. 

Various catalysts like Co-, Ni- and Fe-based oxides and oxy-hydroxides demonstrate a 

noticeable efficiency in the realization of OER. These materials have demonstrated comparable 

activity with IrOx or RuOx in neutral and alkaline media, though the exchange current densities 

for such catalysts are still lower compared to noble metals [231], [232]. Notably, metal-based 

alloys are widely investigated regarding HER catalytic activity, however, their stability in 

strong acidic electrolytes is insufficient. Nevertheless, their stability and catalytic activity in 

alkaline-based electrolytes are prominent [233].  

TMD has demonstrated the effective realization of HER like MoS2 and WS2, for 

instance, that showed efficiency in acidic media [234], [235]. Such materials represent a most 

promising alternative for Pt-based catalysts for HER. The catalytic activity of bulk TMD 

depends on the number of basal plane edges exposed to the electrolyte which act as active sites 

for HER occurrence, while basal planes are inert by themselves. Therefore, increasing the 

catalytic activity for HER could be achieved through nanostructure engineering in order to 

increase the number of catalytically active edge sites [236] or additional doping by non-metal 

and metal ions [237]. Other transition metal compounds, like phosphides, selenides and 

carbides have also demonstrated prominent results as HER catalysts in both basic and acidic 

media [22]. 

Generally, earth-abundant catalysts should be applied with higher loading compared to 

noble metal catalysts for lower overpotential. In the case of Si-based photoelectrode, a higher 

quantity of earth-abundant catalysts results in increased parasitic optical absorption losses. 

Thus, additional approaches like back-illumination of Si substrate or spatially and functionally 

decoupled optical and catalytic activity, should be applied to avoid optical losses and find an 

optimal balance between the optical transparency of the photoelectrode and its catalytic 

performance [238], [239]. 

 

2.1.4. Silicon photoelectrode designing 

A typical Si-based photoelectrode is comprised of a modified Si substrate which acts as 

a light absorber, protective layer and catalyst material. Several factors should be considered in 

a proper design approach, like effective absorption of incident light and charge carriers 

generation, efficient charge carriers separation and transport to the photoelectrode’s surface, 
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and the performance of catalytically driven chemical reactions. The properties of the silicon-

catalyst interface and surface features of the catalyst material impose crucial effects on the 

overall performance and stability of the photoelectrode. The interface between silicon material 

and catalyst material is essential for the effective transport of the photo-induced charge carriers 

to the silicon-electrolyte interface. At the same time, the surface properties of the incorporated 

catalyst define the number of active sites for HER and/or OER occurrence.  

Generally, the texturing and nanoengineering of the Si substrate result in enhanced light 

absorption, but the inducing of surface defect states that act as recombination centers take place 

as well. In this regard, a proper protective layer is supposed not only to protect the Si material 

from corrosion but also to reduce the recombination loss by passivating the surface states. 

Concurrently, the conductivity and thickness of the protective layer are required to be optimal 

for efficient charge transfer to the electrolyte solution. 

Usually, the catalyst material is incorporated at the top of the protective layer since in 

such a scenario the PEC processes are activated more effectively. Albeit, in some cases, the 

catalysts overlayer could act as a protective layer against the corrosion effects and increase the 

overall durability of the photoelectrode as well [240]. Still, it should be noted, the Si material 

is not chemically compatible with some catalysts, the incorporation of which results in the 

formation of defect states at the Si-catalyst interface [241]. Additionally, control of the 

structural properties of the catalytic layer is also challenging.  

The efficiency of water-splitting reactions on the Si-based photoelectrode depends on 

the charge carriers separation that is substantially influenced by band-bending at the Si-

electrolyte junction. The presence of a metal catalyst overlayer at the Si photoelectrode’s 

surface results in the formation of a Schottky barrier that depends on the difference between the 

Fermi level of the silicon and the work function of the incorporated metal. Thus, the 

effectiveness of the Si photoelectrode – electrolyte junction is influenced by the work function 

of the employed metal catalysts. On the other hand, the presence of Schottky contact results in 

the formation of a density of states in the Si band gap. This effect involves a Fermi level pinning, 

subsequently decreasing the energy bands bending at the Si-electrolyte interface [242]. This 

effect can be overcome by applying the catalyst in the form of nanoparticles with a size 

comparable to the thickness of the space charge region.  
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2.2. Fabrication of 1D silicon nanostructures 

One-dimensional nanostructures have been receiving increased attention in different 

fields of nanotechnology. Such nanostructures as nanowires, nanorods, nanowhiskers, 

nanobelts, etc., have already demonstrated noticeable features of light-trapping ability, 

tunability of band gap, thermal conductivity, adjustable surface-to-volume ratio as well as 

efficient charge carriers collection, mobility and separation. These properties of 1D 

nanostructures are widely employed for enhancing the performance of optoelectronic devices 

based on semiconductive materials, like TiO2, ZnO, SnO2, Ga2O3, etc. Owing to its 

photoelectronic properties and wide application in contemporary electronics, Si material 

represents an important topic for the investigation of 1D nano- and microstructures on its base, 

and solar light harvesting is one of the promising ones. Examples of various applications of the 

1D Si arrays are represented in Fig. 10.  

 

 

Figure 10 . Some examples of 1D Si nanostructures applications [243]. 

 

Various top-down and bottom-up synthesis strategies have been developed for 1D Si 

nanostructures, including wet chemical etching, gas-phase (VLS) growth and dry etching 

approaches. 

Dry etching allows the fabrication of 1D nanostructures with a high degree of 

homogeneity and controllability. In this approach, the geometrical pattern of 1D arrays is 
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controlled through a patterned etch-mask transferred onto the silicon substrate. As an example 

of dry etching could be considered the deep reactive ion etching [244] or ion-beam lithography 

[245] methods. The etching process is controlled by adjusting the applied radio frequency 

power and gas flow rate in the chamber, where the etching plasma consists of accelerated ions 

and electrons. During the etching process, the physicochemical reactions of the silicon surface 

with reactive gases (e.g. C4F8, SF6, O2) and momentum transfer of accelerated ions lead to the 

removal of silicon atoms along the previously deposited mask. The yield of this process is 1D 

Si nanostructure with controlled geometrical parameters, like specific diameter, length, aspect 

ratio, etc [246]. 

In opposite to dry etching, wet etching is realized in a liquid solution under atmospheric 

conditions. This approach enables the fabrication of large-scale 1D Si arrays cost-effectively. 

In the wet chemical etching process the silicon wafer with the previously deposited mask is 

immersed in a solution of alkaline or acidic etchants [247]. Usually, the HF, HNO3 and NH4F 

combinations are used for dissolving Si and SiO2. The wet chemical etching is a highly selective 

and isotropic process that yields well-ordered Si arrays with facile control of geometrical 

parameters through adjustment of etching time, etchant concentration and temperature of the 

etching solution. However, the quality of the resulting Si arrays is significantly affected by the 

crystalline orientation of the Si substrate. For example, the etching rate along the <111> is lower 

than along the <100> [248], [249]. Applying an anodic bias to the silicon substrate can enhance 

the wet etching method. This variation of chemical etching is called electrochemical etching. 

The induced electrical field creates a charged double layer at the silicon substrate, which assists 

the etching process [250]. This approach allows the fabrication of complex silicon 

nanostructures through additional control of the electrical field and light irradiation [251], 

[252]. 

Gas-phase growing of the 1D Si nanostructures or VLS growth is the most commonly 

used method of the bottom-up approach. In this method, gold nanoparticles (as a metal catalyst) 

on the substrate are used as sites for growing the silicon nanopillars from the vapor phase [253]. 

The gold nanoparticles are heated up to 950 0C and form a gold-silicon alloy. A mixture of 

hydrogen and silicon tetrachloride represents the gas phase. The liquid Au-Si alloy acts as an 

attraction site for Si atoms, and saturation of this site with Si leads to the formation of a Si pillar 

below the liquid particle. Usually, CVD is used for this method, but electron beam evaporation, 

laser ablation or physical transport are also suitable for the synthesis of 1D Si nanostructures 

from the gas phase [254]. The controllability of the growing nanopillars morphology also can 

be adjusted by electron beam lithography [255]. Additionally, the shape, length and sidewall 
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morphology of the Si nanopillars are determined by the surface migration of the gold 

nanoparticles [256]. To obtain large arrays of Si nanopillars, the diffusion of gold on the Si 

substrate is controlled by templates [257]. Also, the agglomeration of the gold nanoparticles 

could be avoided by the introduction of an oxide barrier between the nanoparticles [258], [259]. 

 

2.2.1. Metal-assisted chemical etching of silicon 

Among methods of silicon nanostructuralization into porous or arrayed nanostructures, 

the wet chemical etching approach allows facile processing, high-throughput and large-scale 

production. The MACE, as a variation of the wet chemical etching method, allows a precise 

and scalable formation of silicon nanostructures [260], [261]. In this method, the noble metal 

nanoparticles or thin film are used as a catalyst for increasing the etching rate of the silicon 

substrate in an H2O2/HF solution. Also, another oxidant can be used instead of H2O2, like 

HNO3, KMnO4, V2O5, FeNO3 or various metal salts like M(NO3)2, where M denotes Ni, Mn, 

Cu, etc. The main requirement for the employed oxidizer for MACE is a sufficiently high 

electrochemical potential to inject holes into the VB of Si in the presence of metal catalysts and 

effectively facilitate the charge transfer between the Si substrate and the oxidant. The schematic 

representation of a typical MACE process is shown in Fig. 11a. Main stages of the catalytic 

etching process include the reduction of oxidant by noble metal catalysts (Stage 1), injection of 

the generated by the reduction reaction holes through the metal into the silicon substrate (Stage 

2), diffusion of holes to the sidewalls of the pores and to the surface (Stage 3), dissolution of 

oxidized silicon by HF at the metal-silicon interface (Stage 4), transport of the byproducts out 

of the silicon surface to the bulk solution (Stage 5). The choice of noble metal catalysts depends 

on the redox potential value in relation to the redox potential of the oxidant and positions of CB 

and VB levels of Si. As shown in Fig. 11b, the optimal catalysts in this regard are Au, Pt and 

Ag. These metals can effectively extract electrons from the VB of Si, which leads to effective 

Si oxidation and dissolution of SiOx. 
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Figure 11 . (a) Graphical representation of main stages in a typical MACE process. (b) A 

representation of redox levels of commonly used metal catalysts in MACE along with the H2O2 

oxidant in relation to Si energy levels [243]. 

 

Dissolution of Si can occur in either divalent or tetravalent states, therefore the detailed 

mechanisms of the MACE process are still under discussion [262]–[265]. However, two widely 

accepted models can describe an overall etching process. In general, during the occurrence of 

MACE reactions, the noble metal particles or film act as a cathode, and the silicon substrate 

acts as an anode. The etching process occurs according to the chemical equations as: 

Cathode (noble metal film or particle): 

 

         𝐻2𝑂2 + 2𝐻+ → 2𝐻2𝑂 + 2ℎ+ under the presence of catalysts (e.g. Au, Pt, Ag)          (25) 

                                                 2𝐻+ + 2𝑒−  →  𝐻2 ↑                                                             (26) 

Anode (Si substrate): 

 

                     Model I:  𝑆𝑖 + 4𝐻𝐹2
− + 2ℎ+  →  2𝑆𝑖𝐹6

2− + 2𝐻𝐹 +  𝐻2 ↑                                (27) 

 

                     Model II:  𝑆𝑖 + 2𝐻2𝑂 → 𝑆𝑖𝑂2 + 4𝐻+ + 4𝑒−                                                  (28) 

                                        𝑆𝑖𝑂2 + 6𝐻𝐹 →  𝐻2𝑆𝑖𝐹6 +  𝐻2𝑂                                                    (29) 

 

At the cathode side, the oxidant agent H2O2 is reduced near the noble metal catalyst and 

produces holes involved in the chemical reaction at the anode side. These holes are diffusing to 

the Si-Au interface and oxidize Si according to models represented by the reactions (27) and 

(28). Then, after the oxidation of Si to SiO2 and its dissolution by HF, the catalytic metal 
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particles attract to the newly exposed Si surface by Van der Waals interaction, and the etching 

cycle repeats.  

The chemical equation of Model I describes a direct dissolution of Si in the tetravalent 

state in the presence of diffused holes. At the same time, Model II describes two competing 

mechanisms of Si dissolution and SiO2 formation. The overall etching rate during the 

occurrence of the MACE process depends on the relative oxidant concentration [H2O2/HF] 

ratio. If this value is sufficiently high, then the dissolution rate by HF can be slower than the Si 

oxidation rate. In this case, the hole concentration is not fully consumed at the Au-Si interface 

and some holes are diffused to the adjacent Si, inducing a mesoporous structure formation. 

Thus, the resulting etched substrate possesses a porous Si/SiOx layer that is composed of a 

mixture of Si nanocrystallites (usually less than 10 nm) introduced in a highly defective SiOx 

layer (up to 100 nm thick). This feature of as-prepared MACE-derived Si nanostructures could 

be undesirable for further nanocomposites fabrication due to a number of defect sites. 

Therefore, additional treatment in HF solution is required to remove the residual SiOx layer. 

However, the increased specific area and prominent photoluminescence properties of the 

Si/SiOx layer could be favorable for sensors and optical applications [266]–[269]. The 

estimation of relative concentrations for H2O2 and HF in the solution is usually performed by a 

parameter 𝜌 =  
[𝐻𝐹]

[𝐻𝐹]+[𝐻2𝑂2]
. Since the increase in [H2O2] concentration results in the increased 

rate of holes injection, the etching rate can be controlled through 𝜌 value: Si substrate’s structure 

changes from non-porous solid, mesoporous and polished as the 𝜌 decreases [270]. 

Along with the 𝜌 parameter, the resulting morphology of the MACE-derived nanostructure is 

affected by the crystallographic orientation of the initial Si substrate, doping type and level, and 

temperature of the etchant solution. The last one affects the etch rate which depends on the 

consumption of injected holes at the metal-Si interface [271], [272]. At higher temperatures, 

the holes consumption at the metal site is quite fast and their diffusion off the metal area is low. 

Thus, the etching process occurs faster with a vertical etching rate. On the opposite, with  the 

temperature decreasing the lateral etching occurs more efficiently due to holes diffusion off the 

metal area. 

A back-bond breaking theory can explain the directional dependence of the etching rate 

in MACE since the number of back-bonds determines the strength of the back-bonds. There are 

only two back-bonds along with the <100> direction, whereas along the <111> direction there 

are four back-bonds. Thus, the dissolving of Si along the <100> direction is faster than along 

the <111>. This feature of MACE can be used for the fabrication of so-called zig-zag Si 
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nanostructures by controlling temperature and oxidant concentration during the etching process 

[273], [274]. 

In general, p-type Si demonstrates a lower etching rate compared to n-type. This feature 

is related to band bending at the metal-Si interface, where the injected holes are confined at the 

n-type Si, whereas at the p-type Si, holes are driven away from the surface. Therefore, the 

etching rate is faster for the n-type substrate than for the p-type. However, the majority of holes 

in p-type Si lead to higher porosity compared to n-type at similar conditions. Generally, the 

porosity increases with the doping concentration [275]–[277]. 

 

2.2.2.  Nanosphere lithography 

The NSL is based on the self-assembly of nanospheres or nanoparticles into a hcp lattice 

during a monolayer formation on the substrate [278]. This monolayer is usually self-assembled 

[279] from nanospheres of size order from tens of nanometers to hundreds of micrometers and 

used as a lithographic mask for physical deposition methods, like ALD [280], thermal 

evaporation, sputtering, etc. As a material for colloidal nanospheres could be used silica or 

polystyrene. Due to the low cost, simple synthesis and processing, the last one is the more 

commonly used option. Polystyrene nanospheres solution is a commercially available material. 

It is synthesized in variable size scales with different methods, like the emulsifier-free emulsion, 

dispersion, suspension and seed polymerization. The NSL technique is usually employed to 

fabricate various periodic disconnected nanostructures, like nanostructured arrays, nanoholes, 

nanomesh, nanoparticles, nanotriangles, etc [281]–[284]. The main advantage of NSL is the 

capability to engineer uniform nanoarrays with a relatively high resolution without involving 

lasers, photoresists, UV exposure tools, etc. It makes NSL a simpler and more effective method 

than other commonly used techniques for nanopatterning, like photolithography, electron beam 

lithography, focused ion beam lithography, etc.  

The NSL technique offers a flexible and inexpensive fabrication technology and can be 

considered a hybrid of top-down and bottom-up approaches. It enables large-scale fabrication 

of nanostructured materials, but with limited features since only an hcp monolayer is used. As 

a result, the shape and size of angstrom scale nanostructure fabrication are challenging. In 

general, there are three main steps of realization of the NSL technique: mask preparation, 

material deposition and mask removal. The mask formation is a result of the self-assembling of 

nanospheres into a monolayer on the required rigid or flexible surface. A transfer of the 

monolayer could be assisted with well-known methods like dip coating [285], spin coating 
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[286] and Langmuir-Blodget [287]. Then, through plasma etching processing, like RIE, the size 

of nanospheres is reduced to the required value [288]. At this step is controlled the characteristic 

size of the fabricated periodic nanostructure. The next step, material deposition, could be 

realized by diverse methods, like e-beam evaporation, magnetron sputtering, ALD or solution-

based methods. During the deposition process, the required material penetrates the interstitial 

spaces of the hcp-packed nanospheres and forms a periodic-patterned array. The final step of 

NSL, mask removal, could also be realized in various simple ways, like ultrasonic cleaning, 

water flashing [289], solvent application (toluene, tetrahydrofuran, etc.) or mechanical removal 

by sticky type. The processing steps could be variable depending on the required results. 

Generally, NSL could be combined with another technology to increase the fabrication 

scalability of nanostructures. 

 

2.3.  Production of silicon-metal oxide nanocomposites by ALD 

ALD is a technical process derived from vapor-to-solid deposition techniques and used 

to grow conformal pinhole-free thin films on various substrates [290]. It is commonly used for 

the fabrication of oxides [291], [292], sulfides [293] or nitrides [294] layers for engineering 

photoelectrodes for water-splitting research. The main advantage of ALD is the capability of 

thin film deposition under lower pressure and temperature compared to CVD, MBE or PVD, 

for example. Generally, a typical ALD is a continuous cyclic deposition process, where each 

cycle contains two half-cycles. The required substrate is exposed to a precursor in a gaseous 

phase at each half-cycle. A differentiation of precursors’ interaction with the substrate’s surface 

allows for avoiding their interaction in the gas phase, and only the interaction directly at the 

substrate is promoted. The half-cycle of precursor deposition consists of two parts. The first 

part is exposing the surface to precursor, and the second is purging the ALD chamber with inert 

gas. All by-products and redundant precursors are removed from the chamber during the gas 

purging. 
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Figure 12. Schematic representation of main steps of a typical ALD process: (a) the introduction 

and chemisorption of the first precursor; (b) the first purging of the operational chamber with 

chemically inert gas, like argon or nitrogen; (c) the introduction of the second precursor to react 

with the first one chemosorbed on the substrate; (d) the second purging the inert gas to remove the 

byproducts. 

 

The schematic representation of the ALD process at the 1D arrayed substrate is 

represented in Fig. 12. It could be considered the four-step procedure for two-precursor 

deposition, commonly used for depositing binary oxides [295]. At the first step, as shown in 

Fig. 12a, the precursor in the gas phase is introduced inside the ALD operational chamber. The 

chemical species of the precursor are chemosorbed at the substrate’s surface and start self-

terminated chemical reactions. It means that the introduced precursor is nucleated on the 

substrate’s surface without alteration, and the layer formation is limited only by surface sites. 

Thus, only a monolayer of the precursor is absorbed by the surface during this process. The 

feature of self-limiting deposition is a major distinguishing characteristic of the ALD process 

[296]. 

The inert gas purges away the excessive amount of the precursor at step 2 (Fig. 12b). 

Then, the second precursor is introduced in the ALD chamber and reacts with the already 

absorbed first precursor (Fig. 12c). As a result of this reaction, a thin atomic layer of the required 

material forms on the substrate. After the second purging with the inert gas (Fig. 12d), the 

process sequentially proceeds from the first step to reach the required thickness of the deposited 
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layer. These four steps delineate an ALD cycle. The separated deposition steps are the 

distinguishing feature of the ALD process that enables the resulting thin film atomic scale 

uniformity. 

The growing process starts with the first iteration of the ALD cycle, and the growth rate 

can be estimated by GPC value. The substrate’s temperature is the most crucial parameter for 

ALD film growth. An ALD window is a temperature range in which the ALD process occurs. 

Its graphical representation is shown in Fig. 13. In the region before the ALD window, 

precursors do not possess sufficient energy to sustain chemical reactions at the substrate’s 

surface or condense on the ALD chamber’s walls. These processes are marked as “limited 

condensation” and “limited activation” in the scheme. At the high-temperature region beyond 

the ALD window, precursors are decomposed or desorbed from the substrate. These processes 

are marked as “limited decomposition” and “limited desorption”. Considering the ALD window 

related to GPC value, it is stable under ALD conditions, whereas in “limited condensation” and 

“limited decomposition”, the GPC is increased as well as decreased in “limited activation” and 

“limited desorption” regions. 

 

 
Figure 13. A representation of the ALD window related to the substrate temperature and the growth 

per cycle value. 

 

An occurrence of ALD requires that chemical reactions should be self-saturating and 

complementary. The first requirement means that the deposition process stops when all sites at 

the surface are saturated and the chemosorbed layer evenly covers the entire surface. The 
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second one means that after the chemisorption, each chemical reactant should render the surface 

to the subsequent layer to complete the reaction of an ALD cycle. 

Depending on the ALD film's required features and the substrate's parameters, the ALD 

method can be considered in two categories: substrate-based and parameters-based. Substrate-

based methods include thin film ALD and powder ALD techniques, used for stationary and 

non-stationary substrates, respectively. The flat or porous surface can be considered stationary, 

and the ALD film is growing in contact with precursor exposure. In contrast, particles or rods 

are considered powder substrates and the total ALD coverage is achieved due to their 

movement. 

ALD on a stationary substrate implies a layer-by-layer conformal deposition of a thin 

film of the required material. Considering the high aspect ratio substrates, like porous 

substrates, the exposure time should be adjusted appropriately according to the kinetic of the 

precursor inlet to achieve a uniform deposition [297], [298]. This adjustment could be realized 

by increasing the partial pressure of the precursor in the chamber. In this case, the exposure 

time is decreased. On the other hand, the exposure time must be increased for precursors with 

a high molecular mass, which leads to better nucleation and growth rate. It could be achieved 

by adding a stop-flow step after introducing the precursor [299]. Additionally, the precursor 

flow must be stabilized to avoid desorption or control the nucleation density on the surface 

[300], [301]. However, the unstable flow of the precursor could result in thickness variation 

caused by defects and edge sites at the substrate. During the synthesis of 2D nanomaterials by 

ALD, it could induce out-of-plane growth [302], developing nanoflakes on the surface, which 

is beneficial as active sites for OER or HER. 

The powder ALD implies a conformal deposition on substrates with particle 

morphology [303]. It is widely used for metals [304] and metal oxides [305], [306] to fabricate 

core-shell nanoparticles. The principles of the powder ALD are similar to a typical ALD 

process. Still, special rotary [307] or fluidized bed reactors [308] are required to achieve full 

and conformal coverage of particle substrate. Additionally, appropriate parameters of the ALD 

process must be selected to avoid the agglomeration of nanoparticles during the deposition steps 

[309]. 

The parameter-based methods include thermal, plasma-enhanced, hotwire-assisted and 

photo-assisted ALD. In the thermal ALD, a relatively higher temperature compared to the 

typical ALD is used to sustain the occurrence of self-limiting reactions and deposition of 

material with higher crystallinity. However, this method imposes a requirement of sufficient 

thermostability of the substrate and precursors. In the plasma-enhanced ALD, highly reactive 
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species in plasma conditions are used to decrease the temperature required for the deposition. 

This method allows an ALD deposition of various materials with a wider range of suitable 

precursors. In the hotwire-assisted ALD, a heated filament is used as an energy source to sustain 

the deposition process. Owing to the operating temperature up to 2000 0c this method allows 

effective application of the precursors avoiding unwanted side reactions [310]. This method is 

effective for metals [311] and nitrides deposition [310]. In photo-assisted ALD, UV light 

sustains and accelerates surface reactions. The employment of light energy allows for the 

reduction of the deposition temperature. This method is widely used for depositing metal 

oxides, boron nitride, and metals [312]. 
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3.1. Co-authorship statements 

In this chapter, the Author presents statements on the co-authorship of his research 

papers attached to the thesis. The Author’s contributions and concise description of every piece 

of research are summarised in the introduction to each article separately. The provided co-

authorship statements justify each author’s contribution to the final version of the published 

papers presented in this thesis.  

It should be noted that all the studies were realized in close collaboration with research 

groups where the author’s contribution was not directly included or was partly included in work 

with highly specialized or hazardous equipment and techniques. Thus, the Author has not been 

personally involved in direct operations with FIB, TEM, XPS, GIXRD and nanoindentation 

equipment during the data acquisition for the presented pieces of research. Therefore, he only 

processed, structured and interpreted the acquired data, and developed models as well as made 

necessary calculations. 

At the same time, the preparation process of PSi by MACE and implementation of the 

ALD technique for the nanocomposites fabrication as well as data acquisition using (diffuse) 

reflectance, absorbance, transmittance, Raman, and photoluminescence spectroscopies were 

performed personally by Author under assistance of the supervisor (dr hab. Igor Iatsunskyi).  

Measurements and data interpretation of linear/cyclic voltammetry, 

chronoamperometry and electrochemical impedance spectroscopy were performed in close 

collaboration with dr hab. Katarzyna Siuzdak. 

Nanoindentation data were acquired and processed by dr hab. Emerson Coy. As well as 

the raw data on GIXRD and HRTEM imaging were collected in close collaboration with him. 

Some ALD procedures related to Pd deposition on the investigated samples were 

realized in close collaboration with Dr. Mikhael Bechelany. 

Contributions of co-authors are declared in the co-authorship statements attached below.
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3.2. Tailoring the structure, optical and photoluminescence properties of 

porous silicon/TiO2 nanostructures 

Silicon-transition metal oxide nanostructures demonstrate enhanced charge carriers 

separation, resulting in improved photocatalytic activity and promising applications for 

photovoltaics, biosensors, and photo-induced water splitting in particular. In this paper, the 

efforts were addressed to investigate heterojunction formation between Si and TiO2, and its 

optical features. In this regard, a thorough investigation of intrinsic properties and PL spectra 

would shed light on the conductivity mechanism and defect sites formation in Si/TiO2 

heterojunction. 

In this study, a combination of advanced MACE and ALD methods was used to fabricate 

Si/TiO2 nanocomposite. A typical MACE method was applied to synthesize macro- and 

mesoporous p-type silicon with defined structural characteristics. Then, a further ALD process 

was performed to introduce TiO2 into a silicon matrix and to produce Si/TiO2 nanocomposite. 

Diverse methods, such as SEM, TEM, GIXRD, EDX, Raman spectroscopy, ellipsometry, and 

PL spectroscopy performed investigations of as-prepared and annealed Si/TiO2 samples. The 

influence of annealing on the structural and optical properties of Si/TiO2 nanostructure has been 

revealed and discussed. Additionally, we proposed a model of PL emission in Si/TiO2 

heterojunction. According to our research, two main competing recombination mechanisms 

occur during PL emission: radiative recombination through the surface states (surface 

recombination) and oxygen vacancies as well as recombination through the self-trapped 

excitons (volume recombination). Also, the volume and surface effects that influence the PL 

emission spectrum have been elucidated. 

In this research, the Author experimentally found optimal conditions of MACE under 

variate concentrations of etchant (HF), oxidizing (H2O2) and catalytic (Ag nanoparticles) 

agents. He made the macro/mesoporous silicon samples using the MACE method. He assisted 

in developing and constructing a custom-made setup for PL spectra acquisition. He performed 

PL spectra measurements of porous silicon samples, as-prepared and annealed Si/TiO2 with a 

variable number of ALD cycles. The Author has processed all the obtained PL data. Also, he 

contributed to developing the model of PL excitation mechanisms. 

 

Number of Ministerial points: 140 

Impact factor: 3.7 
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3.3. Enhancement of optical and mechanical properties of Si nanopillars by 

ALD TiO2 coating 

The employment of ordered nanopillar arrays opens up a lot of possibilities for 

efficiently utilizing complex composite nanostructures in diverse applications like 

biophotonics, photovoltaics, energy storage, etc. In this regard, it is necessary to estimate 

mechanical stability and the capability to tune the optical properties in such nanostructured 

arrays.  

In this research, we have studied the mechanical and optical properties of pillar-like 

silicon nanostructures coated with the TiO2 ALD layer. The silicon nanopillars were fabricated 

by combining NSL and MACE. Then, a typical ALD technique was applied to deposit the TiO2 

layer of defined thickness. A thorough analysis of the structural properties of the as-prepared 

and annealed 1D Si/TiO2 nanocomposites was performed by methods of SEM, TEM, GIXRD 

and EDX. The acquisition of Raman, reflectance and PL spectra elucidated optical properties. 

The mechanical properties of 1D Si/TiO2 nanocomposites were investigated by nanoindentation 

testing.  

The acquired data clearly show that the optical and mechanical properties of the 

fabricated nanopillars are tailored by their morphology. Especially, inclusions of TiO2 into 

mesoporous silicon matrix resulting in an enhancement of mechanical properties. Generally, it 

was found that the silicon matrix provides the structural stability of the obtained nanostructures, 

while inclusions of TiO2 nanocrystallites provide fracture resistance and improve Young's 

modulus. As a result, Young's modulus of annealed Si/TiO2 nanopillar arrays has a three-time 

higher value in comparison to pristine silicon nanopillar arrays. 

In this research, the Author has performed NSL by a spin coating method and MACE 

on silicon substrates. He was involved in RIE processing of polystyrene nanospheres monolayer 

and ALD of TiO2 thin films. He processed SEM/TEM and GIXRD data, prepared Figures 1 and 

3, and calculated nanocrystallite sizes and strain values from GIXRD data. Also, the Author 

assisted in acquiring and processing the data obtained by PL, reflectance and Raman 

spectroscopies. He contributed to the manuscript by writing the introduction part, experimental 

part and description of structural properties in the “Results and discussion” part. 
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3.4. Silicon/TiO2 core-shell nanopillar photoanodes for enhanced 

photoelectrochemical water oxidation 

In order to protect a silicon electrode against photo-corrosion in an aqueous electrolyte 

solution, protective chemically stable layers are widely used. In this regard, transition metal 

oxides are extensively studied to yield optimal PEC performance in a wide range of incident 

solar light wavelengths. Understanding the dependence on the pH of the electrolyte solution, 

the influence of doping type and the optimization of surface geometry are essential in designing 

an efficient photoelectrode for water-splitting applications. 

This research is focused on studies of the PEC performance of core-shell Si/TiO2 

photoanodes based on silicon nanopillar arrays. Samples of Si/TiO2 photoanodes were prepared 

by a combination of NSL, MACE and ALD on p-type and n-type silicon substrates. 

Morphological and optical properties of fabricated nanostructures were investigated by SEM 

and TEM, as well as by reflectance and Raman spectroscopies. A linear voltammetry 

characterization has been used to demonstrate the PEC performance of Si/TiO2 photoanodes 

depending on their morphology and the influence of the pH values in the electrolyte solution. 

It has been shown that the photoanode based on n-Si/n-TiO2 core-shell nanopillar arrays 

demonstrates much better PEC performance than p-Si/n-TiO2 owing to its favorable bands 

bending at the Si/TiO2 heterojunction. Optimal morphological characteristics for the highest 

PEC performance were defined according to the analysis of linear voltammetry data. 

Furthermore, the influence of pH value on PEC performance has been discussed. The obtained 

results clearly demonstrate the advantages and perspectives of pillar-like Si/TiO2 

nanocomposite arrays for photocatalytic water-splitting applications. 

In this research, the Author has performed the synthesis of silicon nanopillar arrays by 

a combination of NSL and MACE as well as assisted in ALD of TiO2 thin film. He contributed 

to SEM, Raman and reflectance data acquisition as well as performed its processing along with 

visualization in Figures 1 and 2. Also, the Author has drawn Figure 3 and significantly 

contributed to writing all parts of the article except the discussion of linear voltammetry results. 
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3.5. Enhancing photocatalytic performance and solar absorption by Schottky 

nanodiodes heterojunctions in mechanically resilient palladium coated 

TiO2/Si nanopillars by atomic layer deposition 

An improvement in PEC efficiency is a significant issue in developing complex 

nanocomposite materials for photocatalytic applications. Palladium nanoparticles have been 

extensively investigated in the context of HER on diverse photocatalytic nanomaterials. Its 

application in Si/TiO2 heterojunction is expected to facilitate charge separation and heat transfer 

efficiency owing to the formation of Schottky nanodiodes inward of the TiO2 layer and the 

employment of SPR. In the case of silicon-based photoanodes, it is possible to extend the 

absorption range and enhance the efficiency of water-splitting reactions. 

This research is addressed to investigate the synergistic effect caused by Si/TiO2 

heterojunction in combination with Pd nanoparticles. Structural properties of the fabricated 

Si/TiO2 nanopillar arrays with ALD-deposited Pd nanoparticles were investigated by SEM, 

HRTEM, GIXRD and EDX. A set of low-load indentation experiments on single-stand 

nanopillars was conducted to confirm the advanced mechanical stability of obtained Pd/TiO2/Si 

nanocomposite. Diffuse reflectance and absorbance data were collected to prove the positive 

effect of Pd on the optical properties of Si/TiO2. Linear voltammetry, chronoamperometry and 

EIS data were used to estimate the PEC performance of the Pd/TiO2/Si photoanode. Also, 

complementary photodegradation tests in rhodamine B solution and water evaporation rate 

assessment were conducted to estimate the rates of charge carriers and heat transfer. It was 

shown the superior PEC performance of Pd/TiO2/Si photoanode compared to Si/TiO2, along 

with the occurrence of either OER or HER. This effect could be ascribed to superior absorbance 

in the UV and IR parts of spectra in the presence of Pd nanoparticles. The detailed mechanism 

of the enhancement was discussed in detail, and its model has been developed taking into 

account the acquired experimental results. 

In this research, the Author performed the synthesis of silicon nanopillar arrays with 

relative procedures such as MACE, NSL and RIE as well as the ALD of TiO2 for the fabrication 

of Si/TiO2 nanocomposite. He assisted in acquiring and processing the optical spectroscopy 

data from Si/TiO2 and Pd/TiO2/Si samples. He contributed to the discussion of the obtained 

results, draft reviewing and development of the charge transfer model in the Pd/TiO2/Si.  
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3.6. Enhanced solar-driven water splitting of 1D core-shell Si/TiO2/ZnO 

nanopillars 

A further improvement of the PEC performance of silicon-based photoanode could be 

achieved by enhancement of the charge separation ability and optical properties of the metal 

oxide protective layer. Hence, a deposition of an additional metal oxide layer with a suitable 

band gap position like ZnO is an optimal solution. 

This research is focused on investigating structural, optical and PEC properties of core-

shell Si/TiO2/ZnO nanocomposites based on ordered silicon nanopillar arrays. A combination 

of NSL, MACE and successive ALD of TiO2 and ZnO layers fabricated the Si/TiO2/ZnO 

nanocomposites. Structural properties of the obtained nanocomposite were investigated by 

means of SEM, TEM and GIXRD. The obtained data show high crystalline quality and 

conformity of the TiO2/ZnO shell. Optical properties were elucidated via diffuse reflectance 

and transmittance spectra acquisition. Electrochemical properties and stability of 1D 

Si/TiO2/ZnO nanocomposites were estimated through linear voltammetry, chronoamperometry 

and EIS. Performed studies have shown a superior PEC performance of 1D Si/TiO2/ZnO 

compared to 1D Si/TiO2 and Si/ZnO core-shell nanocomposites owing to efficient separation 

of photoinduced charge carriers in TiO2/ZnO shell. Additionally, favorable energy bands 

bending facilitate holes transfer to the electrolyte interface and electrons injection into the 

silicon core. Also, the model of charge transfer through heterojunctions in Si/TiO2/ZnO is 

proposed and discussed according to collected EIS data. An effect of annealing on the 1D 

Si/TiO2/ZnO nanocomposite has been discussed. Despite the lower IPCE in comparison to its 

competitor materials, the 1D Si/TiO2/ZnO clearly shows an effect of protective shell 

engineering on the PEC performance of silicon photoanode. 

In this research, the Author has performed the synthesis of silicon nanopillar arrays and 

assisted in ALD of TiO2/ZnO layers. He contributed to the acquisition and processing of data 

from SEM/TEM, GIXRD and optical spectroscopies as well as made calculations of 

nanocrystallite sizes, bang gap values and photoconversion efficiency characteristics. He 

prepared all figures and significantly contributed to writing all parts of the paper. Also, he 

contributed to developing the model of charge carriers transport in 1D core-shell Si/TiO2/ZnO 

nanocomposites and performed simulations of EIS spectra to prove the proposed model. 
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Chapter 4 Papers, not included in the main research 

 

4.1. Porous silicon-zinc oxide nanocomposites prepared by atomic layer 

deposition for biophotonic applications 

The capabilities of PSi can be extended to applications for biosensor development. In 

order to obtain a highly responsive optical biosensor, the PSi matrix can be used for the 

fabrication of a nanocomposite with the proper PL properties. Since the ZnO-derived 

nanostructures have shown excellent biocompatibility and a strong PL response, the PSi/ZnO 

nanocomposite is an obvious choice for optical biosensor testing. 

This research shows studies of structural and optical properties of PSi/ZnO 

nanocomposites produced by a combination of MACE and ALD techniques. The structural 

properties were investigated using SEM, TEM, GIXRD, EDX and XPS, whereas data for 

estimation of the optical properties were collected by diffuse reflectance and PL spectroscopies. 

A thorough XPS analysis shows the structure of the ZnO layer and its binding with the 

mesoporous Si matrix. Key mechanisms of PL excitation in PSi/ZnO have been defined and 

discussed. Additionally, the fabricated PSi/ZnO nanocomposite has been tested for biophotonic 

application. Aflatoxin B1 was successfully applied as a target for biosensing at the surface of 

PSi/ZnO and detected even at a concentration of 1 ng/ml via changes in the visible part of the 

PL spectrum. Also, it was shown that PSi/ZnO nanocomposite produced from p-type Si 

substrate is more favorable for biophotonic application than n-type Si. 

In this research, the Author performed MACE on p-type and n-type silicon substrates 

and assisted in ALD of the ZnO layer. He processed SEM, TEM, EDX and diffuse reflectance 

data. He made all necessary calculations related to estimating ZnO nanocrystallite sizes from 

TEM and GIXRD data. He also made calculations in the context of the Kubelka-Munk model 

for diffuse reflectance data. He has prepared all figures except Figure 5 and significantly 

contributed to writing all parts of the paper except the discussion of AFB1 toxin detection. 
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4.2. Effect of porous silicon substrate on structural, mechanical and optical 

properties of MOCVD and ALD ruthenium oxide nanolayers 

A lot of diverse methods and techniques are used for the fabrication of complex 

nanocomposites for a variety of applications. MOCVD and ALD are prominent contemporary 

methods, and the resulting nanocomposites’ pros and cons are important to analyze. Owing to 

its structural properties, especially high specific area, the PSi is an appropriate material for 

studying the features of MOCVD and ALD for nanocomposite fabrication. Since metal oxides 

and their combinations with silicon are substantial in producing electronic and optoelectronic 

devices, the deposition method's influence on the deposited layer's quality is crucial. As one of 

the commonly used materials for deposition, RuO2 was used in the current research to test its 

layer’s behavior after deposition using both PSi substrate techniques. 

This research focuses on elucidating the structural and optical properties of RuO2 thin 

films deposited by MOCVD and ALD on n-type porous silicon substrates. Investigations by 

SEM, TEM, XRD, EDX and XPS were applied to define the morphology, crystalline structure 

and composition of the RuO2 layer depending on the deposition method. Optical properties 

were determined by Raman spectroscopy, diffuse reflectance and PL evaluation. Its structural 

features tailor the mechanical and optical properties of the PSi/RuO2 nanocomposite, so the 

influence of the mechanical stress induced by the deposition of the RuO2 layer has been 

investigated and discussed. It was shown that MOCVD gives non-uniform distribution along 

the pores, while ALD allows the formation of a conformal RuO2 layer. The changes in crystallite 

size and deformation values are correlated with differences in the optical properties of MOCVD 

and ALD-produced layers.  

In this research, the Author has synthesized n-type PSi substrates by MACE. He has 

processed SEM, TEM and GIXRD data as well as prepared Figures 1, 2 and 3. He has assisted 

in the acquisition and processing of diffuse reflectance data. He performed calculations of 

nanocrystallite sizes and relative deformations in PSi/RuO2 nanostructures by Debye – Scherrer 

and Williamson – Hall methods. Also, he contributed to the writing of the paper in the 

discussion of “Morphology and structural properties”. 
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4.3. One and two-phonon Raman scattering from nanostructured silicon 

Nanosilicon or nanostructured silicon is a promising material with a wide range of 

applications, especially in optoelectronics and sensors. Therefore, it is important to investigate 

possible options for modifying its electronic and optical properties. The employment of phonon 

confinement effects in finite nanocrystallites opens up a lot of possibilities in this regard. One 

of the effective methods for the estimation of those effects is Raman-scattering. Thus, a 

comprehensive investigation of the first and second order of Raman-scattering provides 

valuable information on the vibrational modes in the nanosilicon. 

This research is focused on thoroughly investigating Raman-scattering at nanostructured 

silicon with different morphology. The structural properties of MACE-produced nanosilicon 

samples were investigated by SEM and AFM methods. Obtained data show a substantial 

difference in the morphology of p-type nanosilicon depending on doping level and etchant 

concentration in the MACE process.  

A typical Raman spectroscopy data acquisition technique was applied to the nanosilicon 

samples and showed noticeable differences depending on morphology and mechanical stress in 

the porous silicon matrix. Also, the influence of the heating effect induced by laser radiation on 

the Raman spectra has been discussed. The correspondence of the obtained results to the phonon 

confinement model has been analyzed and discussed. Additionally, the Raman spectrum was 

reconstructed, taking into account confinement effects and compressive stress and was 

compared to experimentally obtained data.  

The second-order Raman scattering was also analyzed and discussed. It was found that 

the pattern of the Raman spectra of porous silicon is affected by the wavelength of excitation 

light. This effect was also thoroughly discussed, and a possible explanation was provided. 

In this research, the Author contributed to the fabrication of porous silicon 

nanostructures with various morphology by the MACE method. He contributed to processing 

SEM/AFM data, discussing the obtained results and evaluating the final manuscript.  
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4.4. Structural and XPS studies of PSi/TiO2 nanocomposites prepared by 

ALD and Ag-assisted chemical etching 

Introducing TiO2 into the PSi matrix allows the nanocomposite formation with a wide 

range of possible applications. ALD technique is a promising technology for this purpose, 

enabling the growth of conformal TiO2 coating of PSi. Since the interaction of Si and TiO2 

significantly influences the optical and chemical properties of the PSi/TiO2 nanocomposite, it 

is essential to investigate the phase structure, morphology and other structural properties of the 

Si – TiO2 interface. 

This research focuses on studying the electronic and structural properties of PSi/TiO2 

nanocomposite fabricated by combining MACE and ALD techniques. Methods of SEM, TEM, 

EDX, Raman spectroscopy and XPS were implemented to elucidate the structural, optical and 

electronic properties of PSi/TiO2. The formation of the TiO2 anatase phase in the PSi matrix 

after the application of ALD has been confirmed via Raman spectroscopy and discussed in the 

context of nanocomposite structure. The chemical composition has been analyzed via XPS 

spectra acquisition. The elemental ratio of chemical components has been estimated, and Auger 

parameters for PSi and PSi/TiO2 have been obtained. Additionally, the analysis of the collected 

XPS core spectra enabled the determination of Si atom states in the nanocomposite and the 

behavior of Ti bonds depending on the number of ALD cycles. The chemical bonds of Ti and 

Si with O and H were also ascertained. Further analysis of collected valence band spectra 

showed the influence of defect states in PSi/TiO2 nanocomposite, especially the influence of 

Ti3+ surface states on the electronic properties of the nanocomposite had been discussed. The 

obtained results on modifying the electronic structure of PSi/TiO2 nanocomposite are essential 

in developing related photocatalytic materials. 

In this research, the Author contributed to the fabrication of porous silicon substrate by 

MACE, discussing the obtained results and manuscript evaluation. 
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Chapter 5 Summary 

 

5.1. Outline of research presented in this thesis 

 

The photocatalytic water-splitting process has been a topic of intensive research in 

recent years. Many published studies on diverse single materials and complex nanocomposites 

exploit many contemporary techniques and methods, paving a pathway to developing an 

effective PEC cell. Since silicon is an abundant, widely used, and feasible processing material, 

the effective PEC cell on its base should significantly bolster hydrogen’s economic 

development and make affordable commercially available devices for solar hydrogen 

generation. Considering the collected results and progress in the concept of PEC cell 

development, it is possible to realize the appealing idea of effectively utilizing a silicon-based 

photoelectrode for photocatalytic water-splitting. On the other hand, silicon material possesses 

some drawbacks, such as severe degradation in harsh aqueous solutions and recombination of 

charge carriers on defect sites. It also has many issues with proper operation parameters under 

solar light irradiation, such as an appropriate level and type of doping, electrolyte’s pH value, 

effective specific area utility, the feasibility of heterojunction formation, etc. These drawbacks 

of silicon as a photocatalytic material open up several problems to be solved for its effective 

utilization for photocatalytic applications. Using a protective coating of a chemically stable 

material with proper conductive properties, such as transition metal oxide, substantially extends 

the usability of nanosilicon in PEC applications. In addition, studies on nanosilicon-based 

nanocomposites and investigation of silicon-derived heterojunctions boost the finding of 

solutions for concomitant problems in photonics, microelectronics, (bio)sensors design, etc.  

Considering the aforementioned above, the main aim of this thesis was to investigate 

PSi-based nanocomposites with transition metal oxides as a nanostructured material for the 

photocatalytic application and to acquire knowledge regarding the employment of quantum 

confinement effects in such nanomaterial for applying in photocatalytic water-splitting at the 

visible part of solar light. In order to achieve this aim and find answers to the questions tackled 

in this thesis, the research results conducted in collaboration with other co-investigators are 

presented.  

The articles presented in this thesis expound on structural, optical and PEC properties 

of PSi and PSi/MOx (TiO2 and ZnO) nanocomposites. Although PSi is a widely studied 
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material, the investigation of quantum confinement effects in it and tuning the optical properties 

throughout the structural changes are still challenging. Additionally, the fabrication of 

multilayer nanocomposite structures based on PSi with preliminary defined features is not a 

trivial task. It requires a thorough study of the correlation of structural changes with optical 

features and the influence of the fabrication process on the resulting nanocomposite material. 

In this regard, implementing more effective methods, such as MACE and ALD, for 

nanocomposite fabrication requires thorough analysis and investigation. 

The background of this thesis is presented in Chapters 1 and 2, where preceding 

theoretical and experimental results from literature sources are reviewed. Chapter 1 shows the 

primary approach and recent progress in designing and developing single materials and 

nanocomposite structures for photocatalytic water-splitting applications. Chapter 2 describes 

the fabrication methods and strategies of silicon application with various transition metal oxides 

in photocatalysis and water splitting. Chapter 3 presents the main research topics to answer the 

questions of this thesis.  

Section 3.1. contains the statements of authorship and co-authorship. In section 3.2. a 

study on the structural and optical properties of PSi/TiO2 nanocomposite is demonstrated. The 

changes in the structural properties of the ALD-grown TiO2 layer on mesoporous MACE-

derived Si substrate correlate with the changes in optical properties of the PSi/TiO2 

nanocomposite. Sheer changes in the Raman spectra as well as in refractive index and extinction 

coefficient, corroborate the influence of variation in TiO2 anatase nanocrystallites size and the 

PSi pores size on tuning the PSi/TiO2 properties through the quantum confinement effect. The 

influence of defect sites on charge carriers separation in PSi/TiO2 is elucidated through PL 

mechanisms. The obtained results confirm the favorability of the chosen fabrication methods 

and the fabricated PSi/TiO2 nanocomposite for photoanode engineering. 

In section 3.3. is shown a study addressed further improving the optical properties of 

PSi/TiO2 nanocomposite through 1D pillar-like patterning. The mechanical stability of the 

fabricated pillar-like structure was investigated as well. It was shown that TiO2 anatase 

inclusions could improve the mechanical properties of 1D PSi/TiO2 nanopillars and 

substantially depend on their crystallinity. An enhancement of crystallinity of the anatase phase 

in PSi material was acquired via annealing and corroborated by the results of µ-Raman 

spectroscopy. The obtained results clearly demonstrate the influence of the quantum 

confinement effect on the optical properties of PSi/TiO2 nanocomposite. Thus, these two studies 

answer to the first question tackled in this thesis. 
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In section 3.4. the 1D core-shell PSi/TiO2 nanocomposite was investigated as a 

photoanode for the photocatalytic water-splitting process. Owing to the increased specific area 

due to the mesoporous nature of PSi and the fast separation of the photogenerated charge 

carriers at the Si-TiO2 heterojunction, it displays an effective PEC response under photoanode 

operation. It was experimentally demonstrated that the charge carriers separation occurs more 

effectively at the n-PSi/n-TiO2 heterojunction, while the p-PSi/n-TiO2 heterojunction impedes 

the photo-induced charge transfer in the nanocomposite’s bulk material. Due to an effective 

light trapping in 1D nanostructure and favorable positions of the energy bands, the PSi/TiO2 

nanocomposite gains sufficient photocurrent density (about 1.5 mA/cm2) along with relatively 

stable behavior under various pH in the electrolyte solution. Therefore, the obtained results 

allow the Author to answer the second question tackled in the thesis. 

In section 3.5. is provided a study on the employment of SPR in the Pd-nanoparticles to 

enhance the properties of 1D PSi/TiO2 nanocomposite. The ALD-synthetized Pd nanoparticles 

form Schottky nanojunctions within the 1D arrayed core-shell PSi/TiO2 nanopillars, which 

leads to the enhancement of mechanical, optical and PEC properties. The conducted 

nanoindentation test shows that adding Pd nanoparticles into the PSi/TiO2 structure results in 

superior mechanical properties. Crystallization of the TiO2 anatase phase inside the PSi material 

provides enhanced mechanical resilience compared to bare PSi. After adding Pd nanoparticles, 

the stability to the plastic deformation increases further, owing to the pile-up effect. Acquired 

data of diffuse reflectance and absorbance indicate a significant influence of introduced Pd 

nanoparticles as absorption increment in UV and VIS regions as well as significantly decreased 

reflection in the visible region for PSi/TiO2/Pd nanocomposite. Linear voltammetry 

measurements demonstrate a noticeable negative photocurrent branch corresponding to HER 

induced by Pd nanoparticles as its photocatalytic activity toward H2 production. Although the 

presence of Pd results in a lower photocurrent than for the PSi/TiO2 and effects in shielding the 

photoactive centers, the chronoamperometry results show a stable behavior and good response 

of the PSi/TiO2/Pd photoanode. Additionally, PSi/TiO2/Pd nanocomposite shows a noticeable 

enhancement in photodegradation experiments owing to enhanced absorption in UV and IR 

regions. This enhancement can be explained by a synergistic effect between charge carriers and 

hot electrons transfer along the heterojunction interfaces in the PSi/TiO2/Pd nanocomposite. 

Considering all the obtained results, a model of charge carriers transport was developed and 

explained, considering enhanced light absorbance and the impact of SPR. These results provide 

an answer to the third question of the thesis. 
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In section 3.6. is demonstrated a study on the structural, optical and PEC properties of 

1D arrayed core-shell PSi/TiO2/ZnO nanocomposite. This study was conducted to investigate 

the charge carriers separation in 1D core-shell PSi/TiO2/ZnO nanostructure and to estimate its 

performance in the photocatalytic water-splitting process. A conformal ALD-derived layer of 

ZnO represents the external “shell”, while the “core” is composed of PSi/TiO2 nanocomposite 

due to TiO2 diffusion inward the porous Si material. Analysis of structural and optical properties 

of the fabricated nanocomposites shows an advantage of TiO2/ZnO coupled layer compared to 

single TiO2 and ZnO layers of the same thickness. Superior absorbance and band gap tuning 

capability in the TiO2/ZnO coupled layer depend on the mechanical strains at the TiO2-ZnO 

interface and quantum confinement effect, and could be tuned via the thickness and crystallinity 

of the comprised layers. The TiO2/ZnO shell has demonstrated noticeably higher PEC 

performance than the single TiO2 anatase and ZnO wurtzite layers on silicon-based nanopillar 

arrays. A high crystallinity of the fabricated nanocomposite results in low recombination and 

effective separation of photoinduced charge carriers in the TiO2/ZnO shell. As a result, 1D core-

shell PSi/TiO2/ZnO nanocomposite demonstrates a significantly higher photocurrent density, 

stability and ABPE characteristics. The separation and transfer of electron-hole pairs in the 

PSi/TiO2/ZnO nanocomposite were described in the contest of the heterostructure model 

considering the obtained results of EIS, barrier and tunneling effects. Thus, this research 

provides an answer to the fourth question prompted in the thesis.  

Chapter 4 contains four articles that are not related to the main topics of this thesis but 

include the Author’s contribution. In section 4.1. is provided a study on the employment of 

PSi/ZnO nanocomposite as a platform for biosensing applications. There was discussed the 

optical and structural properties of the nanocomposite and its impact on the optical biosensing 

response toward mycotoxins. In section 4.2. is demonstrated a study on the advantages of the 

ALD technique compared to the MOCVD technique for depositing a metal oxide layer on the 

PSi substrate. Structural, optical and mechanical properties of PSi/RuO2 nanocomposite were 

investigated and discussed in the context of metal oxide proliferation along the 

micro/mesopores and nanocomposite formation. The study in section 4.3. is dedicated to Raman 

scattering in PSi. There is provided a comprehensive investigation on Raman spectroscopy data 

analysis for PSi substrate. And section 4.4. contains an investigation of PSi/TiO2 

nanocomposite. The results of XPS studies are shown and discussed structural properties of 

PSi/TiO2 nanocomposite and the impact of MACE parameters. 

In summary, the Author has demonstrated through a set of consistent research that the 

optical properties of PSi/TiO2, PSi/ZnO and PSi/TiO2/ZnO nanocomposites can be tuned by 
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their structural properties. Namely, it could be realized by 1D patterning, improving crystalline 

quality, pore size and the thickness of the metal oxide layer. The tuning of optical and structural 

features in the nanocomposites can be gained by changing the parameters of MACE (for PSi) 

and ALD (for TiO2 and ZnO layers) technological processes. This thesis demonstrates that PSi 

with a protective coating of metal oxide can be used for photocatalytic applications, particularly 

water-splitting. The results of studies represented in Chapter 3 collectively show the positive 

impact of quantum confinement effect on the charge separation inward PSi/MOx 

nanocomposite and hindering the recombination rate. Although the PEC performance of the 

fabricated 1D core-shell PSi/TiO2/ZnO nanomaterial is significantly lower compared to 

competitive materials, it is possible to increase the efficiency further via the employment of the 

SPR effect and to enhance the charge separation in multilayer shell made of transition metal 

oxides. The results of this thesis enable the development of a strategy for employing silicon-

based materials for photocatalytic applications and reveal the capability of noticeable 

enhancement of its PEC performance through nanostructuralization.    

 

5.2.  Future prospects 

Using the nanosilicon-metal oxide nanocomposites for photocatalytic applications 

requires a thorough study of the behavior of electron-hole pairs depending on barrier, tunnel, 

SPR, and heat effects. Therefore, there are a lot of ways to implement further research. 

The results of this thesis demonstrate a promising approach to plasmonic nanoparticles 

application in enhancing the core-shell PSi/TiO2 photoanode efficiency. Incorporating Pd or 

Au nanoparticles into TiO2/ZnO or a more complex shell on 1D nanosilicon could further 

enhance the charge separation and synergistic effect. Additionally, the mechanical properties 

of such a complex nanocomposite structure and their dependence on morphological features are 

quite interesting to study.  

The impact of doping concentration on charge carriers mobility in PSi-based core-shell 

nanocomposites is also an essential topic for investigation. A proper doping concentration in 

the Si core and in the external metal oxide shell could decrease the recombination on defect 

sites and increase the overall IPCE yield. Although the PSi/TiO2/ZnO nanocomposite presented 

in this thesis is not a competitive material for efficient use, it could gain a promising result in 

combination with another material in the Z-scheme PEC cell.  
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The mechanisms of heat transfer and detailed behavior of photoinduced electron-hole 

pairs in PSi/TiO2/Pd nanocomposite are still to be elucidated. The already acquired related data 

are incomplete, and a more detailed study and model development are needed. 

Last but not least is the elucidation of ALD parameters for growing conformal low-

defect metal oxide thin films on the PSi substrates with variable porosity. Although the ALD 

technique allows for gaining a highly conformal thin film coating, the influence of internal 

mechanical strains in the porous substrate and subsequent annealing could significantly 

interfere with the structure of the ALD-deposited layer. Therefore, an analysis of various 

adverse effects on the ALD-grown transition metal oxide thin film is required.
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