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Abstract  
 

Human ac�vi�es are causing severe environmental impacts, above all global 

warming and water insecurity. The widespread presence of contaminants of 

emerging concerns (CECs) in water effluents is causing deleterious effects on living 

beings. Photo-driven advanced oxida�on processes (AOPs), including heterogene-

ous photocatalysis, have been demonstrated to be highly efficient for wastewater 

treatment. Addi�onally, addressing energy demand and its sustainable produc�on 

is urgently needed to mi�gate the deleterious effects of global warming. In this 

frame, hydrogen (H2) has been considered one of the most promising renewable 

energy carriers, thus extensive efforts have been made to achieve low-emission H2 

produc�on and develop new technologies for large-scale produc�on. Specifically, 

scien�fic interest has been focused on finding new photocatalysts for both CECs 

photodegrada�on and H2 produc�on driven by solar light irradia�on. In line with 

Goals 6 and 7 of the 17 Sustainable Development Goals (SDGs) Agenda 2030, the 

present doctoral thesis explores the design and development of novel metal oxide-

based nanostructured materials as efficient photocatalysts for dyes and drugs pho-

todegrada�on and H2 produc�on through photoelectrochemical water spli�ng 

(PEC WS) and photoreforming. In detail, focusing on �tanium dioxide (TiO2), con-

sidered the benchmark photocatalyst, several strategies have been inves�gated to 

tailor and improve its op�cal and electronic proper�es, using smart and cost-effec-

�ve synthe�c routes to boost both the overall photoresponse and cataly�c ac�vity. 

A direct correla�on among morphological, structural, op�cal, and electronic prop-

er�es and the photoac�vity of the synthesized nanomaterials has been established 

by cri�cally discussing the experimental results obtained by using advanced exper-

imental techniques. Overall, the research findings provided by the nanostructured 

systems designed and inves�gated in this thesis aim to significantly contribute to 

the development of new and sustainable solar-driven technologies for future 

large-scale applica�ons in the field of heterogeneous photocatalysis.  



iii 
 

  



iv 
 

List of acronyms  
 

AFM Atomic Force Microscopy 

ALD Atomic Layer Deposition 

AOPs Advanced Oxidation Processes 

API Active Pharmaceutical Ingredients 

AQY Apparent Quantum Yield 

BET Brunauer, Emmett, Teller 

BJH Barrett, Joyner, Halenda 

CB Conduction Band 

CECs Contaminants of Emerging Concerns 

CIP Ciprofloxacin 

CVD Chemical Vapor Deposition 

DFT Density Functional Theory 

DOS Density Of States 

DRUV-Vis-NIR Diffuse Reflectance UV-Vis-NIR  

EDX Energy Dispersive X-ray  

Eg Energy bandgap 

EIS Electrochemical Impedance  Spectroscopy 

EPA Environmental Protection Agency 

FE Field Emission 

FTO Fluorine-doped Tin Oxide 

FWHM Full Width at Half Maximum  

GDP Gross Domestic Product 

GHG Greenhouse Gas 

GSDR Global Sustainable Development Report 

HAADF High-Angle Annular Dark Field 

HER Hydrogen Evolution Reaction 



v 
 

HOMO Highest Occupied Molecular Orbital 

HR High Resolution 

IPCC Intergovernmental Panel on Climate Change 

IR Infrared 

IUPAC International Union of Pure and Applied Chemistry  

JCPDS Joint Committee on Powder Diffraction Standards 

LSV Linear Sweep Voltammetry 

LUMO Lowest Unoccupied Molecular Orbital 

MB Methylene Blue 

MDZ Metronidazole 

Mw Microwave 

NOh Nano-octahedra 

NP Nanoparticle 

NR Nanorod 

NW Nanowire 

NZE Net Zero Emission 

OCP Open Circuit Potential 

OER Oxygen Evolution Reaction 

Ov Oxygen vacancies 

PDF Powder Diffraction File 

PEC Photoelectrochemical 

PL Photoluminescence 

PMMA Poly(methyl methacrilate) 

PVD Physical Vapor Deposition 

PZC Point of Zero Charge 

RBS Rutherford Backscattering 

RF Radiofrequency 

RhB Rhodamine B 



vi 
 

ROS Reactive Oxygen Species 

SAED Selected Area Electron Diffraction 

SDGs Sustainable Development Goals 

SEM Scanning Electron Microscopy 

SSA Specific Surface Area 

SSL Simulated Solar Light 

STEM Scanning Electron Microscopy 

TEM Transmission Electron Microscopy 

UN United Nations 

UNFCCC United Nations Framework Convention on Climate Change 

UV Ultraviolet 

VB Valence Band 

Vis Visible 

WHO World Health Organization 

WS Water Splitting 

XPS X-ray Photoemission Spectroscopy 

XRD X-ray Diffraction 

 

 

  



vii 
 

Table of contents 
Abstract .................................................................................................................... ii 

List of acronyms ....................................................................................................... iv 

Chapter 1 – Introduction ....................................................................................... 11 

1.1 Energy and environmental crisis ................................................................. 11 

1.2 Water contamina�on and AOPs .................................................................. 15 

1.3 H2 as green fuel ........................................................................................... 21 

1.4 Aim & Outlines of the thesis ........................................................................ 28 

1.5 References ................................................................................................... 30 

Chapter 2 – Fundamentals .................................................................................... 34 

2.1 Principle of photocatalysis ........................................................................... 34 
2.1.1 Homogeneous vs Heterogeneous photocatalysis ........................................ 36 
2.1.2 Heterogeneous photocatalysis and related challenges ............................... 39 

2.2 Semiconductor materials ............................................................................. 45 
2.2.1 Semiconductor-based photocatalysts .......................................................... 45 
2.2.2 Design of a good photocatalyst ................................................................... 47 

2.3 References ................................................................................................... 50 

Chapter 3 – Titanium dioxide ................................................................................ 53 

3.1 Introduc�on on TiO2 .................................................................................... 53 

3.2 Proper�es of TiO2 as an ideal photocatalysts .............................................. 54 
3.2.1 Morphology and crystal structure ................................................................ 54 
3.2.2 Optical and electronic properties ................................................................. 58 
3.2.3 Charge dynamics and photocatalytic activity .............................................. 61 

3.3 Going beyond TiO2 limits ............................................................................. 63 

3.3 References ................................................................................................... 71 

Chapter 4 – Surface engineering ........................................................................... 75 

4.1 Defects in colored-TiO2 Hollow Spheres ...................................................... 77 
4.1.1 Morphology and crystal structure ................................................................ 81 
4.1.2 Detection of defects ..................................................................................... 85 
4.1.3 Photodegradation of Ciprofloxacin .............................................................. 88 
4.1.4 Conclusions ................................................................................................... 91 

4.2 Surface defects in nano-Cu/TiO2 par�cles ................................................... 93 
4.2.1 Morphology and crystal structure ................................................................ 94 



viii 
 

4.2.2 Detection of defects ...................................................................................... 97 
4.2.3 H2 production from methanol photoreforming .......................................... 102 
4.2.4 Conclusions ................................................................................................. 104 

4.3 References .................................................................................................. 106 

Chapter 5 – Homojunctions & Heterojunctions ................................................... 109 

5.1 TiO2 NRs array homojunc�ons ................................................................... 111 
5.1.1 Morphology and crystal structure .............................................................. 113 
5.1.2 Surface composition and optical properties ............................................... 117 
5.1.3 Photodegradation of Methylene Blue ........................................................ 119 
5.1.4 Conclusions ................................................................................................. 123 

5.2 TiO2/α-Fe2O3 NRs array heterojunc�ons.................................................... 126 
5.2.1 Morphology and structure .......................................................................... 127 
5.2.2 Photoelectrochemical activity .................................................................... 131 
5.2.3 Charge Transfer Mechanism ....................................................................... 136 
5.2.4 Conclusions ................................................................................................. 137 

5.3 References .................................................................................................. 139 

Chapter 6 – Doping engineering .......................................................................... 143 

6.1 CeO2-TiO2 nano-octahedra ........................................................................ 145 
6.1.1 Morphology and crystal structure .............................................................. 148 
6.1.2 Ce-doping .................................................................................................... 151 
6.1.3 Photodegradation of Ciprofloxacin ............................................................. 157 
6.1.4 Conclusions ................................................................................................. 160 

6.2 N-doped TiO2 hollow spheres .................................................................... 161 
6.2.1 Morphology and crystal structure .............................................................. 162 
6.2.2 N-doping ..................................................................................................... 164 
6.2.3 Photodegradation of organic pollutants .................................................... 167 
6.2.4 Conclusions ................................................................................................. 171 

6.3 References .................................................................................................. 172 

Chapter 7 – General conclusions ......................................................................... 176 

7.1 Outcomes ................................................................................................... 176 

7.2 Ongoing & Future research ........................................................................ 179 

7.3 Outlooks ..................................................................................................... 181 

Appendix A – Methods ......................................................................................... 183 

A.1 Materials & synthe�c methods ................................................................. 183 
A.1.1 Colored-TiO2 hollow spheres ...................................................................... 183 
A.1.2 Nano-Cu/TiO2 particles ............................................................................... 185 



ix 

A.1.3 TiO2 NRs array homojunctions ................................................................... 186 
A.1.4 TiO2/α-Fe2O3 NRs array heterojunctions .................................................... 188 
A.1.5 CeO2-TiO2 nano-octahedra ........................................................................ 189 

A.2 Characteriza�on techniques...................................................................... 191 
A.2.1 X-Ray Diffraction ........................................................................................ 191 
A.2.2 Raman spectroscopy .................................................................................. 192 
A.2.3 X-ray Photoelectron Spectroscopy ............................................................. 193 
A.2.4 Diffuse Reflectance Spectroscopy .............................................................. 196 
A.2.5 Photoluminescence .................................................................................... 197 
A.2.6 Electron Microscopies ................................................................................ 197 
A.2.7 Atomic Force Microscopy ........................................................................... 199 
A.2.8 N2 physisorption measurements ................................................................ 200 
A.2.9 Electron Paramagnetic Resonance spectroscopy ...................................... 202 
A.2.10 Rutherford Backscattering Spectrometry ................................................ 203 
A.2.11 Photoelectrochemical characterizations .................................................. 204 

A.3 Photocataly�c tests ................................................................................... 207 
A.3.1 Organic pollutants photodegradation ....................................................... 207 
A.3.2 Photoreforming .......................................................................................... 208 

A.4 References ................................................................................................. 210 

Appendix B – Publications & Scientific contributions .......................................... 212 

Paper-I .............................................................................................................. 211 

Paper-II............................................................................................................. 222 

Paper-III............................................................................................................ 233 

Other publica�ons ........................................................................................... 244 

Scien�fic contribu�ons .................................................................................... 245 

Acknowledgements ............................................................................................. 248 



 
 



11 
 

Chapter 1 – Introduction 
 

This Chapter opens the research thesis by addressing the pressing issues of energy 

and environmental crisis, emphasizing the cri�cal need for sustainable solu�ons. 

In detail, the issue of water contamina�on is highlighted and Advanced Oxida�on 

Processes (AOPs) are explored as poten�al remedies. Addi�onally, it delves into 

the role of hydrogen (H2) as green fuel, se�ng the stage for the aim of this thesis 

that inves�gates innova�ve approaches for addressing environmental challenges. 

An outline of the thesis is provided at the end of this chapter, offering a roadmap 

for the comprehensive explora�on of these topics.  

 

1.1 Energy and environmental crisis 
 

In the past two decades, the global popula�on has exponen�ally grown along with 

the related economic ac�vi�es, such as mass produc�on and consump�on, and 

unrestrained use of natural resources, clearly producing severe repercussions on 

the environment. Consequently, human-caused environmental issues, above all 

global warming and water insecurity, have been jeopardizing our existence.  

In detail, in 2022 the world’s total energy annual consump�on per capita, which 

refers to primary energy before being transformed into forms of energy for end-

use such as electricity or oil for transporta�on, reached 21,039 kWh. [1] During the 

same year, the world gross electricity produc�on rose by 2.4% (nearly 700 TWh), 

and over 60% of the total global electricity genera�on was given by fossil fuels. [2] 

Global greenhouse gas (GHG) emissions, dominated by carbon dioxide and me-

thane, have been strongly increasing due to the unsustainable energy use caused 

by human ac�vi�es.[2,3] The energy crisis is not only limited to GHG emissions, but 

includes also the  tremendous gap between rich and poor countries with respect 

to energy access. Gross Domes�c Product (GDP)╶ the total value of goods and 
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services produced by a country in a year ╴is indeed very high for rich countries, 

which means high CO2 emissions, while low emissions are mostly detected in poor 

countries. [3–5] The lack of access to modern electricity and clean energy technolo-

gies reveals an energy poverty scenario. Prices and economic pressure are the 

main causes for the rising number of people without access to modern electricity, 

which forces them to go backward to the use of tradi�onal biomass. In this frame, 

oil and coal must be seen as a short-term op�on [5]. In addi�on, GHG emissions 

and subsequent climate change are very expensive in terms of impacts on both 

human and natural systems causing the environmental crisis. For the impact on 

ecosystems, it is enough to think about extreme events such as heatwaves with 

related droughts, floods, changes in the seasonal �ming or species migra�on, and 

some�mes their ex�nc�on.  

In our society, there is o�en the tendency to think that humans are not affected at 

all. On the contrary, climate change is causing severe effects on food security and 

water availability, which are related to the physical and mental health of human 

beings.[6] It is worth poin�ng out that water availability is a concept concerning the 

access to groundwater, water quality, and demand.[5] Almost half of the global pop-

ula�on is experiencing water scarcity due to the combina�on and the synergis�c 

effect of clima�c factors (i.e., the increasing of weather extreme events), and non-

clima�c factors (i.e., mass produc�on).[7]
 Furthermore, in our modern society, the 

increase of health diseases related to environmental pollu�on has led to an in-

crease in drugs consump�on. Thus, according to the World Health Organiza�on 

(WHO), finding higher concentra�ons of hazardous compounds in surface- or 

ground- water is ge�ng more and more common with deleterious effects. At this 

point, it is clear that extreme and slow-onset events correlated to the energy and 

environmental crisis are undermining, not only natural systems, but also human 

well-being. As a result, thanks to the rising of knowledge and awareness about this 

topic, efforts to tackle climate change at various government levels have been ac-

celerated.  Emerging interna�onal climate agreements and policies are posi�ve 

signs of a transi�on toward a more sustainable world. In the last decade, mi�ga�on 
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policies such as the Kyoto protocol or the Paris Agreement, adopted under the 

United Na�ons Framework Conven�on on Climate Change (UNFCCC), have not 

only led to a reduc�on of GHG emissions in some countries, but also improved the 

transparency of climate ac�on and the support for the implementa�on of such 

policies. In addi�on, it is worth men�oning the 2030 Agenda for Sustainable De-

velopment, adopted in 2015 by the member states of the United Na�ons (UN). 17 

Sustainable Development Goals (SDGs, Figure 1.1) were defined with the aim of 

ending the extreme poverty, protec�ng the planet by overcoming energy and en-

vironmental crisis, and promo�ng more diploma�c, wealthy, and inclusive socie-

�es all over the world. According to the SDGs agenda, safeguarding global com-

mons is the key for long-term human development and social economic well-be-

ing. An annual SDG progress report, presented by the UN Secretary General, and a 

Global Sustainable Development Report (GSDR), produced every four years by an 

Independent Group of Scien�sts hired by the Secretary General, are essen�al doc-

uments to account for the developments on the agenda.[8] Unfortunately, accord-

ing to GSDR 2023, we are terribly late on this roadmap scheduled for 2030. The 

late shocking events like the COVID-19 pandemic and the conflicts in many regions 

including the war in Ukraine, are deteriora�ng the already accomplished pro-

gresses and those that need to be achieved. The race towards SDGs must be ur-

gently accelerated and ac�ons must be taken to weaken, break down and stop un-

sustainable prac�ces. For this purpose, science driven transforma�ons are ex-

tremely needed.  
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Figure 1.1 Sustainable Development Goals to achieve by 2030 with a view towards ending all forms 
of poverty, figh�ng inequali�es, and tackling climate change. 
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1.2 Water contamina�on and AOPs 
 

It is well-established that high levels of industrializa�on mean high levels of envi-

ronmental pollu�on. To meet the needs of mass produc�on, big and small compa-

nies are indeed overusing resources such as fossil fuels to produce energy, making 

them the main responsible for air pollu�on. Addi�onally, it is well known that wa-

ter is extensively used in industrial processes, which results in highly polluted 

wastewater.[9] Industries that are considered accountable for water contamina�on 

usually work in petroleum refining, dye manufacturing, polymeric, chemical, cok-

ing coal, leather, tex�le, pharmaceu�cal and paper sectors.[10] In general, water 

contamina�on or pollu�on, especially due to human ac�vi�es, is considered one 

of the most urgent ecological issues worldwide. In fact, wastewater treatment 

plants, urban and agricultural discharges are the major sources of organic contam-

inants in water.[11] According to the US Environmental Protec�on Agency (EPA), or-

ganic contaminants are complex organic molecules, including surfactants, dyes, 

pes�cides, pharmaceu�cals, and other low-degradable complex substances. All of 

these have been defined as Contaminants of Emerging Concern (CECs) since they 

are ubiquitously present in freshwater bodies causing adverse impacts on both 

ecosystems and human health.[12] CECs have been detected in effluent sewers and 

surface waters with a concentra�on ranging from ng L-1 to μg L-1. [13–15] The reason 

for the toxicity of these compounds is the presence of amino, nitro (-NO2) and car-

bon-carbon double bond (C=C) groups that are hardly degradable.[16] Examples of 

their chemical structure are shown in Figure 1.2.   
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Figure 1.2 Examples of the chemical structures of the most common CECs. 

 

In the last decade, among all CECs, pharmaceu�cals have been the objects of in-

creasing concern. Pharmaceu�cals can be synthe�c or natural chemicals, found in 

prescrip�on medicines, counter and veterinary drugs, which contain ac�ve princi-

ples with pharmacological effects. A wide array of pharmaceu�cal compounds is 

con�nually released into the environment because they are ubiquitously used in 

human and veterinary medical prac�ces, aquaculture, and agricultural sectors.[17–

19]  Addi�onally, as highlighted above, the increasing of health diseases related to 

environmental pollu�on has led to an increase in drugs consump�on. Thus, phar-

maceu�cals in water may derive from different sources such as personal care prod-

ucts discharge, pharmaceu�cal industry and hospital waste or therapeu�c drugs 

present in urban run-off, landfill leachate and biosolids.[20] Figure 1.3 illustrates 

some of pharmaceu�cals’ entry routes in the environment.  
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Figure 1.3 Fate of pharmaceu�cals in the environment. 

 

It is worth no�cing that such compounds are gaining aten�on for their intrinsic 

peculiari�es like (i) the complex chemical structure, which can be formed by sev-

eral molecules; (ii) the specific design to be persistent against biological degrada-

�on to reach the desired therapeu�c effect; (iii) the polarity and degree of ioniza-

�on that depend on the medium’s pH; (iv) the lipophilicity and solubility in water; 

(v) the ability to undergo metabolic reac�ons. [21,22] Furthermore, traces of these 

compounds in drinking water can poten�ally cause chronic health effects associ-

ated with their long-term inges�on. [23,24] Major concerns include endocrine dis-

rup�ng compounds, such as estrogen steroids from human contracep�ve pills and 

an�bio�cs that can contribute to bacterial an�microbial resistance. [25] The most 

common therapeu�c groups found in water are reported in Table 1.1.  

Finding high concentra�ons of these hazardous compounds in surface- or ground-

water is ge�ng more and more common. These have several deleterious conse-

quences such as mutagenic, genotoxic, eco-toxicological and carcinogenic effects 

on living beings. [23] To highlight this issue, it is worth men�oning the global-scale 

research, carried out by Wilkinson and his team, [26] on the pollu�on by ac�ve phar-

maceu�cals ingredients (APIs). 
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Table 1.1 Most common therapeu�c groups found in water. Data reproduced from ref. 20-24.  

Therapeu�c groups  Ac�ve principles 

An�-inflammatories and analgesics  Paracetamol, acetylsalicylic acid, ibu-

profen, and diclofenac 

An�depressants Benzodiazepines 

An�epilep�cs Carbamazepine 

Lipid-lowering drugs Fibrates 

β-blockers atenolol, propanolol, and metoprolol 

An�ulcer drugs and an�histamines rani�dine and famo�dine 

An�bio�cs tetracyclines, macrolides, β-lactams, 

penicillins, quinolones, sulfonamides, 

fluoroquinolones, chloramphenicol, 

and imidazole deriva�ves 

other substances cocaine, barbiturates, methadone, am-

phetamines, opiates, heroin, and other 

narco�cs 

 

Samples were obtained from 1052 loca�ons in 104 countries, represen�ng all the 

con�nents. Among all the contaminants, the most frequently detected in high con-

centra�ons were paracetamol, caffeine, me�ormin, fexofenadine, sulfamethoxa-

zole (an�microbial), metronidazole (an�microbial) and gabapen�n. The study 

showed that in 25.7% of sampling sites the concentra�ons of at least one API were 

higher than those considered safe for aqua�c life or for an�microbial resistance. 

Furthermore, the most contaminated sites were from low- to middle-income coun-

tries and atributed to poor wastewater and waste management treatment plants.  

Consequently, it is of great relevance to put effort into finding effec�ve and sus-

tainable removal technologies.  

Wastewater treatments include physical, chemical and biological processes, which 

consist of four removal steps depending on the material of interest. 
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(1) Preliminary treatments used to remove coarse solids and coarse materials, such 

as oils, grease, sand and dust, which are done mechanically by filtra�on. 

(2) Primary treatments carried out to separate the organic or colloidal solid sus-

pensions, which are also necessary to perform the subsequent treatments. 

(3) Secondary treatments useful to substan�ally degrade the organic content of 

wastewater and usually performed using biological or physicochemical methods. 

(4) Ter�ary treatments in which advanced treatment processes are applied when 

wastewater contains contaminants hardly degradable with secondary treatments. 
[27] Conven�onal wastewater treatment plants typically use secondary treatments 

based on biological degrada�on, like ac�vated sludge processes or biofilms, [28] 

whereas advanced facili�es are using ter�ary treatments, such as reverse osmosis, 

ozona�on and chemical methods. [29,30] As already stated above, pharmaceu�cals 

are complex molecules with different physical and chemical proper�es, thus when 

designing an efficient removal technology, their reac�vity towards different treat-

ment processes and parameters (i.e., temperature, reten�on �me and pH of the 

medium) should be considered. For instance, most pharmaceu�cals are rela�vely 

hydrophobic, thus physicochemical, and biological methods may be insufficient for 

their complete removal. [31] In other words, secondary or conven�onal treatments 

may not be suitable, thus pharmaceu�cal compounds may be discharged in the 

environment causing adverse effects due to their ability to interact with living be-

ings. [32,33] Therefore, greater efforts to search for new sophis�cated wastewater 

treatment plants and the introduc�on of advanced wastewater treatment pro-

cesses are needed.  

In the last decades, among several chemical methods, advanced oxida�on pro-

cesses (AOPs) have been widely inves�gated since they are promising powerful 

and environmentally friendly methods for the complete removal and mineraliza-

�on of persistent organic pollutants present in wastewater. AOPs are based on the 

in-situ produc�on and in media reac�on of reac�ve oxygen species (ROS), such as 

hydroxyl radicals (HO·) or other strong oxidant species (e.g., ·O2-, HOO·, ROO·), that 

are produced in enough quan��es to oxidize persistent organic contaminants. The 



20 
 

star�ng point for an advanced oxida�on process is precisely the ROS produc�on. 

In fact, ROS are free radicals with high standard reduc�on poten�al, meaning that 

they are strong oxidizing agents. For instance, HO· with his high standard reduc�on 

poten�al (E0=2.7 V) can react with a wide range of organic contaminants leading 

to their high or complete mineraliza�on into small molecules and harmless by-

products such as H2O or CO2.[34] 

Under appropriate condi�ons, AOPs can be an efficient wastewater treatment 

technology thanks to high mineraliza�on efficiency, rapid oxida�on reac�on rate 

and non-secondary pollutants produc�on.  Several types of processes are included 

under the broad defini�on of AOPs, namely: sonolysis, ozona�on, photolysis, pho-

tocatalysis, electrochemical oxida�on, gamma ray/electron beam radia�on, and a 

number of others electric and electrochemical methods. Hence, it is worth point-

ing out that in most individual AOPs their oxida�on capacity and degrada�on effi-

ciency are strictly limited by ROS produc�on, which is related to some key operat-

ing parameters, like mass transfer resistance and nature of wastewater matrix.[35] 

A single AOP is basically not enough for effec�ve wastewater treatment, thus pro-

cess integra�on is needed to overcome the limits associated with each individual 

process.[36,37] In addi�on, the combina�on of AOPs can widen the range of operat-

ing parameters. [38] Therefore, the research in this field is focused on the improve-

ment of single AOPs or the combina�on of individual AOPs in order to increase the 

applicability of these techniques for prac�cal applica�ons. In this frame, photo 

driven-AOPs such as heterogeneous photocatalysis have been proven to be highly 

efficient for wastewater treatment but their prac�cal use is s�ll limited by the high 

opera�ng costs. As a result, scien�fic interest has been focused on finding new 

photocatalysts driven by solar light irradia�on, being the renewable energy source 

par excellence. Consequently, the possibility of broadening the ability of photo-

catalysts to work under solar light irradia�on will be widely discussed in the fol-

lowing chapters of this thesis.  
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1.3 H2 as green fuel 
 

As already men�oned in sec�on 1.1, world energy demand and consump�on are 

increasing enormously due to the rapid growth of human beings and industrializa-

�on. Furthermore, most of the energy is s�ll produced by fossil fuels, which are 

the primary sources of CO2 emissions. In 2022, CO2 emissions from energy com-

bus�on and industrial processes increased by an unprecedented 0.9% to a new 

high of 36.8 Gt, following two years of excep�onal oscilla�ons in energy-related 

emissions due to the COVID-19 pandemic.[39] However, emissions rebounded past 

pre-pandemic levels in 2021 growing more than 6% as a result of economic recov-

ery and people mobility.[40] Moreover, according to worldwide data, power elec-

tricity and heat sectors emissions reached an all-�me high of 14.6 Gt in 2022, in-

creasing by 1.8% with respect to 2021, as depicted in Figure 1.4.[40]  
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Figure 1.4 Worldwide distribu�on of CO2 emissions per sector. Values are reported in Gt. Data re-
produced from reference [40].  
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Although global GHG emissions have not reached their maximum yet, the global 

average surface temperature is already 1.2 °C higher than pre-industrial levels. 

Thus, tracking progress by es�ma�ng the amount of carbon that can s�ll be emit-

ted to constrain anthropogenic warming offers useful insights into what strategies 

should be followed. According to the Intergovernmental Panel on Climate Change 

(IPCC) report 2023, there is indeed a fixed carbon “budget” (i.e., the amount of 

CO2 in Gt that can be emited in the future) that cannot be exceeded in order to 

limit global warming. This implies that CO2 emissions should be controlled along 

with a strong reduc�on in other GHG emissions. In detail, the current 2023 carbon 

budget to limit global warming to 1.5°C is 250 CO2 Gt to have a 50% chance, equiv-

alent to six years (i.e., un�l ∼2029) of current CO2 emissions.[3,5]  Therefore, within 

the framework of the Net Zero Emission (NZE) scenario, new strategies are urgently 

needed to limit global warming to 1.5 ºC and achieve interna�onal climate goals. 

To face the energy demand and its produc�on in a sustainable way, it is essen�al 

to shi� our energy systems away from fossil fuels. A good strategy may be the 

search for clean and renewable energy resources and the transi�on to a CO2-neu-

tral energy carrier, especially in sectors with higher emissions such as power and 

transporta�on. Among several alterna�ves, hydrogen (H2) has been considered the 

most promising one, thanks to its excellent proper�es such as very low density 

(lower than air) and high energy density-to-mass ra�o (120-142 MJ·kg-1) with po-

ten�ally no CO2 emissions. These features make hydrogen around three �mes 

more energe�c than gasoline.[41] Hence, in the last decades hydrogen fuel produc-

�on has been one of the main research areas in the field of energy produc�on. H2 

is considered the ul�mate clean energy carrier and can be an energy resource with 

many advantages. It can be produced from a variety of feedstocks, including both 

fossil resources, such as natural gas and coal, and renewable resources such as 

biomass and water. In this frame, in 2022 H2 produc�on increased by 3% with re-

spect to 2021, reaching 95 Mt. However, it is mainly produced from CO and CH4 

derived from fossil fuels by steam reforming reac�on coupled with water gas shi� 

and purifica�on reac�on.[42] Thus, given the scarcity of fossil fuels and the CO2-
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emission-related environmental issues, H2 produced in this way cannot longer be 

seen as a valid alterna�ve for a clean energy transi�on process.[43] Thus, only the 

H2 produc�on from renewable resources by using renewable energy sources 

should be considered. Luckily, another great advantage of H2 is its produc�on re-

ac�ons versa�lity (Figure 1.5) and the possibility to use several environment-

friendly technologies including chemical, biological, electroly�c, photoly�c, and 

thermo-chemical, each in its stage of development and with its benefits and chal-

lenges.  

 

 
Figure 1.5 Different routes for H2 produc�on. 

 

The basic issue related to the use of renewable energy resources is the low hydro-

gen produc�on efficiency and rates that are s�ll far from supplying the energy de-

mand, thus being far from a prac�cal use. However, some efforts have been made 

to reach low-emission H2 produc�on and design new technologies for large-scale 

produc�on. In this frame, the research is mainly focused on the development of 

new methods able to exploit solar energy. Solar light is considered the best renew-

able energy source thanks to its limited anthropogenic impact. Each year, it is 
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es�mated that Earth is con�nuously irradiated by about 1.2·105 TW equal to 6000 

�mes the current energy consump�on.[43] However, due to its diffuse nature, there 

is the need for a cost-effec�ve and highly efficient way for its low environmental 

impact harves�ng.[44] At present, a good possibility is the storage of sunlight energy 

in the form of chemical fuel like H2. Thus, solar photochemical water spli�ng (WS) 

for the H2 produc�on using technologies such as photoelectrochemical (PEC) WS 

and photoreforming, have gained aten�on.  

Water spli�ng (WS)  into hydrogen and oxygen has always been considered an ideal 

approach for the produc�on of hydrogen under mild condi�ons.[45,46] The overall 

WS reac�on (equa�on 1.3) occurs in an electroly�c cell made up of a anode, a 

cathode and an aqueous electrolyte, and it is given by two half-reac�ons, hydrogen 

evolu�on reac�on (HER, equa�on 1.1) at the cathode, and oxygen evolu�on reac-

�on (OER, equa�on 1.2) at the anode. [47] 

 

HER: 2H+ + 2e− → H2                                                                                               (1.1) 

OER: H2O → 1
2

O2 + 2H+ + 2e−                                                                                          (1.2) 

WS: H2O → H2 + 1
2

O2                                                                                                 (1.3) 

From a thermodynamic point of view, the WS reaction is energetically disfavored. 

An overpotential (potential higher than the theoretical thermodynamic potential 

of 1.23 eV at 25 °C and 1 atm) is required and the needed energy to overcome the 

potential barrier is given by a Gibbs free energy variation of 237 kJ mol-1. For this 

reason, the exploitation of solar light irradiation and a photoinduced catalytic pro-

cess may be the keys to easily get the WS reaction in a sustainable way.  

For PEC WS, the electrolytic cell usually requires a photoanode and a cathode, 

which are semiconductor materials, and an electrolyte-containing aqueous envi-

ronment. Semiconductor materials are able to interact with light and play an im-

portant role in converting photons into chemical energy. At the same time, pho-

tons with energy higher or equal to the semiconductors energy bandgap (Eg), 
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provide the energy needed to overcome the potential barrier.  To reach an effec-

tive PEC WS, both the reduction and oxidation potentials of water should lie within 

the band gap of the semiconductor material. In fact, the range of applicability of a 

semiconductor material is strongly limited by its valence band (VB) and conduction 

band (CB) position. To select the right material, there are some important condi-

tions to take into account: (i) the VB potential should be more positive than the 

O2/H2O redox potential to allow water oxidation, while the CB should be more 

negative than H+/H2 redox potential to allow water reduction; (ii) the Eg should be 

between 1.23 and 3.26 eV; (iii) the semiconductor material should be electro-

chemically and photochemically stable. Generally, H2 production by water elec-

trolysis accounts for just 0.1% of today’s global production, but more and more 

projects on WS have been lately announced.[42]  

However, despite many efforts have been made, PEC WS is s�ll far from a large-

scale applica�on due not only to the extremely low H2 produc�on efficiency, but 

also because of the high produc�on costs of efficient photoelectrodes. [48] In fact, 

pure WS can lead to the forma�on of intermediates such as H2O2, making the back-

ward reac�on (i.e., the recombina�on of H2 and O2) more feasible and slowing 

down the overall H2 produc�on rates.[48,49] Moreover, the backward reac�on can be 

controlled by using sulfides, metal oxides, noble metal, or non-metal catalysts but 

their drawbacks such as high costs or low availability, low stability and high charge 

carriers recombina�on rates make them s�ll unsuitable.[47] For this reason, to boost 

the H2 produc�on, several strategies like the use of water vapor or electron donors 

have been inves�gated.[50]  The use of electron donors such as organic compounds 

as sacrificial hole scavengers is beneficial to enhance the HER by �mely consuming 

photogenerated holes or ac�ve radicals thus inhibi�ng OER.[51–54] When a sacrifi-

cial agent and light are simultaneously used to boost HER, the process is known as 

light-induced reforming or photoreforming. However, the addi�on of sacrificial 

agents could lead to several drawbacks, e.g., increase in produc�on costs and en-

vironmental issues related to the chemical nature of the selected sacrificial agent. 

On the contrary, if renewable compounds are considered as sacrificial target 
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molecules and the photocatalyst employed in the process is finely designed, pho-

toreforming can be par�cularly atrac�ve thanks to the simultaneous produc�on 

of H2, the reduc�on of poten�al organic pollutants or the crea�on of new value-

added chemicals.[55,56] On this basis and from a thermodynamic point of view, pho-

toreforming is considered more feasible than steam reforming and WS. In fact, the 

Gibbs free energy varia�on (ΔG°) for photoreforming reac�ons of many common 

natural waste polymers or biomass-derived compounds is highly lower than that 

of WS or steam reforming of carbon, ethanol, methane, and ethane that shows 

large posi�ve ΔG° values. For instance, photoreforming of biomass-derived glyc-

erol shows a ΔG° equal to 5.1 kJ mol-1 against a ΔG° equal to 237 kJ mol-1 for WS 

and 130.7 kJ mol-1 for methane steam reforming, respec�vely.[57] Photoreforming 

involves two different half-reac�ons: HER, and a sacrificial organic compound oxi-

da�on reac�on that consists in complex mul�step reac�ons. Briefly, in the photo-

reforming process, the semiconductor material is excited by a light source, which 

induces the forma�on of electron-hole (e-—h+) pairs. A�erwards, the reduc�on 

reac�on of water to H2 occurs thanks to the generated electrons (e-) in the CB, 

while simultaneously the photogenerated holes (h+) in the VB lead the oxida�on 

reac�on of the sacrificial organic substrate. The photogenerated holes in the pho-

tocatalyst VB can directly or indirectly oxidize the organic substrate through the 

forma�on of oxida�ve radicals.[58] Therefore, photoreforming can be seen as a hy-

brid process between photocataly�c WS and photo-oxida�on of organic com-

pounds, where the solvent (usually water) is reduced by electrons donated by the 

sacrificial agent oxida�on in the presence of a suitable photocatalyst (Figure 1.6). 

Summarizing, photoreforming shows unique benefits such as the applicability to 

off-grid systems, the possibility to use renewable sources, and the great poten�al 

to produce pure, fuel-cell-grade H2.[59] Nevertheless, despite the emerging number 

of papers concerning the H2 produc�on by photoreforming, the efficiency of the 

overall reac�on is s�ll low. There are, indeed, compe�ng processes such as high 

rates of recombina�on of photogenerated charge carriers that strongly decrease 

efficiency. In addi�on, the high variety of opera�onal condi�ons (e.g., reactor 
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type, gas carrier flows, light source, substrate concentra�on and photocatalyst 

type) make the comparison and consequently the improvement among different 

systems very challenging.  

The following chapters will therefore describe the challenges in the H2 produc�on 

by both PEC WS and photoreforming, with a par�cular focus on the design of good 

photocatalysts.  

 

 

 

 
Figure 1.6 Photoreforming as a hybrid process between pure water spli�ng reac�on and organic 
compounds photo-oxida�on reac�on.  
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1.4 Aim & Outlines of the thesis 
 

Human ac�vity is causing severe environmental issues, above all global warming 

and water insecurity. It has also become very common to find high concentra�ons 

of Contaminants of Emerging Concerns (CECs), such as pharmaceu�cals, in surface 

water or groundwater, which are causing deleterious effects on living beings. Photo 

driven-AOPs like heterogeneous photocatalysis have been proven to be highly ef-

ficient for wastewater treatment, but their prac�cal use is s�ll limited.  

In order to limit global warming, it is essen�al to face the energy demand and its 

produc�on in a sustainable way far from the use of fossil fuels. Among several 

renewable energy resources, hydrogen (H2) has been considered the most prom-

ising one, thanks to its excellent proper�es. In the last decade, many efforts have 

been made to reach low-emission H2 produc�on and design new technologies for 

large-scale produc�on.  

In this context, scien�fic interest has been focused on finding new photocatalysts 

for both CECs photodegrada�on and H2 produc�on driven by solar light irradia-

�on. 

As a result, the present doctoral thesis perfectly fits in two of the 17 Sustainable 

Development Goals (SDGs), specifically goal 6 regarding availability and sustaina-

ble management of clean water, and goal 7 related to the access to affordable and 

clean energy for all.  

In detail, this thesis focuses on the design and development of new metal oxide 

(MOx)-based nanostructured materials as efficient photocatalysts for CECs photo-

degrada�on and H2 produc�on through photoelectrochemical water spli�ng (PEC 

WS) and photoreforming. Several strategies to tune the op�cal and electronical 

proper�es of the photocatalysts, based on different smart and low-cost synthe�c 

routes, were inves�gated. A �ght correla�on between the catalysts proper�es and 

photocataly�c ac�vity was directly established by using several advanced experi-

mental techniques.    
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In this chapter (Chapter 1) a general introduc�on on the most important aspects 

of the global energy and environmental crisis is reported, and par�cular aten�on 

is given to both water insecurity and energy demand. Some possible strategies and 

key features of different photocataly�c processes in the field of heterogenous 

photocatalysis are also described by highligh�ng three different applica�ons: CECs 

photodegrada�on process for water remedia�on, and PEC WS and photoreform-

ing for hydrogen produc�on.  

In Chapter 2 an overview on the fundamentals of photocatalysis and semiconduc-

tor materials in the field of heterogeneous photocatalysis is presented. Further 

details are then given in Chapter 3, where �tanium dioxide (TiO2) is described as 

the benchmark photocatalyst.  

From chapter 4 to 6, several strategies to tune the op�cal and electronical prop-

er�es of semiconductor materials, such as pure TiO2, are inves�gated.  

Specifically, Chapter 4 concerns the use of surface engineering, i.e., the possibility 

to create surface defects, and the synergis�c effects of the morphology to enhance 

the overall photoac�vity toward visible light in two different applica�ons (drug 

photodegrada�on and methanol photoreforming). In Chapter 5, the possibility to 

build homo- and hetero-junc�ons between different metal oxides is proposed to 

enhance the photoac�vity for both dye degrada�on and PEC WS. Finally, in Chap-

ter 6, doping strategies are also considered. 

The general conclusions on the obtained results and future perspec�ves are pre-

sented in the final chapter (Chapter 7).    
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 Chapter 2 – Fundamentals 
 

Chapter 2 delves into the fundamentals underlying this research thesis, star�ng 

with an explora�on of photocatalysis and a detailed examina�on of the dis�nc�ons 

between homogeneous and heterogeneous photocatalysis. The challenges associ-

ated with heterogeneous photocatalysis are further inves�gated. In the second 

sec�on, semiconductor materials are comprehensively discussed, with a focus on 

semiconductor-based photocatalysts, and some key considera�ons for designing 

effec�ve photocatalysts are outlined. This chapter sets the stage for the following 

Chapter 3, providing a solid understanding of the principles guiding the research.  

 

2.1 Principle of photocatalysis 
 
There are many theories on the origin of photocatalysis. What is known is the first 

use of this term, back in 1910, [1,2] and its genesis, connected to the birth of a more 

sustainable chemistry. Giacomo Ciamician, The Father of Photochemistry, high-

lighted the emerging energy and environmental problems related to the modern 

life and civilization in his famous lecture “The Photochemistry of the Future” at the 

VIII Interna�onal Congress of Applied Chemistry in 1912.[3] Briefly, he highlighted 

the need to deeply understand photochemical reac�ons to harness solar energy 

effec�vely, an�cipa�ng the use of suitable catalysts to convert water and carbon 

dioxide into oxygen and methane and foreseeing present-day photocataly�c appli-

ca�ons. 

Photocatalysis as a research field began in the 1970s, as a result of the oil crisis and 

the emerging concern on water pollu�on by chemicals. Thus, photocatalysis was 

proposed as a sustainable way to use and produce new energy sources and to over-

come environmental pollu�on. Later, the same photocatalysts were u�lized for a 

third applica�on in the field of organic syntheses. [2,4–6] This is to further highlight 

that each photocataly�c applica�on perfectly fits in the field of green and 
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sustainable chemistry, following the “12 principles of Green-Chemistry” proposed 

by Paul Anastas and John Warner back in 1990s.  

As a general term, photocatalysis refers to any reac�on that requires the presence 

of a catalyst ac�vated by light, except for some reac�ons such as chain reac�ons 

via a photogenerated intermediate or photoini�ated thermal reac�ons and sensi-

�zed photochemical reac�ons.[7] Photocataly�c reac�ons that involve electron or 

atom transfer occur only on the lowest poten�al energy surface at any configura-

�on and in the presence of a catalyst ac�vated by light. In general, catalysts are 

able to lower the ac�va�on barrier of the reac�on by crea�ng a more favorable 

reac�on pathway.  

Thus, in the presence of a photocatalyst, as shown in Figure 2.1a, a new path on 

the ground state becomes accessible to convert the reagents (R) to the products 

(P).  

 

 
Figure 2.1 (a) Photocataly�c reac�on pathway on the ground state a�er the excita�on of the cata-
lyst, C, by light and (b) scheme of the photocatalyst way of ac�on that leads to the products for-
ma�on. I indicates the intermediate species. 

 

The catalyst (C) absorbs light (hν) and gets excited (C*). While in the excited state, 

it interacts with the reagents leading to the chemical reac�on and the forma�on 

of C’. In this step, an intermediate (I), in the form of a radical or radical ion, can 

be/is simultaneously formed. Finally, C is restored together with the products 
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forma�on (Figure 2.1b). The overall reac�on, as expressed in equa�on 2.1, is the 

conversion of R to P a�er the absorp�on of light in the presence of C.  

                           
h𝜈𝜈

R 
Catalyst (C) 
�⎯⎯⎯⎯⎯⎯⎯�  P                                                                                   (2.1) 

This reac�on can be performed using either solid semiconductors, in the hetero-

geneous photocatalysis, or dissolved molecules or ions, in the homogeneous pho-

tocatalysis. In the next two paragraphs, homogeneous and heterogeneous photo-

catalysis will be compared with a par�cular focus on the later and the current 

challenges in this field. 

 

2.1.1 Homogeneous vs Heterogeneous photocatalysis 
 

As men�oned above, the term photocatalysis derives from the combina�on of 

photochemistry and catalysis, thus all the photocataly�c processes depend on the 

use of a catalyst that can be ac�vated by light. Photocatalysts can be either in ho-

mogeneous or heterogeneous phase. 

In the homogeneous phase, molecules or ions that are strong reductants (electron 

donors with vacant orbitals) or strong oxidants (electron acceptors in the Highest 

Occupied Molecular Orbital, HOMO) can be used as photocatalysts in their excited 

states, and can be easily involved in electron transfer reac�ons that promote pho-

toredox reac�ons (Figure 2.2a).[7] A typical example is the use of ruthenium 

polypyridine complexes, such as the commercial Ru[(bpy)3]Cl2, for organic synthe-

sis applica�on.[8] Homogeneous photocatalysis can be also based on other mech-

anisms, for instance atom transfer or ligand dissocia�on. The most common exam-

ple is given by the excited state of ketones or soluble inorganic salts, like polyoxo-

metalate salts (e.g., polyoxotungstate W10O324 -), where the oxygen atoms can eas-

ily become radicals and the extrac�on of hydrogen from an organic deriva�ve is 

allowed (Figure 2.2b).[9] Homogeneous catalysts are widely employed in numerous 

applica�ons, like the wastewater treatment, and par�cularly the photodegrada-

�on of organic pollutants. A typical example is the photo-Fenton process based on 
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the use of hydrogen peroxide (H2O2) and iron(II or III) ions in aqueous media. 

Briefly, the tradi�onal Fenton process consists in the ac�va�on of an iron(II) salt by 

H2O2 and the crea�on of hydroxyl radicals (HO·) from H2O2 decomposi�on. In the 

photo-Fenton process, light interacts with the iron complexes, and is the key to 

accelerate the forma�on of HO· species, the main responsible for the oxida�ve 

capacity of the Fenton reac�on. According to the literature, there are several pa-

rameters to consider when dealing with the photo-Fenton reac�on. [10–13] For in-

stance, the choice of the iron precursor is crucial, even though the photodegrada-

�on efficiency is independent of the use of ferric or ferrous ions.[10,11] Addi�onally, 

the overall pollutant mineraliza�on is highly influenced by water pH, temperature 

of the system, and the presence of other inorganic anions (i.e., Cl- and SO42-) in the 

water medium. The photo-Fenton process is effec�ve only at low pH (∽3) and re-

quires high opera�ng costs (e.g., catalyst synthesis and UV source). [13] When deal-

ing with homogeneous catalysts, other aspects to take into account are the sepa-

ra�on and recovery of the catalysts from the slurry system. These steps are usually 

very hard and lower the interest of these processes for large-scale applica�on. [14] 

To overcome the main issues of tradi�onal photo-Fenton reac�on, including the 

low working pH, the genera�on of iron sludge and high opera�ng costs, heteroge-

neous Fenton-like processes have been widely inves�gated. Par�cularly, the main 

goal in this field is the development of visible light-driven heterogeneous photo-

catalysts that are easy to synthesize and able to give the cycling oxida�on/reduc-

�on of iron ions (Fe2+/Fe3+) to enable the overall photocataly�c reac�on. [15–17] 

A way to solve the described issues is to move toward the use of heterogeneous 

catalysts that are structurally much more complex than their homogeneous coun-

terparts, which are usually composed by a metal center and its ligand sphere. Het-

erogeneous catalysts are solid compounds with 3D structures and several surface 

structural proper�es, such as high surface-to-volume ra�os and a significant num-

ber of cataly�c ac�ve sites.[18] Semiconductor materials are generally used as pho-

tocatalysts. Their interac�on with light can produce the forma�on of electron-hole 

pairs (e- - h+), also known as excitons (i.e., an electron–hole pair held together by 
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Coulomb interac�ons). Excitons can reach the surface of the photocatalysts that 

can ini�ate the redox reac�ons with substrates adsorbed on the catalyst surface 

(Figure 2.2c).  

 

 

 

Figure 2.2  (a) Homogeneous photocatalyst ac�vated by light and its interac�on with donor (D) and 
acceptor (A) species by electron transfer; (b) Example of atom transfer (in this case H abstrac�on) 
in the homogeneous phase; (c) Heterogeneous photocatalyst ac�vated by light and its interac�on 
with donor and acceptor species by electron transfer.  

 

However, there are some limita�ons concerning this short-living phenomena[7] and 

the efficiency of redox processes, which strongly depends on the proper�es of the 

catalyst itself. Moreover, even for heterogeneous photocatalysis, the overall pho-

tocataly�c process can be influenced by numerous opera�ng parameters; the most 

important are the catalyst loading, the solu�on pH, the irradia�on source intensity, 

and the exposure �me. [18] Another feature to consider concerns the recovery and 

the reusability of the photocatalysts, which is extremely important for a future sus-

tainable large-scale applica�on. For what it concerns heterogeneous photocataly-

sis, there are many promising strategies that can be followed. For instance, the 

recovery of heterogeneous catalysts can be easily achieved either by immobilizing 

them on a support (i.e., crea�ng thin films) or by using membrane filtra�on inte-

grated processes. [19–22] Even in this case, there are advantages and drawbacks af-

fec�ng the overall efficiency of the photocataly�c applica�on. When dealing with 

membranes, proper�es such as pore size or membrane regenera�on should 
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indeed be considered. On the other hand, when the catalyst is immobilized on a 

support, the mass transfer limits, and addi�onal technical and opera�ng costs 

should be evaluated.  

Since the aim of this thesis was the design of heterogeneous photocatalysts, fur-

ther details on this topic will be given in the following sec�on. 

 

2.1.2 Heterogeneous photocatalysis and related challenges 
 

As widely stated before (see sec�ons above and Chapter 1), heterogeneous pho-

tocatalysis is a wide field comprising several cataly�c reac�ons for different appli-

ca�ons, including AOPs for water remedia�on and organic molecules photore-

forming reac�on for hydrogen produc�on. 

In general, the mechanism of ac�on of a typical heterogeneous photocatalyst 

(from now on referred to as photocatalyst) involves photoredox reac�ons on the 

surface of a semiconductor material in aqueous media and it does not usually re-

quire any addi�onal reagents.[23] As shown in Figure 2.3a, each photocataly�c re-

ac�on is ini�ated by the interac�on of a semiconductor catalyst with light. As will 

be discussed in Section 2.2, the peculiarity of a semiconductor material lies in its 

bandgap, a small energy gap between the valence and conduc�on bands, allowing 

it to exhibit electrical conduc�vity by applying external s�muli. Thus, if the photon 

energy is equal to or higher than the bandgap energy (Eg) of the photocatalyst, it 

leads to charge carrier separa�on and specifically to e- - h+ pairs genera�on in the 

bulk phase.[18] The crea�on and migra�on of excitons from the bulk phase to the 

surface are crucial steps. In general, the higher the produc�on of excitons is, the 

higher the photocataly�c ac�vity is, and any fast charge carriers recombina�on 

process should be avoided or delayed.[24] In fact, excited electrons are strong re-

ductants, while holes are powerful oxidants. Hence, photogenerated e- - h+ pairs 

can drive redox reac�ons with available reactants in the surface proximity, and the 

overall photocataly�c efficiency depends on the redox poten�als and band edge 

of the target substrate in rela�onship with those of semiconductor 
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photocatalysts.[25] In detail, the substrate redox poten�al should be located in be-

tween the valence band (VB) and conduc�on band (CB) poten�als of the photo-

catalyst.  

Besides the photocatalyst ac�va�on by light, the whole mechanism of heteroge-

neous photocatalysis also relies on the efficient electron transfer between the pho-

tocatalyst and the reactant, and its transport through the bulk solu�on. Thus, the 

overall process can be explained by the following steps (Figure 2.3b,c): (1) 

transport of the reactants through the bulk solu�on to the boundary layer (i.e., in 

proximity of the catalyst surface); (2) diffusion of the reactants through the bound-

ary layer; (3) diffusion and (photo)adsorp�on of reactants on the ac�ve cataly�c 

site; (4) surface photocataly�c reac�ons; (5) desorp�on of the products by diffu-

sion through the boundary layer and back transport to the solu�on.[18,26]  

It is worth recalling that step 1 and back transport in step 5 are physical steps, and 

they may be easily influenced and tuned by changing the fluid dynamics. On the 

contrary, step 3 and desorp�on of the products in step 5 exclusively depend on 

textural and surface proper�es of the photocatalyst. In fact, ac�ve sites on the cat-

alyst surface have a key role in direc�ng the reac�on toward the products for-

ma�on following the desired pathway. Hence, surface electronic and structural 

proper�es, as well as morphology, are extremely important when designing an ef-

ficient photocatalyst (see paragraph 2.2.2). 

In the heterogeneous photocatalysis, there are some differences between adsorp-

�on and photoadsorp�on.[26] Generally, adsorp�on is classified as physical and 

chemical adsorp�on. Physical adsorp�on, also known as physisorp�on, occurs 

when molecules bind to the adsorbent surface through weak interac�ons like elec-

trosta�c interac�ons or Van Der Waals forces. It is a fast process where ac�va�on 

energy is not required. On the contrary, when dealing with chemical adsorp�on or 

chemisorp�on, strong chemical bonds between molecules and the adsorbent sur-

face, such as covalent bonds, are formed. Furthermore, it is a slow process where 

high ac�va�on energy is required.[27–30] The high ac�va�on energy can decrease by 

using light, thus giving rise to photoadsorp�on. Photoadsorp�on can be typically 
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defined as chemisorp�on ini�ated by ultraviolet (UV), visible (Vis) or infrared (IR) 

light irradia�on absorbed either by molecules adsorbed on the surface of the pho-

tocatalyst or the photocatalyst itself. Thus, surface ac�ve sites on a photocatalyst 

can also be considered as photoadsorp�on centers, along with defec�ve sites ac-

�vated a�er the photoexcita�on step.[26] 

Photoadsorp�on can also be seen as the first chemical step in a heterogeneous 

photocataly�c reac�on, crucial for the overall photocataly�c process. Thermody-

namically unfavorable reac�ons can then occur thanks to the extra energy supplied 

in the form of photons, and photocatalysis kine�cs simultaneously sped up. [18,31] 

 

Figure 2.3 (a) Interac�on with light and schema�c representa�on of charge carriers crea�on and 
migra�on; (b) Schema�c representa�on of a hypothe�cal cataly�c process taking place on a pho-
tocatalyst nanopar�cle; (c) Steps 2-5 of the hypothe�cal cataly�c process shown in figure 2.3b.  

 

The ac�va�on of the photocatalyst by light and the adsorp�on/desorp�on of sub-

strates on the catalyst surface are only a few factors affec�ng the overall photo-

cataly�c reac�on. As stated in the previous paragraph, there are several important 

opera�ng parameters to consider when dealing with heterogeneous photocataly-

sis.[18,26] The most relevant are listed below. 

- Photocatalyst loading  
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The amount of photocatalyst for a given photocataly�c reac�on is ex-

tremely important. An increase in the amount of photocatalyst does not 

always lead to improvement in photocataly�c ac�vity, thus the op�mum 

photocatalyst concentra�on needs to be accurately determined. When 

dealing with powder photocatalysts, if the amount exceeds the satura�on 

level, light photon absorp�on coefficient usually decreases radially.[32] Fur-

thermore, light scatering nega�vely affects photon u�liza�on, which re-

duces the surface area of the photocatalysts being irradiated and the over-

all photocataly�c efficiency.[33] This is not the case of systems with immo-

bilized photocatalysts on a support, where the light scatering phenomena 

is less important.[34] However, even in this case, the catalyst amount or bet-

ter the total surface of the immobilized catalyst exposed to the light irradi-

a�on should be considered. In general, for a given conversion, a larger irra-

diated surface area is required due to lower surface-to-volume ra�o.[35] 

 

- Irradia�on source wavelength, intensity, and �me 

The reac�on rate varies as a func�on of the incident light wavelength, and 

it depends on the absorp�on capability of the photocatalyst, and hence on 

its bandgap energy structure.[36,37] For instance, the most widely studied 

photocatalyst, pure �tania (TiO2), shows a wide bandgap (3.0-3.2 eV) and 

it can be ac�vated only under UV light, thus high photon energy is re-

quired.[38] The apparent rate constant of a given photocataly�c reac�on 

also depends on the incident light intensity,[39] which influences charge car-

riers genera�on and separa�on. In fact, at moderately high intensity (≥ 

20mW·cm-2), a larger number of photons can reach the photocatalyst sur-

face, thus a larger number of ac�ve sites is created and the charge carriers 

separa�on competes with their recombina�on (i.e., higher number of e- - 

h+ pairs genera�on).[40] However, reac�on rate and light intensity do not al-

ways follow a linear trend, and op�cal losses or the presence of fully satu-

rated ac�ve sites that limit the mass transport for both adsorp�on and 
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desorp�on should be considered.[36] Another important parameter is the 

irradia�on source �me. A typical example is the photocataly�c pollutant 

removal reac�on, directly propor�onal to the irradia�on �me, where the 

degrada�on efficiency ends beyond a certain �me.[41]  

 

- System pH 

The pH of the system highly affects some important proper�es of the pho-

tocatalyst, including charge surface, size of the aggregates (for powder pho-

tocatalysts) and posi�on of both VB and CB.[42] For instance, considering 

the point of zero charge (PZC) of a photocatalyst, i.e., the point at which for 

a given pH the surface charge is zero and the electrosta�c interac�ons are 

almost zero, if the opera�ng pH is lower than PZC, the surface will be posi-

�vely charged. Thereby, electrosta�c atrac�on toward nega�vely charged 

compounds, unlike posi�vely charged compounds, will increase, conse-

quently affec�ng the overall adsorp�on process onto the photocatalyst sur-

face. [43]  

 

- Temperature of the system 

In general, an increase in the reac�on temperature may decrease the ac�-

va�on energy barrier leading to increased photocataly�c ac�vity.[44,45] 

However, this is a crucial parameter to control because it may influence 

both the photocatalyst and the reactant proper�es.[46,47] Too high temper-

atures may indeed lead to fast charge carriers recombina�on processes or 

a decrease in the adsorp�on of reactants onto the photocatalyst surface.[48] 

Moreover, from the green chemistry point of view and  towards sustainable 

solu�ons, the op�mal and most environmentally friendly condi�on is to 

conduct the photocataly�c reac�on at room temperature. Consequently, 

the op�mal reac�on temperature should be accurately selected. 

 

- Dissolved oxygen 
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Dissolved oxygen plays a role as ac�ve species during the photocataly�c 

reac�on. It is indeed an efficient scavenger able to trap CB electrons from 

the photocatalyst surface. Thus, the photooxida�on reac�ons are favored 

compared to photoreduc�on ones.[49] Based on the reac�on type, dis-

solved oxygen can enhance or not the overall photocataly�c efficiency. For 

example, in the organic pollutants photodegrada�on, dissolved oxygen 

may accelerate the overall photooxida�on reac�on ac�ng not only as elec-

trons scavenger but also being involved in other reac�ve oxygen species 

(ROS) forma�on, radical intermediates stabiliza�on and finally favoring the 

overall pollutants mineraliza�on.[50] On the contrary, in photocataly�c re-

ac�ons involving photoreduc�on reac�ons, such as H2 produc�on in pho-

toreforming , higher dissolved oxygen concentra�ons may lower the overall 

hydrogen produc�on rate.  

 

Therefore, for large-scale applica�ons, some challenges s�ll need to be addressed 

and the research in this field has been mainly focused on two branches: the design 

of efficient solar-light-driven and easily recoverable photocatalysts, and the engi-

neering of photoreactors that should ideally be energy-efficient, cost-effec�ve and 

able to handle large volumes.[33] Briefly, the scaling-up of photoreactors has been 

limited by two main issues regarding the photocatalyst loading and coa�ng, and 

the light distribu�on inside the reactor.[51] The immobiliza�on of the photocatalyst 

on a support is indeed important to eliminate post-treatment processes, enabling 

the photocatalyst recovery. However, the overall photocataly�c process efficiency 

is nega�vely affected by the reduc�on of the surface-to-volume ra�o (i.e., reducing 

ac�ve sites), light reflec�ons and enlargement of mass transfer limita�on.[51–53] 

Consequently, new ac�ve photocatalysts, photocataly�c surfaces and technologies 

should be inves�gated.  
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2.2 Semiconductor materials 
 

Since semiconductor-based photocatalysts have been considered the most prom-

ising materials thanks to their efficiency and poten�al in photocataly�c applica-

�ons, heterogeneous photocatalysis generally refers to the use of semiconductor 

materials or nanomaterials in aqueous solu�on.  

As already stated in the previous paragraph, it is essen�al to design efficient pho-

tocatalysts able to exploit solar light by simultaneously considering their ac�vity, 

stability, selec�vity, and recoverability. In this frame, the op�cal, electronic, and 

structural proper�es of the material, as well as other related features such as mor-

phology and surface proper�es, have to be carefully inves�gated.  

Star�ng from the basic principles of semiconductor materials, it is extremely useful 

to provide a deep understanding of photocatalysis and to predict novel materials 

with superior performances. Thus, the aim of this paragraph is to give a general 

overview on semiconductor materials applied in heterogeneous photocatalysis, 

highligh�ng the fundamentals, and discussing recent advances.  

2.2.1 Semiconductor-based photocatalysts 
 

In general, solid materials can be classified as non-conduc�ng (or insula�ng), sem-

iconduc�ng, and conduc�ng materials. Semiconductors are the class in-between 

insula�ng and conduc�ng materials, thus being op�cally ac�ve and conduc�ve 

with tunable electrical and op�cal proper�es. 

In terms of energy, a crystal is formed by energy bands, which can either overlap 

or be separated by energy gaps. According to the band theory, VB is generated by 

HOMOs while CB by LUMOs (Figure 2.4a).  
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Figure 2.4 (a) Schema�c representa�on of bandgaps’ energy of semiconductor materials in com-
parison with single molecules’ HOMO and LUMO. Focus on the size and crea�on of discrete energy 
levels at band-edges. (b) Inter-band transi�on of direct and indirect semiconductors. 

 

While conduc�ng materials do not show a gap between VB and CB (i.e., energy 

bandgap is 0 eV), the only difference between insulators and semiconductors lies 

precisely in their bandgap values. Unlike non-conduc�ng materials with energy 

bandgap values higher than 5 eV, the peculiarity of semiconductors is to possess 

an energy bandgap (Eg) between VB and CB in the range 1-4 eV.[54] Consequently, 

an electron can be excited to upper levels, gaining an energy equal to or higher 

than the Eg. In this process, known as electrical conduc�vity, when an electron 

absorbs the appropriate energy, for example, in the form of photons, it is promoted 

from the VB to the CB, leaving a hole in the VB. At this point, an exciton is formed. 

In a simplis�c view as in the case of molecules, photon absorp�on is dictated by 

selec�on rules where only transi�ons with no change in momentum are allowed. 

Thus, for semiconductors, the radia�ve process should conserve the electron mo-

mentum described by the quantum number, k. Briefly, the band structures of sem-

iconductor materials are defined by a wavefunc�on called Bloch func�on, where 

the energy is expressed as a func�on of k. Based on the values of the electron 

momentum, k, semiconductor materials can be defined as direct or indirect.[55] 

When the minimum of the CB and the maximum of the VB show the same k values, 

the semiconductors are referred to as direct, while if they are characterized by dif-

ferent k values, the semiconductors are indirect (Figure 2.4b). This is important 

when dealing with radia�ve processes probabili�es, which are high for direct 
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semiconductors, while much lower for indirect semiconductors. This usually makes 

the later good photocatalysts.  

As described in the previous sec�on, the genera�on and transfer of e-—h+ pairs 

provide the basis for heterogeneous photocatalysis, as long as the charge carriers 

transfer occurs in a con�nuous and exothermic way, without impac�ng on the 

semiconductor structure. A�er their crea�on, photogenerated e-—h+ pairs can un-

dergo different pathways. They can migrate onto the semiconductor surface or re-

combine in the bulk phase. If they reach the surface of the material, they can be 

both transferred and de-excited by surface recombina�on processes. The back 

transfer process from adsorbed species to the photocatalyst surface can also take 

place. [54–56] Hence, it is evident that improved charge carriers separa�on efficiency 

and inhibi�on of any kind of charge carriers recombina�on processes (both radia-

�ve and non-radia�ve) are essen�al to boost the photocataly�c ac�vity of semi-

conductor materials.  

Several strategies, like the op�miza�on of par�cle size to enhance the surface-to-

volume ra�o (i.e., nanostructured systems), surface engineering and coupling sem-

iconductors with different electronic energy levels, have been widely inves�gated 

in literature.[57–60] Further details on this topic will be given in the following sec�on.  

2.2.2 Design of a good photocatalyst 
 

Photocataly�c water spli�ng for H2 produc�on and organic pollutants photodeg-

rada�on are considered as promising approaches to overcome some of the most 

cri�cal energy and environmental issues. However, some challenges in the field of 

heterogeneous photocatalysis s�ll need to be addressed. [57,59,60] Working on the 

design of a good semiconductor photocatalyst means that some features need to 

be fulfilled, and they can be summarized as follows:  

(i) The bandgap energy should be lower than ∼3 eV to exploit a wider por-

�on of solar light energy.  
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(ii) The recombina�on rates of photogenerated charge carriers should be 

delayed, thus their separa�on efficiency should be op�mized by work-

ing on the mobility and number of surface-ac�ve sites. 

(iii) The alignment of both VB and CB referred to water reduc�on and oxi-

da�on poten�als should be appropriately selected when dealing with 

WS or organic molecules photoreforming.  

(iv) Photostability, availability and non-toxicity should finally be considered.  

 

TiO2 is considered an ideal semiconductor photocatalyst thanks to its excellent 

proper�es such as non-toxicity, highly nega�ve reduc�on poten�als, high stability, 

sustainability, rela�vely ease of synthesis and low cost. Thus, a�er being employed 

as photocatalyst for the first �me in the PEC WS by Fujishima and Honda in 1972,[5] 

several research on the use of metal oxides, oxynitride, sulfides and other species 

have been reported.[60] The most commonly used and studied photoac�ve mate-

rials are reported with the corresponding Eg in Figure 2.5.  

 

Figure 2.5 Energy bandgaps of commonly used semiconductors at pH zero with reference to water 
redox poten�al of 1.23 eV vs normal hydrogen electrode (NHE). 

 

Due to the high number of features to be fulfilled, the search for new efficient 

photocatalysts with solar light-driven performance is s�ll ongoing. As a result, 
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several strategies including doping, surface engineering and semiconductor com-

posite systems, have been developed. These aspects will be deeply discussed from 

chapter 4 to 6 by focusing not only on the fundamentals of each approach, but also 

on the experimental results shown in this thesis.   
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Chapter 3 – Titanium dioxide  
 

This chapter focuses on �tanium dioxide (TiO2) as ideal photocatalyst, star�ng with 

an introduc�on to its significance in the field. The proper�es of TiO2 are me�cu-

lously explored, delving into the morphology, crystalline structure, op�cal and 

electronic proper�es, as well as the charge dynamics and photocataly�c ac�vity. 

Addi�onally, the limita�ons of TiO2 are addressed, paving the way for a cri�cal ex-

amina�on of strategies to extend its capabili�es and overcome inherent con-

straints. 

3.1 Introduc�on on TiO2  
 

Titanium dioxide (TiO2), known as �tania, is a widely studied and used semicon-

ductor[1] with applica�ons spanning from heterojunc�on solar cells,[2–4] electro-

chromic devices,[5,6] or chemo-resis�ve gas sensors.[7] Since the pioneering work 

by Fujishima and Honda[8] or Schrauzer and Guth,[9] TiO2 has emerged in the field 

of photocatalysis as a promising photoac�ve material for energy and environmen-

tal remedia�on applica�ons.[10] As an�cipated in Chapter 2, many efforts have 

been made to design a good photocatalyst, and several semiconductor materials, 

such as WO3, CdS, SrTiO3, AgPO4, C3N4, Metal Organic Frameworks (MOFs) and 

MXenes, have been inves�gated. However, TiO2-based photocatalysts remain the 

best candidate in this field thanks to their excep�onal proper�es, including high 

photocataly�c ac�vity, excellent structural stability, low cost, low toxicity, and ver-

sa�le applica�ons.[10] Figure 3.1 shows the exponen�al growth in the number of 

published ar�cles concerning TiO2 used as photocatalyst for environmental- and 

energy-related applica�ons since 1972. This highlights the constant importance of 

TiO2 materials in the field of photocatalysis.  

This chapter aims to elucidate the dis�nc�ve and intrinsic proper�es of TiO2 that, 

despite its well-known drawbacks, make it the currently benchmark and ideal 
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candidate for many photocataly�c processes. Furthermore, strategies to overcome 

TiO2 limits, including its wide bandgap and rapid charge carriers recombina�on, 

will be explored. In detail, doping with transi�on metals, surface modifica�on and 

homo- and hetero-junc�ons crea�on will be further discussed in this chapter.  

 

Figure 3.1 Trends in the number of publica�ons in research areas concerning environmental and 
energy applica�ons of TiO2 since 1972. Data reproduced from Web of Science (key words: TiO2, 
environmental applica�ons, energy applica�ons, life sciences).  

 

3.2 Proper�es of TiO2 as an ideal photocatalysts 
 

Thanks to its unique physicochemical proper�es, TiO2 has gained aten�on in the 

field of heterogeneous photocatalysis. Since bandgap, crystal structure, surface 

proper�es and charge carriers dynamics play a pivotal role in the photocataly�c 

ac�vity of a semiconductor material. The goal of sec�on 3.1 is thus to provide an 

in-depth analysis of the fundamental proper�es that make TiO2 a highly efficient 

photocatalyst for environmental and energy-related applica�ons.  

3.2.1 Morphology and crystal structure 
 

TiO2 can be found in nature in 3 different polymorphs or crystalline phases, namely 

anatase, ru�le and brookite. All these phases are generally composed of TiO6 
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octahedra (i.e., Ti4+ coordinated to six O2−) containing Ti-O bonds in different ar-

rangements.[1,10,11] In detail, the anatase phase consists of octahedra where each 

vertex is shared, shaping a tetragonal structure (Figure 3.2a). The tetragonal struc-

ture is also present in the ru�le phase but, in this case, it involves octahedra shar-

ing edges at (001) planes (Figure 3.2b). Whereas, in the brookite phase, both edges 

and ver�ces are shared, leading to the forma�on of an orthorhombic structure 

(Figure 3.2c).  

 

Figure 3.2 Crystal structures of TiO2 in (a) anatase; (b) ru�le and (c) brookite phase. Ti4+ is repre-
sented in blue and O2- in red.  

Since the characteris�cs of Ti-O bonds play a key role in determining the structural, 

op�cal, and electronic proper�es of each TiO2 structural phase, the main crystal-

line and physical parameters are summarized in Table 3.1.[11,12] 

Among all the 3 phases, ru�le is the most thermodynamically stable, while both 

anatase and brookite are metastable, thus when increasing the temperature above 

600°C there is an irreversible transi�on into ru�le phase.[13] However, when dealing 

with crystals in the range of 8-10 nm brookite and anatase get more stable.  

Thanks to their peculiar proper�es, ru�le, anatase and brookite have been widely 

inves�gated for different fields of applica�on. Par�cularly, in the research area of 

heterogeneous photocatalysis for solar energy applica�ons (i.e., photocataly�c 

WS, pollutants degrada�on and biomass conversion), ru�le and anatase were 

found to be the most promising.[14–18] Anatase phase is known for its higher photo-
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reac�vity[19] compared to the ru�le phase due to its larger surface area thanks to 

smaller grain size, which results in a higher number of ac�ve sites atributed to its 

exposed (001) planes and a higher surface adsorp�on capacity for H2O, O2 and OH 

groups.[1] 

Table 3.1 Crystal structure parameters of TiO2. Data reproduced from ref. 11,12.  

 Anatase Ru�le Brookite 

Crystal structure Tetragonal Tetragonal Orthorombic 

La�ce constant (Å) a = 3.784 

c = 9.515 

a = 4.593 

c = 2.958 

a = 9.184 

b = 5.447 

c = 5.154 

Space group I41/amd P42/mnm Pbca 

Symmetry D4h19 D4h14 D2h15 

Molecule/Cell 4 2 8 

Volume/Molecule (Å3) 34.061 31.216 31.172 

Density (g·cm-3) 3.79 4.13 3.99 

 

Furthermore, the presence of a higher concentra�on of oxygen vacancies (i.e., ox-

ygen vacant sites in the crystal la�ce) leads to an enhanced charge-carriers sepa-

ra�on efficiency.[15,20,21] In addi�on, nanocrystalline anatase phase par�cles are 

more stable. [1,19] Decreasing the par�cle size below ~15 nm typically induces a 

phase transforma�on from ru�le to anatase phase, which becomes thermodynam-

ically stable.[1,11,22] So far, the research has been focused on mixed-phase �tania 

nanomaterials. Mixed-phase structures, combining both anatase and ru�le with a 

proper composi�on ra�o, o�en show synergis�c effects, exploi�ng the advantages 

of both phases to boost the overall photocataly�c ac�vity.[20,23,24] A typical example 

is given by the commercial TiO2 P25, containing a mixed phase in a ra�o of 3:1 

between anatase and ru�le. This is widely used as standard material in the field of 

photocataly�c reac�ons for its high photocataly�c ac�vity.[25] Several studies have 

been conducted to fully explain these effects, and numerous efforts have been 
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made to inves�gate the interface between the two phases.[26] As stated above, an-

atase and ru�le phases show different structure and distances due to different ar-

rangements of Ti and O atoms. When the two phases are coupled together, the 

expansion of their la�ce leads to a varia�on in the atoms’ arrangement, affec�ng 

the overall Ti—O bond length.[23] Thus, in the mixed-phase (or heterophase) junc-

�on interface, the crea�on of defects, such as oxygen vacancies, may result in 

changes of electronic and structural proper�es.[20,24,26] The overall photocataly�c 

ac�vity could be improved by bending the band at the interface, which results in a 

beter photogenerated charge-carriers separa�on efficiency and a reduced elec-

tron-hole recombina�on rate.[1,20]   

Summarizing, the specific crystalline structure, surface area, exposed facets and 

heterophase junc�ons within TiO2 play pivotal roles in dicta�ng its photocataly�c 

efficiency. Other important factors to be considered are porosity and morphology, 

which correlate both the structural dimensionality and the par�cle size. 

Nanostructured TiO2 showing different morphologies, including spherical shape 

nanopar�cles, nanoflowers, nanotubes, nanorods and nanofibers, have been 

proved to show improved photocataly�c ac�vity compared to the bulk counter-

part.[4] The beter performances can be atributed to several effects related to the 

dimensionality, such as the increase in the surface-to-volume ra�o and the de-

crease in charge-carriers recombina�on rate.[27–29] Thus, considering these proper-

�es is extremely important when designing photocatalysts for applica�ons con-

cerning solar energy conversion. Par�cularly, in the synthesis of TiO2-based photo-

catalysts, the mixed phase ra�o, the morphology and surface proper�es can be 

controlled by tuning and op�mizing the experimental condi�ons (i.e., tempera-

ture, pressure, concentra�on and type of reagents).[13] Many synthe�c strategies, 

including sol-gel technique, microemulsion techniques, precipita�ons, hydrother-

mal and solvothermal methods, have been developed and applied, and each 

method is directly related to the final proper�es of the TiO2-based material.[12] Fur-

ther details on the synthe�c strategies will be given in the following chapters.  
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3.2.2 Op�cal and electronic proper�es 
 

TiO2 is a widely studied and versa�le semiconductor material also known for its 

peculiar op�cal and electronic proper�es. In general, the key op�cal proper�es lie 

in the Eg structure, and the understanding of the electronic structures of TiO2 is 

based on both theore�cal (Density of States, DOS and Density Func�onal Theory, 

DFT calcula�ons) and experimental results coming from several spectroscopic 

techniques (i.e., UV-Vis Spectroscopy, Synchrotron light-based photoemission 

spectroscopy, photoluminescence and UV-photoelectron spectroscopy). In this 

frame, all the aforemen�oned TiO2 phases show CB and VB edges mainly consist-

ing of Ti 3d and O 2p states (Figure 3.3), which form a wide bandgap ranging from 

~3.0 to ~3.2 eV, according to the considered polymorph and corresponding to ex-

cita�on wavelengths from ~413 nm to ~387 nm in the UV region.[30]  

The TiO2 bandgap structure does not only depend on the crystal structure but it is 

also strongly influenced by the morphology and the presence of intrinsic defects, 

including oxygen vacancies (Ov), inters��al �tanium ions (i.e., Ti3+) or impuri�es in 

the host la�ce subs�tu�ng both anions and ca�ons.[1,30] When dealing with n-type 

TiO2, the presence of defects inside the crystal la�ce may significantly affect the 

overall photocataly�c proper�es, influencing both the mass transport and the con-

duc�vity of the material.[1] Furthermore, new electronic states, the so-called de-

fects states, can be formed within the bandgap and their posi�on is strongly af-

fected by both the crystalline phase and the surface structure.[1,31,32] Photoemis-

sion spectroscopy is a very suitable technique to inves�gate the band structures of 

TiO2 and it has been useful to prove the band bending in Ov-rich n-type TiO2 mate-

rials.[1,10,30] In detail, Ov surface defects can be assimilated with unpaired electrons, 

ini�ally located in O 2p orbitals and then, as a result of the oxygen vacancy, trans-

ferred to the CB formed by Ti 3d orbitals.[10] From a comprehensive analysis of this 

electronic situa�on by theore�cal calcula�ons, it has been concluded that in ab-

sence of excita�on, the unpaired electrons in the vacancies act as donor-like states, 
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thus crea�ng an accumula�on layer close to the surface that results in the down-

ward band bending.[33]  

 

 

Figure 3.3 Anatase TiO2 molecular orbitals structure with (a) atomic levels, (b) crystal field effect 
and(c) final interac�on states. Thin solid and dashed lines show large and minor contribu�ons, re-
spec�vely.  

 

It is important to highlight that the accumula�on of electrons and the band bend-

ing effect strongly depend on the surface composi�on and reveal the surface 

chemistry of TiO2 material.[10] Most of the photocataly�c applica�ons are per-

formed at atmospheric pressure and in aqueous solu�on containing molecules to 

be adsorbed onto the photocatalyst surface. The surface processes are driven to-

ward the equilibrium between the Fermi level (i.e., the highest energy level with a 

non-zero probability of being occupied by an electron at 0 K) poten�al and the 

chemical poten�al of adsorbed species, meaning that the interac�ons strongly 
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depend on the oxida�on state of the surface.[1] Thus, according to the electroneg-

a�vity of the adsorbed molecules and the charge transfer events, both the band 

bending (downward or upward) and the bands flatening effect may occur.[1,10,34] 

For instance, it has been theore�cally proven that, under dark condi�ons, the ad-

sorp�on of water molecules on TiO2 surface leads to an upward band bending due 

to the crea�on of nega�vely charged species, which decreases the charge carrier 

density at the surface.[35]On the contrary, when n-type TiO2 is subjected to pro-

longed excita�on, the band flatening occurs and it can be explained by either sur-

face band shi�ing or bulk band shi�ing (Figure 3.4).[10,34] This results in a more 

nega�ve Fermi level in the bulk, while surface states energy remains typically con-

stant.  

 
Figure 3.4 Photoinduced band flatening of TiO2 diagram scheme. (a) Photoexcita�on and crea�on 
of e-—h+ pairs in the space charge layer; (b) band flatening due to h+ accumula�on and consequent 
band shi�ing at the surface; (c) band flatening due to e- accumula�on and consequent band shi�-
ing in the bulk. 

The possibility to engineer the bandgap of pure �tania highlights the relevance of 

this metal oxide semiconductor in photocataly�c applica�ons. The tunability of the 

op�cal proper�es, by altering the bandgap structure, can be achieved following 

several common strategies including i) the introduc�on of atoms or other elements 

inside the TiO2 la�ce (i.e., element-doping); ii) the coupling with other semicon-

ductors (i.e., heterojunc�ons forma�on); iii) the surface sensi�za�on by organic 

molecules, metal complexes or metal nanostructures; and iv) the selec�on of a 

proper morphology.[30] Further research into tuning op�cal and electronic proper-

�es through material engineering and surface modifica�ons holds great poten�al 

in enhancing TiO2 performances and expanding its u�lity under solar light irradia-

�on. 
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3.2.3 Charge dynamics and photocataly�c ac�vity 
 

Thanks to its proper�es, �tania is the ideal candidate for harnessing solar energy 

and trigger various photocataly�c reac�ons. However, as widely stated in the pre-

vious sec�ons, TiO2 par�cle size and morphology, crystal structure, porosity and 

surface proper�es strongly affect the overall photocataly�c efficiency. In addi�on, 

the Eg structure needs to be considered. The Eg value, hence the band edges posi-

�on of VB and CB, determine the absorp�on ability and the redox capability of 

TiO2-based photocatalysts, respec�vely. In fact, the higher the interac�on with 

light, the higher the number of e-—h+ pairs, which are essen�al to drive photore-

dox reac�ons with available reactants close to the photocatalyst surface. The over-

all photocataly�c efficiency strongly depends on the redox poten�als and band 

edge of the target substrate in rela�onship with those of TiO2. Accordingly, the 

substrate redox poten�al should be located in between the VB and CB poten�als 

of the photocatalyst.[36] A�er the photoexcita�on of TiO2, with an energy equal to 

or higher than its Eg and the crea�on of e-—h+ pairs according to equa�on 3.1, 

photoredox reac�ons can only occur by charge carriers that successfully migrate 

onto the photocatalyst surface.  

        TiO2
hν
→ TiO2  

∗ (𝑒𝑒𝐶𝐶𝐶𝐶
− − ℎ𝑉𝑉𝑉𝑉

+ )                                                                       (3.1) 

Upon light excita�on, the genera�on and separa�on of charge-carriers occur rap-

idly, but less than ~10% of the created electrons or holes effec�vely contribute to 

the redox reac�ons.[1,37] This is due to the recombina�on processes, both radia�ve 

and non-radia�ve, occurring in the bulk and surface of TiO2. A�er their crea�on, 

charges undergo thermaliza�on followed by trapping and recombina�on or 

transport and migra�on before driving the reac�ons. In terms of �me scale, these 

processes are very fast. For instance, Yoshiaki Tamaki and co-workers used femto-

second transient absorp�on spectroscopy to inves�gate the dynamics of electrons 

and holes, including thermaliza�on and trapping in TiO2 nanopar�cles a�er 
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excita�on at 266 nm and 355 nm.[38] At 355 nm excita�on wavelength, photogen-

erated e-—h+ pairs are trapped ultra-rapidly within 100 fs. Conversely, at higher 

energy (i.e., 266 nm) the trapping �me is slowed to ~200 fs, due to the excess 

energy of free electrons. Surface-trapped and bulk electrons showed a decay �me 

of 500 ps, relaxing into deep bulk trapping sites.[38] Furthermore, deeply trapped 

electrons or holes show higher life�mes compared to the shallowly trapped coun-

terparts.[10,37] In the frame of trapping sites, there are s�ll controversial results on 

their localiza�on and products forma�on.[1] From electron spin resonance (ESR) 

measurements, it is assumed that electrons trapping occurs in the proximity of Ti3+ 

sites at the surface, while holes trapping happens either at a bridging O2-  or sur-

face-bound OH- anions giving the forma�on of O·- or OH·, respec�vely.[10,33] How-

ever, from theore�cal calcula�ons it has been predicted that holes and electrons 

are trapped in the near-surface and subsurface sites, respec�vely.[1,10] The uncer-

tainty on the localiza�on of charge trapping and on thermaliza�on is due to the 

ultrafast rate of these processes, which require advanced spectroscopy techniques 

and sophis�cated theore�cal inves�ga�ons. Furthermore, the par�cle size effect 

should also be taken into account, since the upward band bending decreases with 

par�cle size, thus both electrons and holes are available at the surface.[10] It has 

indeed been proven that electron-trapping is more efficient by decreasing the TiO2 

par�cle size below ~15 nm thanks to a larger surface area.[39] As previously said, 

charge-carriers recombina�on, following thermaliza�on and trapping, involves 

both radia�ve and non-radia�ve processes. If a radia�ve recombina�on process is 

involved, there is photons emission with an energy smaller than the absorbed light 

energy (i.e., emission occurs at lower energies than the TiO2 Eg). Conversely, in a 

non-radia�ve process, energy is usually released as heat. Recombina�on processes 

usually take place at defect sites or grain boundaries.[37,40] According to what is 

reported in literature, ru�le TiO2 shows faster recombina�on rate than anatase 

TiO2.[1,19,37,40–42] For both phases, the holes decay in the ns �mescale, while elec-

trons have different life�mes. More precisely, electrons in the anatase TiO2 CB exist 

for more than a few µs, while they only live a few tens of ns (~24 ns) in ru�le TiO2 
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CB.[1,19,37,40–42] The longer life�me of the electrons is related to the higher photo-

cataly�c ac�vity of anatase with respect to ru�le. Furthermore, it may be ascribed 

to the presence of surface trapping sites, such as oxygen vacancies, in higher den-

sity.[10] Thus, the presence of an op�mal concentra�on of surface defects may be 

beneficial to boost the photocataly�c ac�vity.[28] A�er the charge-carriers separa-

�on, if the recombina�on is hindered or delayed, the VB holes and CB electrons 

can drive the redox reac�on. It is highly difficult for a semiconductor photocatalyst, 

like TiO2, to show good photocataly�c ac�vity for both oxida�on and reduc�on 

reac�ons. In fact, the photogenerated electrons migrate between the surface and 

shallow bulk trapping sites in equilibrium. At this point, the shallowly trapped elec-

trons relax into deeper sites by hopping processes involving energe�cally distrib-

uted trapping sites, since they are not directly available to ini�ate the surface re-

duc�on reac�ons.[10] Thus, TiO2 can be ac�vated for reduc�on reac�ons, including 

H2 produc�on, only if it undergoes proper surface modifica�ons (i.e., metal co-cat-

alyst loading) or a sacrificial agent is used during the photocataly�c reac�on.  

 

3.3 Going beyond TiO2 limits 
 

TiO2-based photocatalysts have gained aten�on in the field of heterogeneous 

photocatalysis thanks to their high stability, versa�lity and availability. However, 

TiO2-based materials show some limita�ons, and several challenges s�ll need to 

be addressed. Disadvantages and challenges of TiO2 may be summarized as fol-

lows:  

- Poor absorption of solar light. The major TiO2 drawback is its wide bandgap, 

which hinders the absorp�on of Vis and NIR light. Thus, a small frac�on of 

the solar spectrum, the UV light which accounts for only 4-5% of the total, 

can be used to ac�vate photocataly�c reac�ons.[43] Thus, op�cal and elec-

tronic proper�es need to be tuned in order to obtain narrower 

bandgaps.[10] 
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- Low quantum efficiency. Despite the high efficiency in genera�ng electron-

hole pairs upon photoexcita�on, TiO2 suffers from fast charge-carriers re-

combina�on, leading to low quantum efficiency and consequently to re-

duced photocataly�c ac�vity.[36,44] Thus, recombina�on processes should 

be avoided or delayed.  

- Selectivity. One of the most important features when dealing with photo-

cataly�c reac�ons is to have a catalyst that shows selec�ve photoac�vity. 

Unfortunately, TiO2 exhibits limited selec�vity toward certain reac�ons, 

leading to undesired byproducts forma�on or incomplete conversion of 

target compounds.[45]  

- Crystallinity, surface area and reactivity. As discussed in sec�on 3.1.1, TiO2 

photocataly�c ac�vity is closely related to its surface area and crystal struc-

ture. Achieving a high surface-to-volume ra�o while having the desired 

crystal structure to reach the op�mal reac�vity may be quite challenging. 

- Synthesis and cost. The ra�onal design of the size and shape of TiO2 mate-

rials based on the selected synthe�c strategy is extremely important to ob-

tain an efficient photocatalyst.[46] When thinking about future large-scale 

applica�ons, the design of a good photocatalyst should include the ease 

and cost of its synthesis. However, depending on the selected synthe�c 

method, the development of efficient TiO2-based photocatalysts with func-

�onal proper�es may be complex and costly, thus not suitable for scaling-

up the produc�on. Thus, choosing a suitable synthe�c strategy for a future 

scaling-up while maintaining quality and efficiency poses great challenges.  

Going beyond conven�onal TiO2 limits is one of the main goals of the nowadays 

research in the field of heterogeneous photocatalysis. There are many strategies 

and approaches to go through to overcome these challenges and they can also be 

combined in order to further boost the overall photocataly�c ac�vity and expand 

TiO2 func�onality. Some of the most promising ones are listed below.  

Morphology engineering 
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As already men�oned, photoac�vity is largely related to the number of ac�ve sites 

provided by the specific surface area of the employed photocatalyst. The higher 

the surface-to-volume ra�o, the higher the abundance of ac�ve sites that drive the 

photoredox reac�ons. Moreover, the smaller the par�cle size, the shorter the 

pathway of the photogenerated charge-carriers towards the catalyst surface. 

Hence, morphology engineering is extremely important to increase the overall 

photocatalyst performance in terms of decreasing the charge-carriers recombina-

�on rate (i.e., enhancing the quantum efficiency) and increasing the number of 

ac�ve sites.[47,48] Furthermore, as widely discussed in Chapter 2, surface proper-

�es, influenced by both crystal phase and surface area, highly affect the reac�vity 

with regard to physical adsorp�on and chemical selec�vity.[49]  Addi�onally, it is of 

extreme importance to properly select the morphological structure, which can be 

essen�al to improve the overall photocataly�c ac�vity. For instance, flower-like 

structures can provide not only a larger specific surface area, which is good for 

both the reactants physical adsorp�on and the abundance of ac�ve sites, but also 

higher absorbance ability thanks to the mul�ple refrac�on or reflec�on events.[50] 

Another interes�ng morphology is the hollow structure, which can enhance the 

light absorp�on toward the visible region thanks to the mul�ple scatering events, 

and by modula�ng the transfer behavior of photogenerated e-—h+ pairs. The larger 

surface area, in combina�on with enhanced electrical and op�cal proper�es pro-

vided by the cavity, makes the hollow structure morphology suitable to enhance 

photocataly�c performance. [28,45] Thus, further details about TiO2 hollow spheres 

will be given in Chapter 4.  

In summary, morphology engineering is a good approach to improve the overall 

photocataly�c performance of TiO2-based catalysts by effec�vely enhancing light 

absorp�on, the contact area between the adsorbed reactants and the photocata-

lysts surface, and finally shortening the diffusion length of e-—h+ pairs by simulta-

neously decreasing their recombina�on probability.[13]  

Surface and Defect engineering  



66 
 

Surface modifica�on and defect engineering are very important and promising 

methods that can be used to improve TiO2-based photocatalysts performance. In 

general, crystal defects, which alter the periodic arrangement of atoms in crystal-

line materials, usually appear in all crystalline semiconductors influencing their 

photocataly�c proper�es.[40]  The introduc�on of defects, such as Ti3+ sites or oxy-

gen vacancies, in the surface la�ce of TiO2-based photocatalysts can improve the 

light absorp�on capability to the Vis and even NIR regions, thanks to the crea�on 

of mid-gap states that lower the overall Eg.[51] Furthermore, the presence of mid-

gap states plays a key role in photocataly�c reac�ons. As stated before, the pres-

ence of defects, thus trapping sites, may increase the charge-carriers separa�on, 

but also generate recombina�on centers if the defects are not at their op�mum 

concentra�on.[28] Moreover, the local electric field distribu�on and the charge dy-

namics behavior may be tuned by improving the overall photoac�vity. Among all 

the defects, inducing oxygen vacancies in TiO2 material is quite easy thanks to their 

rela�vely low forma�on energy. Thus, the introduc�on of oxygen vacancies can be 

an easy and effec�ve strategy to enhance photoac�vity. In fact, the crea�on of 

these kinds of defects leads to the forma�on of both electron trapping centers, 

inhibi�ng e-—h+ pairs recombina�on, to the forma�on of new defec�ve levels be-

low the TiO2 CB, which favor electron transport and transfer. [32,52–54] As can be re-

alized, defects engineering steers the modula�on of the electronic structure. The 

controlled introduc�on of surface defects may not only increase the overall op�cal 

and electronic proper�es but can also enhance the presence of ac�ve sites for ad-

sorbed molecules to promote photoredox reac�ons.  

 

Doping engineering  

Doping TiO2 is a good strategy to expand and improve photocataly�c performance. 

It can be defined as the incorpora�on of other atoms or ions, called dopant spe-

cies, into the crystal la�ce. Doping leads to the crea�on of new charges, defects, 

and la�ce distor�ons. Similar to defect engineering, doping can generate new 
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ac�ve sites thanks to the reconfigura�on of local fields in the original material.[40] 

Furthermore, TiO2 doping by using both metal (ca�on dopants like Cr, Fe, V, Mn, 

Cu and Ni) and non-metal dopants (anion dopants like N, S and C),[55,56] may boost 

the overall photocataly�c efficiency by improving charge transport processes, sup-

pressing e-—h+ pairs recombina�on, narrowing the Eg and broadening the light ab-

sorp�on range.[57] Thus, doping engineering by altering both the crystalline and 

the electronic band structures may bring several improvements. Among them, sur-

face modifica�ons are known to enhance the reactant adsorp�on and the enrich-

ment of photoexcited e-—h+ pairs. Doping engineering can be achieved by using 

both physical and chemical methods,[56] and dopant agents can occupy subs�tu-

�onal or inters��al sites into the crystal la�ce. Based on the selected synthe�c 

process, dopant species can be located at different sites, controlling the final elec-

tronic and op�cal proper�es of TiO2.[58–60] However, it has to be pointed out that 

adjus�ng the concentra�on of doping agents is pivotal during the synthesis design. 

High concentra�on of dopants could adversely impact the overall photocataly�c 

process by compe��vely trapping oxidizing species or by increasing the e-—h+ pairs 

recombina�on rate. Altering the TiO2 structure through the incorpora�on of metal 

ions (ca�ons) causes a downward shi� in the TiO2 CB or the crea�on of new gap 

states. Conversely, the doping with non-metal ions (anions) causes an upward shi� 

in the TiO2 VB.[56] Both of these approaches result in lowering the bandgap energy, 

enhancing TiO2 light absorp�on capability toward longer wavelengths. In addi�on, 

as men�oned before, the introduc�on of ions into the crystal la�ce may induce 

oxygen vacancies, which leads to the forma�on of localized energy levels below 

the CB, shi�ing the overall absorp�on edge toward lower energies. Introducing 

new impurity energy levels between the TiO2 CB and VB, using suitable metal or 

non-metal doping elements, is an effec�ve way to reasonably tune and op�mize 

bare TiO2 band structure, as well as improve the overall photocataly�c perfor-

mance.   

 

Homo- & hetero-junctions formation 
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The forma�on of homojunc�ons and heterojunc�ons is o�en seen as a good ap-

proach to extend the boundaries of TiO2-based photocatalysts. Briefly, homojunc-

�on and heterojunc�on are terms used when talking about different types of junc-

�ons formed by the contact between two semiconductor materials that create a 

peculiar interface region. Homojunc�ons involve the connec�on between the 

same semiconductor material, but with different band structures (i.e., due to the 

presence of dopant species or defects), while heterojunc�ons involve the junc�on 

between two diverse semiconductor materials.[61] Both types of junc�ons play cru-

cial roles in the design and func�onality of semiconductor photocatalysts. In fact, 

when dealing with homo- and hetero-junc�ons, the band structures coupling may 

be beneficial for the charge transfer processes, separa�on and migra�on of pho-

togenerated e-—h+ pairs. Furthermore, the construc�on of junc�ons is an effec�ve 

strategy to reduce the bandgap and enhance the light absorp�on toward visible 

light. There are two types of heterojunc�ons that are usually considered to be ben-

eficial for photocataly�c performance: Type-II heterojunc�ons and direct Z-

scheme (Figure 3.5).[36]  

 

 

Figure 3.5 Schema�c illustra�on of Type-II (le�) and Z-scheme heterojunc�ons (right).  

 

In Type-II heterojunc�ons, the alignment of energy bands differs significantly be-

tween the two semiconductor materials (namely S-I and S-II), thus the CB mini-

mum of one semiconductor is higher, while the VB maximum of the other is lower. 

Consequently, in a Type-II heterojunc�on, electrons and holes are confined to op-

posite sides of the junc�on, leading to enhanced charge carriers separa�on. This 
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spa�al separa�on prevents immediate recombina�on, resul�ng in an extended 

life�me for the charge carriers within the junc�on.[62] However, since photogener-

ated charge-carriers migrate to more electronega�ve VB and electroposi�ve CB 

poten�als, the redox ability of the photocataly�c system is weakened.[63] In fact, 

within the Type-II junc�on, the charges migra�on results in a reduc�on of the re-

quired thermodynamic energy, which helps overcome the overpoten�al barrier for 

redox reac�ons occurring on the surfaces of each semiconductor.[36] This issue is 

solved when dealing with direct Z-scheme heterojunc�ons, where the leter “Z” 

resembles the energy band diagram. In this setup, each semiconductor shows 

band posi�ons able to facilitate different half-photoredox reac�ons.[62,64] In detail, 

given a target redox reac�on, S-I shows more electronega�ve VB and CB poten�als, 

whereas S-II is characterized by more electroposi�ve VB and CB poten�als (Figure 

3.5).[36,62] When the direct Z-scheme heterojunc�on is excited by light, S-I is photo-

excited and leads to the forma�on of e-—h+ pairs, which can then migrate to the 

respec�ve energy levels of S-II to give photoredox reac�ons. In this setup, S-I and 

S-II only have enough energy to proceed with reduc�on and oxida�on reac�ons.[36] 

In detail, oxida�on and reduc�on reac�ons occur in the most electroposi�ve VB 

and electronega�ve CB poten�al of the photosystem, respec�vely. Simultaneously, 

the counter photogenerated charges that do not par�cipate in the reac�ons are 

recombined at the junc�on. Thus, the immediate e-—h+ pairs recombina�on is pre-

vented without compromising the redox ability of the photosystem.[65] In general, 

it is widely accepted that the energy offset between the CB and VB edges within 

the junc�on is an effec�ve strategy to enhance the photocataly�c ac�vity. How-

ever, achieving the la�ce matching by construc�ng a homojunc�on may be an-

other feasible way to easily lower the Eg and increase the separa�on efficiency of 

photogenerated charge-carriers.[66] In fact, la�ce matching in homojunc�on could 

also facilitate the photogenerated e-—h+ pairs transfer. In addi�on, homojunc�on 

forma�on provides a beter control of the synthesis. The difference in the band 

edge posi�ons between two sides of the same material amplify e-—h+ pairs sepa-

ra�on efficiency, thereby boos�ng the photoac�vity. A typical TiO2-based 
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homojunc�on can be obtained by the connec�on between pure or white TiO2 and 

the so-called sub-stoichiometric or colored-TiO2 (TiO2-x).[67] The deficiency of one 

or more oxygens within TiO2-x leads to a remarkable enhancement of light absorp-

�on of longer wavelengths.[52,53] However, as already men�oned in the previous 

sec�on, the rapid charge-carriers recombina�on may be enhanced by the pres-

ence of a too high number of defects. Therefore, matching the pure TiO2 and TiO2-

x may be a good strategy to overcome the limits of each semiconductor material. 

In terms of band posi�ons, the TiO2 CB is higher than that of TiO2-x, while the VB is 

more posi�ve than that of TiO2. Consequently, this kind of homojunc�on may sup-

ply con�nuity to the band bending and enhance charge-carriers separa�on effi-

ciency leading to an overall increase in the photocataly�c efficiency of the sys-

tem.[66,67]  
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Chapter 4 – Surface engineering  
 

 

 

 

 

The combina�on of morphology and surface engineering is presented as a good 

strategy to enhance TiO2 photocataly�c ac�vity in the field of environmental re-

media�on and energy applica�ons. The main body of this chapter is based on the 

appended papers, Paper-I and Paper-II, provided at the end of the disserta�on and 

available under license by Wiley-VCH GmbH.  

In detail, the first sec�on based on Paper-I is focused on colored- TiO2 hollow 

spheres as promising photocatalysts for photo-oxida�on reac�ons, such as water 

purifica�on from contaminants of emerging concerns. It demonstrates how the 

combina�on of surface-defects engineering, and the design of hollow morphology 

enhance the overall photocataly�c performances of bare TiO2 systems.  The sec-

ond sec�on, based on Paper-II, is focused on surface engineered nano-Cu/TiO2 

photocatalysts as promising candidates for energy applica�ons such as hydrogen 

produc�on from methanol reforming under UV light. The use of Cu co-catalyst 

combined with the introduc�on of surface defects on commercial P25 �tania, via 

a cost-effec�ve microwave-assisted hydrothermal synthesis, is reported as a good 

way to easily enhance the overall photoac�vity.  
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4.1 Defects in colored-TiO2 Hollow Spheres  
 

As already stated in Chapter 1, addressing water contamina�on stands as a press-

ing challenge that requires urgent aten�on. Complex organic compounds includ-

ing pharmaceu�cals, above all an�bio�cs and an�bacterials, have garnered in-

creased concern due to their overuse and poor degradability.[1,2] Specifically, an�-

bio�cs have been consistently iden�fied in rivers and water bodies, with concen-

tra�ons ranging from ng·L-1 to μg·L-1. Consequently, their discharge from 

wastewater facili�es poses significant hazards to both the environment and human 

health.[3–5] Among all an�bio�cs, Ciprofloxacin (CIP), a broad-spectrum second-

genera�on fluoroquinolone an�bio�c, holds a prominent place as one of the most 

extensively used and prescribed. Furthermore, studies have confirmed not only 

the widespread presence of CIP in various water effluents worldwide but also its 

detec�on in concentra�ons higher than the safe concentra�on limit for an�micro-

bial resistance.[6] Photocataly�c advanced oxida�on processes, AOPs, involving 

heterogeneous photocatalysis, have been proven to enable the accelera�on of ox-

ida�on and degrada�on of a wide range of organic pollutants, including dyes and 

drugs, in wastewater. Semiconductors find frequent applica�on in AOPs due to 

their ability to interact with light, genera�ng e−–h+ pairs, which lead to the crea�on 

of radicals. These species have the great poten�al to degrade and fully mineralize 

organic pollutant molecules. Hence, enhancing the crea�on of photogenerated e−–

h+ and slowing their charge recombina�on are necessary to ensure high photocata-

ly�c ac�vity.[7] In this context, summarizing what previously reported in Chapter 3, 

TiO2 is one of the most atrac�ve photoac�ve semiconductors for this kind of re-

ac�ons. However, the fast charge carriers recombina�on and the wide bandgap (in 

the range of 3.0-3.2 eV) limit its efficiency and the exploita�on of solar light as a 

source of energy for photocataly�c applica�ons.[8,9] In addi�on, small �tania nano-

par�cles, whether suspended in a solu�on or structured into mesoporous layers, 

lack the ability to scater the incoming light and channel it within a confined space 

to boost the absorp�on probability. The crea�on of systems with low energy gaps 
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simultaneously capable of confining and absorbing light remains an ongoing chal-

lenge. As noted previously, the func�onality of a material can be strongly affected 

by its surface composi�on, size and shape. Thus, the op�mal combina�on between 

surface chemical composi�on and structure can enhance the overall photochemi-

cal performance of a nanostructured system.[10,11]   

Accordingly, hydrogenated �tania, known as sub-stoichiometric �tanium dioxide 

or colored �tania (TiO2-x) due to its varied colors (blue, gray, black), stands out as 

an excellent sunlight harvester, covering a wide range of wavelengths from UV to 

IR region. Notably, oxygen-vacancy-rich black TiO2 exhibits amplified photoac�vity 

in various oxida�on reac�ons under visible light compared to its white (stoichio-

metric) counterpart (Box 4.1). [12,13]  

A fascina�ng structural design involves hierarchical arrangements where small 

building blocks are combined to form complex morphologies. In this context, TiO2 

hollow spheres (THSs), obtained from self-assembled nanopar�cles, have proven 

to be effec�ve photocatalysts thanks to their high surface area and intense light 

scatering ability. The hollow cavity, providing the light scatering ability, enables 

the light confinement within a reduced volume, thereby increasing the absorp�on 

probability. [14,15] Nevertheless, pure THSs showing TiO2 intrinsic wide bandgap, 

struggle to absorb light significantly.  

This sec�on delves into the synthesis, characteriza�ons and applica�ons of col-

ored-THSs composed of hierarchically assembled nanopar�cles. An easy way of 

synthesis, involving a hard template-based method followed by chemical reduc�on 

under controlled condi�ons is proposed. In order to directly access the presence 

and the proper�es of defect-induced states within TiO2 bandgap, synchrotron-

based X-ray photoemission spectroscopy (XPS, VUV-Photoemission beamline) and 

electron paramagne�c resonance (EPR) were synergically used. Photocataly�c ac-

�vity was evaluated in func�on of the degrada�on of CIP, as a target molecule, at 

room temperature, atmospheric pressure and under simulated solar light irradia-

�on. The main goal is to demonstrate how the hydrogena�on content, related to 
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the presence of defects (i.e., oxygen vacancies), enhance both the op�cal absorp-

�on capability (up to NIR region) and the overall photocataly�c efficiency of the 

catalysts for the inves�gated photo-oxida�on process.  

 

Box 4.1: Colored-TiO2 

 

One of the main challenges that our society is facing to meet the energy de-

mand, is the use of the en�re range of wavelengths in the solar spectrum focus-

ing on visible (Vis) and infrared (IR) regions, that account for ∼43% and ∼52% of 

the total, respec�vely.  Among all the solar light harvester nanomaterials, the 

most promising is TiO2. However, pure TiO2 is a colorless white crystalline mate-

rial that, according to its wide bandgap (3.0-3.2 eV), exclusively absorbs in the 

UV region. Extensive efforts have been made to extend the light absorp�on of 

pure TiO2, leading to the discovery and development of the so-called black-TiO2. 

Before the synthesis proposed by Chen and co-workers in 2011,[16] which coined 

the term "black- TiO2", research on the effects of intrinsic or self-doping on �ta-

nia, was not as atrac�ve as today. In fact, the introduc�on of defects, namely 

oxygen vacancies (Ov) or Ti3+ centers, in the TiO2 crystal la�ce, together with 

the advent of new sophis�cated techniques, is now considered a hot topic in the 

field of energy- and environmentally-related applica�ons. The presence of sur-

face disordered, Ti3+ centers, Ov, surface -OH groups, Ti-H bonds are responsible 

for the color changes in black-TiO2, as well as the superior electronic, op�cal, 

and photocataly�c proper�es. Several synthe�c strategies have been proposed 

to obtain black-TiO2,[13] however most of them are based on par�al reduc�on 

approaches, in which extreme condi�ons such as high-temperatures in various 

reducing atmospheres  are usually used (e.g., ∼500°C , ∼20 bar, Ar (g), H2/Ar (g) 

or pure H2 (g) atmosphere).[17] Owing to these synthe�c treatments, the crystal 

and electronic structure of bare TiO2 can be tuned, obtaining shades of gray, 

blue, brown or black TiO2, and giving rise to the so-called colored-TiO2, 
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hydrogenated-TiO2 or substoichiometric TiO2-x. Specifically, the most marked ef-

fect of the varia�on in the number of defects is the resul�ng color. Generally, an 

increased degree of reduc�on results in a higher concentra�on of defects, lead-

ing to TiO2 materials with darker colors.[17] The study of the electronic band 

structure is fundamental to deeply understand what the influences of the in-

duced defects on the overall TiO2 proper�es are. Examining the differences in 

the density of states (DOS) between pure or White-TiO2 and black-TiO2 helps in 

comprehending the altera�ons in the bandgap (Figure B1). The posi�on of the 

VB maximum and the CB minimum of bare TiO2, that are mainly derived from O 

2p and Ti 3d orbitals, are shi�ed by the introduc�on of the chemical and struc-

tural modifica�ons induced by defects. The overall effect is the bandgap reduc-

�on (up to ∼1.5eV) with the increasing in the op�cal absorp�on proper�es (i.e., 

light absorp�on extended up to near-IR region), due to the introduc�on of new 

mid-gap or shallow dopant states leading to significant VB and CB tail.[13,17]  

 

 
Figure B1 Schema�c illustra�on of Density of States (DOS) for Black- and White-TiO2. 

 

In general, according to reac�on parameters like pressure, �me, and tempera-

ture, crystal structure of colored �tania is characterized by surface disorder, 

wherein the well-crystallized la�ce core of the material is surrounded by a 
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la�ce-disordered shell.[13,18] This disordered surface on hydrogenated-TiO2 al-

lows for the crea�on of numerous Ti-H or Ti-OH bonds, leading to mid-gap states 

crea�on.[13,18] Addi�onally, the disordered structure may provide trapping sites 

for photogenerated carriers, facilita�ng electron transfer and preven�ng charge-

carriers recombina�on.[19] The presence of Ti-H or Ti-OH bonds seems to stabi-

lize the surface disorder but, unlike Ov or Ti3+ centers, having a minor role in the 

engineering of the electronic structure of pure TiO2.[13] In detail, electrons within 

the Ov states create a donor level below the CB, affec�ng the overall electronic  

configura�on, changings both physical and chemical proper�es of �tania, signif-

icantly influencing the overall photocataly�c ac�vity.[20] Addi�onally, the incor-

pora�on of Ti3+ expands the photoresponse of bare TiO2 from the UV to the Vis 

light region.  

Considering the overall effects due to the presence of defects, such as improved 

op�cal proper�es and favorable electronic structure, including good electron 

transport and a lower bandgap, black or colored-TiO2 is expected to exhibit sig-

nificantly higher photocataly�c ac�vity than white TiO2, laying the groundwork 

for further research in this field.  

 

4.1.1 Morphology and crystal structure 
 

As men�oned before, a hard template-based approach combined with the sol-gel 

process is proposed to obtain white THSs (W_THS), thus in Figure 4.1a the synthe-

sis procedure is summarized. A sacrificial core of polymethylmethacrylate (PMMA) 

spheres (Figure 4.2b) were coated with a shell of amorphous TiO2 nanopar�cles 

(Figure 4.1a, step 1 and 2). A�er the removal of the PMMA cores by calcina�on in 

air at 500 °C, W_THS with uniform size, perfectly spherical with a diameter of about 

350 nm and composed of pure TiO2 anatase phase were formed (Figure 4.1a, step 

3 and Figure 4.2c). Finally, to obtain increasingly darker gray THSs, the hard tem-

pla�ng method was followed by hydrogena�on (i.e., chemical reduc�on) under 

controlled temperature and Ar atmosphere, using chemical vapor deposi�on 
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(CVD) technique (Figure 4.1a, step 4 and Figure 4.2d, e). The samples were re-

ferred to as X_THSn, where X is the color of the samples (W: white; G: gray; DG: 

dark gray) and n is the CVD-annealing �me when it differs from 60 min. The mor-

phology, the crystal structure and phase-iden�fica�on were studied by combining 

the use of Field-emission scanning electron microscopy (FESEM), X-ray diffrac�on 

analysis and high-resolu�on transmission electron microscopy (HRTEM). THSs 

were successfully synthesized with uniform size, rough surface and a shell thick-

ness of ∼ 50 nm. The hollow structure was confirmed and the chemical reduc�on 

treatment under annealing of W_THS did not significantly influence the morphol-

ogy nor the crystal structure.  
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Figure 4.1 (a) Synthesis scheme and (b-g) HRTEM analysis of W_THS sample. (b, c) HRTEM images 
at different magnifica�ons. (d) SAED patern with Miller indexes. (e-g) EDS images showing the 
presence of Ti and O only. 
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All the THSs samples showed the characteris�c diffrac�on peaks of anatase phase 

at 2θ values 25.3°, 36.9°, 37.8°, 38.6°, 48.1°, 53.9°, 55.1° and 62.7° in agreement 

with the JCPDS (Joint Commitee on Powder Diffrac�on Standards) card number 

21-1272 (Figure 4.2a).  

As confirmed by both XRD (Figure 4.2a) and HR-TEM analysis (Figure 4.1b-d), the 

anatase crystalline structure was preserved during the hydrogena�on treatment 

for all the colored THSs. Samples showed a polycrystalline structure as confirmed 

by the clearly visible la�ce fringes in Figure 4.1c and the presence of concentric 

circles from the selected area electron diffrac�on (SAED) patern (Figure 4.1d). In 

addi�on, the la�ce spacing, and the crystal phase revealed by the SAED analysis 

agreed with XRD results.  A preliminary elemental analysis was performed for se-

lected W-THS through energy dispersive X-ray spectroscopy (EDX), revealing the 

presence of Ti and O species only (Figure 4.1e-g).  

 

Figure 4.2 (a) X-ray diffrac�on paterns of THSs samples with TiO2 anatase pdf #21-1272 as refer-
ence. FE-SEM images of (b) PMMA spheres (c) W_THS, (d) G_THS and (e) DG_THS80 at different 
magnifica�ons.  
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4.1.2 Detec�on of defects 
 

Op�cal characteriza�on is of extreme importance not only to understand the op-

�cal behavior of the materials but also to inves�gate the electronic structure and 

the presence of defects. The diffuse reflectance UV-visible-near infrared (DRUV-

Vis-NIR) spectra for all THS samples are showing the main absorp�on feature as-

sociated with the op�cal bandgap (Figure 4.3a), which is responsible for the crea-

�on of a strong absorp�on edge at approximately 390 nm (equivalent to ∽3.1 eV). 

Specifically, the spectrum of W_THS highlights the efficacy of the hollow struc-

ture,[14] resul�ng in a flat reflec�vity below 75% across the en�re range from 390 

to 1200 nm. Upon hydrogena�on, an addi�onal wide absorp�on band emerges 

star�ng from 500 nm and extending to (at least) 1200 nm. This band is absent in 

the W_THS sample while its intensity increases by increasing the wavelengths and 

the hydrogena�on degree. The enhancement of light absorp�on within the visible 

to near-infrared (vis-NIR) range is atributed to disordered surface layer and the 

existence of surface defects (such as oxygen vacancies) generated by the hydro-

gena�on process.[14,16,21] It has to be pointed out that the interplay between a well-

suited morphology and the hydrogena�on treatment resulted in an enhancement 

of light absorp�on in a broader spectral range. Furthermore, the onset of the ab-

sorp�on feature in the lower-energy spectral region (higher than 500 nm) can be 

elucidated by the existence of localized states below the TiO2 conduc�on band (CB) 

minimum, introduced by defects such as oxygen vacancies (Ov) and Ti3+ centers.[22]  
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Figure 4.3 (a) DRUV-Vis-NIR spectra; (b) F(R) spectra calculated through Kubelka-Munk func�ons; 
(c) Tauc Plots and (d) bandgap energies comparison for all the samples, including the TiO2 Refer-
ence.  

 

The combina�on of synchrotron-based X-ray photoemission spectroscopy (XPS, 

VUV-Photoemission beamline) and electron paramagne�c resonance (EPR) al-

lowed for a comprehensive examina�on of these localized states. The XPS data of-

fers insights into the near-surface region of THS catalysts (Figure 4.4a). Across all 

the samples, the O2-/Ti4+ stoichiometric ra�o (Figure 4.4a, P1/D1), normalized to 

the respec�ve photoemission cross sec�ons at 750 eV (0.24 for O1s and 0.7 for 

Ti2p)[23,24] is approximately 2. Varia�ons observed in the high binding energy re-

gion of O1s spectra (Figure 4.4a, P2-P4) are atributed to the presence of adsorbed 

species like OH, C-O, C-OH, and H2O.[25,26] The increased signal of H2O (Figure 4.4a, 

P4/P1) in darker gray THSs is par�cularly no�ceable, indica�ng a higher surface 

density of Ov that tend to atract and bind an increasing number of water mole-

cules. The amount of Ti3+ was evident and constant in Ti2p core levels for all THSs 

(Figure 4.4a, D2).  
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Complemen�ng the XPS results, EPR data (Figure 4.4b) provide a deeper under-

standing of the bulk electronic structure of THSs.  

 

 

Figure 4.4 (a) O1s, Ti2p (photon energy 750 eV) and valence band (photon energy 469 eV) XPS 
spectra of THSs. (b) Stacked EPR spectra of the THSs. 

 

The sharp peak at approximately 345 mT was associated with bulk Ov,[27,28]  formed 

during the thermal treatment at 500 °C and persis�ng through the subsequent CVD 

hydrogena�on treatment process at lower temperatures (Figure 4.1a, step 4). Con-

versely, the broader peak at higher magne�c field emerges only a�er the hydro-

gena�on treatment, thus indica�ng the presence of bulk Ti3+ defects (color cen-

ters)[27,28] and revealing the op�cal characteris�cs of colored-THSs.  

The XPS valence band analysis (Figure 4.4a, valence band) conducted under reso-

nant condi�ons (photon energy 469 eV) offers higher sensi�vity to probe defect 

states within the bandgap of TiO2. Notably, strong O2p-related states between ∼ 3 

and 10 eV (V1) and low-intensity defect states at ∼ 1 eV (Figure 4.4a V2, depicted 

in the inset) are detected in all THSs. The V2/V1 ra�o can be used to es�mate the 

defect concentra�ons in the near-surface region of the samples. The increasing of 

surface Ov concentra�on, resul�ng from the CVD treatments, is evident. Specifi-

cally, the ra�o V2/V1 shows an increase in darker gray THSs, while the presence of 

Ti3+ remains consistent at the surface. This correla�on highlights the pivotal role of 
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surface Ov in strongly improving the op�cal absorp�on and as described in the 

following paragraph, the overall photocataly�c ac�vity observed for colored THSs.  

4.1.3 Photodegrada�on of Ciprofloxacin  
 

The photocataly�c ac�vity was evaluated under simulated solar light irradia�on in 

an aqueous solu�on of the target molecule (CIP) and at room temperature (Figure 

4.5a). For all the samples, including TiO2 Reference (Anatase, Merck ≥ 99.5%), the 

CIP main absorbance peak located at 273 nm was monitored for 360 min. The per-

sistency of CIP in water under sunlight irradia�on was confirmed by the slight de-

crease in its C/C0 curve (∼13%). As widely stated in Chapter 2, the efficiency of 

photocataly�c processes, such as photodegrada�on, is strongly influenced by the 

type of adsorp�on phenomena which are affected by several factors including the 

pH of the solu�on.  The charge of both TiO2 surface and CIP molecules thus, their 

interac�on, are significantly influenced by the solu�on pH and their charges.  As 

reported in literature, CIP molecules can assume different charges according to the 

pH of the solu�on.  In detail, CIP will be in its anionic form in presence of alkali 

solu�ons, ca�onic form in acidic condi�ons and zwiterionic form at neutral pH. 

Addi�onally, the zero-point charge (pHzpc), known as the pH at which the catalyst 

surface is free of charge, is strongly affected by the hydrogena�on content. Since 

the pHzpc of hydrogenated TiO2 par�cles in water is below the neutral pH, it can be 

assumed that colored-THSs show a nega�vely charged surface, being stabilized by 

repulsive forces. Hence, the overall interac�on between the surface of the colored-

THSs with water molecules and, consequently, the adsorp�on of CIP, is altered. As 

a result, a�er 60 minutes of dark equilibra�on, CIP adsorp�on on the photocata-

lysts surface ranged from 2% for W_THS to 20% for DG_THS80 and 30% for TiO2 

Reference.  
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Figure 4.5 (a) Photocataly�c degrada�on of CIP as a func�on of irradia�on �me with and without 
catalysts (CIP curve) under simulated solar light irradia�on. (b) CIP degrada�on kine�cs with linear 
fits of the experimental data in dashed lines. (c) Legend and kine�c constant values for all the sam-
ples under simulated solar light (SSL). (d) Scavenger experiments of the ac�ve species for the deg-
rada�on of CIP in presence of G_THS. 

Upon 360 min under simulated solar light irradia�on, all the synthesized samples 

exhibited superior degrada�on rate of CIP with respect to TiO2 Reference (CIP deg-

rada�on only at 61.2% with a kine�c constant of 7.2 10−3 · min−1). The best per-

forming samples were G_THS and DG_THS. In detail, G_THS degraded 81.9% of CIP 

in 6 hours with a kine�c constant of 11.9 10−3 · min−1. Remarkably, DG_THS80 with 

its highest hydrogena�on content, showed reduced photocataly�c ac�vity among 

the colored samples. The role of surface defects such as Ti3+ centers and Ov, nota-

bly present in DG_THS80, have been widely discussed in literature and as men-

�oned in Chapter 3, their concentra�on has a strong impact on the overall photo-

cataly�c ac�vity.[29,30] Despite the increased absorbance ability toward higher 

wavelengths up to NIR region, a too high number of defects, ac�ng as recombina-

�on centers for photogenerated electron hole pairs, may boost the recombina�on 
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rate and cause a decrease in the overall photocataly�c efficiency. In G_THS the 

lower amount of surface defects prevents charge-carriers recombina�on, simulta-

neously promo�ng the conversion of oxygen molecules into superoxide radicals, 

necessary for CIP photodegrada�on.[31] Therefore, achieving op�mal photocataly-

sis requires a precise balance between light absorp�on and cataly�c ac�vity.  

The main ac�ve species responsible for CIP degrada�on were inves�gated by 

performing free radical trapping experiments on G_THS, the best performing 

sample. Free radical trapping experiments are frequently reported in literature, 

using several types of scavengers. In this case, N2 as superoxide radicals (O2-) scav-

enger, Oxalic Acid (OA) as holes (h+) scavenger and tert-butanol (tBuOH) as OH 

scavenger was selected. As can be no�ced from Figure 4.5d, G_THS photocataly�c 

efficiency is strongly inhibited when N2 and OA are introduced into the system, 

while barely influenced in presence of tBuOH. Therefore, it can be assumed that 

superoxide radicals and holes should be the two major reac�ve species involved in 

the CIP degrada�on by G_THS under simulated solar light irradia�on. 

The hydrogenated THSs exhibit enhanced absorbance in the visible region. Thus, 

for the best performing sample G_THS, photocataly�c ac�vity was also evaluated 

under both UV and Vis light to compare the obtained results and examine 

wavelength dependence. As expected, G_THS displayed notable ac�vity under 

both UV and visible light, achieving CIP degrada�on rates of 98% and 54%, respec-

�vely, following 180 minutes of irradia�on. Furthermore, a 3-cycle stability and 

reusability test was carried out, highligh�ng not only a slight improvement in 

degrada�on efficiency (+ 5%) but also a decline in CIP adsorp�on during the dark 

period from a 20% in the first cycle to an 11% in the last cycle. This behavior 

suggests the adsorp�on of degrada�on by-products on ac�ve sites, facilita�ng 

faster radical produc�on. Further details on photocataly�c tests under UV and Vis 

irradia�on and stability tests can be found in Paper-I Suppor�ng Informa�on.  
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4.1.4 Conclusions 
 

In this sec�on an affordable and easy way of synthesis to produce tunable hydro-

genated or colored �tania hollow spheres (THSs) composed of hierarchically as-

sembled nanopar�cles has been proposed. The hollow microstructures, combined 

with the defect engineered surface, enable the u�liza�on of solar light irradia�on 

toward a broader spectral range (200-1200 nm) compared to the untreated coun-

terpart. In addi�on, a highly efficient exploita�on of photogenerated charges for 

the photocataly�c degrada�on of a common water contaminant, like CIP, was rec-

orded. The most effec�ve photocatalyst showed an 82% degrada�on efficiency un-

der simulated solar light irradia�on, at room temperature and standard atmos-

pheric pressure. The inves�ga�on revealed a correla�on between the hydrogena-

�on degree, associated with the presence of Ov on the catalyst surface, and the 

enhancement of both op�cal absorp�on and overall photocataly�c ac�vity of THS 

samples. Addi�onally, as monitored by magne�c resonance, it has been high-

lighted that the hydrogena�on treatment process undoubtedly introduces defects 

not present in the pris�ne white THS.  

Taking advantage of the design, the recorded func�onality, and comprehension of 

the physicochemical proper�es, colored-THSs may represent a promising strategy 

to develop a new genera�on of efficient photocatalysts. Consequently, this sec�on 

offers insight to produce cheap, environmentally friendly, stable and efficient pho-

tocatalysts, showcasing great poten�al for the advancement of new technology, 

concerning the applica�on not only for water remedia�on, but also for energy in 

solar fuel produc�on.  
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4.2 Surface defects in nano-Cu/TiO2 par�cles 
 

Chapter 1 deeply examines how recent events have caused a global energy crisis 

in which natural gas is at the forefront, significantly leading to an increase in elec-

tricity costs worldwide.[32] In detail, concern for the poten�al return to the high 

use of tradi�onal biomass, resul�ng in increased greenhouse gas emissions, was 

highlighted. Oil and coal offer temporary solu�ons, which are inadequate in the 

long run.[33] Consequently, embracing low-emission alterna�ves as a more sustain-

able energy solu�on should be center stage.  

In this frame, a clean-energy economy toward renewable energy sources is emerg-

ing and hydrogen, as a clean energy carrier, has a leading role in this transi�on. 

Hydrogen is considered an ideal candidate thanks to its versa�lity, including the 

possibility to be generated from several processes and renewable sources, such as 

biomass or water, by using solar energy that holds the ability to provide energy 

exceeding the daily total global energy consump�on.[34] 

In the field of heterogeneous photocatalysis, alcohol photocataly�c reforming for 

the H2 produc�on stands as a good op�on, compared with other strategies such as 

conven�onal water spli�ng.[11,35] In general, as widely stated in Chapter 2, engi-

neered semiconductor photocatalysts with customized proper�es are essen�al to 

reach high photocataly�c ac�vity. Thus, processes such as side or back reac�ons, 

rapid photogenerated charge-carriers recombina�on, and catalyst deac�va�on 

due to low stability should be avoided or strongly delayed.[36,37] Overcoming these 

issues is crucial for the prac�cal applica�on of these systems on a larger scale. 

As an�cipated in Chapter 3, among various photocatalysts, commercial �tania P25 

is widely used as target material thanks to its outstanding performances.[34]  P25 is 

composed by a mixture of anatase and ru�le phases with an average crystallite size 

of ∼20 nm, having all the essen�al features to display strong photoac�vity that can 

be further improved.[38,39] Typically, enhancing TiO2 efficiency involves a series of 

approaches to tune its op�cal and electronic proper�es.[40–45] This can be achieved 
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by metal co-catalyst loading, while simultaneously varying the chemical surface 

composi�on.[38,46,47] In fact, metal co-catalyst loading is recognized as a good strat-

egy to hinder the fast charge-carriers recombina�on. However, together with this 

conven�onal method, surface defects engineering has emerged as a novel ap-

proach to enhance photocataly�c efficiency. Surface defects play a crucial role by 

inducing altera�ons in the charge distribu�on around �tanium and oxygen atoms 

inside TiO2 la�ce, by enhancing the photocarriers separa�on efficiency, promo�ng 

the adsorp�on of sacrificial agents and finally, extending the range of light absorp-

�on of the material.[48]  

Therefore, this sec�on examines surface defect engineered nano-Cu/TiO2 

(Cu2.0/gOx/P25 200) photocatalysts synthesized through an easy and cheap mi-

crowave (mw)-assisted hydrothermal synthesis, followed by the loading of copper 

metal co-catalyst through in-situ chemical reduc�on deposi�on procedure. In de-

tail, the combina�on of different methods, like surface engineering and metal co-

catalyst, is proposed as a feasible strategy to improve commercial P25 proper�es. 

Cu co-catalyst seem to enhance e-—h+ pairs separa�on efficiency, boos�ng the 

ability to perform photochemical reac�ons.[48] Whereas the introduc�on of surface 

defects, thanks to the presence of mid-gap states below TiO2 CB, leads to an im-

provement of the absorbance ability toward visible light, and promotes electron 

transfer increasing the photocataly�c ac�vity for the H2 produc�on. Addi�onally, 

benefi�ng from the excellent P25 �tania proper�es, including high surface-to-vol-

ume ra�o and stability, results in an easy way to improve the overall performance 

in light-driven chemical processes.  

 

4.2.1 Morphology and crystal structure 
 

Surface defects engineered nano-TiO2 photocatalysts were obtained through an 

easy mw-assisted hydrothermal synthesis, preparing a suspension of commercial 

P25 �tania in an aqueous solu�on of oxalic acid (Ox) in different molar ra�os 

(Ox/P25). Samples were labeled as gOx/P25 200, where g stands for the grams of 
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oxalic acid and 200 for the selected temperature in Celsius degrees (Figure 4.6a, 

step 1 and 2). Subsequently, during the photocataly�c tests under UV light irradia-

�on (using a 365 nm UV LED array equipped in the photoreactor), an in-situ pho-

todeposi�on was used to add nominal 2.0 wt% of Cu (labeled as Cu2.0) co-catalyst 

and gain the final photocatalysts labeled as Cu2.0/gOx/P25 200.  

 

Figure 4.1 (a) Synthesis scheme. TEM images of (b) bare P25 and (c) 2.5Ox/P25 200. HR-TEM im-
ages for (d) Cu2.0/3.0Ox/P25 200 and (e) Cu2.0/P25 200 with white arrows indica�ng Cu clusters.  

The crystallinity of the as-synthesized materials was inves�gated by XRD and mi-

cro-Raman analysis. As depicted in Figure 4.7a, b all the gOx/P25 200 samples dis-

played the typical patern of commercial P25, including both ru�le  and anatase 

phases. From XRD paterns (Figure 4.7a) and according to JCPDS card number 21-

1272, anatase phase is the most evident from the intense peaks at 2θ 25.3°, 37.7°, 

48.0°, 53.9° and 55.02° related to (101), (004), (200), (105) and (211) reflec�ons. 

The oxalic acid treatment did not affect the overall crystal structure of commercial 

P25. In fact, all the gOx/P25 200 samples retained the crystal structure of the bare 

P25. This is also confirmed by the more sensi�ve micro-Raman analysis. In fact, as 

shown in Figure 4.7b, the TiO2 anatase six main Raman ac�ve modes (A1g + 2B1g + 

3Eg symmetries) are detected at 143, 196, 398, 519 (overlapped with 515 cm-1 

band), 639 cm-1, corresponding to Eg, Eg, B1g, A1g, B1g and Eg vibra�onal modes. [38,49] 

Expectedly, TiO2 ru�le Raman ac�ve modes can only be es�mated at 140 (B1g), 235 
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(mul�photon process), 445 (Eg), 609 (A1g), and 825 cm−1 (B2g).[50] Moreover, the ad-

di�on of oxalic acid during the hydrothermal synthesis did not influence either the 

shape or the morphological and textural proper�es of commercial P25 as evi-

denced by BET (Brunauer-Emmet-Teller) analysis, performed through N2 phy-

sisorp�on, and TEM micrographs (Figure 4.6b, c and Figure 4.7c, d).  

 

Figure 4.2 (a) XRD paterns; (b) Raman spectra; (c) N2 adsorp�on-desorp�on isotherms for P25 200 
and gOx/P25 200 samples; (d) BET surface area values for all the samples including the Evonik P25 
reference. All the curves in (a), (b) and (c) follow the color palete reported in (d). 

In detail, no relevant differences on BET surface area values, calculated from N2 

adsorp�on-desorp�on isotherms, were detected and all the gOx/P25 200 samples 

showed similar values compared to the bare commercial P25 (Figure 4.7d). These 

results suggested that the oxalic acid treatment process led to surface modifica-

�ons.  Observing the HR-TEM micrographs in Figure 4.6d, e, it is evident that the 

hydrothermal treatment in acidic condi�ons led to an increase in the surface ru-

gosity of gOx/P25 200 samples. This is confirmed by the loss of anatase planes and 

the presence of a 2-3 nm well-defined amorphous shell at the surface, not occur-

ring in the P25 sample hydrothermally treated with water (Figure 4.6d vs 4.6e). In 
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addi�on, surface modifica�ons have also affected Cu co-catalyst deposi�on (white 

arrows in Figure 4.6d, e), thus the size of Cu clusters was smaller in Cu2.0/gOx/P25 

200 samples than P25 200 sample (i.e., 1-2 nm versus 5-6 nm for Cu2.0/3.0Ox/P25 

200 and Cu2.0/P25 200, respec�vely).  

 

4.2.2 Detec�on of defects 
 

As already men�oned, the presence of defects such as Ti3+ and oxygen vacancies, 

resul�ng in the introduc�on of con�nuos energy band states directly below the CB 

of TiO2, can be inves�gated by combining the use of op�cal characteriza�ons and 

X-ray photoemission spectroscopy. The DRUV-Vis-NIR spectra (Figure 4.8a) 

showed the the main absorp�on feature related to the typical op�cal bandgap of 

TiO2. This feature is responsible for the strong absorp�on edge at ∼370 nm and it 

is associated to the O2- (2p) → Ti4+ (3d) trasi�on. No�ceably, a slight red-shi� of the 

primary band towards higher wavelengths compared to the pure P25 reference 

was observed. The oxalic acid hydrothermal treatment at 200°C enhanced the 

absorbance ability within the 350-400 nm range, when compared to the pure P25 

reference (Figure 4.8b). This prompted considera�on toward the existence of 

surface defects, like Ti3+ species and oxygen vacancies as supported from a slight 

decrease of the bandgap energy values, calculated from the Tauc Plot through the 

intercept method (Figure 4.8c, d).[48,51] Since the enhancement of light absorp�on 

in the vis-NIR region can be enabled by the presence of a disordered surface layer 

or surface defects[14,16,21], the NIR region was also explored (refer to Figure 4.8a,b). 

Clear differences across all the spectra compared to the untreated P25 were 

detected. Notably, a broad band centered at 1450 nm and an increase in the 

absorbance ability star�ng from 850 nm were observed. The absorp�on feature at 

1450 nm was likely due to water molecules adsorbed onto the surface of the 

treated samples, P25 200 and gOx/P25 200, as opposed to the reference untreated 

P25. Both the use of oxalic acid and the 200°C temperature treatment appeared 
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to induce surface modifica�ons, altering the composi�on of func�onal groups 

exposed on the surface of the photocatalysts. 

 

Figure 4.3 (a) DRUV-vis-NIR spectra; (b) Kubelka-Munk func�ons with inset-graphs focusing on the 
band changes in UV and NIR region; (c) Tauc plots and (d) Bandgap energies comparison for all the 
samples, including Evonik P25 reference. 

 

Addi�onally, the appearance of that broad band at 1450 nm, could be atributed 

to a higher number of surface oxygen vacancies, also known for their affinity to 

bind water molecules.[46] This was also proven by XPS analysis. The XPS core level 

analysis for all the samples is shown in Figure 4.9a. All the core levels spectra were 

acquired at hν = 750 eV.  Focusing on the O1s spectra from lower to higher binding 

energies, the fited four components correspond to O2- of stoichiometric TiO2 

(530.20 - 530.40 eV), -OH groups adsorbed on TiO2 surface (531.60 - 532.20 eV), -

O (532.65 - 532.95 eV) and -OH (534.05 - 534.3 eV) groups bound to C from surface 

contaminants or H2O molecules adsorbed on TiO2 surface.[25,26] Notably, the later 

component displayed an increasing trend along the spectra, poten�ally indica�ng 

a rising density of surface oxygen vacancies. Concerning the Ti2p spectra, no 



99 
 

evidence of Ti3+ centers was detected, as evidenced by the fited doublet associ-

ated with Ti4+.  

 

 

 

Figure 4.4 (a) O1s, Ti2p and valence band spectra of the P25, P25 200 and gOx/P25 200 samples. 
The zoomed valence band spectra indicate the presence of defect states (arrows) in the gap of all 
samples. Doted lines are guides to the eye for the iden�fica�on of the defect-related peaks. (b) 
O1s, Ti2p, Cu3p and valence band spectra of the Cu2.0/P25 (top) and Cu2.0/3.0Ox/P25 200 (botom) 
samples.  

 

The later statement is also confirmed by the O/Ti atomic ra�os (Table 4.1), derived 

from the area of O2- peak and Ti4+ doublet normalized for the respec�ve photoe-

mission cross sec�ons at hν = 750 eV (0.24 and 0.7).[52] In fact, for all the samples 

it is 2.09±0.09, thus very close to the stoichiometric ra�o. 
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Table 4.1 O/Ti ra�o in P25, P25 200 and gOx/P25 200 samples. 

Sample O/Ti ra�o 

P25 2.10 

P25 200 2.05 

2.0Ox/P25 200 2.02 

2.5Ox/P25 200 2.12 

3.0Ox/P25 200 2.17 

4.0Ox/P25 200 2.12 
 

The valence band spectra at hν = 468 eV showed minimal differences in the O2p-

derived states (4-9 eV binding energy), but in the gap region (Figure 4.9a, valence 

band zoom), a feature related to O vacancy at 1.25 eV increased sequen�ally for 

P25, P25 200, and 2.0Ox/P25 200 samples. Conversely, the other three samples 

exhibited a significant broadening of this feature, forming two peaks at 1.45 and 

0.30 eV. This behavior can be associated with surface modifica�ons induced by ox-

alic acid treatments, giving rise to the observed amorphous shell in Figure 4.6d. 

Even if the discussed data do not allow to determine the exact origin of these new 

mid-gap states, their loca�on aligns with the defect states near the botom of TiO2 

CB.  

Further evidence about the presence of surface modifica�ons came from photolu-

minescence (PL) emission spectroscopy. As widely discussed in Chapter 2 and 3, 

emission processes in semiconductors are highly related to photogenerated charge 

carriers recombina�on[53] and one of the most significant TiO2 drawbacks is its fast 

e-—h+ pairs recombina�on. Moreover, the higher the recombina�on rate, the 

higher the PL intensity. Therefore, PL emission spectra for all gOX/P25 200 samples 

(including P25 reference) in the range 380-600 nm with an excita�on wavelength 

of 350 nm were recorded (Figure 4.10). As expected, the highest emission intensity 
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was acquired for bare P25 catalyst (dashed black line in Figure 4.10). It is important 

to highlight that non-radia�ve recombina�on pathways can reduce the overall PL 

intensity. However, considering similar non-radia�ve recombina�on channels 

across all samples, the existence of surface defects or adsorbed water molecules 

reduced the rate of radia�ve recombina�on, leading to decreased emission inten-

si�es for all the treated samples. Oxygen vacancies, i.e. the presence of -OH groups 

or H2O molecules adsorbed on TiO2 surface, typically work as trapping centers for 

photogenerated electrons, decreasing the e-—h+ pairs radia�ve recombina�on by 

simultaneously promo�ng electron transfer processes.[54,55] Accordingly, the over-

all charge-carriers separa�on efficiency can be enhanced.  

 

Figure 4.5 Photoluminescence spectra for all gOX/P25 200 samples, including Evonik P25 reference. 

 

Addi�onal inves�ga�ons were conducted by performing XPS analysis on Cu2.0/P25 

and Cu2.0/3Ox/P25 200 (Figure 4.9b). Notably, the Cu3p peaks binding energy 

(Cu3p3/2 at 75.40 eV) and the lack of CuO characteris�c correla�on features toward 

high binding energies,[56] suggested the presence of Cu2O on the surface of the Cu 

co-catalyst.[57] Moreover, the O1s spectra showed varia�ons from the ini�al O1s 

spectra before the introduc�on of Cu in the rela�ve weight of the peak at 530.40 

eV, derived from the overlapping O2- components of TiO2 and Cu2O. There were no 

significant differences in the Ti2p spectra, which were similar to those observed 

for bare P25 and gOx/P25 200 samples. The wide valence band feature at about 

4.00 eV can be atributed to the Cu3d states of copper(I) surface oxide. 
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Interes�ngly, the photoemission signal origina�ng from Cu4sp states, overlapping 

with the bandgap region of the P25 and 3.0Ox/P25 200 substrates, does not allow 

the iden�fica�on of defect states close to the Fermi level. 

 

4.2.3 H2 produc�on from methanol photoreforming 
 

The H2 produc�on through methanol reforming under UV light, at room tempera-

ture and atmospheric pressure, was monitored to evaluate the photocataly�c ac-

�vity of gOx/P25 200 samples. A con�nuous flow reactor purchased from Apria 

System was used. Figure 4.11 shows the H2 produc�on rates and the apparent 

quantum yield (AQY) evolu�on over �me referred to methanol photoreforming re-

ac�on. In addi�on, according to what is reported in literature and experimental 

results provided in this work, the band scheme diagram for e-—h+ pairs separa�on 

in Cu2.0/gOx/P25 200 catalysts was proposed (Figure 4.11d).[54,55,58] As men�oned 

before, the loading of nominal 2.0 wt% Cu co-catalyst was obtained through the 

in-situ photoreduc�on while star�ng the photocataly�c test, meaning that copper 

nanopar�cles (NPs) were created a�er the genera�on of e-—h+ pairs upon UV light 

irradia�on, ini�a�ng oxida�on and reduc�on reac�ons. During the photocatalysis, 

surface defects may have a crucial role ac�ng as trapping states for electrons. Thus, 

e-—h+ pairs separa�on efficiency and reduc�on reac�ons rate can be improved, 

benefi�ng not only the forma�on of Cu NPs on the surface of gOx/P25 200 cata-

lysts, but also the overall H2 produc�on. Therefore, as evidenced by a 15-minute 

delay on the H2 produc�on (see the flat region between 0 min and 30 min in Figure 

4.11a), Cu NPs deposi�on occurs before the beginning of the photocataly�c re-

forming reac�on. Observing the H2 produc�on rates curves in Figure 4.11, the mw-

assisted hydrothermal synthesis significantly enhanced the photoreac�vity when 

the oxalic acid loading exceeded the amount of 2.0 g but remained below 4.0 g. In 

fact, the op�mum sample (Cu2.0/3Ox/P25 200) showed excellent photocataly�c 

produc�on rate of 6.8 mmol·h-1·g-1, twice higher rate than the pris�ne system 

(Cu2.0/P25). 
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Figure 4.6 (a) H2 produc�on rates; (b) H2 rates; (c) calculated AQYs for Cu2.0/P25 Cu2.0/P25 200 and 
Cu2.0/gOx/P25 200 photocatalysts; (d) Scheme diagram of Cu2.0/gOx/P25 200 system. 

 

In addi�on, a stability test for the best performing sample (Cu2.0/3Ox/P25 200) was 

carried out, showing a rather stable behavior a�er a long-�me reac�on �me of 12 

hours (Figure 4.12). It has to be pointed out that the amount of surface defects is 

a crucial factor that influences the overall H2 produc�on. In fact, when the system 

was treated with oxalic acid content lower than 2.5 g or higher than 3.0 g, the 

efficiency of the system decreased, as marked by H2 yields evaluated at 6 hours of 

experiment expressed in mmol·g-1 and the calculated AQY (Figure 4.11b, c). 
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Figure 4.7 H2 produc�on rate and yield for Cu2.0/3Ox/P25 200 photocatalysts system. 

 

In this frame, Cu2.0/3Ox/P25 200 sample demonstrates superior performance, 

achieving an H2 yield of 29.5 mmol·g-1 and an AQY of 0.47%, surpassing Cu2.0/P25 

significantly. Addi�onally, the H2 produc�on reac�on reached a steady state a�er 

6 hours of irradia�on (flat region a�er 180 min in Figure 4.11a), leading to the 

conclusion that the catalyst surface defects remained stable.  

 

4.2.4 Conclusions 
 

This sec�on dealt with an innova�ve synthesis to improve the photoac�vity of the 

well-known commercial P25 �tania based on the combina�on of two approaches, 

namely surface-defects engineering and Cu co-catalyst loading through an in-situ 

photodeposi�on method. The photocataly�c ac�vity of the as-synthesized 

Cu2.0/gOx/P25 200 photocatalysts was evaluated monitoring the H2 produc�on 

through methanol photoreforming reac�on under UV light irradia�on. The best 

performing sample (Cu2.0/3Ox/P25 200) exhibited outstanding photocataly�c H2 

produc�on rate of 6.8 mmol·h-1·g-1, twice as high as the pris�ne Cu2.0/P25 system, 

as also proven by the calculated AQY. The synergic use of XPS and op�cal 
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characteriza�ons, drove to the conclusion that the notable enhancement in the 

final performances of the system can be atributed to the presence of surface de-

fects, specifically oxygen vacancies, along with the use of copper as a co-catalyst. 

Surface-engineered commercial P25 nanopar�cles coupled with Cu co-catalyst can 

enhance the electron-hole separa�on efficiency, extend the absorbance ability for 

the crea�on of mid-gap states below the TiO2 CB and, consequently, boost the 

overall photocataly�c ac�vity.  

In conclusion, customizing the surface proper�es of commercial P25 presents a 

promising strategy to overcome the common limits of TiO2-based photocatalysts. 

This approach opens the way for advancing new technologies for large-scale en-

ergy applica�ons.  
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Chapter 5 – Homojunctions & Het-
erojunctions 
 

 

 

 

 

 

The crea�on of homojunc�ons and heterojunc�ons is frequently regarded as an 

effec�ve strategy for increasing the performance of TiO2-based photocatalysts. The 

main body of this chapter is based on the appended Paper-III, provided at the end 

of the disserta�on and available under license by Elsevier, and a submited under 

review Paper-IV. In detail, the first sec�on based on Paper-III is focused on 

TiO2/TiO2−x homojunc�ons, obtained by combining nanorods (NRs) hydrothermal 

growth and sputering layer deposi�on technique, as easily recoverable photocata-

lysts for environmental applica�ons in industrial processes such as wastewater pu-

rifica�on from dyes. The second sec�on, based on Paper-IV, is focused on hetero-

junc�on forma�on between atomic layered deposited TiO2 ultrathin films and 1D 

hema�te nanorod arrays. To assess the role of TiO2 overlayer thickness, photoe-

lectrochemical water spli�ng (PEC WS) tests of TiO2/Fe2O3 heterojunc�ons were 

carried out, under both UV and visible light irradia�on. 
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5.1 TiO2 NRs array homojunc�ons  
 

As described in Chapter 1, water pollu�on stands as a cri�cal concern due to the 

high release and spread of numerous pollutants from industrial ac�vi�es. Among 

all, the tex�le sector plays a pivotal role by releasing substan�al amounts of dyes 

caused by the incomplete fabric fixa�on and resistance to oxidizing and reducing 

agents.[1–3] The United States Environmental Protec�on Agency (US EPA) men�ons 

that around 40 liters of clean water per kilogram of fabrics are needed during a 

standard dyeing process. This leads to adverse effects on ecosystems and human 

health,[4,5] par�cularly when untreated wastewater is directly discharged into the 

environment. Thus, AOPs have been gaining aten�on to promote the photo-oxi-

da�on and degrada�on of a wide range of wastewater contaminants.[6]  

As reported in Chapter 2, in his forward-thinking 1912 ar�cle, Giacomo Ciamician 

highlighted that photochemistry can be considered a sustainable way to easily per-

form chemical reac�ons and degrade pollutants by harnessing solar energy.[7] 

Thus, solar-driven heterogeneous photocatalysis is introduced for the great poten-

�al of semiconductors, including TiO2, to interact with suitable wavelengths and 

produce e−–h+ pairs able to degrade dyes via radical reac�ons.[8,9] 

In Chapter 3, the versa�lity and the ease of synthesis of TiO2 nanomaterials have 

been pointed out. Several techniques can be applied to obtain the desired shape 

and morphology. In this frame, techniques like radiofrequency (RF) magnetron 

sputering, a physical vapor deposi�on (PVD) method, are extensively employed to 

obtain thin films possessing controlled thickness, desired composi�on, high purity, 

and excellent adhesion to the substrate.[10,11] In addi�on, the possibility to use thin 

films deposited on a suitable substrate, including TiO2 or TiO2-x films, opens the 

way to the crea�on of easily recoverable catalysts.  

However, the design and combina�on of suitable morphologies is one of the most 

atrac�ve strategies to enhance the overall performance for a selected photocata-

lyst.[12]  Among all the TiO2 shapes, ru�le NRs grown on the conduc�ve side of 
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fluorine-doped �n oxide (FTO) glasses have been extensively inves�gated and con-

sidered promising in the field of heterogeneous catalysis thanks to their poten�al 

recoverability in wastewater treatment processes. Furthermore, several studies 

have shown that the ru�le rod configura�on, enhancing the charge carriers recom-

bina�on delay and showing an increased number of surface ac�ve sites, may im-

prove the overall organic pollutants photodegrada�on efficiency under UV light. 

Specifically, the prolonged delay in the recombina�on of e−–h+ pairs can be at-

tributed to several factors, including quantum confinement effects (i.e., nanorods 

have a radius smaller than the exciton Bohr radius) and the presence of trapping 

centers both at the material surface and bulk. [13,14] 

Several studies have reported the effec�veness of oxygen vacancies-doped TiO2 

NRs array homojunc�on in significantly increasing the UV-Visible driven photocata-

ly�c processes compared to the bare material.[15,16] Thus, the introduc�on of sub-

stoichiometric TiO2-x thin films through the radiofrequency (RF) sputering deposi-

�on method with a precise control on the oxygen vacancies concentra�on (i.e., 

decreasing the par�al pressure of oxygen in the working gas) is proposed as a good 

approach to effec�vely build a TiO2/TiO2-x homojunc�on. In principle, the crea�on 

of a homojunc�on between the TiO2 NRs array and the substoichiometric TiO2-x 

thin film leads to several advantages. As an�cipated in Chapter 3, the composite 

system will induce changes in the electronic structure, leading to broadened ab-

sorbance ability toward visible light and increased photocataly�c proper�es com-

pared to the bare material. The interac�on between the two components of the 

homojunc�on compensates for the limits of each material. From one side, accord-

ing to the oxygen vacancies concentra�on, TiO2-x surface layer will show a narrower 

and tunable bandgap, leading to an increase in the overall light absorp�on over-

coming the major TiO2 limit.[17,18] From the other, the fast charge-carriers recombi-

na�on in TiO2-x overlayer (due to the presence of a high number of Ov) is de-

layed.[16,19] 

In this sec�on the role of the TiO2-x overlayer deposited through the RF magnetron 

sputering is inves�gated by monitoring the photocataly�c performances of pure 
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and sputered TiO2 NRs samples. The number of cycles for the crea�on of the seed 

layer to grow TiO2 NRs and the O2 par�al pressure of the vacuum chamber in the 

sputering deposi�on were tuned to op�mize the homojunc�on proper�es. All the 

photocatalysts were tested for methylene blue (MB) photodegrada�on reac�on, 

under UV and simulated solar light irradia�on at room temperature and atmos-

pheric pressure. A deep correla�on between the photocataly�c ac�vity and the 

physicochemical and op�cal proper�es of the homojunc�ons is proposed.  

 

5.1.1 Morphology and crystal structure 
 

To obtain TiO2/TiO2-x homojunc�ons, �tania NRs (TNR) were first synthesized 

through a hydrothermal growth method, which involved the use of two different 

solu�ons, a seed layer solu�on and a NRs growth solu�on, respec�vely. Before the 

hydrothermal treatment, the seed solu�on was deposited over the conduc�ve sur-

face of a FTO glass by means of a spin coater. According to the number of repe�-

�ons of the seed layer deposi�on, samples were labelled as single layer (SL) or 

double layer (DL). The desired homojunc�on was finally obtained by physical vapor 

deposi�on. TiO2-x nanostructures were deposited over TNR surface by reac�ve 

sputering deposi�on in a custom-made RF magnetron sputering deposi�on sys-

tem. Each sputering deposi�on involved a target of pure metallic �tanium using a 

13.56 MHz RF source and three reac�ve O2 in Ar atmospheres (or working gas com-

posi�ons): 90%+10%, 85%+15% and 80%+20%. Samples are referred to as XTNRY, 

where X stands for SL or DL and Y for 10, 15, 20 % of O2 in Ar. For instance, sample 

SLTNR10 is made using a single layer of seed solu�on and it has been sputered 

under a 10% O2 in Ar atmosphere (further details in Table 5.1 and appendix A).  
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Table 5.1 Sample label, layer type, working gas composi�on and deposi�on �me of the synthesized 
photocatalysts.      

Label Seed layer type *Ar+O2 

(%) 

Gas deposi�on �me (s) 

SLTNR Single - - 

DLTNR Double - - 

SLTNR10 Single 90+10 3600 

DLTNR10 Double 90+10 3600 

SLTNR15 Single 85+15 4000 

DLTNR15 Double 85+15 4000 

SLTNR20 Single 80+20 4685 

DLTNR20 Double 80+20 4685 

* total pressure = 50·10-4 mbar      

 

FE-SEM images of TNR samples before and a�er the sputering layer deposi�on 

are reported in Figure 5.1(a-d). Both the SL and DL series showed the presence of 

nanostructured ver�cally aligned TNRs, which were strongly packed and uniformly 

distributed on the FTO glass surface. Each rod appeared with a square cross-sec-

�on geometry and a rela�vely uniform average size of 78 ± 4 nm for SL and 68 ± 5 

nm for DL, respec�vely (further details on the calcula�on methods applied are re-

ported in Appendix A). In addi�on, the cross-sec�on imaging analysis (Figure 5.1d) 

revealed an average TNR layer thickness of 310 ± 63 nm for SLTNR and 350 ± 84 

nm for DLTNR. Figure 5.1c-d shows FE-SEM images of the sputered samples, re-

vealing the presence of the overlayer of thinner TiO2-x nanorods on the pris�ne 

TNR surface, proving the effec�veness of the sputering deposi�on.  

Furthermore, atomic force microscopy (AFM) topography images of SLTNR and 

SLTNR15 nanorod arrays (Figure 5.2a,b) acquired in tapping mode, further proved 

the overall SEM findings. In fact, both SLTNR and SLTNR15 nanorod arrays showed 

an overall uniform coverage and further evidence of thinner nanorods in the sput-

tered sample, implying a subsequent growth onto the exis�ng nanostructures. In 
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addi�on, the acquisi�on of line profiles allowed to es�mate the lateral size of 

SLTNR and SLTNR15 (see in Paper-III, suppor�ng informa�on).   

 

Figure 5.1 (a-d) SEM images of bare (a) SLTNR and (b) DLTNR at different magnifica�ons and a�er 
the sputering deposi�on (c) from top and (d) cross-sec�on view (e) XRD diffractogram comparing 
pris�ne FTO glass and both stages of seed (SLTNR, DLTNR) and sputered layers (SLTNR15 and 
DLTNR15). 

 

In the SLTNR sample, nanorods spanning approximately 75 nm to 87 nm in lateral 

dimension were iden�fied, whereas the sputered sample (SLTNR15) displayed a 

smoother and more consistent surface, featuring elements with a reduced diame-

ter ranging from about 17-25 nm.  

Discrepancies based on profile irregulari�es can be highlighted by surface rough-

ness parameter. In this case, since TNRs are showing ver�cal profiles, surface 

roughness was assessed through amplitude parameters, among which the root 

mean square (rms) roughness (Rq) is included. Rq represents the standard devia-

�on of the Z height,[20] and the extrapolated values for SLTNR and SLTNR15 were 

19.6 nm and 2.2 nm, respec�vely. The higher Rq value for SLTNR can be atributed 
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to the weak packing of nanostructures, as previously observed in FE-SEM analyses 

(Figure 5.1). The decline in roughness highlighted by AFM findings further indicates 

that the incorpora�on of sub-stoichiometric TiO2-x induced a subsequent growth 

of thinner nanorods over the bare TiO2 nanostructures. 

 

 

 

Figure 5.2 AFM 3D morphologies of (a) SLTNR and (c) SLTNR15 samples. AFM 2D images of (b) 
SLTNR and (d) SLTNR15 nanorod arrays.  

Concerning the crystalline structure, the XRD paterns for all the samples are 

shown in Figure 5.2e. In both the SLTNR and DLTNR samples, a peak can be de-

tected at 2θ of 36°, corresponding to the (101) peak associated with the ru�le crys-

talline phase. The 2θ peak at 64° was iden�fied as the (002) peak, indica�ng the 

ver�cally aligned structure of the rods growing perpendicular to the surface of the 

FTO along the [001] direc�on.[21] As a result, it is evident the preferen�al orienta-

�on growth towards the ru�le phase, indica�ng a single crystal growth perpendic-

ular to the FTO substrate. It is worth no�ng that several factors may significantly 

influence the TNR growth. One crucial parameter is the �tanium precursor amount 
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in both the seed and hydrothermal growth solu�ons used in the synthe�c proce-

dure. In fact, the crystallinity of ru�le nanorods was enhanced by the increasing 

concentra�on of �tanium butoxide, used as Ti source.  

 

5.1.2 Surface composi�on and op�cal proper�es 
 

The surface chemical composi�on (atomic percent concentra�on, at. %) before 

and a�er 1 minute Ar+ etching for all the samples is shown in Table 5.2. A high 

content of surface carbon was detected, thus high-resolu�on C1s core level spec-

tra are depicted in Figure 5.3 (le� panel). All the C1s core level spectra can be fited 

with four components at 284.8, 286.2, 287.5 and 288.7 eV. The main contribu�on 

at 284.8 eV was assigned to the presence of -C-C- and -C=C- bonds. The second, at 

286.1-286.3 eV was atributed to C-O and C-N groups. In addi�on, at 287.5-287.6 

eV and 288.7-288.8 eV appeared two weak components that can be assigned to 

residual C=O and carboxylate groups, respec�vely.[22,23] Following Ar+ etching, a 

significant reduc�on in the carbon content is observed, sugges�ng that the major 

contribu�on originated from adven��ous carbon contamina�on. 

Table 5.2 Surface chemical composi�on (at. %) determined by XPS. 

Sample C O N Ti Si 

DLTNR10 44.7 42.0 - 13.3 - 

SLTNR10 48.3 37.6 2.5 11.6 - 

DLTNR15 44.8 40.3 1.3 13.6 - 

DLTNR20 45.1 38.2 1.2 11.5 4.0 

SLTNR20 47.3 36.9 1.6 9.9 4.3 

DLTNR10* 10.9 61.7 - 27.4 - 

SLTNR10* 12.3 60.1 1.0 26.6 - 

DLTNR15* 11.2 60.7 0.8 27.3 - 

DLTNR20* 9.20 61.6 0.8 30.0 1.4 

SLTNR20* 10.5 59.4 1.1 26.9 2.1 

*A�er 1 min Ar+ etching 
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From Ti2p core level spectra (Figure 5.3, on the center), the Ti2p3/2 signal at binding 

energies 458.4-458.6 eV and atributed to the presence of Ti4+ was detected.[24] 

However, upon the 1 min Ar+ etching procedure needed to remove surface con-

tamina�on, the presence of sub-stoichiometric �tania was proved. In fact, a 2p 

doublet, overlapping the Ti4+ signals, was detected at lower binding energies (Fig-

ure 5.3, on the right). In all the sputered samples the mean distance between 

these 2p signals was es�mated to be 1.5 eV.  

In addi�on, in Table 5.2. is reported the presence of N and Si for some samples. 

Nitrogen may be ascribed to contamina�on resul�ng from mishandling during 

sample prepara�on. In fact, Ar+ etching led to a decrease in its content, proving its 

existence only at the surface of the sample. Instead, the presence of Si in DLTNR20 

and SLTNR20 was probably due to the leaching of the FTO glass following the hy-

drothermal condi�ons. However, no traces of F and Sn coming from FTO were de-

tected for all the studied samples.      

Figure 5.3 High resolu�on XPS bands: C 1s (on the le�), Ti 2p before (on the center) and a�er (on 

the right) mild Ar+ sputering for removing surface contamina�on. 

Concerning the op�cal proper�es of the prepared junc�ons, the UV-Vis absorp�on 

spectra are shown in Figure 5.4. Both SL and DL TNR samples showed the typical 

TiO2 UV strong absorp�on band, slightly shi�ed toward the visible region com-

pared with the bare FTO glass profile. It has to be pointed out that the oscilla�ons 

detected above 400 nm may be related to interference effects from internal reflec-

�ons. Notably, the homojunc�on crea�on caused the redshi� in the absorp�on 

edge, leading to an extension of the overall absorp�on towards higher wave-

lengths up to ∼800 nm. As expected, the red-shi� intensity increased with 
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decreasing of oxygen concentra�on in deposi�on working gas (from 30 to 10 %), 

thus with TiO2 becoming more sub-stoichiometric. In addi�on, a�er the sputering 

deposi�on, the overall absorp�on increased in the full visible spectral range. Con-

sequently, the TiO2/TiO2-x homojunc�on crea�on effec�vely improved the overall 

spectral response.[15] This is also confirmed by the indirect bandgap energies (val-

ues in Figure 5.4, right panel) calculated from Tauc plots (Figure 5.4c,d).[25] As ex-

pected, there is a clear correla�on between the bandgap values and the increasing 

stoichiometry in the composi�on of the deposited TiO2-x layer. The lowest meas-

ured value was accounted for SLTNR10 sputered sample (2.8 eV), whereas the 

highest was for SLTNR20 sample (3.4 eV).  

 

Figure 5.4 Transmitance UV-Vis spectra (top) and Tauc plots (botom) referring to (a, c) SLTNRX 

series and (b, d) DLTNRX series. The energy bandgap values are listed in the inset table. 

 

5.1.3 Photodegrada�on of Methylene Blue 
 

XTNRY photocataly�c actvity was evaluated monitoring Methylene Blue (MB) 

photodegrada�on, following the evolu�on over light irradia�on �me  of its 
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maximum absorp�on band at 664 nm. MB was selected as photocataly�c probe 

molecule since it is a well-known pollutant dye, being a hardly degradable 

heterocyclic aroma�c compound. Moreover, MB photodegrada�on pathway in 

presence of TiO2 systems under UV light, is deeply inves�gated and easily 

detectable. In fact, it is based on the conversion toward harmless and less complex 

molecules such as CO2, nitrate, ammonium and sulfate ions.[26] However, Leuco 

Methylene Blue (LMB), the colorless reduced form of MB, can be produced causing 

the back-crea�on of the star�ng MB molecules. Thus, the presence of LMB was 

also inves�gated, by monitoring its typical absorp�on around 520 nm.[27] Each 

experiment was carried out at room temperature and atmospheric pressure, under 

both UV and simulated solar (SS) light irradia�on, recording UV-Vis spectra in the 

range 300-800 nm at different photoreac�on �mes. As showed in Figure 5.5a,b, 

the decrease in the absorp�on peak at 664 nm can be ascribed to the 

decomposi�on of benzene rings and heteropoly aroma�c bonds in MB undergoing 

photodegrada�on in presence of  XTNRY photocatalysts. Addi�onally, the presence 

of LMB was not detected neither under UV nor SS light experiments.  

 

 

Figure 5.5 Methylene blue (a,b) absorp�on spectra for SLTNR15 under UV and DLTNR15 under 
simulated solar (SS) light. Photodegrada�on curves of the inves�gated samples under (c, d) 
simulated solar light and (e, f) UV light irradia�on at room temperature and atmospheric pressure. 
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In Figure 5.5(c-f) the C/C0 curves for all XTNRY samples under both UV and SS light 

irradia�on are reported. Moreover, degrada�on efficiencies, pseudo-first order ki-

ne�c constant values with rela�ve uncertain�es k ± δk (10-3 · min-1), calculated 

from the non-sta�onary regime data during light irradia�on, are listed in Table 5.3 

(further details in Paper-III, suppor�ng informa�on). The adsorp�on phenomena 

under dark equilibra�on �me can be observed from the C/C0 curves. As men�oned 

before, the pH of the system related to the point of zero charge (pHzpc) of the ma-

terial highly influences the adsorp�on of the probe molecules onto the catalyst 

surface. Specifically, the MB solu�on pH (∼6.2) is higher than the FTO pHzpc. In fact, 

FTO showed the highest ability to adsorb MB molecules with a consequent strong 

reduc�on in the MB concentra�on (up to 40%). Interes�ngly, regarding the adsorp-

�on in XTNRY samples, a correla�on can be no�ced between the decrease in MB 

concentra�on (from 2% to 17%) and the increase in the O2% in Ar. In detail, the 

presence of a TiO2-x overlayer, showcasing an increased quan�ty of surface-ex-

posed hydroxyl groups, results in a greater tendency for interac�ons with the ex-

posed func�onal groups of MB dye. When exposed to UV light, all XTNRY photo-

catalysts demonstrate remarkable cataly�c performances, resul�ng in a consider-

able degrada�on efficiency (%DrUV), varying from 30% to 99%.  

 

Table 5.3 Degrada�on efficiency (% Dr) and k values for all the samples both under UV and Simu-
lated Solar Light (SS) irradia�on. 

Sample %DrUV %DrSS kUV ± δkUV (10-3 · min-1) kSS ± δkSS (10-3 · min-1) 

SLTNR 36 73 - - 

DLTNR 43 78 - - 

SLTNR10 32 70 1.6 ± 0.2 4.9 ± 0.4 

DLTNR10 53 65 8.0 ± 1.0 4.2 ± 0.6 

SLTNR15 99 86 9.0 ± 1.0 6.8 ± 0.5 

DLTNR15 44 70 2.8 ± 0.4 3.5 ± 0.5 

SLTNR20 66 65 4.9 ± 0.5 6.3 ± 0.5 

DLTNR20 53 70 2.4 ± 0.3 3.0 ± 0.4 
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Figure 5(c-f) illustrates that both bare single layer (SL) and double layer (DL) TNR 

samples exhibited photocataly�c ac�vity, resul�ng in behavior conforming with 

the sputered samples. Among these, SLTNR15 displays the highest photoac�vity, 

showcasing a kine�c constant for MB degrada�on of approximately 9·10-3·min-1 

and achieving a remarkable 99% dye degrada�on a�er 360 minutes. Despite simi-

lar band gap energy values, the SLTNR15 sample, as derived from XRD analysis and 

SEM images, showed a desired morphology aligned ver�cally compared to 

DLTNR15 (having the same stoichiometry).  The significant improvement of 

SLTNR15 in the overall photocataly�c efficiency can be atributed to the synergis�c 

effect among crystalline structure, morphology and oxygen content in sub-stoichi-

ometric sputering deposi�on. The same result can be observed by comparing the 

photodegrada�on profiles of all samples, with SLTNRY series being more efficient 

than DLTNRY series. The aim of this inves�ga�on was to design TiO2/TiO2-x homo-

junc�ons to improve photocataly�c efficiency when exposed to solar light. Overall, 

each sample exhibited an extended efficiency in degrading MB under simulated 

solar light, without any excep�ons (Table 5.3). The cataly�c performance of these 

systems aligns with their op�cal characteriza�on: the redshi� in band edge absorp-

�on poten�ally accounts for the increase in photocataly�c efficiency. The most ef-

fec�ve sample remained SLTNR15, achieving an 86% degrada�on of MB with a k 

value of approximately 7·10-3·min-1, thereby valida�ng previous results. Further-

more, the peculiar synthe�c strategy by using FTO glasses enables to easily recover 

the photocatalyst from the slurry system, useful for a future large-scale prac�cal 

applica�on. Thus, stability and reusability tests were carried out on the best per-

forming sample (i.e., SLTNR15) under UV light. Upon a 3-cycle reusability test (Fig-

ure 5.6a), SLTNR15 exhibited not only persistent MB degrada�on ac�vity, but also 

enhanced photodegrada�on efficiency. Consequently, SLTNR15 showed excellent 

physico-chemical stability opening the way for poten�al long-term applicability in 

water treatment.  

Finally, to complete the photocataly�c ac�vity characteriza�on, SLTNR15 was also 

evaluated by performing the same MB photodegrada�on test under UV light but 
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varying the solu�on pH (Figure 5.6b) and simula�ng acidic (pH = 4) or alkaline con-

di�ons (pH = 9). As stated in Chapter 3, TiO2 surface is highly sensi�ve to the solu-

�on pH and its pHzpc was evaluated to be in the range 5.0-6.2.[28–32] Since TiO2 sur-

face is rich in -OH terminal groups, it is posi�vely charged when the solu�on pH is 

below the pHzpc. Conversely, it is nega�vely charged when the solu�on pH is above 

the pHzpc (i.e., deprotona�on of -OH groups). Thus, in acidic condi�ons the posi-

�vely charged surface of SLTNR15 atracted a higher number of MB molecules, that 

can be almost completely degraded a�er 360 min of light irradia�on, without any 

adsorp�on phenomena (Figure 5.6b). On the contrary, in alkaline condi�ons the -

OH groups are deprotonated, and the MB adsorp�on easily occurred due to elec-

trosta�c interac�ons. Thus, the strong decrease in the C/C0 curve at pH = 9 was 

almost completely caused by adsorp�on phenomena.   

 

Figure 5.6 (a) Reusability test and (b) photocataly�c ac�vity behavior in acidic and alkaline 
condi�ons for sample SLTNR15 performed under UV light irradia�on. 

 

5.1.4 Conclusions 
 

TiO2 thin films are extensively used in heterogeneous photocatalysis for degrading 

organic pollutants in wastewater. To enhance surface-to-volume ra�o, op�mize ad-

sorp�on/desorp�on phenomena, mi�gate rapid charge recombina�on, and re-

duce the wide TiO2 band gap, a homojunc�on involving two dis�nct oxygen-

rich/deficient TiO2 layers was proposed. TiO2 ver�cally aligned nanorods were 

grown on the conduc�ve side of FTO glass through hydrothermal treatment under 
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acidic condi�ons, op�mizing the synthesis by varying the spin coa�ng seeding pro-

cedure. SEM micrographs indicated an average diameter of (78 ± 4) nm for SL and 

(68 ± 5) nm for DL samples, proving the influence of seed layer deposi�on on di-

ameter growth. Using RF magnetron sputering deposi�on, a uniform overlayer of 

thin TiO2-x nanorods was created to form various homojunc�ons by tuning oxygen 

par�al pressure in the sputering argon atmosphere (10%, 15%, and 20%). XPS re-

sults suggested the presence of oxygen vacancies as confirmed by other studies. 

Both TiO2 nanorods and TiO2-x layers exhibited the same ru�le crystalline phase, 

confirmed by XRD paterns. AFM inves�ga�ons aligned with SEM findings, showing 

uniform nanorod arrays with average lateral dimensions of 80 nm for SLTNR sam-

ple and approximately 20 nm for the sputered sample SLTNR15. Addi�onally, AFM 

confirmed the introduc�on of sub-stoichiometric �tania thin film, revealed by the 

decrease in surface roughness parameter. Photocataly�c ac�vity was finally as-

sessed by monitoring MB photodegrada�on under UV and simulated solar light 

irradia�on. The best-performing sample (SLTNR15) demonstrated MB degrada�on 

efficiencies up to 99% under UV and 85% under simulated solar light irradia�on, 

respec�vely. These promising results lay the groundwork for poten�al large-scale 

environmental applica�ons in the industrial dye degrada�on processes. 
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5.2 TiO2/α-Fe2O3 NRs array heterojunc�ons 
 

In the frame of energy crisis, as introduced in Chapter 1, developing novel tech-

nologies able to efficiently harvest and convert solar light into chemical fuels is 

urgently needed.[33,34] One of the most studied technologies is based on photoe-

lectrochemical water spli�ng (PEC WS) using semiconductor nanomaterials. How-

ever, the efficiency values are s�ll low for prac�cal applica�ons.[35–37] For instance, 

one of the most promising and used n-type photoanode materials is hema�te (α-

Fe2O3) thanks to its proper�es including favorable op�cal band gap (2.0-2.2 eV), 

chemical stability, earth abundance and rela�vely low cost.[38,39] Specifically, one-

dimensional (1D) hema�te nanostructures such as nanosheets, nanowires, nano-

rods, and nanotubes can improve charge crea�on efficiency in PEC water spli�ng 

thanks to their unique morphology and high surface-to-volume ra�o.[40–43] How-

ever, hema�te WS efficiency is highly limited by the e−–h+ pairs very short life�me, 

short h+ diffusion length (2−4 nm), poor charge-carriers mobility and fast recombi-

na�on rates.[44,45] Among all the strategies  applied to overcome these issues and 

improve PEC performances, [12,46,47] the crea�on of heterojunc�ons and surface 

modifica�on exploi�ng the favorable proper�es of TiO2 seems to be highly effec-

�ve.[48–50] In literature numerous studies have been focused on TiO2 overlayer mod-

ifica�ons for applica�ons in PEC WS.[44,51] In fact, a TiO2 overlayer with op�mized 

thickness can increase electronic conduc�vity and suppress surface charge-carriers 

recombina�on.[48,49,52] However, the precise control over the morphology and 

thickness of TiO2 overlayer s�ll remains a challenge. In addi�on, there is a lack of 

studies regarding the effects of TiO2 overlayer thickness on PEC performance and 

charge transfer mechanisms at the semiconductor-electrolyte interface.  

Several methods, including spin coa�ng, atomic layer deposi�on (ALD), sputering, 

chemical bath deposi�on and dip coa�ng, can be used to deposit the TiO2 over-

layer. [51,53–56] Among all, ALD allows the conformal and homogeneous coa�ng on 

high aspect ra�o substrates with the possibility to precisely control the film 
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thickness at the Ångström scale.[57–59] Improvements in crea�ng consistent TiO2 

overlayer on hema�te via ALD technique have been already achieved. [57,60,61] How-

ever, obtaining a conformal, pinhole-free, and high-quality ultrathin TiO2 film re-

mains challenging primarily because of restricted comprehension of TiO2 growth 

at early stages. 

Therefore, this sec�on is focused on the crea�on of heterojunc�ons between ALD 

TiO2 con�nuous ultrathin films and 1D hema�te nanorod arrays. Thanks to the use 

of ALD method the morphology and thickness of TiO2 overlayer can be accurately 

controlled and tuned. Furthermore, the crea�on of TiO2/α-Fe2O3 NRs array hetero-

junc�ons can open the possibility to improve and extend the op�cal proper�es of 

each semiconductor by enabling the use of both UV and visible light irradia-

�on.[62,63] Thus, morphology of the resul�ng system was deeply characterized by 

high-resolu�on transmission electron microscopy (HR-TEM) and high-angle annu-

lar dark field scanning transmission microscopy (HAADF-STEM). The energy level 

alignment was then analyzed by X-ray photoemission spectroscopy (XPS). Addi-

�onally, the role of TiO2 overlayer and the charge transfer mechanism in PEC WS is 

deeply discussed in this sec�on, by monitoring the PEC performances of TiO2/α-

Fe2O3 system as a func�on of TiO2 thickness. Accordingly, this sec�on offers a 

promising approach to clarify the func�ons of TiO2 overlayer and the charge trans-

fer mechanisms involved during PEC WS process using the final photoanode.  

 

5.2.1 Morphology and structure 
 

The synthesis procedure to obtain ALD-grown TiO2 films on α-Fe2O3 NRs array and 

create the final TiO2/α-Fe2O3 heterojunc�on is represented in Figure 5.7a. In detail, 

ver�cally aligned β-FeOOH NRs were first grown on a conduc�ve FTO glass by hy-

drothermal method and subsequently converted into α-Fe2O3 NRs through an an-

nealing process. The final TiO2/α-Fe2O3 heterojunc�on was then obtained by 
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deposi�ng TiO2 overlayer with various thickness by ALD. The samples were re-

ferred to as TiO2 -X/Fe2O3, where X indicates the number of ALD cycles.  

 

Figure 5.7 (a) Schema�c view of the synthesis process for TiO2/α-Fe2O3 hierarchical nanostructure. 
FE-SEM images of (b) pris�ne hema�te nanorods and (c) 40ALD cycles of TiO2 deposited on pris�ne 
hema�te. (d) Raman-ac�ve modes of pris�ne hema�te and TiO2 deposited on hema�te. 

 

It must be pointed out that numerous characteriza�on techniques, including XRD, 

TEM and HR-TEM, UV-vis-NIR spectroscopy, have been used to inves�gate the as-

synthesized TiO2/α-Fe2O3 system. However, this paragraph only delves into the 

most interes�ng findings.  

The morphology and homogeneity of both α-Fe2O3 and TiO2/α-Fe2O3 NRs array was 

inves�gated using FE-SEM. In Figure 5.7b, it is evident that the ver�cally aligned 

orienta�on of bare α-Fe2O3 NRs on the FTO substrate, with diameters ranging from 

approximately 60 to 80 nm. The TiO2-40/Fe2O3 NRs array displayed a well-main-

tained NRs morphology, with the only difference that the presence of TiO2 over-

layer made the rods smoother and highly packed (Figure 5.7b). The presence of 

TiO2 films and their thickness were inves�gated by means of several techniques 

including HR-TEM and XRD analysis (further details on Appendix A). Here, Raman 

spectra is presented to show the effect on the crystallinity of ALD-TiO2 coa�ng over 

bare α-Fe2O3 NRs (Figure 5.7d). The peaks at 220, 241, 286, 404, 494 and 606cm-1 
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confirmed the presence of hema�te crystalline structure. Moreover, the la�ce ox-

ygen (LO) peak centered at 658 cm-1 and atributed to the disorder-induced break-

ing of Raman symmetry proper�es, was detected.[46,64] A�er the TiO2 ALD treat-

ment, the intense peak located at 144 cm-1 and atributed to Eg mode of anatase 

TiO2 was observed.[49] However, the overall structure of α-Fe2O3 nanorods was not 

affected by ALD of TiO2.  

Figure 5.8 displays the HAADF-STEM images along with the corresponding ele-

mental mappings for the en�re series of TiO2-coated hema�te samples. In Figure 

5.8a, small TiO2 nuclei randomly deposited on the α-Fe2O3 NRs a�er 10 ALD cycles 

were observed. At higher number ALD cycles, the nuclei seem to gradually in-

crease, and �ny nanocrystallites coalesce together, eventually forming an ex-

tremely thin and cohesive TiO2 layer. The HAADF-STEM images acquired for TiO2-

20/Fe2O3, TiO2-40/Fe2O3, TiO2-80/Fe2O3, and TiO2-150/Fe2O3 exhibited a con-

sistent and uniform deposi�on of TiO2 on α-Fe2O3 NRs. The dis�nct phases of TiO2 

were easily detectable due to their different Z-contrast, indica�ng a conformal and 

homogeneous coa�ng over α-Fe2O3 NRs for all the samples. As depicted in Figure 

5.8(b-e), the average thickness of TiO2 films was 1.7, 3.5, 6.8, and 13.2 nm for 20, 

40, 80, and 150 ALD cycles, respec�vely. This suggested a well-defined linear rela-

�onship between the TiO2 shell thickness and the number of ALD cycles, showing 

a slope of 0.88 Å GPC (growth per cycle). Addi�onally, the corresponding elemental 

maps indicated a homogenous distribu�on of Ti and O elements α-Fe2O3 NRs for 

all the samples.  

The chemical surface composi�on and states for all the samples were evaluated by 

high-resolu�on XPS. In this paragraph, only the extrapola�on of the VB offset (ΔEV-

TiO2/α-Fe2O3) and the corresponding core level and valence band spectra are dis-

cussed and reported in Figure 5.9. Assuming an iden�cal energy gap between the 

VB and the core levels for both the pris�ne material and the heterostructure, 

ΔEVFe2O3/TiO2 can be calculated according to equa�on 5.1.[65,66]  

    ∆𝐸𝐸𝑉𝑉
𝐹𝐹𝐹𝐹2𝑂𝑂3/𝑇𝑇𝑇𝑇𝑇𝑇2 = �𝐸𝐸𝑇𝑇𝑇𝑇2𝑝𝑝3/2

𝑇𝑇𝑇𝑇𝑇𝑇2 − 𝐸𝐸𝑉𝑉
𝑇𝑇𝑇𝑇𝑂𝑂2� − �𝐸𝐸𝐹𝐹𝐹𝐹3𝑝𝑝3/2

𝐹𝐹𝐹𝐹2𝑂𝑂3 − 𝐸𝐸𝑉𝑉
𝐹𝐹𝐹𝐹2𝑂𝑂3� − �𝐸𝐸𝑇𝑇𝑇𝑇2𝑝𝑝3/2

𝐹𝐹𝐹𝐹2𝑂𝑂3/𝑇𝑇𝑇𝑇𝑂𝑂2 − 𝐸𝐸𝐹𝐹𝐹𝐹3𝑝𝑝3/2

𝐹𝐹𝐹𝐹2𝑂𝑂3/𝑇𝑇𝑇𝑇𝑂𝑂2�          (5.1) 
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Figure 5.8 HAADF-STEM and corresponding EDX elemental maps for (a) TiO2-10/Fe2O3, (b) TiO2-
20/Fe2O3, (c) TiO2-40/Fe2O3, (d) TiO2-80/Fe2O3 and (e) TiO2-150/Fe2O3. 

 

The binding energy of the core levels was evaluated by determining the peak po-

si�on through the fi�ng procedure, whereas VB onsets were determined by line-

arly extrapola�ng the leading edges. Consequently, placing the α-Fe2O3 VB closer 

to the Fermi level a valence band offset of 0.83 eV was calculated. Considering the 

band gaps of 2.05eV determined by DRUV-vis-NIR spectroscopy (details on Ap-

ppendix A), it can be assumed that the α-Fe2O3/TiO2 interface forms a straddling 

gap (type I heterostructure) with a conduc�on band offset of 0.30 eV (Figure 5.9e). 

 



131 
 

 

Figure 5.9 (a) Fe3p core level spectra of Fe2O3 (black) and TiO2-20/Fe2O3 (red). Shirley backgrounds 
have been removed. (b) Valence band spectrum of Fe2O3 with a linear extrapola�on of the valence 
band onset. (c) Ti2p core level spectra of TiO2 (black) and TiO2-20/Fe2O3 (red). Shirley backgrounds 
have been removed. (d) Valence band spectrum of TiO2 with a linear extrapola�on of the valence 
band onset. (e) Schema�c energy level diagram of TiO2/Fe2O3.  

 

5.2.2 Photoelectrochemical ac�vity  
 

PEC performances were inves�gated for both pris�ne α-Fe2O3 NRs and modified 

TiO2-X/Fe2O3 systems, under both UV and visible light irradia�on (details on Ap-

pendix A). In Figure 5.10 are reported the PEC measurements for all the samples 

under visible light. From the photocurrent-poten�al (J-V) curves, it can be stated 

that TiO2-X/Fe2O3 photoanodes showed a lower overpoten�al for water oxida�on 

reac�on and a cathodic shi� of the onset poten�al (Figure 5.10a). The ALD-TiO2 

coa�ng significantly improved the photocurrent density. The measurements of 

photocurrent response under visible light at 0.5 V bias versus Hg/HgO are reported 

in Figure 5.10b for all the samples. For α-Fe2O3 a low photocurrent density of 0.01 

mA·cm-2 was recorded. This low value is atributed to the fast charge-carriers re-

combina�on rate. As men�oned above, TiO2-X/Fe2O3 heterojunc�ons are formed 

by a low bandgap semiconductor (i.e., α-Fe2O3) able to absorb visible light and a 

wide bandgap semiconductor (i.e., TiO2) that can be ac�vated only under UV light. 

Thus, under visible light, the photocurrent response was atributed exclusively to 
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α-Fe2O3. However, TiO2-X/Fe2O3 heterojunc�ons displayed improved photocurrent 

densi�es compared to bare α-Fe2O3 photoanode. In this case, TiO2 acts as a pas-

siva�on layer by passiva�ng surface states, reducing e−–h+ pairs recombina�on, en-

hancing the hole transfer, thus improving the overall photocurrent re-

sponse.[48,52,67] In detail, the highest photocurrent density was recorded for TiO2-

20/Fe2O3 (∼1.7 nm), which was ∼27 �mes higher than that obtained for pris�ne 

hema�te. The thickness of TiO2 overlayer clearly played a pivotal role in preven�ng 

parasi�c light absorp�on and enhancing charge-transfer from hema�te to electro-

lyte.[68] In fact, when the TiO2 overlayer thickness is too high, the hole transfer ef-

ficiency decreased, hema�te light absorp�on was hindered, and the photocurrent 

response drama�cally declined. Notably, upon visible light illumina�on, photogen-

erated holes in pris�ne hema�te migrate and accumulate at SCLJ (semiconduc-

tor/liquid junc�on) due to the presence of surface trap states. This process triggers 

the appearance of large anodic transient peaks, that gradually decay as an equilib-

rium between charge-transfer and recombina�on at the interface is achieved.[69] 

Conversely, under dark condi�ons, cathodic transient peaks exceed and subse-

quently decay to zero, as electrons diffuse from the external circuit and recombine 

with accumulated holes at SCLJ.[44,52] This transient photocurrent spike notably de-

creased a�er TiO2 deposi�on and remained consistent across mul�ple ALD cycles. 

This outcome underscores the efficacy of the TiO2 passiva�ng overlayer. Conse-

quently, as men�oned before, α-Fe2O3 primarily acts as a light-absorbing layer, ab-

sorbing visible light and genera�ng electron-hole pairs.  

EIS (Electrochemical Impedance Spectroscopy) was conducted under light expo-

sure to examine charge transfer kine�cs at the interface. Figure 5.10c shows 

Nyquist plots for both untreated α-Fe2O3 NRs and TiO2-20/Fe2O3 final photoanode. 

Inset in Figure 5.10c highlights the high-frequency region. Generally, Nyquist plots 

consist of a small semicircle at high frequencies and a sloping line at low frequen-

cies.[70,71] In comparison with untreated α-Fe2O3 NRs, TiO2-20/Fe2O3 exhibited a 

considerably smaller radius at high frequency. This suggests that TiO2-20/Fe2O3 

possessed a reduced charge transfer resistance, thanks to TiO2 passiva�on effect. 
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This enhancement could significantly boost charge transfer, separa�on, and ul�-

mately improve the performance of photoelectrochemical (PEC) water spli�ng.  

The open circuit poten�al (OCP) of α-Fe2O3 NRs and TiO2-20/Fe2O3 was examined 

in dark and under illumina�on condi�ons to analyze photogenerated carriers be-

havior (Figure 5.10d). Under illumina�on, both the OCP of α-Fe2O3 NRs and TiO2-

20/Fe2O3 shi�ed to a nega�ve poten�al, with TiO2-20/Fe2O3 showing an even more 

nega�ve shi�. Consequently, both photoanodes can be classified as n-type semi-

conductors, aligning with XPS findings. Both samples exhibited similar trends, gen-

era�ng comparable photogenerated electrons that accumulated on photoanode 

surfaces, causing a nega�ve poten�al shi� and a sudden OCP increase. Simultane-

ously, photogenerated electron-hole recombina�on occurred, leading to an OCP 

decrease un�l reaching a rela�vely stable state. α-Fe2O3 NRs and TiO2-20/Fe2O3 

demonstrated comparable poten�al changes, but TiO2-20/Fe2O3 photoanode dis-

played greater stability due to TiO2-20 passiva�on effect and lower photogener-

ated e−–h+ pairs recombina�on rates. A�er 20 seconds of irradia�on followed by 

dark condi�ons, the OCP con�nued to decrease due to high e−–h+ pairs recombi-

na�on. Photovoltages for pris�ne α-Fe2O3 NRs and TiO2-20/Fe2O3 were 14.7 mV 

and 36.0 mV, respec�vely, derived from the dark-light OCP difference. TiO2-

20/Fe2O3 exhibited a significantly higher photovoltage.  
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Figure 5.10 (a) Photocurrent versus poten�al plots of a different number of ALD cycles for TiO2 
coated hema�te photoanodes under visible light irradia�on. (b) Time-based photocurrent density 
at 0.5 V bias vs. Hg/HgO with the light off and on for 10s. (c) Nyquist plots of pris�ne Fe2O3 and 
TiO2-20/Fe2O3 photoanodes measured under light illumina�on. (d) OCP curves of pris�ne Fe2O3 
and TiO2-20/Fe2O3 photoanodes with the light on for 20 s. 

Addi�onally, to further inves�gate the photoresponse proper�es of TiO2-X/Fe2O3 

heterojunc�ons, it is reported the incident photon-to-current efficiency (IPCE) val-

ues calculated following equa�on 5.2:  

                                   IPCE�%� = 1240∙𝐽𝐽𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑜𝑜
λ∙𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡

∙100                                                 (5.2)                                                 

where 𝐽𝐽𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑜𝑜 is the photocurrent density (mA·cm−2) under visible light, λ is the 

wavelength of the incident light (nm), and 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 is the light power density 

(mW·cm−2).[51,72]  

The op�mized TiO2-20/Fe2O3 sample reached a maximum IPCE of 1.35% at 430 nm, 

significantly surpassing the 0.05% achieved by pris�ne α-Fe2O3 NRs photoanode. 

This considerable enhancement in photoconversion efficiency highlighted the 
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extended use of photoinduced carriers in TiO2-coated hema�te photoanodes, 

aligning with the trends observed in the J-V measurements depicted in Figure 

5.10a.  

To deeply verify the role of ALD-TiO2, the photocurrent response was also evalu-

ated under UV illumina�on. It is worth highligh�ng that, compared with the above 

discussed results, an opposite trend was observed. Briefly, the photocurrent re-

sponse increased with a further growth of TiO2 overlayer thickness (i.e., from 6.8 

to 13.2 nm, 80 ALD to 150 ALD), reaching a value of 0.14 mA ·cm-2 for TiO2-

150/Fe2O3. As expected, the photocurrent response was consequently restricted 

to TiO2 overlayer. The opposite trend is depicted in Figure 5.11. The thickness of 

TiO2 overlayer should be op�mized for TiO2 to act as a passiva�on layer. In fact, 

when the TiO2 thickness is below 6.8 nm, TiO2 does not absorb efficiently UV light 

to create e−–h+ pairs, consequently ac�ng as passiva�on layer. Thus, the trend is 

similar to that observed under visible light. Conversely, when the TiO2 thickness is 

higher enough than the op�mal value of 1.7 nm (i.e., corresponding to 20-ALD cy-

cles), TiO2 component hinders the holes transfer from the hema�te component 

and absorbs the UV light being the ac�ve layer in water oxida�on reac�on.  

 

Figure 5.11 Current densi�es of hema�te photoanodes with different ALD-TiO2 cycles at 0.5 V bias 
vs. Hg/HgO, 1M KOH, under visible light and UV light irradia�on, respec�vely. 
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5.2.3 Charge Transfer Mechanism  
 

Based on previous results and discussion, the schema�c diagram of charge sepa-

ra�on and transport mechanism under both UV and visible light is proposed in 

Figure 5.12. As previously men�oned, TiO2-X/Fe2O3 system can be considered a 

Type-I heterojunc�on. Furthermore, the number of ALD cycles is crucial for TiO2 to 

weather act as passiva�on or ac�ve layer under UV light. Under visible light, α-

Fe2O3 NRs, showing a suitable bandgap energy (∼2.1 eV), can produce e−–h+ pairs 

in the CB and VB, respec�vely. The photogenerated electrons may be transferred 

through the external circuit, driven by the bias voltage (Figure 5.12a). Conversely, 

photogenerated holes cannot be transferred to the TiO2 VB, due to the unfavorable 

band edge alignment in the Type-I heterojunc�on. Therefore, TiO2 only acts as a 

passiva�on layer.  Whereas, under UV illumina�on both α-Fe2O3 NRs and TiO2 over-

layer show suitable bandgap to bring e−–h+ pairs forma�on. The photogenerated 

electrons in TiO2 CB can move towards α-Fe2O3 CB, located at a suitable and more 

posi�ve poten�al. Consequently, electrons within α-Fe2O3 can travel through the 

external circuit. Meanwhile, the photoinduced holes in α-Fe2O3 can cross the TiO2 

thin layer by tunneling effect to par�cipate in the oxida�on reac�on.[68,73,74] More-

over, photogenerated holes in TiO2 VB may either directly react with electrolyte, or 

transfer to α-Fe2O3 VB and then cross the TiO2 thin layer to finally give the water 

oxida�on reac�on (Figure 5.12b). 
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Figure 5.1 Schema�c illustra�on of the charge-transfer pathways in the TiO2/Fe2O3 system under 
visible light and UV light. 

5.2.4 Conclusions    
 

TiO2-X/Fe2O3 heterojunc�ons were synthesized using both hydrothermal methods 

and atomic layer deposi�on. The resul�ng samples exhibited a uniform and con-

formal coa�ng of TiO2 on α-Fe2O3 NRs, with precise control over the morphology 

and thickness of the TiO2 overlayer. Compara�ve studies were conducted on pris-

�ne hema�te and hema�te coated tuning TiO2 thicknesses to evaluate their pho-

tocurrent response under visible and UV light. The presence of TiO2 overlayer no-

tably enhanced the photocurrent response compared to pris�ne hema�te, with 

response being highly related to the TiO2 overlayer thickness. Op�mal photoanode 

performance was observed with a 1.7 nm coa�ng (TiO2-20/Fe2O3) under both vis-

ible and UV light. Specifically, the photocurrent density of TiO2-20/Fe2O3 reached 

0.27 mA·cm-2 at 0.5 V vs. Hg/HgO under visible light, ∼27 �mes higher than pris�ne 

α-Fe2O3. The TiO2 overlayer acted as a passiva�on layer under visible light, facili-

ta�ng the transfer of photogenerated holes and reducing surface recombina�on 

rates of electron-hole pairs, with α-Fe2O3 genera�ng electron-hole pairs. Under UV 

light, TiO2 served mainly as passiva�on layer at lower thickness (≤ 6.8 nm). How-

ever, at higher thickness, TiO2 may act as light absorber layer as well, reducing the 

contribu�on of α-Fe2O3. This sec�on not only offered comprehensive insights into 

the impact of TiO2 overlayer on the photoelectrochemical (PEC) water spli�ng 
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performance of α-Fe2O3, but also laid the groundwork for the design and develop-

ment of high-performance photoanodes. 



139 
 

5.3 References 
 

[1] T. O. Ajiboye, O. A. Oyewo, D. C. Onwudiwe, Chemosphere 2021, 262, 128379. 

[2] S. Anandan, V. Kumar Ponnusamy, M. Ashokkumar, Ultrason Sonochem 2020, 67, 
105130. 

[3] S. Varjani, P. Rakholiya, T. Shindhal, A. V. Shah, H. H. Ngo, Journal of Water Process 
Engineering 2021, 39, 101734. 

[4] C. R. Holkar, A. J. Jadhav, D. V. Pinjari, N. M. Mahamuni, A. B. Pandit, J Environ Ma-
nage 2016, 182, 351. 

[5] C. Alberoni, I. Barroso-Mar�n, A. Infantes-Molina, E. Rodriguez-Castellon, A. Talon, 
H. Zhao, S. You, A. Vomiero, E. More�, Mater Chem Front 2021, 5, 4138. 

[6] M. Telkhozhayeva, B. Hirsch, R. Konar, E. Teblum, R. Lavi, M. Weitman, B. Malik, E. 
More�, G. D. Nessim, Appl Catal B 2022, 318, 121872. 

[7] G. Ciamician, Science 1912, 36, 385. 

[8] D. Ma, H. Yi, C. Lai, X. Liu, X. Huo, Z. An, L. Li, Y. Fu, B. Li, M. Zhang, L. Qin, S. Liu, L. 
Yang, Chemosphere 2021, 275, 130104. 

[9] P. Naliwajko, J. Strunk, Heterogeneous Photocatalysis 2021, 101. 

[10] M. T. Noman, M. A. Ashraf, A. Ali, Environmental Science and Pollution Research 
2019, 26, 3262. 

[11] E. More�, E. Cataruzza, C. Flora, A. Talon, E. Casini, A. Vomiero, Appl Surf Sci 2021, 
553, 149535. 

[12] L. Liccardo, E. Lushaj, L. Dal Compare, E. More�, A. Vomiero, Small Science 2022, 
2, 2100104. 

[13] J. Liu, L. Zhu, S. Xiang, H. Wang, H. Liu, W. Li, H. Chen, ACS Sustain Chem Eng 2019, 
7, 16927. 

[14] Q. Guo, C. Zhou, Z. Ma, X. Yang, Advanced Materials 2019, 31, 1901997. 

[15] L. Pan, S. Wang, J. Xie, L. Wang, X. Zhang, J. J. Zou, Nano Energy 2016, 28, 296. 

[16] M. Iraj, F. D. Nayeri, E. Asl-Soleimani, K. Narimani, J Alloys Compd 2016, 659, 44. 

[17] Z. Li, S. Wang, J. Wu, W. Zhou, Renewable and Sustainable Energy Reviews 2022, 
156, 111980. 

[18] X. Wang, L. Mayrhofer, M. Hoefer, S. Estrade, L. Lopez-Conesa, H. Zhou, Y. Lin, F. 
Peiró, Z. Fan, H. Shen, L. Schaefer, M. Moseler, G. Braeuer, A. Waag, Adv Energy 
Mater 2019, 9, 1. 

[19] Z. Miao, G. Wang, L. Li, C. Wang, X. Zhang, J Mater Sci 2019, 54, 14320. 



140 
 

[20] S. Kaya, O. Ozturk, L. Arda, Ceram Int 2020, 46, 15183.  

[21] J. Yang, J. Du, X. Li, Y. Liu, C. Jiang, W. Qi, K. Zhang, C. Gong, R. Li, M. Luo, H. Peng, 
Nanomaterials 2019, 9, 526. 

[22] D. Polidoro, A. Perosa, E. Rodríguez-Castellón, P. Canton, L. Castoldi, D. Rodríguez-
Padrón, M. Selva, ACS Sustain Chem Eng 2022, 10, 13835. 

[23] D. Rodríguez-Padrón, M. Algarra, L. A. C. Tarelho, J. Frade, A. Franco, G. De Miguel, 
J. Jiménez, E. Rodríguez-Castellón, R. Luque, ACS Sustain Chem Eng 2018, 6, 7200. 

[24] E. Rodríguez-Aguado, A. Infantes-Molina, A. Talon, L. Storaro, L. León-Reina, E. Ro-
dríguez-Castellón, E. More�, Int J Hydrogen Energy 2019, 44, 923. 

[25] P. Makuła, M. Pacia, W. Macyk, Journal of Physical Chemistry Letters 2018, 9, 6814. 

[26] A. Houas, H. Lachheb, M. Ksibi, E. Elaloui, C. Guillard, J. M. Herrmann, Appl Catal B 
2001, 31, 145. 

[27] M. Basu, A. K. Sinha, M. Pradhan, S. Sarkar, A. Pal, C. Mondal, T. Pal, Journal of 
Physical Chemistry C 2012, 116, 25741. 

[28] S. Haq, W. Rehman, M. Waseem, V. Nair, P. Dhar, R. Vinu, RSC Adv 2016, 6, 18204. 

[29] L. Tan, Z. Liu, C. Zhou, L. Ding, Journal of Nanoparticle Research 2021, 23, 191. 

[30] Q. Xiang, X. Ma, D. Zhang, H. Zhou, Y. Liao, H. Zhang, S. Xu, I. Levchenko, K. Bazaka, 
J Colloid Interface Sci 2019, 556, 376. 

[31] M. Zeng, Bull Korean Chem Soc 2013, 34, 953. 

[32] C. Navas-Cárdenas, N. Benito, E. E. Wolf, F. Gracia, Int J Hydrogen Energy 2022, 47, 
20867. 

[33] K. B. Ibrahim, T. A. Shifa, P. Moras, E. More�, A. Vomiero, Small 2023, 19, 2204765. 

[34] K. B. Ibrahim, T. A. Shifa, M. Bordin, E. More�, H. Wu, A. Vomiero, Small Methods 
2023, 7, 2300348. 

[35] Y. W. Phuan, W.-J. Ong, M. N. Chong, J. D. Ocon, Journal of Photochemistry and 
Photobiology C: Photochemistry Reviews 2017, 33, 54. 

[36] Y. Yang, S. Niu, D. Han, T. Liu, G. Wang, Y. Li, Adv Energy Mater 2017, 7, 1700555. 

[37] J. Joy, J. Mathew, S. C. George, Int J Hydrogen Energy 2018, 43, 4804. 

[38] S. Kment, F. Riboni, S. Pausova, L. Wang, L. Wang, H. Han, Z. Hubicka, J. Krysa, P. 
Schmuki, R. Zboril, Chem Soc Rev 2017, 46, 3716. 

[39] M. Mishra, D.-M. Chun, Appl Catal A Gen 2015, 498, 126. 

[40] L. Li, Y. Yu, F. Meng, Y. Tan, R. J. Hamers, S. Jin, Nano Lett 2012, 12, 724. 

[41] C. Li, A. Li, Z. Luo, J. Zhang, X. Chang, Z. Huang, T. Wang, J. Gong, Angewandte 
Chemie 2017, 129, 4214. 



141 
 

[42] M. Ji, J. Cai, Y. Ma, L. Qi, ACS Appl Mater Interfaces 2016, 8, 3651. 

[43] Y. Li, X. Wei, B. Zhu, H. Wang, Y. Tang, T. C. Sum, X. Chen, Nanoscale 2016, 8, 11284. 

[44] X. Yang, R. Liu, C. Du, P. Dai, Z. Zheng, D. Wang, ACS Appl Mater Interfaces 2014, 6, 
12005. 

[45] K.-Y. Yoon, J.-S. Lee, K. Kim, C. H. Bak, S.-I. Kim, J.-B. Kim, J.-H. Jang, ACS Appl Mater 
Interfaces 2014, 6, 22634. 

[46] L. Palmolah�, H. Ali-Löyty, R. Khan, J. Saari, N. V. Tkachenko, M. Valden, The Journal 
of Physical Chemistry C 2020, 124, 13094. 

[47] R. Franking, L. Li, M. A. Lukowski, F. Meng, Y. Tan, R. J. Hamers, S. Jin, Energy Envi-
ron. Sci. 2013, 6, 500. 

[48] S. S. Mali, C. S. Shim, H. K. Park, J. Heo, P. S. Pa�l, C. K. Hong, Chemistry of Materials 
2015, 27, 1541. 

[49] X. Li, P. S. Bassi, P. P. Boix, Y. Fang, L. H. Wong, ACS Appl Mater Interfaces 2015, 7, 
16960. 

[50] D. Wang, Y. Chen, Y. Zhang, X. Zhang, N. Suzuki, C. Terashima, Appl Surf Sci 2017, 
422, 913. 

[51] F. Feng, C. Li, J. Jian, X. Qiao, H. Wang, L. Jia, Chemical Engineering Journal 2019, 
368, 959. 

[52] M. G. Ahmed, I. E. Kretschmer, T. A. Kandiel, A. Y. Ahmed, F. A. Rashwan, D. W. 
Bahnemann, ACS Appl Mater Interfaces 2015, 7, 24053. 

[53] T. Imrich, R. Zazpe, H. Krýsová, Š. Paušová, F. Dvorak, J. Rodriguez-Pereira, J. Mi-
chalicka, O. Man, J. M. Macak, M. Neumann-Spallart, J. Krýsa, J Photochem Photo-
biol A Chem 2021, 409, 113126. 

[54] R. Mechiakh, N. Ben Sedrine, R. Chtourou, R. Bensaha, Appl Surf Sci 2010, 257, 670. 

[55] V. Bukauskas, S. Kaciulis, A. Mezzi, A. Mironas, G. Niaura, M. Rudzikas, I. Šimkienė, 
A. Šetkus, Thin Solid Films 2015, 585, 5. 

[56] J. Wang, Z. Yin, F. Hermerschmidt, E. J. W. List-Kratochvil, N. Pinna, Adv Mater In-
terfaces 2021, 8, 2100759. 

[57] C. Marichy, N. Pinna, Coord Chem Rev 2013, 257, 3232. 

[58] N. Pinna, M. Knez, Atomic Layer Deposition of Nanostructured Materials, Wiley, 
2011. 

[59] M. Leskelä, M. Ritala, Thin Solid Films 2002, 409, 138. 

[60] C. Marichy, N. Pinna, Adv Mater Interfaces 2016, 3, 1600335. 

[61] C. Marichy, M. Bechelany, N. Pinna, Advanced Materials 2012, 24, 1017. 

[62] Y. Xia, L. Yin, Physical Chemistry Chemical Physics 2013, 15, 18627. 



142 
 

[63] K. Yao, P. Basnet, H. Sessions, G. K. Larsen, S. E. H. Murph, Y. Zhao, Catal Today 2016, 
270, 51. 

[64] Y. Liu, R. D. L. Smith, ACS Appl Mater Interfaces 2022, 14, 6615. 

[65] E. A. Kraut, R. W. Grant, J. R. Waldrop, S. P. Kowalczyk, Phys Rev Lett 1980, 44, 1620. 

[66] T. Schultz, M. Kneiß, P. Storm, D. Splith, H. von Wenckstern, M. Grundmann, N. 
Koch, ACS Appl Mater Interfaces 2020, 12, 8879. 

[67] Z. Xing, F. Ren, H. Wu, L. Wu, X. Wang, J. Wang, D. Wan, G. Zhang, C. Jiang, Sci Rep 
2017, 7, 43901. 

[68] R. Liu, Z. Zheng, J. Spurgeon, X. Yang, Energy Environ. Sci. 2014, 7, 2504. 

[69] K. Sivula, F. Le Formal, M. Grätzel, ChemSusChem 2011, 4, 432. 

[70] X. Lv, S. Shao, Y. Xiao, J. Deng, Appl Surf Sci 2021, 560, 150036. 

[71] X. Chai, H. Zhang, C. Cheng, Semicond Sci Technol 2017, 32, 114003. 

[72] C. Shen, E. Wierzbicka, T. Schultz, R. Wang, N. Koch, N. Pinna, Adv Mater Interfaces 
2022, 9, 2200643. 

[73] Z. Luo, T. Wang, J. Zhang, C. Li, H. Li, J. Gong, Angewandte Chemie International 
Edition 2017, 56, 12878. 

[74] C. Marichy, N. Donato, M. La�no, M. Georg Willinger, J.-P. Tessonnier, G. Neri, N. 
Pinna, Nanotechnology 2015, 26, 024004. 

  

  



143 
 

Chapter 6 – Doping engineering 
 

 

 

 

Doping TiO2 is an effec�ve strategy to improve and expand photocataly�c capabil-

i�es. The main body of this chapter is based on the appended Paper-V, submited 

under review. Thus, the first sec�on, based on Paper-V, is focused on ceria-doped 

�tania nano-octahedra (CeTNOh) derived from Ce-containing �tanate nanowires, 

via ultrasonica�on-hydrothermal treatment from commercial �tania (Degussa 

P25). Thanks to their favourable proper�es, CeTNOh are proposed as novel photo-

catalysts for the removal of ciprofloxacin, a common an�bio�c, in aqueous solu�on 

under simulated solar light, at room temperature and atmospheric pressure. In ad-

di�on, preliminary results on nitrogen-doped Titania Hollow Spheres (Nx-THS) are 

discussed in the second sec�on of this chapter. 
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Paper-V 

  

 
  

 

B. Shani, L. Liccardo, I. Barroso-Mar�n, M. Bordin, A. Infantes-Molina, E. 

Rodríguez-Castellón, A. Vomiero, E. More�, CeO2-TiO2 nano-octahedra as ac�ve 

photocatalysts for ciprofloxacin photodegrada�on under solar light. Adv. Sus-

tain. Syst. 2024, Submited and under review. 
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6.1 CeO2-TiO2 nano-octahedra 
 

During this disserta�on, it has been emphasized how environmental issues related 

to water contamina�on are of increasing concern. Special aten�on has been fo-

cused on hardly degradable and persistent complex molecules such as an�bio�cs, 

including ciprofloxacin (CIP). Titania is the most studied and exploited photocata-

lyst in UV-based AOPs opera�ng at atmospheric pressure and room temperature 

(see Chapter 1).[1] However, the use of solar light as the main renewable energy 

source is a trend to consider. Thus, in this sec�on, the combined use of two strat-

egies, such as morphology engineering and doping, is proposed as efficient to over-

come TiO2 limits (i.e., wide bandgap energy and fast charge-carriers recombina-

�on).  

From a morphological perspec�ve, suitable nanostructures, including nanowires, 

nanospheres, hollow spheres, nanorods, nanooctahedra, in combina�on with ap-

propriate exposure of specific TiO2 facets has been reported to be highly beneficial 

for photocataly�c processes.[2–6] Specifically, in the frame of decahedron and octa-

hedron morphologies, the exposed (101) anatase facets seem to have a pivotal 

role in increasing the photocataly�c oxida�on of organic compounds.[7–9] In addi-

�on, the high photocataly�c ac�vity of octahedral anatase crystals have been re-

lated to the presence of a well-crystallized surface with low density defects that 

lower or delay the recombina�on of e−–h+ pairs.[10,11]   

As already men�oned, the TiO2 doping with either noble metals and their alloys 

with non-noble metals like Cu[12,13] or reducible oxides like ceria (CeO2), has been 

reported to be another efficient way to improve and enhance the cataly�c perfor-

mance (Box 6.1). Specifically, doping TiO2 with CeO2 seems to be a good possibility 

thanks to the promo�on of oxygen mobility induced by the Ce3+/Ce4+ redox pair.  

For instance, in the study proposed by Xu and co-workers, the presence of Ce4+ 

trapping sites have been related to the decrease in e−–h+ pairs recombina�on.[14] 
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Furthermore, the presence of ceria as doping agent has been also associated with 

the broadening of the absorp�on ability of pure �tania toward visible light.[15]   

Based on the above assump�ons, in this sec�on a set of TiO2-doped samples show-

ing octahedral morphology and different ceria loadings are presented as good pho-

tocatalysts for CIP photodegrada�on in aqueous media under simulated solar light. 

Addi�onally, the role of both morphology and ceria loading in the enhancement of 

photocataly�c ac�vity of pure TiO2 is deeply inves�gated.  

 

Box 6.1: CeO2 

 

Cerium oxides stands out among lanthanide oxides in catalysis and photocataly-

sis due to its unique structural proper�es, including thermal stability, biocom-

pa�bility, excellent redox proper�es, fluorite-type construc�on, and oxygen 

storage capacity.[16,17] Cerium ([Xe]4f1 5d1 6s2) is the first element in the lantha-

nide series where the lanthanoid contrac�on is not pronounced, allowing for the 

possibility to lose the 4f electron reaching the electronic configura�on [Xe]4f0. 

Cerium exhibits two possible oxida�on states, namely Ce3+ and Ce4+ giving rise 

to two stable oxides, CeO2 and Ce2O3, respec�vely. Cerium (IV) dioxide (CeO2) or 

ceria, an n-type semiconductor, is produced through the oxida�on of cerium (III) 

oxide (Ce2O3) in the presence of an excess of oxygen.[16,17] Notably, when there 

is a low amount of oxygen, cerium (IV) dioxide can undergo reduc�on and revert 

to cerium (III) oxide. Thus, this unique ability to selec�vely shutle between Ce 

(III) and Ce (IV) states, referred to as oxygen storage capacity (OSC),[17] can be 

exploited in photocatalysis, enabling cerium materials to work as oxygen buffers 

promo�ng oxida�ve ac�vi�es. Concerning the crystalline structure, CeO2 exhib-

its a fluorite phase with a face-centered cubic la�ce, where cerium ca�ons are 

coordinated by eight oxygen anions.[18] During reduc�on processes, electrons 

are transferred from oxygen atoms to adjacent cerium atoms, leading to the re-

duc�on of Ce4+ to Ce3+ related to the forma�on of oxygen vacancies on both the 
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surface and the bulk of the material. The presence of oxygen vacancy defects 

and Ce3+ in the la�ce of nonstoichiometric ceria, CeO2-x, significantly enhances 

the performance of redox processes and cataly�c reac�ons.[18–20] Ceria predom-

inantly exists in three thermodynamically stable facets: (111), (110), and 

(100).[21] The (111) surface is the most stable, characterized by a repea�ng 

O−Ce−O−O−Ce-O layer structure with zero net dipole moment, thus it is less fa-

vored for vacancy defects. On the other hand, the (110) and (100) facets exhibit 

lower stability, and the order of reac�vity for vacancy defect forma�on is (110) 

> (100) > (111), indica�ng that engineering crystals with different exposed facets 

can impact the overall redox ac�vity and cataly�c reac�ons of ceria.[21] While the 

theore�cal bandgap of CeO2 is ∼6.0 eV, the experimental bandgap is observed 

to be in the range 3.0-3.4 eV. Although the exact reason for the reduced bandgap 

remains controversial this discrepancy is likely atributed to the presence of mid-

gap states and O 2p - Ce 4f transi�on.[22,23] Regarding charge dynamics in CeO2, 

electron-hole recombina�on is a very fast process leading to poor photocataly�c 

ac�vity. However, it is o�en selected as co-dopant to increase the overall pho-

tocataly�c ac�vity of bare TiO2. Taking advantage of the more posi�ve CB poten-

�al of TiO2 compared to CeO2, photogenerated holes in the CeO2 VB enable the 

oxida�on of H2O and OH- ions into hydroxyl radicals, while electrons are trans-

ferred to the TiO2 CB.[24] This efficient charge transfer in the composite structure 

enhances the separa�on rate and life�me of photo-generated electron-hole 

pairs, leading significant improvements in the overall photocataly�c efficiency. 

Addi�onally, as light is absorbed and electrons are promoted to the CeO2 CB, 

Ce3+ species are formed, enabling reac�ons with adsorbed oxygen to produce 

superoxide anion radicals and re-oxida�on at Ce4+.[24] Furthermore, the purpose 

of doping TiO2 with Ce is to enhance photocataly�c ac�vity in the visible region, 

thus narrowing the TiO2 bandgap. In fact, the introduc�on of Ce3+ ions in the 

ceria−�tania system creates addi�onal states in the bandgap, atributed to the 

presence of oxygen vacancies and the par�ally occupied Ce3+ 4f levels, leading 

to an overall bandgap reduc�on.[25] 
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6.1.1 Morphology and crystal structure 
 

To obtain the final catalysts, a modified ultrasonica�on-hydrothermal synthesis re-

ported by Wei and co-workers[26] was followed. First, as shown in Figure 6.1a, po-

tassium �tanate nanowires (TNW) were synthesized hydrothermally, using a com-

mercial P25 �tania aqueous suspension under strong alkaline condi�ons. TNW 

were then used as precursors for the second step to obtain nano-octahedra via 

ultrasonica�on-hydrothermal synthesis. The ceria doping occurred during the first 

step, following the same procedure to obtain TNW.  Upon step 1, the samples were 

labeled as CeTNWx, where Ce stands for ceria and x refers to the nominal wt.% 

CeO2 loading (x = 0.75, 1 and 1.5). While, following step 2, the samples were re-

ferred to as TNOh for pure �tania nano-octahedra and CeTNOhx for ceria-doped 

samples (details on Appendix A).  

The crystalline structure for all the samples was inves�gated by performing high-

angle X-ray powder diffrac�on analyses (Figure 6.1(b, c)), comparing the obtained 

paterns with anatase TiO2 (JCPDS #21-1272), CeO2 (JCPDS #00-034-0394) and 

K2Ti6O13 (JCPDS #40.0403). As expected, K2Ti6O13 phase was found to be present in 

TNW and CeTNWx samples, showing diffrac�on peaks at 2θ (°) 11.48, 24.11, 29.25 

and 47.89 (Figure 6.1b). In Figure 6.1c, TNOh and TNOhx exhibited diffractograms 

with sharper and more intense peaks, indica�ng a higher level of crystallinity com-

pared to TNWs. Evidence of the anatase polymorph forma�on was revealed by dif-

frac�on peaks observed at 2θ (°) 25.34, 38.61, 48.10, 55.13, 62.69, and 68.76°. This 

indicates that following the second hydrothermal treatment, a substan�al por�on 

of K2Ti6O13 was successfully converted into the highly photoac�ve phase Anatase 

TiO2.[27] Specifically, all the TNOh and TNOhx samples showed the most intense 

peak at 2θ (°) 25.34 related to the (101) crystal plane, that according to Bragg’s law 

returns a d spacing of 0.35 nm, typical of the anatase phase.  The amount of ceria 

doping was below the detec�on limit of the XRD technique thus, for all the TNOhx 

samples, no presence of CeO2 was detected.  
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Using the Scherrer equa�on, the anatase mean crystallite size was es�mated for 

both the nanowires and nano-octahedra, as detailed in Table 6.1. Remarkably, a 

no�ceable trend emerged where the mean crystallite size demonstrated an in-

crease with Ce loading, aligning with findings previously recorded in other Ce-Ti 

systems.[26,28]   

 

 

Figure 6.1 (a) Graphical overview of the catalyst’s synthesis. Step 1: hydrothermal synthesis of TNW 
and CeTNW. Step 2: hydrothermal-ultrasonica�on synthesis of nano-octahedra. (b) High angle XRD 
patern for CeTNWx set; (c) High angle XRD patern for CeTNOhx set; (d) SEM image of TNW; HR-
TEM micrographs of (e) TNOh and (f) CeTNOh0.75.  

The morphology and elemental analysis for all the samples was evaluated by FE-

SEM, HR-TEM and EDS-STEM. As shown in Figure 6.1d (taken as representa�ve 

picture), P25 was successfully converted in TNW or CeTNWx during the hydrother-

mal treatment. Notably, CeTNW1 showed some changes in NWs length and diam-

eter. In detail, the ceria addi�on led to a decrease in NWs length from 86 nm to 71 

nm and a reduced diameter from 7 nm to 5 nm compared with pure TNW. The 

presence of homogeneously distributed cerium was confirmed by EDS analysis per-

formed with STEM for the selected sample CeTNW1. Besides, the presence of 
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potassium and �tanium related to the potassium �tanate phase (already observed 

by XRD analysis) was also confirmed.  As observed by HR-TEM images in Figure 

6.1e, f, a�er the second step of the synthesis, both pure and Ce-doped samples 

showed well-defined octahedra nanopar�cles with an average length of 63 nm and 

width of 31 nm (calculated by ImageJ so�ware analysis).  Furthermore, the size of 

nano-octahedra (NOh) increased in correla�on with the ceria loading. Notably, the 

length and width measured 71 and 37 nm for CeTNOh0.75 and 91 and 45 nm for 

CeTNOh1, respec�vely. As already found for CeTNWx, EDS-STEM analyses revealed 

the presence of homogeneously disperse Ce inside the CeTNOhx without the for-

ma�on of any aggregates.   

N2-physisorp�on and BET analysis were performed to assess textural proper�es, 

porosity and specific surface area of the samples in comparison with pris�ne com-

mercial P25 (Degussa) used as a Ti precursor, and commercial Anatase TiO2 (from 

Sigma-Aldrich).  According to the IUPAC classifica�on, TNW and TNOh and the rel-

a�ve Ce-doped samples, exhibited Type-IV isotherms with H3 hysteresis loop, typ-

ical of mesoporous materials.[29] The hydrothermal process to obtain TNWs is ben-

eficial to reach high specific surface area.[30] In fact, both TNW and CeTNWx 

showed a very high specific surface area (SSA) ranging from 357 to 302 m2·g-1 and 

pore volume (V) of 0.65-0.96 cm³·g-1, significantly higher than the values reported 

for the bare commercial P25 �tania (61 m2·g-1). There is no clear evidence of an 

established trend between Ce-content and enhancement of textural proper�es. As 

expected, both TNOh and CeTNOhx samples showed lower SSA compared to their 

nanowire precursors. Crystal growth, as observed in XRD results, along with ther-

mal treatment, can lead to lack textural proper�es compared with �tanate precur-

sors.[31] However, the recorded SSA values for TNOh samples and their Ce-doped 

rela�ves were in the range 164-233 m2·g-1, about three �mes higher than the SSA 

of P25.    
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Table 6.2 Summary of the main proper�es related to structural and op�cal characteriza�on for 
CeTNWx and CeTNOh samples.  

Sample Ce (wt.%) Crystallite 
size (nm) 

1BET SSA 
(m2·g-1) 

2Pore V 
(cm³·g-1) 

3Pore size 
(nm) 

Eg (eV) 

TNW 0.00 15.9 302 0.76 11.0 3.16 
CeTNW0.75 0.75 17.0 357 0.96 14.6 3.07 
CeTNW1 1.00 13.2 303 0.65 10.3 3.02 
CeTNW1.5 1.50 32.5 355 0.93 13.3 2.99 
TNOh 0.00 29.0 164 0.52 135 3.20 
CeTNOh0.75 0.75 37.0 122 0.36 121 2.94 
CeTNOh1 1.00 43.0 198 0.50 113 2.95 
CeTNOh1.5 1.50 39.0 194 0.53 107 2.74 
P25 - - 61 0.10 6.8 3.20 
Anatase - - 85 0.19 10.1 3.10 

1N2 physisorp�on values obtained at -196°C with BET method by N2-physisorp�on at -196°C. 

2 Single point adsorp�on total pore volume of pores calculated at rela�ve pressure P/P0 = 0,94 by N2-physisorp�on at -196°C. 

3 BJH Desorp�on average pore width by N2 physisorp�on at -196°C.  

 

6.1.2 Ce-doping 
 

Ce content was inves�gated by the synergic use of Rutherford Backscatering Spec-

trometry (RBS) to follow the Ce profile within the samples and to obtain Ce:Ti 

atomic ra�o, and high-resolu�on X-ray photoemission spectroscopy (XPS) to study 

the surface chemical composi�on. Briefly, a homogeneous Ce concentra�on was 

detected for all CeTNOhx samples, with a maximum Ce:Ti atomic ra�o of 0.005:1 

for CeTNOh1.5, while, as expected, no Ce species were detected in TNOh sample.  

Concerning the XPS analysis, high-resolu�on Ti 2p, O 1s, and Ce 3d core level spec-

tra for both �tanate nanowires and nano-octahedra are depicted in Figure 6.2 and 

Figure 6.3, respec�vely.  

The Ti 2p core level spectra can be fited with the typical asymmetric doublet indi-

ca�ng the presence of Ti4+ species for both TNW/CeTNWx and TNOh/CeTNOhx se-

ries. In fact, the peaks at ∼458.5 and 464.4 eV were assigned to Ti 2p3/2 and Ti 

2p1/2, respec�vely, that showed a separa�on of 5.7 eV, normally ascribed to octa-

hedrally coordinated Ti4+ ions.[30,32] In detail, the slight varia�ons in binding energy 

between the main Ti 2p3/2 peaks at 458.7 eV for TNW/CeTNWx and 458.4 eV for 
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TNOh/CeTNOhx, can be ascribed to the different interac�ons between Ce and Ti 

species within the two series of samples.[33] Furthermore, when increasing Ce con-

tent in CeTNWx the main peak shi�ed to lower binding energies. Notably, K+ and 

Ce3+ ions are showing similar ionic radii (i.e., 0.133 and 0.114 nm, respec�vely)[34] 

thus, the later shi� could be associated with the par�al subs�tu�on of K+ by Ce3+ 

ions within the TiO2 la�ce, that consequently bringed to the forma�on of Ti-O-Ce 

bonds.[35] Conversely, with the increasing in Ce content, the Ti 2p3/2 peak for 

CeTNOhx shi�ed toward higher binding energies. In this case, the presence of Ce 

may lead to higher mobility of electrons at the core level.[30,36] 

Concerning the O 1s core level spectra, three main components were needed to 

describe all the samples. In TNW/CeTNWx samples, the peak at ∼530.2 eV was 

related to oxygen in stoichiometric TiO2 la�ce, while the second at 531.3 eV was 

associated with the presence of several species including surface adsorbed oxygen, 

defect oxide states and hydroxyl groups bonded to Ti. Moving toward higher bind-

ing energies, the last component in the range 532.5-533.5 eV can be atributed to 

adsorbed water molecules on the catalysts surface.[30,31,34] Remarkably, as for the 

already discussed Ti 2p core level spectra, the main peak at ∼530.2 eV shi�ed to-

ward lower binding energies when increasing the Ce loadings in CeTNWx due to 

higher degree of interac�ons between Ce and Ti species. Regarding 

TNOh/CeTNOhx samples, the main peak associated with la�ce oxygen was located 

at lower binding energies (∼529.8 eV), sugges�ng an increasing on the contribu-

�on from CeO2 la�ce oxygen. Consequently, it can be suggested that the second 

step of the synthesis leads to CeO2-TiO2 heterojunc�on forma�on.[32] In this case, 

with the increasing in the cerium loading, a shi� toward higher binding energies 

was observed, indica�ng an increased number of adsorbed reac�ve oxygen species 

with high mobility,[31,33] and a stronger interac�on between Ce and Ti with the pos-

sible forma�on of a CeTiO solid solu�on.[35] It is worth no�ng that the intensity of 

the last component at 532.5-533.5 eV, decreased in TNOh/CeTNOhx samples com-

pared to TNW/CeTNWx samples. This may be ascribed to the second hydrothermal 
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treatment followed by the calcina�on procedure, that led to the loss of superfi-

cially adsorbed water molecules.  

 

 

Figure 6.2 (a) Ti 2p core level spectra and (b) O 1s core level spectra for CeTNWx catalysts. (c) Ti 2p 
core level spectra and (d) O 1s core level spectra for CeTNOhx catalysts. 

 

As shown in Figure 6.3, Ce 3d core level spectra displayed a low signal-to-noise 

ra�o because of the low metal loading. However, the presence of both Ce4+ and 

Ce3+ species were detected for both CeTNWx and CeTNOhx samples, especially at 

higher Ce-loading due to stronger electronic interac�ons between Ce and Ti.[37] In 

fact, in all the Ce 3d core level spectra, the following spin-orbit doublets associated 

to Ce4+ were recorded: v (∼882.7 eV) and u (∼901.3 eV); v” (∼888.5 eV) and finally, 

satellite peaks associated with tetravalent Ce in Ce compounds, u” (∼907.3 eV); 

v’’’ (∼898.3 eV) and u’’’ (∼916.9 eV).[36] Moreover, the Ce3+ presence was also ob-

served, thanks to the presence of high binding energy doublets v’ (∼885.2 eV) and 

u’ (∼903.4 eV) and lowest binding energy states v0 (∼880.9 eV) and u0 (∼899.2 

eV).[38] As already men�oned, the intensity of Ce3+ related peaks increased with 

the increase in the Ce-loading, indica�ng a stronger electronic interac�on between 

Ce and Ti.[37] Noteworthy, the signals in CeTNOhx samples were more intense (Fig-

ure 6.3b), sugges�ng the presence of a higher number of superficially exposed Ce 

species.   
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Figure 6.3 Ce 3d core level spectra for (a) CeTNWx and (b) CeTNOhx catalysts. 

 

According to what is reported in literature, the coexistence of Ce3+ and Ce4+ species 

seems to enhance the photocataly�c performance in Ce-Ti systems. This enhance-

ment is atributed to their electron transfer ability, that improves the efficient sep-

ara�on of photogenerated e−–h+ pairs.[32] Thus, to further study the charge-carriers 

dynamic and the photo-responsive behavior of the prepared materials, DRUV-Vis 

and PL spectroscopy were performed. DRUV-Vis spectra, Tauc plots and F(R) spec-

tra for all the samples and the benchmark Sigma-Aldrich Anatase are reported in 

Figure 6.4. Band gap values were calculated from Tauc Plots, using the intercept of 

the extrapolated linear fit and they were collected in Table 6.1 for both 

TNW/CeTNWx and TNOh/CeTNOhx series.  

TNW and TNOh samples in their pure form displayed the characteris�c absorp�on 

edge typical of TiO2 materials at ∼400 nm, indica�ng a wide bandgap absorp�on 

in the UV region.[39,40] From Figure 6.4a, b, it can be no�ced that the Ce-doping 

resulted in a red-shi� of the main absorbance peak, par�cularly pronounced in the 

nano-octahedra series. This shi� can be atributed to the forma�on of Ce3+ species, 

which introduced localized mid-gap states within the bandgap of TiO2 
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semiconductor.[41,42] Confirming what previously found from XPS measurements, 

the significant shi� observed in the CeTNOhx series may be atributed to the for-

ma�on of a CeO2-TiO2 heterojunc�on, characterized by a close contact between 

ceria and �tania.[43] 

This is more notably in the CeTNOhx F(R) spectra, as illustrated in Figure 6.4c. All 

samples exhibited the characteris�c strong absorp�on band of �tanium dioxide in 

the UV region, typically centered around 310 nm, with a broader profile observed 

for the pure TNOh sample. Addi�onally, in the case of CeTNOhx, the visible red-

shi� of the main band edges suggested the 4f to 5d transi�on of Ce3+ within the 

ligand environment of O2- surrounding the TiO2 nanopar�cles. Thus, the preva-

lence of Ce3+ over Ce4+ species in the samples is further confirmed. Specifically, the 

lack of electrons in Ce ions in the +4 state hinders any transi�on from the ground 

state electronic configura�on (4f05d0).[44] 

The observed red-shi� significantly impacted the band gap values, decreasing from 

3.2 eV in the pure �tanate nanowires to 2.99 eV in samples with the highest ceria 

content (Figure 6.4d, e). Moreover, this decrease is more prominent in CeTNOhx 

catalysts, where the band gap narrows from 3.2 eV for the pure TNOh sample to 
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2.74 eV for the CeTNOh1 sample. These values align with previously reported data 

for ceria-�tania nanostructures.[23,45] 

 

 

Figure 6.4 DRUV-Vis spectra for (a) CeTNWx and (b) CeTNOhx series; (c) F(R) spectra for CeTNOhx 
samples; Tauc plots for (d) CeTNWx and (e) CeTNOh series. 

 

PL spectra for both pure TNOh and CeTNOhx catalysts were acquired by exci�ng 

the material at 350 nm with a cut-off filter at 370 nm. Figure 6.5 illustrates that the 

undoped TNOh displayed a strong emission band ranging from 380 to 600 nm, 

characterized by mul�ple emission peaks. A detectable non-uniform emission 

trend was evident as the dopant content increased. Within the op�mal doping 

threshold (up to 1 wt.%), energy transfer among Ce3+ ions occurred, leading to lu-

minescence quenching, thereby delaying the recombina�on of charge carriers. 

However, beyond this op�mal doping concentra�on, the dopant itself may become 

a radia�ve recombina�on center, subsequently increasing the rate of charge-car-

rier recombina�on and consequently, the PL intensity. 
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Figure 6.5 PL spectra for CeTNOhx samples. 

 

6.1.3 Photodegrada�on of Ciprofloxacin  
 

The evalua�on of photocataly�c ac�vity under simulated solar light irradia�on, at 

room temperature and in an aqueous solu�on containing ciprofloxacin (CIP), was 

carried out for both pure �tania nano-octahedra sample, TNOh, and all Ce-doped 

�tania nano-octahedra systems, CeTNOhx. As shown in Figure 6.6a for representa-

�ve TNOh sample, the photodegrada�on reac�on of CIP over �me was monitored 

by following the decrease of the main absorbance peak at 272 nm. The corre-

sponding C/C0 curves and kine�c studies as a func�on of irradia�on �me are re-

ported in Figure 6.6b, c. CIP was chosen as the target molecule since it is highly 

stable under sunlight irradia�on as confirmed by the C/C0 curve which decreased 

slightly (by a ∼13%) a�er 360 min of exposure.  Upon equilibra�on �me in dark 

condi�ons (30 min), CIP was par�ally adsorbed on the photocatalysts surface with 

a decrease in its concentra�on of ∼20% for each sample, except for CeTNOh1.5, 

that adsorbed almost the 34% of drug. The higher amount of CeO2 on CeTNOh1.5 

surface observed from XPS results, may boost the interac�ons with CIP.[46] Under 

simulated solar light irradia�on, a decrease in C/C0 curves with the increase of re-

ac�on �me was detected for all the samples. The best performing sample was 

CeTNOh0.75, with the best degrada�on efficiency of 83% within 360 min. As 



158 
 

reported in Figure 6.6c, despite the highest efficiency, apparent kine�c constant of 

CeTNOh0.75 (6.1·10-3 min-1) was recorded to be notably lower than that showed 

by TNOh (11.6·10-3 min-1). Thus, the introduc�on of ceria leads to a reduc�on in 

the rate of photodegrada�on but, simultaneously, crea�ng CeO2-TiO2 systems 

proves to be a feasible approach to enhance the photodegrada�on capability.  

 

Figure 6.6 (a) UV-Visible absorp�on spectra recorded at different �mes, from 30 min under dark 
condi�ons to 360 min under simulated solar light irradia�on, for the TNOh sample; (b) Photocata-
ly�c degrada�on of CIP as a func�on of irradia�on �me with and with and without catalysts (CIP 
curve) under simulated solar light irradia�on; (c) CIP degrada�on kine�cs with linear fits of the 
experimental data in dashed lines; (d) Free radical trapping experiments results for CeTNOh0.75 
photocatalyst. 

 

This is achieved by extending the absorp�on range towards the visible region com-

pared with bare sample, consequently decreasing its bandgap energy and minimiz-

ing the electron-hole recombina�on rate. In fact, the posi�ve effect of Ce3+/Ce4+ 

electron transfer proper�es on the photocataly�c ac�vity, by enhancing the 

charge-carriers separa�on efficiency is well-known.[23] However, the separa�on 
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efficiency is strictly related to the concentra�on and distribu�on of the dopants, 

as well as the stability of the TiO2 crystalline phase. Consequently, it is of extreme 

importance to reach the op�mal amount of CeO2 loading. In this case, the higher 

the ceria loading, the lower the photocataly�c ac�vity. In fact, as demonstrated in 

Figure 6.6b, despite CeTNOh1.5 being the best solar light harvester within the se-

ries, the presence of CeO2 in an amount higher than the 0.75 wt.% threshold, led 

to a decrease in photoac�vity.  The main ac�ve species responsible for CIP degra-

da�on were inves�gated by performing free radicals trapping experiments in pres-

ence of the best performing sample CeTNOh0.75 (Figure 6.6d). Briefly, the photo-

cataly�c ac�vity was significantly inhibited when oxalic acid (OA, h+ scavenger) was 

added, while in presence of tert-butanol (tBuOH, OH scavenger) was barely af-

fected. Hence, holes (h+) should be the major reac�ve species involved in the CIP 

degrada�on by CeTNOh0.75 under simulated solar light irradia�on. 

Finally, stability and reusability tests are depicted in Figure 6.7. The 3-cycle reusa-

bility tests revealed that CeTNOh0.75 was s�ll ac�ve, and the total CIP degrada�on 

percentage remained unchanged, sugges�ng the stability and the possibility of ef-

fec�vely recovering the photocatalyst from the slurry system. 

 

Figure 6.7 3-Cycles reusability test of the best performing sample CeTNOh0.75. 
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6.1.4 Conclusions  
 

In this sec�on an ultrasonica�on-hydrothermal route synthesis to obtain CeO2 

doped TiO2 nano-octahedra was proposed. The use of characteriza�on techniques, 

such as HR-TEM and XRD, confirmed the octahedral morphology and showed that 

samples were mainly in the anatase phase with the most intense peak related to 

(101) crystal planes. TNOh samples were mesoporous materials with a very high 

specific surface area, going from 122 to 194 m2 g-1, 2-3 �mes higher than that of 

commercial anatase (Sigma-Aldrich).  The photocataly�c ac�vity was evaluated by 

monitoring ciprofloxacin degrada�on in water under simulated solar light irradia-

�on at room temperature and atmospheric pressure. The properly designed mor-

phology and the op�miza�on in ceria-loading highly promoted ciprofloxacin deg-

rada�on. The best performance was reached by CeTNOh0.75 sample, showing a 

degrada�on efficiency above 80%, a�er 360 min of exposure �me. Low CeO2 con-

centra�on was beneficial for photocataly�c ac�vity, influencing the interac�ons 

between the catalyst and the target drug, thus the overall adsorp�on-desorp�on 

equilibrium. As demonstrated by op�cal characteriza�ons, the presence of ceria 

improved the TNOh photo-response with a reduc�on in the bandgap energy up to 

2.75 eV, and addi�onally, a red shi� of the main absorp�on edge associated with 

oxygen vacancies was induced, due to the presence of Ce3+/Ce4+ redox pair. PL 

measurements confirmed that the presence of CeO2 enhanced the separa�on of 

photogenerated e−–h+ pairs by reducing the overall recombina�on rate. Addi�on-

ally, the main species ac�vated during the ciprofloxacin photodegrada�on reac�on 

were holes as demonstrated by trapping experiments. Reusability test upon 

CeTNOh0.75 showed that the op�mized sample was s�ll stable and ac�ve a�er 3 

cataly�c cycles, opening the possibility for large-scale applica�ons.  
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6.2 N-doped TiO2 hollow spheres 
 

As shown in the previous sec�on, the combina�on of morphology and doping en-

gineering can be used to successfully boost op�cal and electronic proper�es and 

simultaneously, overcome the fast charge-carriers recombina�on.[23]  

In Chapter 3 the possibility to tune both the TiO2 crystalline and electronic band 

structure by doping with metal and non-metal elements have been introduced.  

Since the pioneering work by Asahi and co-workers focused on visible light-driven 

photocataly�c ability of N-doped TiO2 nanostructures,[47] several non-metal do-

pants (i.e., B, C, N, F, S, and Cl) have been widespread inves�gated.[48] However, 

nitrogen stands out as the most frequently used, primarily owing to its proper�es 

such as small ioniza�on energy, stability, and comparable atomic size to oxygen, 

allowing its easy incorpora�on into TiO2 crystal la�ce.[48,49] N-doped TiO2 materials 

have been widely used for various applica�ons, including solar-driven AOPs, thanks 

to their excellent proper�es such as ease of synthesis, numerous nitrogen-contain-

ing precursors (e.g., alipha�c amines, nitrates, ammonium salts, urea, thiourea, 

ammonia), low cost, and chemical stability.[50] Moreover, N-doping by altering both 

the crystalline and the electronic band structures, may bring several improvements 

including surface modifica�ons that enhance the reactant adsorp�on, and the en-

richment of photoexcited e-—h+ pairs.[23,51] 

When selec�ng the synthesis strategy, crucial parameters such as the op�mal N-

source concentra�on, and its distribu�on in the crystal structure, should be con-

sidered to prevent the crea�on of recombina�on centers.[52,53] Furthermore, to 

clarify the role of N in the photocataly�c ac�vity, it is extremely important to 

deeply understand whether N species are inters��al or subs�tu�onal, their pref-

eren�al distribu�on (i.e., at surface or bulk sites) and finally, how the electronic 

structure is influenced. [54] Thus, further inves�ga�ons on N-doped TiO2 materials 

are needed, to develop alterna�ve and easy ways of synthesis that further extend 

their photocataly�c ac�vity. In fact, several physical and chemical methods have 
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been inves�gated and applied to incorporate N into TiO2 crystal la�ce such as ball 

milling, sputering deposi�on, sol-gel method, solvothermal and hydrothermal 

synthesis. Among all, the sol-gel method does not require sophis�cated or expen-

sive equipment and, thanks to its versa�lity, enables to select different TiO2 pre-

cursors and N-sources, obtaining the desired physical and chemical proper�es.[49] 

A fascina�ng way to further increase the op�cal proper�es of N-doped TiO2 mate-

rials, is the proper design of the shape and the morphology. As deeply discussed 

in Chapter 4, TiO2 hollow spheres (THSs) have shown their efficiency as photocata-

lysts thanks to their high surface area and intense light scatering ability. [55,56] How-

ever, despite the increased absorp�on probability, pure THSs s�ll suffer from wide 

bandgap. Thus, in this sec�on, morphology and doping engineering are combined 

to further enhance op�cal and photocataly�c proper�es of pure TiO2. In this 

frame, preliminary results on N-doped Titania Hollow Spheres (N-THS) are intro-

duced.  

 

6.2.1 Morphology and crystal structure  
 

Uniform submicrometric pure and N-doped TiO2 hollow spheres, composed of hi-

erarchically assembled nanopar�cles, were obtained following a modified hard 

template-based approach combined with the sol-gel synthesis, already discussed 

and reported in Paper-I. In detail, the synthesis was carried out from step 1 to step 

3 (Figure 6.8a), by performing the N-doping during the sol-gel method to obtain 

PMMA@TiO2 core-shell system (step 2). To find the op�mal concentra�on, four 

dis�nct formula�ons were selected at 0.5, 1.0, 2.0, 3.0 at % of N in TiO2, respec-

�vely.  The samples were referred to as THS for pure TiO2 hollow spheres and Nx, 

for N-doped TiO2 hollow spheres where x stands for the N content in at %. The 

surface morphology for all the as-synthesized samples was analysed by FE-SEM. As 

reported in Figure 6.8b, poly(methyl methacrilate) (PMMA) nanopar�cles exhib-

ited spherical shapes with high uniform size, showing an average diameter of 200 

nm. In this case, the aim was to obtain THSs with lower diameter compared to 
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what already described in Paper-I. Thus, PMMA sacrificial templates with lower 

size were synthesized by finely tuning polymeriza�on reac�on temperature, and 

reagents concentra�on. Addi�onally, no agglomerated PMMA nanopar�cles were 

observed. Figure 6.8c, d also reports pure THS and Nx, a�er the removal of the 

PMMA sacrificial templates through the calcina�on process at 450 °C. As previ-

ously demonstrated,[5] the hollow structure was successfully obtained thanks to 

the presence of clearly visible voids shown by some broken spheres. Both pure and 

N-doped THSs exhibited ordered structures and rela�vely rough surfaces, with uni-

form size, an average diameter of ∼200 nm, and a shell thickness ranging from 30-

50 nm. Overall, the N-doping strategy did not affect nor the morphology or the 

structure.  

 

Figure 6.8 (a) Synthesis scheme; (b) X-ray diffrac�on paterns of THSs samples with TiO2 anatase 
pdf #21-1272 and ru�le pdf #21-1276 as references. FE-SEM images of (c) PMMA spheres (d) pure 
THS, and (e) N3 samples at different magnifica�ons.  

The crystal structure and phase iden�fica�on were carried out by performing X-ray 

diffrac�on (XRD) analysis (Figure 6.8). According with the JCPDS card number 21-

1272, all the samples showed the characteris�c peaks of the anatase phase at 2θ 
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values at 25.3°, 36.9°, 37.8°, 38.6°, 48.1°, 53.9°,55.1°, and 62.7°. Meaning that the 

anatase crystalline structure has been retained upon the N-doping procedure. Fur-

thermore, no traces of the characteris�c peak of N element appeared, thus it may 

be evenly distributed in the crystal la�ce.  

 

6.2.2 N-doping 
 

The effect of the N-doping on the op�cal and electronic proper�es of THSs were 

inves�gated by diffuse reflectance UV-visible-near infrared (DRUV-Vis-NIR) spec-

troscopy. All the spectra, shown in Figure 6.9a, were characterized by the main 

absorp�on feature related to TiO2 op�cal bandgap (∼3.1 eV), which induced the 

strong absorp�on edge at ∼390 nm and associated to the transi�on O2- (2p) → Ti4+ 

(3d). As previously inves�gated, the THS spectrum demonstrated the effec�veness 

of the hollow structure that leads to a flat reflec�vity below 75% in the full range 

of wavelengths (390-1500 nm), except for N3. Hower, for all Nx samples, a clearly 

visible red-shi� of the main band toward higher wavelength compared to bare THS 

was detected (Figure 6.9b). As expected, N-doping enables an increased absorb-

ance ability in the region 380-400 nm compared to pure THS. Furthermore, the 

light absorp�on in the Vis-NIR region can be enhanced thanks to the crea�on of 

superficially disordered layer and the presence of defects induced by the N load-

ing.[57] This is confirmed by the addi�onal broad absorp�on band ranging from 500 

nm to 1500 nm, which was detected when the N content was below 3 at %. Addi-

�onally, the onset of the absorp�on feature at higher wavelengths (> 500 nm) may 

be induced by the presence of addi�onal localized states within the bandgap struc-

ture of TiO2 (i.e., N 2p states above the TiO2 VB or defect states below the TiO2 CB), 

that leads to an overall bandgap energy reduc�on (Figure 6.9c, d).[47,58–60] Further-

more, the absorp�on peak centered at 1450 nm, which was less intense for N3, 

can be ascribed to the presence of water molecules adsorbed on the catalysts sur-

face.  
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To beter explain the increasing in the op�cal behavior and to extensively study the 

presence of localized states, synchrotron-based X-ray photoemission spectroscopy 

(XPS, VUV-Photoemission beamline) was performed, giving insights into the near-

surface region of THS catalysts. O 1s and Ti 2p core levels were measured at 750 

eV, while valence band states at 468 eV. For N1 sample core levels spectra only 

were acquired. No sign of N 1s was observed.  

 

 

Figure 6.9 (a) DRUV-Vis-NIR spectra; (b) F(R) spectra calculated through Kubelka-Munk func�ons; 
(c) Tauc Plots and (d) bandgap energy values for all the samples including the Anatase TiO2 refer-
ence.  

 

Referring to Figure 6.10, O 1s levels could be fited with two main components at 

530.7 eV, and at 532.5 eV, atributed to O in stoichiometric TiO2 (O2-) and both C-

O groups and OH groups, respec�vely. A third, minor component at 534.5 eV can 
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be atributed to the presence of water molecules adsorbed onto the catalysts sur-

face, confirming what previously said by DRUV-Vis-NIR spectroscopy analysis.  

All the Ti 2p spectra were fited with a single doublet (Ti2p3/2 at 459.45 eV) at-

tributed to the presence of Ti4+, as also confirmed by the O/Ti atomic ra�os (Table 

6.2) derived by normalizing the area of the relevant peaks to the respec�ve pho-

toemission cross sec�ons (σO = 0.24 and σTi = 0.7 at hν = 750 eV).[61]  

 
Table 6.3 O/Ti ra�os derived from the XPS spectra. 
Sample THS N0.5 N2 N3 

O/Ti 2.13 2.19 2.04 2.14 

 

The valence band spectra at hν = 468 eV showed similar features related to the 

O2p-derived states (4-9 eV binding energy), but within the gap region (Figure 6.10, 

valence band zoom), a feature associated with O vacancy defect states was ob-

served for all the N-doped samples. Pure THS showed a peak centered at 1.10 eV 

which shi�ed to higher binding energy for the N-doped samples. A very well-de-

fined peak was observed for the N2 sample at 1.25 eV.  
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Figure 6.10 XPS analysis of the N3, N2, N0.5 and THS powder samples. O1s and Ti2p core level 
spectra were measured at hν = 750 eV, valence band spectra at hν = 468 eV. 

 

6.2.3 Photodegrada�on of organic pollutants 
 

 

The photocataly�c ac�vity was inves�gated by monitoring organic pollutants deg-

rada�on efficiency. Municipal wastewater typically contains mul�ple organic pol-

lutants, and traces of various contaminants such as pharmaceu�cals, personal care 

products, and industrial chemicals (see Chapter 1). Thus, assessing the mutual im-

pacts of these contaminants on the efficiency of the selected photocatalyst is es-

sen�al to determine its prac�cal applica�on.[62] In detail, the photodegrada�on of 

two different pollutants, namely metronidazole (MDZ) and Rhodamine B (RhB), 

and subsequently of their mixed solu�on to simulate a real environment, were 

evaluated. Photocataly�c tests were carried out at room temperature, under UV 

for aqueous solu�ons of RhB and the mixture, while both under UV and simulated 

solar light (SSL) for MDZ aqueous solu�on (preliminary results in Figure 6.11 and 
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Figure 6.12). To plot the C/C0 curves and measure the degrada�on efficiency (%Dr), 

the main MDZ and RhB absorbance peaks, at 320 nm and 554 nm, respec�vely, 

were monitored for 180 min under UV light and 360 min under SSL (Figure 6.11c 

and Figure 6.12a). Being a mixed solu�on much more difficult to degrade, the pho-

tocataly�c test was carried out for 360 min. The photolysis of the base MDZ and 

RhB were used as a reference (black curves).  

 

Figure 6.11 MDZ photodegrada�on as a func�on of �me under (a) UV light and (b) SSL irradia�on; 
(c) Absorbance spectra trend of the RhB solu�on during the UV light irradia�on for THS sample 
taken as reference and (d) rela�ve RhB photodegrada�on as a func�on of �me under UV light irra-
dia�on.  

 

Figure 6.11a, b shows the photocataly�c degrada�on of MDZ under UV and SSL, 

respec�vely. The concentra�on of MDZ (C) at a given exposure �me with respect 

to its ini�al value (C0) at -60 min (i.e., the equilibra�on �me in the dark) was 
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monitored. Under UV light, bare MDZ is unstable reaching a maximum photolysis 

of ∼80% a�er 180 min of exposure (Figure 6.11a). Conversely, RhB is highly stable 

even a�er 180 min of high energe�c UV light exposure, reaching a maximum pho-

tolysis of ∼8% (Figure 6.11d). A�er 60 min of equilibra�on in the dark and in pres-

ence of Nx photocatalysts, MDZ was hardly adsorbed on the catalysts surface, with 

a maximum value of 5 % for N05. As suggested by DRUV-Vis-NIR spectroscopy and 

XPS analysis, the presence of oxygen vacancies may lead to an increase in water 

molecules and hydroxyl groups, that affect the overall adsorp�on of organic mole-

cules and degrada�on pathway.[63,64] The same assump�on can be applied for RhB 

adsorp�on process (dark area, Figure 6.11c). Concerning MDZ photodegrada�on, 

the best performances were reached by bare THS and N1 under UV light and by 

N3 sample under SSL. In the case of RhB, all the samples showed excellent photo-

cataly�c ac�vity (reaching almost the 100 % of degrada�on efficiency), except for 

N3 sample. A similar trend was observed for the photodegrada�on of the mixed 

solu�on under UV light (Figure 6.12). Addi�onally, it can be stated that THS and N1 

photocatalysts showed good selec�vity for both RhB and MDZ. There is a clearly 

visible trend between the doping content and the photoac�vity. The op�mal N-

doping was reached at 1 at% concentra�on, meaning that a trade-off between op-

�cal proper�es and cataly�c ac�vity is needed to maximize the photocataly�c ef-

ficiency under UV light. The final aim was to broaden the cataly�c ac�vity in a full-

range of wavelengths, thus further analyses will be performed under SSL to beter 

understand the photocataly�c ac�vity of the N-doped THS samples.  
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Figure 6.12 (a) Absorbance spectra trend of the mixed solu�on (MDZ + RhB) during the UV light 
irradia�on for THS sample taken as reference. Rela�ve C/C0 curves as a func�on of �me for (b) THS, 
(c) N05, (d) N1, (e) N2 and (f) N3 samples.  
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6.2.4 Conclusions 
 

In this sec�on preliminary results on nitrogen-doped Titania Hollow Spheres (Nx-

THS) were discussed. Uniform submicrometric pure and N-doped TiO2 hollow 

spheres, composed of hierarchically assembled nanopar�cles, were synthesized 

following a modified hard template-based approach reported in Paper-I. The use 

of several characteriza�on techniques, such as FE-SEM and XRD, confirmed the 

forma�on of a hollow structure and the presence of anatase phase, revealing that 

the N-doping strategy did not affect nor the morphology or the structure.  Other 

analyses, including HR-TEM and Raman spectroscopy, have been planned to fur-

ther inves�gate structural, textural and morphological proper�es of the materials. 

N-doping effects were inves�gated by combining the use of DRUV-Vis-NIR spec-

troscopy and high resolu�on XPS. N-doping improved the bare THS photore-

sponse, slightly reducing the bandgap energy and extending the main absorp�on 

edge toward visible light. Furthermore, the presence of a broad absorp�on band 

associated with oxygen vacancies was detected in the NIR region. The presence of 

oxygen vacancies was also confirmed by valence band analysis with the appear-

ance of a new related feature within the bandgap region and clearly visible for the 

N2 sample. Electron Paramagne�c Resonance (EPR) spectroscopy will be useful to 

further localize and explain the N-doping effect. Finally, preliminary findings on 

photocataly�c ac�vity evalua�on confirmed that the proper design of the mor-

phology and the op�miza�on in N-loading may highly promote complex organic 

pollutants degrada�on at room temperature, under both UV and SSL. Further pho-

tocataly�c tests, such as mixture photodegrada�on efficiency evalua�on under 

SSL, trapping experiments through the use of scavengers and stability/recyclability 

tests will be performed to reach a comprehensive overview of the photocataly�c 

behavior of N-doped �tania samples compared to bare THS.  
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Chapter 7 – General conclusions  
 

7.1 Outcomes 
 

This disserta�on cri�cally explored emerging environmental and energy-related 

challenges trying to suggest sustainable solu�ons. With a focus on detrimental im-

pacts of human ac�vi�es on the environment, including global warming, and the 

presence of contaminants like pharmaceu�cals in water sources, the urgency for 

newly effec�ve wastewater treatment methods and sustainable energy produc�on 

have been emphasized. While photo-driven advanced oxida�on processes, par�c-

ularly heterogeneous photocatalysis, have proven to be promising, their wide-

spread applica�on s�ll faces some challenges. Thus, the en�re thesis was focused 

on the design and development of new and efficient metal oxide-based nanostruc-

tured photocatalysts for hazardous organic contaminants photodegrada�on and 

H2 produc�on through photoelectrochemical water spli�ng (PEC WS) or photore-

forming, aligning with Sustainable Development Goals 6 and 7 of Agenda 2030, 

towards a more environmentally conscious and sustainable future.  

In detail, �tanium dioxide (TiO2) described in literature as the benchmark photo-

catalyst, suffers from several limits including its wide bandgap (3.0-3.2 eV), with a 

strong absorp�on capacity in the UV range and litle absorp�on capacity in the 

visible light range, and fast charge-carriers recombina�on rate. Thus, from Chap-

ter 4 to Chapter 6, several strategies to tune its op�cal and electronical proper�es, 

based on different smart and low-cost synthe�c approaches, were designed and 

deeply inves�gated. Moreover, a �ght correla�on between the materials proper-

�es and their photocataly�c ac�vity was directly assessed, by using advanced ex-

perimental techniques.  

Although conclusions were drawn for each inves�ga�on, general outcomes can be 

summarized as follows.  
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Chapter 4 was based on results shown in Paper-I and Paper-II, focusing on the use 

of surface engineering, i.e., the possibility to create surface defects, and the syn-

ergis�c effects of a suitable and controlled morphology to enhance the overall TiO2 

photoac�vity toward visible light in two different applica�ons (drugs photodegra-

da�on and methanol photoreforming). 

Specifically, in the first sec�on based on Paper-I, an affordable and straigh�orward 

synthesis method to obtain nanostructured hydrogenated (or colored) �tania hol-

low spheres (THSs) was successfully proposed. The unique hollow microstructures, 

along with the defect-engineered surface, allowed efficient u�liza�on of solar light 

across a broader spectral range (200-1200 nm) achieving an 82% photodegrada-

�on efficiency in presence of a common water contaminant (i.e., ciprofloxacin) un-

der simulated solar light irradia�on at room temperature and standard atmos-

pheric pressure. The correla�on among hydrogena�on degree, op�cal absorp�on, 

photocataly�c ac�vity enhancement, and the introduc�on of defects was deeply 

inves�gated. In the second sec�on based on Paper-II, an innova�ve microwave-

assisted synthesis to enhance the photoac�vity of the widely used commercial TiO2 

P25 was introduced. Precisely, surface-defects engineering and the in-situ Cu co-

catalyst photodeposi�on demonstrated to be an effec�ve strategy to enhance pho-

tocataly�c performance in the H2 produc�on through methanol photoreforming 

under UV light irradia�on. In fact, the best performing sample demonstrated an 

excep�onal photocataly�c H2 produc�on rate, doubling the bare Cu/P25 system 

performance. The synergis�c use of X-ray photoelectron spectroscopy and DRUV-

Vis-NIR spectroscopy revealed that the notable improvement could be atributed 

to the presence of oxygen vacancies at the catalyst surface in combina�on with the 

co-catalyst, that enhanced the electron-hole separa�on efficiency and the overall 

photocataly�c ac�vity.  

In Chapter 5, the possibility to build TiO2/TiO2-x homojunc�ons and α-Fe2O3/TiO2 

heterojunc�ons was proposed to enhance the photoac�vity for both dye degra-

da�on and PEC WS. The first sec�on based on Paper-III was focused on TiO2/ TiO2−x 

homojunc�ons, obtained by combining nanorods (NRs) hydrothermal growth and 
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sputering layer deposi�on technique, as easily recoverable and efficient photo-

catalysts for wastewater purifica�on from the benchmark dye methylene blue. Us-

ing several characteriza�on techniques, it was demonstrated how the crea�on of 

a homojunc�on involving two dis�nct oxygen-rich/deficient TiO2 NRs layers can be 

used to op�mize the surface-to-volume ra�o, adsorp�on/desorp�on phenomena, 

mi�gate the rapid charge recombina�on, and reduce the wide TiO2 band gap. The 

second sec�on, based on submited Paper-IV, was focused on heterojunc�on for-

ma�on between atomic layered deposited TiO2 ultrathin films, with precise control 

over the morphology and thickness, and 1D hema�te nanorod arrays. To assess 

the role of TiO2 overlayer thickness, photoelectrochemical water spli�ng (PEC WS) 

tests of α-Fe2O3/TiO2 heterojunc�ons were carried out, under both UV and visible 

light irradia�on. The presence of TiO2 overlayer notably enhanced the photocur-

rent response compared to pris�ne hema�te, with response highly related to the 

TiO2 overlayer thickness. Notably, under UV light and at low thickness, TiO2 acted 

as passiva�on layer. However, at higher thickness, TiO2 served as both passiva�on 

and light absorber layer, reducing the contribu�on of α-Fe2O3 in PEC photoac�vity.  

Finally, in Chapter 6, TiO2-doping strategy was considered and inves�gated. The 

first sec�on, based on submited Paper-V, was focused on ceria-doped �tania 

nano-octahedra (CeTNOh) derived from Ce-containing �tanate nanowires, via ul-

trasonica�on-hydrothermal treatment from commercial �tania P25. TNOh sam-

ples were mesoporous materials with a very high specific surface area, at least 2 

�mes higher than that of commercial anatase.  The properly designed morphology 

and the op�miza�on in ceria-loading highly promoted ciprofloxacin degrada�on, 

with the best performing sample showing a degrada�on efficiency above 80%, af-

ter 360 min of exposure �me under simulated solar light irradia�on. The op�mal 

CeO2 concentra�on was beneficial for photocataly�c ac�vity, influencing the over-

all adsorp�on-desopr�on equilibrium and enhancing the TNOh photoresponse 

with a reduc�on in the bandgap energy up to 2.75 eV, associated with the presence 

of oxygen vacancies induced by Ce3+/Ce4+ redox pair. Furthermore, the presence of 

cerium species  enhanced the separa�on of photogenerated e−–h+ pairs by 
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reducing the overall recombina�on rate. Preliminary results on nitrogen-doped Ti-

tania Hollow Spheres (Nx-THS) were discussed in the second sec�on of this chap-

ter. Uniform submicrometric pure and N-doped TiO2 hollow spheres, composed of 

hierarchically assembled nanopar�cles, were successfully synthesized following a 

modified hard template-based approach reported in Paper-I. N-doping was found 

to enhance the photoresponse of bare �tania hollow spheres (THS), reducing the 

bandgap energy and extending absorp�on into the visible-NIR light range. XPS va-

lence band analysis confirmed the presence of oxygen vacancies in the N-doped 

samples. While ini�al photocataly�c ac�vity evalua�on demonstrated enhanced 

complex organic pollutants degrada�on under both UV and SSL at room tempera-

ture, further tests, including Electron Paramagne�c Resonance spectroscopy, mix-

ture photodegrada�on efficiency evalua�on under SSL, trapping experiments, and 

stability tests, will be conducted to comprehensively assess the N-doped samples 

photocataly�c ac�vity compared to bare THS.  

 

7.2 Ongoing & Future research 
 

The research findings provided by the nanostructured systems designed, devel-

oped and described in this thesis may significantly boost and advance the prac�cal 

exploita�on of solar light for future large-scale applica�ons in the field of hetero-

geneous photocatalysis. However, some extra experiments are proposed to obtain 

a deeper understanding of the as-synthesized materials and further improvements 

in the overall photocataly�c performance.  

The combined use of surface and morphology engineering seems to be an atrac-

�ve strategy for increasing photocataly�c performance. As a mater of fact, the 

crea�on and localiza�on of surface defects together with the high control over the 

morphology, is highly challenging. In Chapter 4, two treatment processes were 

proposed to easily hydrogenate the catalyst surface while retaining both the mor-

phology and the crystal structure. However, some alterna�ve methods and/or 
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opera�ng condi�ons could be explored. For instance, the hydrogena�on of �tania 

hollow spheres could be carried out by op�mizing both the choice of the reducing 

agent, (i.e., alterna�ve to NaBH4), and the temperature of the thermal treatment. 

Furthermore, computa�onal analysis would be very useful to deeply understand 

the amount of oxygen vacancies and their distribu�on onto the materials surface, 

allowing to design more efficient TiO2-based photocatalysts.  

The crea�on and evalua�on of homojunc�ons and heterojunc�ons immobilized 

on a conduc�ve substrate was presented in Chapter 5 as a promising strategy to 

obtain efficient solar-driven and easily recoverable photocatalysts for water reme-

dia�on and PEC WS. However, TiO2/α-Fe2O3 system led to the crea�on of a Type-I 

heterojunc�on, which is less favorable for the holes transfer to the TiO2 VB. Thus, 

different types of heterojunc�ons could also be considered. For instance, the cou-

pling between TiO2-x and α-Fe2O3 could lead to the crea�on of a direct Z-scheme 

heterojunc�on, decreasing the charge-carriers recombina�on probability (de-

scribed in Chapter 3).  

The last approach explored was the doping strategy proposed in Chapter 6.  While 

it has been demonstrated that TiO2 doping is a useful technique to enhance its 

electronic, op�cal, and photocataly�c proper�es, there are s�ll some challenges 

to be faced including the dopant choice, the control in the doping levels and their 

distribu�on in the TiO2 structure. Thus, further experiments such as exploring new 

dopant concentra�ons, as well as its localiza�on in the crystal la�ce, are crucial to 

further understand and tune the catalyst proper�es. The combina�on of EPR spec-

troscopy and computa�onal studies could be a good strategy to deeply understand 

the dopants distribu�on and their effects on both the crystal and electronic struc-

ture. Concerning the preliminary results presented for N-doped �tania hollow 

spheres, other analyses have been planned to further inves�gate the proper�es of 

the materials. HR-TEM, EDX, N2-physisorp�on analysis and Raman spectroscopy 

will be useful to deeply understand structural, textural and morphological proper-

�es of the materials. Furthermore, on-going photocataly�c studies (i.e., mixture 

photodegrada�on efficiency evalua�on under SSL, trapping experiments and 
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stability tests) will allow to achieve a comprehensive overview of the photocata-

ly�c behavior of the inves�gated systems. 

 

7.3 Outlooks 
 

Over the last decades, many efforts and scien�fic publica�ons toward new efficient 

solar-driven metal-oxide based photocatalysts have been made. However, transi-

�oning from laboratory-scale experiments to real-world applica�ons s�ll requires 

a comprehensive understanding of the scalability, efficiency, and economic viabil-

ity of the processes.  

The clean energy and environment transi�on could be achieved by integra�ng the 

newly designed photocatalysts into exis�ng wastewater treatment plants or en-

ergy produc�on facili�es, always considering efficiency, and compa�bility with 

conven�onal methods. Addi�onally, the successful implementa�on of sustainable 

solu�ons requires alignment with legisla�on and policies. Thus, enhancing the ex-

change of informa�on between research and poli�cs may facilitate the integra�on 

of innova�ve technologies into environmental protec�on and energy produc�on 

strategies.  

Besides the improvement of the benchmark TiO2-based photocatalysts, there is a 

variety of poten�al materials to be explored. Thus, future inves�ga�ons may lead 

to the discovery and development of novel metal-oxide based or other types of 

photocatalysts with tailored proper�es, including ternary oxides, 2D layered tran-

si�on metal dichalcogenides, and carbon nitride-based materials.  Exploring some 

cu�ng-edge methods, such as in-operando characteriza�on techniques, can pro-

vide deeper insights into the correla�on between catalyst proper�es and photo-

cataly�c performance, driving toward further improvements in the design. More-

over, collabora�ons between researchers from different fields, such as materials 
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or physical science, engineering, and environmental science, can lead to innova�ve 

solu�ons to beter address the challenges faced in heterogeneous photocatalysis.  

In conclusion, by addressing these challenges, research in the field of heterogene-

ous photocatalysis can move forward to the promo�on of sustainable methods 

and the mi�ga�on of environmental issues.   
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Appendix A – Methods 
 

A.1 Materials & synthe�c methods 
 

A.1.1 Colored-TiO2 hollow spheres 
 

Materials   

The following commercial reagents were used in all the experimental phases with-

out any further purifica�on: milli-Q water (H2O); nitrogen gas (N2); methyl meth-

acrylate (MMA, Merck ≥ 99.0%); 2,2’-azobis (2-methylpropionamidine) dihydro-

chloride (azobis, Merck 97%); deionized water (H2O); ethanol absolute (EtOH, 

Merck ≥ 99.5%); �tanium(IV) butoxide (TBOT, Merck 97%); ammonia solu�on 28 

%w (NH3, Merck ≥ 99.9%); sodium borohydride (NaBH4, Merck ≥ 98%); argon (Ar, 

Merck ≥ 99.998%); Ciprofloxacin (CIP, Merck ≥ 98%); Titanium(IV) oxide (TiO2 Ref-

erence, Anatase, Merck ≥ 99.5%). 

 

Synthesis of White TiO2 Hollow Spheres 

The fabrica�on of white TiO2 hollow spheres (W_THS) involved a hard template-

based method. The ini�al step was the synthesis of PMMA templa�ng spheres. 

MMA (12.5 wt%) was dispersed in Milli-Q water under vigorous magne�c s�rring 

(700 rpm) while bubbling N2 (g). Subsequently, the mixture was heated to 80°C, 

and the azobis ini�ator (0.19 wt%) was introduced. The reac�on proceeded for 2 

hours, yielding colloidal PMMA spheres. The reac�on was promptly stopped by 

cooling in an ice bath, and the resul�ng PMMA spheres were separated via centrif-

uga�on (4000 rpm for 25 minutes). The products underwent mul�ple washes with 

deionized water and ethanol before finally being air-dried overnight. 

The subsequent step involved coa�ng the sacrificial template with a �tanium pre-

cursor to create a TiO2@PMMA core-shell system. Specifically, 1 wt% PMMA 
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spheres were dispersed in absolute ethanol and sonicated for 20 minutes. The sys-

tem was then heated to 45°C and s�rred at 500 rpm. 0.1 wt% of the ammonia 

solu�on and 1.5 wt% TBOT were added, and the reac�on proceeded for 24 hours. 

The resul�ng product was collected through centrifuga�on and underwent several 

washes with deionized water and ethanol. 

The final steps involved the removal of PMMA templates and the calcina�on pro-

cess to produce THSs. In detail, the core-shell spheres were subjected to thermal 

treatment at 500°C for 2 hours (ramp rate 2°C/min) in an air flow, resul�ng in the 

forma�on of W_THSs. 

 

Synthesis of Colored TiO2 Hollow Spheres 

To produce colored THSs, a mixture of W_THS and NaBH4 in different ra�os was 

thoroughly ground for 20 minutes. Subsequently, the resul�ng product was trans-

ferred to a tubular furnace, ready for the chemical vapor deposi�on (CVD) tech-

nique. Within the CVD chamber, the powder underwent thermal treatment at 

350°C under an Ar atmosphere (flow rate 150 sccm) for either 60 or 80 minutes, 

depending on the desired samples (hea�ng rate 10°C/min). A�er reaching room 

temperature, the colored THSs were me�culously washed with deionized water 

and ethanol to eliminate any unreacted NaBH4. Finally, they were dried at 70°C 

overnight. The samples were labelled as X_THSn, where X indicated the color of 

the sample (W for white, G for gray, DG for dark gray), and n represented the CVD-

annealing �me, except when it was 60 minutes. 

Specifically, G_THSs were produced by maintaining a weight ra�o between NaBH4 

and W_THS ranging from 3 to 8, respec�vely, and employing a 60-minute CVD-

annealing �me. DG_THS and DG_THS80 samples were synthesized under iden�cal 

opera�ng condi�ons, with the only varia�on being the weight ra�o between 

NaBH4 and W_THS set at 1 to 2. In the case of DG_THS80, an extended CVD-an-

nealing �me of 80 minutes was applied. 
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A.1.2 Nano-Cu/TiO2 par�cles 
 

Materials   

The following commercial reagents, without any further purifica�on, were used: 

deionized water (H2O); commercial TiO2 (Evonik AEROXIDE TiO2 P25); oxalic acid 

(Ox, H2C2O4, Sigma-Aldrich 99.0%); copper (II)-nitrate trihydrate (Cu(NO3)2·3H2O, 

Merck ≥ 99.0%); methanol (MeOH, Merck ≥ 99.5%). 

 

Photocatalysts preparation  

Surface-defect-rich P25 photocatalysts were synthesized through a microwave-as-

sisted hydrothermal reac�on involving the combina�on of commercial P25 and ox-

alic acid. In a standard synthesis procedure, an aqueous dispersion of P25 was pre-

pared under moderate magne�c s�rring. Oxalic acid was introduced with fixed 

mole ra�os (n/n) rela�ve to P25, ranging from 3.7 to 7.2. A�er 30 minutes of s�r-

ring, the dispersion was transferred into a 100 mL Teflon-lined microwave reactor 

and heated at 200°C with 600 W for 1 hour. Upon cooling to room temperature, 

the precipitate was separated from the reac�on mixture via filtra�on and under-

went mul�ple washes with dis�lled water. Finally, the resul�ng samples were dried 

in an oven at 80°C overnight. The samples were denoted as gOx/P25200, where 

"g" represents the grams of oxalic acid, and "200" indicates the temperature used 

(e.g., 2Ox/P25 200). 

To fully comprehend the role of oxalic acid and the impact of temperature on bare 

P25, a comparable procedure without the addi�on of oxalic acid was employed. 

This synthesis yielded a reference sample labeled as P25 200. The co-catalyst was 

loaded onto the surface of gOx/P25200 photocatalysts through in-situ photore-

duc�on during the ini�al phase of the photocataly�c reac�on. Specifically, 2 wt% 

of Cu2+ rela�ve to the catalyst, using a 0.01 M solu�on of Cu(NO3)2·3H2O, was 
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directly added to the MeOH/H2O solu�on used for the photocataly�c H2 produc-

�on under UV irradia�on. The samples were labelled as Cu2.0/gOx/P25 200. The 

deposited Cu loading was quan�fied using a Microwave Plasma-Atomic Emission 

Spectrometer (Agilent MP-AES 4210) for Cu2.0/P25, Cu2.0/P25 200, and 

Cu2.0/3Ox/P25 200. The data, acquired a�er 5 readings, revealed a mean value of 

1.8 wt% for all the samples. 

 

A.1.3 TiO2 NRs array homojunc�ons 
 

Materials  

Titanium(IV) butoxide (TBOT), absolute ethanol (EtOH), ace�c acid (HAac), hydro-

chloric acid (37% v/v), sodium hydroxide and methylene blue (MB) were all analyt-

ical grade and purchased by Sigma Aldrich without further purifica�on. Fluorine 

�n oxide (FTO) glasses were purchased by Pilkington. 

 

FTO glasses treatment 

FTO glasses were cleaned in an ultrasonic bath for 5 minutes three �mes each, 

with different solvents: absolute ethanol, deionized water, and acetone, respec-

�vely. Cleaned FTO glasses were then dried under nitrogen flow and then stored 

at room temperature.  

 

TiO2 NRs synthesis 

The synthesis of Titania Nanorods (TNRs) involved a hydrothermal growth method. 

During the process, two different solu�ons were used, a seed layer solu�on (A) and 

a NR growth solu�on (B), respec�vely. Solu�on A was obtained by mixing 10-3 mol 

of �tanium(IV) butoxide in an absolute ethanol and ace�c acid  solu�on in molar 

ra�o 1:5 and under s�rring for 2 h before the aging of 24h at room temperature. 
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The seed solu�on (A) was subsequently spin coated to the conduc�ve side of an 

FTO glass, with a rota�on speed of 500 rpm for 5 seconds followed by 3000 rpm 

for 30 seconds.  

The FTO glass was then subjected to hea�ng at 120 °C for 10 minutes in an air flow. 

The resul�ng samples were denoted as single layer (SL) or double layer (DL), de-

pending on whether this procedure had been repeated once or twice, respec�vely. 

Subsequently, the samples were annealed in a furnace at 450 °C for 1 hour in an 

air flow. 

For the 0.03 M �tanium butoxide Solu�on B, 1.2·10-3 mol of �tanium butoxide was 

added to a solu�on of hydrochloric acid and deionized water (1:1 v/v). Solu�on B 

was s�rred for 5 minutes un�l it became colorless and transparent. FTO substrates 

were located on a Teflon support inside a Teflon-lined stainless-steel autoclave (40 

mL). Solu�on B was then introduced into the Teflon-lined autoclave, and the hy-

drothermal growth took place at 150 °C for 4 hours. Finally, the samples were 

rinsed with deionized water and dried at 60 °C for 2 hours. 

 

TiO2 NRs array homojunction creation 

TiO2/TiO2-x homojunc�ons were created by physical vapor deposi�on (PVD). TiO2-x 

nanostructures were synthesized via reac�ve sputering deposi�on on the surface 

of TiO2 NRs using a custom-made RF (radiofrequency) magnetron sputering dep-

osi�on apparatus. Deposi�ons were carried out star�ng from a target of pure me-

tallic �tanium, employing a 13.56 MHz RF source and three reac�ve atmospheres 

of Ar+O2: 90%+10%, 85%+15%, and 80%+20%. The total pressure was set at 50·10-

4 mbar under dynamic vacuum condi�ons, and the sample holder was rotated at 5 

rpm during deposi�on to enhance the homogeneity of the film composi�on and 

thickness. The RF power applied to the 2-inch diameter �tanium target was con-

sistently set at 250 W. Throughout the deposi�on process, the temperature was 

maintained below 60°C to prevent induced phase transi�on. The deposi�on dura-

�on was approximately 1 hour, depending on the desired �tanium film thickness, 
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which ranged from 50 to 60 nm (measured by a stylus profilometer with a rela�ve 

uncertainty of around 20%), corresponding to the specific reac�ve atmosphere 

used.  

 

A.1.4 TiO2/α-Fe2O3 NRs array heterojunc�ons 
 

Materials  

Titanium tetrachloride (TiCl4, 99%) from ABCR GmbH. Ozone (O3) provided by a 

BMT803N ozone delivery system using pure oxygen at a pressure of 0.5 bar, and 

nitrogen (99.99%) were purchased from Air Liquide. Iron(III) chloride hexahydrate 

(FeCl3·6H2O) and urea (CH4N2O) were acquired from Carl Roth and Sigma Aldrich, 

respec�vely. VWR GmbH provided absolute ethanol and acetone for synthesis. 

Water with a resis�vity of 18.2 MΩ cm-1 was used in all syntheses. All other chem-

icals and reagents were of analy�cal grades. SnO2: F transparent conduc�ng 

glasses (FTO, TEC8, thickness 2.2 mm, resistance 6.70 ± 0.27 Ω/square) were pur-

chased from Ossila.  

 

Preparation of α-Fe2O3 nanorods  

Hema�te (α-Fe2O3) nanorod arrays were grown on FTO substrates using a hydro-

thermal method, followed by an annealing process in an air flow. Prior to the syn-

thesis, me�culous cleaning of the FTO-glasses was crucial, involving ultrasoni-

ca�on with absolute acetone, absolute ethanol, and ultrapure water (MilliQ) suc-

cessively, each for 10 minutes. 

A solu�on containing 1.8 mmol FeCl3·6H2O and 4.2 mmol CH4N2O dissolved in 15 

mL of water was s�rred at room temperature for 20 minutes. Subsequently, the 

solu�on was transferred into a Teflon-lined stainless-steel autoclave, with the FTO 

substrates conduc�ve side facing down, and then heated at 100 °C in the oven for 

12 hours. The resul�ng β-FeOOH product formed a uniform yellow film on the FTO 



189 
 

substrates, which was thoroughly washed with absolute ethanol and water, fol-

lowed by drying under nitrogen flow. 

Following a two-step annealing treatment of β-FeOOH in a muffle furnace (250 °C 

for 30 minutes and 500 °C for 30 minutes with a hea�ng rate of 10 °C/min), α-

Fe2O3 hema�te NRs were successfully obtained. 

 

Preparation of TiO2/Fe2O3 heterojunctions 

PLAY 2018-01 (CTECHnano) thermal atomic layer deposi�on (ALD) system was 

used to deposit TiO2 layer on hema�te NRs and Si-wafers to subsequently deter-

mine the layer thickness. Firstly, the ALD chamber was evacuated, and the temper-

ature stabilized. The pressure was maintained at 7.3 × 10−1 mbar under a 40 sccm 

of nitrogen flow. TiCl4 and H2O, the metal precursor and oxygen source, respec-

�vely, were stored in stainless steel canisters at room temperature. The manifold 

and the ALD chamber were maintained at 100 °C and 120 °C, respec�vely. Intro-

ducing TiCl4 and H2O into the ALD chamber occurred sequen�ally, with nitrogen 

employed as both purging and carrier gas. Typically, the pulse �me, exposure �me, 

and purge �me were set at 0.5 s, 50 s, and 30 s for TiCl4, and 0.15 s, 40 s, and 30 s 

for H2O, respec�vely. Samples underwent deposi�on with 10, 20, 40, 80, and 150 

ALD cycles. Following the TiO2 coa�ng, samples were annealed at 450 °C for 2 

hours in air. 

 

A.1.5 CeO2-TiO2 nano-octahedra 
 

Materials  

The following commercial materials were used without any further purifica�on: 

commercial TiO2 (Degussa P25); potassium hydroxide (KOH, Emsure, 85%); cerium 

nitrate hexahydrate (Ce(NO3)3·6H2O, Sigma Aldrich, 95%); nitric acid (HNO3, Sigma-

Aldrich, 70%); Milli-Q water.  
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Nano-octahedra synthesis  

To produce the precursors for the nano-octahedra, potassium �tanate nanowires 

(TNW) were ini�ally synthesized based on a modified synthesis previously reported 

by Wei and co-workers.[1] In a standard procedure, 0.9 g of commercial �tania (De-

gussa P25) were suspended in a 90 mL aqueous 10 M KOH solu�on and s�rred for 

1h at room temperature. The resul�ng solu�on was then transferred in an auto-

clave, and a hydrothermal reac�on was carried out at 180 °C for 24h. The obtained 

powder was collected through vacuum filtra�on and washed with Milli-Q water, 

0.1M HNO3 solu�on, and hot Milli-Q water un�l a neutral pH was achieved. As a 

final step, TNW were dried at 80 °C overnight. 

For the hydrothermal synthesis of ceria-doped TNW, a specified amount (1 wt.%, 

0.75 wt.%, and 1.5 wt.%) of a 0.0105 M Ce (NO3)3·6H2O solu�on was added to the 

s�rring suspension of P25 in 10 M KOH a�er 30 minutes under s�rring. This sus-

pension was s�rred for an addi�onal 30 min and then hydrothermally treated, fol-

lowing the same procedure as for the pure TNW sample. The resul�ng samples 

were named CeTNWx, where "Ce" denotes ceria, and "x" represents the nominal 

wt.% CeO2 loading (x = 0.75, 1, and 1.5).  

Octahedral anatase nanopar�cles were obtained from TNW and CeTNWx samples. 

In a standard procedure, nanowire precursors were ultrasonically dispersed in 

Milli-Q water for 1h at room temperature, and the resul�ng suspension was then 

transferred to an autoclave for a hydrothermal reac�on at 160 °C for 6h. A�er the 

end of the reac�on, the solid was recovered through centrifuga�on and dried un-

der vacuum at 80 °C overnight. Subsequently, the dried solid underwent calcina-

�on at 400 °C for 2h following a hea�ng rate ramp of 1°C·min-1 in sta�c air. The 

samples were labelled as TNOh for pure �tania nano-octahedra and CeTNOhx for 

ceria-doped samples, where x represents the ceria loading used for the �tanate 

precursors (x = 0.75, 1, and 1.5). 
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A.2 Characteriza�on techniques 
 

A.2.1 X-Ray Diffrac�on  
 

X-ray Diffrac�on (XRD) is a powerful analy�cal technique used for determining the 

crystallographic structure of a material. In XRD, a sample is exposed to X-rays, that 

are diffracted by the crystal planes of the material. Bragg's law is the basic principle 

in X-ray diffrac�on that describes the construc�ve interference between the inci-

dent X-rays and the atomic spacing in the crystal la�ce (equa�on A.1).  

𝑛𝑛𝑛𝑛 = 2𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝜃𝜃)                                                                                                               (A.1) 

Where n is an integer number that indicate the order of the diffrac�on peak, λ is 

the wavelength of the incident X-rays, d is the interplanar spacing in the crystal 

la�ce, and θ is the angle of the incident beam.  

This condi�on leads to the development of diffracted X-rays at specific angles, cre-

a�ng a diffrac�on patern that can be analyzed to determine the crystal structure 

of the material. The resul�ng diffrac�on patern, which consists of construc�ve 

and destruc�ve interference of the diffracted X-rays, is then detected. Thus, by 

scanning the sample in a 2θ(°) range, all the possible diffrac�ons of the crystal lat-

�ce can be obtained. Addi�onally, the crystallite size can be determined directly 

from the width of specific reflec�ons on the XRD patern using Scherrer's equa�on 

(A.2), where the crystallite mean size τ is inversely propor�onal to the full width at 

half maximum (FWHM) of the reflec�ons. Materials with smaller crystallite sizes 

exhibit broader reflec�ons with higher FWHM.  

𝜏𝜏 = 𝐾𝐾𝐾𝐾/𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽(𝜃𝜃)                                                                                                               (A.2) 

Where τ is the crystallite mean size, K is a constant related to the peak shape, λ is 

the X-ray wavelength, β is the FWHM of the diffrac�on peak, and θ is the Bragg 

angle. It has to be pointed out that the reliability of Scherrer's equa�on is 
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influenced by factors like grain boundaries, disloca�ons, crystalline mismatch, in-

trinsic stress, impuri�es, and poten�al instrumental effects on the β value.[2]  

In this thesis, the X-ray diffrac�on (XRD) analyses were carried out with PanAnalyt-

ical Empyrean X-ray diffractometer, or Siemens D-501 X-ray diffractometer 

equipped with a Ni filter and a graphite monochromator. X-ray source was Cu Kα 

radia�on. The scan rate was set at 2° min-1 and the X-Ray diffrac�on paterns were 

collected in the 2θ range 10-90°. For sample iden�fica�on, diffrac�on paterns 

were matched to the JCPDS (Joint Commitee on Powder Diffrac�on Standards) 

database. Crystallite size for TNOh samples described in Chapter 6, were evaluated 

by Scherrer’s equa�on (A.2).  

 

A.2.2 Raman spectroscopy 
 

Raman spectroscopy is a non-destruc�ve analy�cal technique based on inelas�c 

monochroma�c light scatering in the UV, Vis, or NIR range and provides detailed 

informa�on about chemical structure, phase, crystallinity and molecular interac-

�ons. 

When a monochroma�c laser beam hits the sample, most of the light is elas�cally 

scatered, giving rise to the Rayleigh scatering. However, a small por�on of the 

light is inelas�cally scatered due to the interac�ons with molecular vibra�ons, 

changing its frequency (or wavelength) and giving rise to the so-called Raman scat-

tering. Briefly, when the laser incoming photon with energy hν interacts with a 

molecule, it is excited from a vibra�onal state to one of the numerous virtual states 

exis�ng between the ground and first electronic states. The observed scatering 

type is determined by the way the molecule relaxes following excita�on. The less 

common and less intense, is the an�-Stokes scatering, that needs the molecule to 

be in a vibra�onal excited state before interac�ng with the photon. Thus, Raman 

measurements typically rely on Stokes scatering, that occurs when the molecule 
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is excited to a virtual state, and subsequently relaxes to a higher vibra�onal state, 

resul�ng in the inelas�c scatering of the photon with lower energy (hν-ΔE).  

Raman spectroscopy detects the energy difference between the incident and scat-

tered photons related to the Stokes and an�-Stokes transi�ons, o�en measured as 

the wavenumber change (cm⁻¹) from the incident light source.  

Raman spectroscopy relies on the polarizability of a molecular bond, which is a 

measure of its deformability in an electric field, determined by the ease with which 

electrons can be displaced in the bond, inducing a temporary dipole. When a bond 

shows a high concentra�on of not �ghtly bound electrons, it exhibits high polar-

izability, with high probability to induce temporary dipoles and resul�ng in a strong 

Raman signal. Hence, Raman is more responsive to the general electron distribu-

�on and molecular structure than specific func�onal groups, unlike infrared (IR) 

spectroscopy.[3]  

Micro-Raman spectra shown in Chapter 4 were collected using a LabRAM Jobin 

Yvon spectrometer equipped with a microscope. Laser radia�on at 532 nm was 

used as excita�on source at 5 mW. All measurements were acquired under the 

same condi�ons (2s of integra�on �me and 30 accumula�ons) using a 100× mag-

nifica�on objec�ve and a 125 mm pinhole.  

 

A.2.3 X-ray Photoelectron Spectroscopy 
 

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for 

chemical analysis (ESCA), is the most used non-destruc�ve, analy�cal technique to 

deeply inves�gate the surface of a material. It can provide informa�on about the 

elemental composi�on, chemical state, and electronic state of elements present 

in the outermost of a material.  

As suggested by its name, XPS is based on photoelectric effect that occurs when 

irradia�ng a sample with X-rays, typically from a monochroma�c X-ray source. In 

fact, when X-rays, having an appropriate energy, interact with the inves�gated 
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material, electrons (also called photoelectrons) can be ejected from the inner 

shells of its atoms. In fact, the photoelectric effect occurs only when the impinging 

X-rays have an energy (hν) higher than the binding energy of electrons in that ma-

terial. The binding energy of each electron is related to the kine�c energy of an 

emited electron according to the Eistein equa�on (A.3). Since atoms possess mul-

�ple orbitals at dis�nct energy states, XPS provides spectra of emited electrons 

with varying binding energies (and consequently, kine�c energies).  

𝐸𝐸𝑘𝑘 = 𝐸𝐸ℎ𝜈𝜈 − 𝐸𝐸𝑏𝑏 −  𝜑𝜑                                                                                                               (A.3) 

Where Ek is the photoelectron kine�c energy measured by the instruments, Ehν is 

the energy of the incident X-rays (known and with a fixed value), Eb is the binding 

energy of a given electron and finally, φ is the work func�on of the spectrometer, 

given by the energy difference between the vacuum energy (Ev) and the Fermi level 

(Ef) of a material.  

The kine�c energy and intensity (number of ejected electrons) of photoelectrons 

are thus detected and measured to produce the final XPS spectra. By analyzing the 

binding energies, the elemental composi�on of the sample can be determined. 

Addi�onally, the fine structure of the XPS spectrum allows for the iden�fica�on of 

different chemical states of the elements, providing insights into the chemical en-

vironment and bonding configura�ons that give rise to chemical shi�s.  

Despite the numerous and interes�ng informa�on given by XPS measurements, 

there are several parameters to consider that limits this technique, including the 

needed for high or ultra-high vacuum condi�ons (<10-9 millibar) or the source se-

lec�on that influences the signal-to-noise ra�o and determines the probing 

depth.[4] It is worth recalling that the inelas�c mean free path of electrons in-

creases with higher electron energy. Consequently, employing higher energy 

sources enables excited electrons from larger depths to reach the surface without 

collisions. This extended probing depth may be beneficial for reducing the rela�ve 

impact of surface oxides or contaminants. This is par�cularly valuable for samples 

sensi�ve to sputer damage, where it is not possible to use the common Ar+ 
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etching method before analyses.[5] Thus, enhancing the overall quality of the XPS 

spectra can be achieved by conduc�ng these measurements exploi�ng the syn-

chrotron light radia�on. 

The XPS measurements performed on the samples described in Chapter 4 (i.e., 

colored-Titania hollow spheres; nano-Cu/TiO2 par�cles) and in the second section 

of Chapter 6 (i.e., N-doped Titania hollow spheres), were carried out at the VUV-

Photoemission beamline of the synchrotron Eletra (Trieste, Italy) using photons of 

750 eV for the core level analysis and 469 eV for the valence band analysis. The 

spectra were acquired at room temperature with a Scienta R4000 electron spec-

trometer.  

For Titania Nanorods array homojunc�ons described in Chapter 5, high-resolu�on 

core level spectra for C 1s, O 1s, Ti 2p, and N 1s were recorded on a Physical Elec-

tronics PHI 5700 spectrometer, using non-monochroma�c Al-Kα radia�on (1486.6 

eV). The measurements were conducted in constant pass energy mode with a 720 

μm diameter analysis area. A reference point for adven��ous carbon (C 1s at 284.8 

eV) was established. While acknowledging the broad binding energy range of this 

signal (284.0–285.6 eV, as reported in literature), this reference was selected to 

provide reliable binding energy values for all detected XPS bands in our samples. 

To enhance accuracy, a Shirley-type background was subtracted from the signals, 

and deconvolu�on curves were fited using a Gaussian–Lorentzian model in Mul-

�pak 9.0 so�ware. Addi�onally, the materials underwent further analysis following 

etching with Ar+ at 1 keV for 1 minute. 

XPS measurements on α-Fe2O3 /TiO2 heterojunc�ons (Chapter 5) were performed 

using a JEOL JPS-9030 spectrometer at 2·10-9 mbar, equipped with hemispherical 

analyzer to detect the kine�c energy of the emited electrons and using the Kα-

radia�on of a non-monochroma�c Al X-ray source (1486.6 eV). The binding energy 

was calibrated by analysing a sputer-cleaned polycrystalline gold foil and se�ng 

the Au 4f7/2 peak to 84.00 eV. The core level spectra were fited with CasaXPS, using 

Voigt-func�ons.[6]   
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Finally, XPS measurements on Ceria-doped �tania nano-octahedra (Chapter 6) 

were carried out using a Physical Electronics spectrometer PHI 5700, with non-

monochroma�c Mg Kα radia�on equipped with a mul�channel detector. Spectra 

were collected with PHI ACCESS ESCA-V6.0 F so�ware and a constant step mode 

of 29.35 eV. Binding energy values were referred to C 1s peak of adven��ous car-

bon contamina�on layer (284.8 eV) and the error in binding energy values was 

es�mated to be ±0.1 eV. Recorded data were analysed with Mul�pak 9.5 so�ware. 

 

A.2.4 Diffuse Reflectance Spectroscopy 
 

UV-Vis-NIR diffuse reflectance (DRUV-Vis-NIR) spectra were collected to inves�gate 

the op�cal absorp�on proper�es of all the synthesized catalysts shown in this the-

sis. Measurements were carried out by using a Perkin Elmer Lambda 1050+ UV-

Vis-NIR spectrophotometer, equipped with an integra�ng sphere, for wavelengths 

ranging from 200 to 1500 nm. The use of integra�ng sphere geometry allowed to 

exclude the specular component of the reflected light. 

The band gap (Eg) was determined using the Kubelka-Munk approach (Equa�on 

A.4).[7] 

𝐹𝐹(𝑅𝑅∞) = (1−𝑅𝑅∞)2

2𝑅𝑅∞
= 𝐾𝐾

𝑆𝑆
                                                                                                 (A.4)                                                                                                                         

Where 𝐹𝐹(𝑅𝑅∞) is the Kubelka-Munk func�on, 𝑅𝑅∞ is the diffuse reflectance, 𝐾𝐾 is the 

absorp�on coefficient, and 𝑆𝑆 is the scatering coefficient. Thanks to the Tauc 

method,[8] the band gap for TiO2 semiconductors can be expressed using the fol-

lowing equa�on (A.5): 

(𝐹𝐹(𝑅𝑅∞)ℎ𝜈𝜈)
1
2 = 𝐵𝐵(ℎ𝜈𝜈 − 𝐸𝐸𝑔𝑔)                                                                                       (A.5)                                                                                                                  

Here, ℎ is the Planck’s constant, 𝜈𝜈 is the frequency of the light and 𝐵𝐵 is a constant. 

By plo�ng 𝐹𝐹(𝑅𝑅∞) versus the energy expressed in eV, and by finding the x-axis in-

tersec�on point of the linear fit of the Tauc plot, it is possible to es�mate the band 

gap of a material.[8] 
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A.2.5 Photoluminescence 
 

Photoluminescence (PL) spectroscopy was carried out to inves�gate the op�cal 

proper�es and charge-carriers recombina�on on surface engineered nano-Cu/TiO2 

and ceria doped samples in Chapter 4 and Chapter 6, respec�vely.  

All measurements were conducted under ambient condi�ons at room tempera-

ture using a FluoroLog 3–21 system from Horiba Jobin-Yvon. The system was 

equipped with a 450 W xenon arc lamp as the excita�on source. The excita�on 

wavelength was selected through a double Czerny–Turner monochromator, and 

the signal detec�on stage included an iHR300 single gra�ng monochromator cou-

pled to a Hamamatsu photomul�plier tube. For the visible range, model R928P 

was used, and for the NIR range, model R5509-73 N2-cooled was employed. The 

excita�on wavelength was set at 350 nm, and photoluminescence (PL) spectra 

were recorded over a range of 380-600 nm. Addi�onally, a cut-off filter at 370 was 

used.  

 

A.2.6 Electron Microscopies 
 

Electron microscopy is a non-destruc�ve powerful imaging technique, comprising 

scanning electron microscopy (SEM), transmission electron microscopy (TEM) and 

the hybrid version scanning transmission electron microscopy (STEM), that uses a 

beam of electrons instead of light to achieve much higher resolu�on than tradi-

�onal light microscopy. The use of electron microscopy allows to visualize the ul-

trafine details of specimens at the nanoscale, providing invaluable insights into 

their structure and composi�on. SEM and TEM microscopes can produce strongly 

focused beams of electrons that interact with samples within a vacuum chamber. 

While SEM microscopes are primarily designed for surface examina�on, TEM mi-

croscopes focus on internal structural analysis.[9] Thus, the size and morphology of 

the samples, shown in this thesis, were inves�gated by TEM or high-resolu�on 
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TEM (HR-TEM), field-emission SEM (FE-SEM) and STEM, coupled with energy dis-

persive X-ray spectroscopy (EDX).  

FE-SEM  

Briefly, in SEM the electron beam is focused on a specific spot and sequen�ally 

scanned across the specimen. Signals emited from each loca�on are emited and 

captured by detectors, with signal synchronized with the known posi�on of the 

beam on the specimen. The modula�on of signal intensity is used to define the 

corresponding image pixel, and the accumulated signals generate an image whose 

pixel distribu�on is determined by the selected scan patern. Typically, electron 

energies in SEM are on the order of 1 to 30 keV.[9]  

High resolu�on SEM images were collected with a FE-SEM Zeiss SUPRA-40 micro-

scope, equipped with Everhart-Thornley Secondary Electron Detector, High effi-

ciency In-lens Detector, angle selec�ve backscater (AsB) and annular-STEM (A-

STEM) detectors for the detec�on of backscatered and transmited electrons, re-

spec�vely. An Oxford INCA X-Act silicon dri� detector for EDX analysis was used.  

The electron gun accelera�on voltage ranged from 5 to 15 kV, according to the 

analysis and inves�gated sample.   

Samples were prepared following two methods, by dispersing a small quan�ty of 

powder in ethanol and drop-cas�ng some droplets onto a silicon wafer, or by di-

rectly deposi�ng the powders on the carbon tape.  

TEM and HR-TEM 

In TEM, the incident electron beam is directed onto a specific region of the speci-

men. Electrons that cross the specimen are lens-focused and gathered by a parallel 

detector to build an image. TEM works at higher electron energies compared to 

SEM, typically ranging from 80 to 300 keV, facilita�ng the electrons to penetrate 

through materials.[9] TEM and HR-TEM images for all the samples described were 

obtained by using FEI S/TEM TALOS F200s. In addi�on, STEM images and elemental 

mappings were collected with a High-Angle Annular Dark-Field (HAADF) detector 
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coupled with an EDX detector, opera�ng at 200 kV. The average grain size distribu-

�on or mean par�cle size were evaluated by using ImageJ analysis so�ware.  

 

A.2.7 Atomic Force Microscopy 
 

Among the scanning probe microscopies, Atomic Force Microscopy (AFM) is a high-

resolu�on imaging technique used to study the surface of a sample at the atomic 

and molecular levels. In AFM, a sharp �p is mounted on a flexible can�lever, and 

the �p is brought close or in contact with the sample surface. As the �p scans 

across the specimen, interac�ons between the �p and the surface cause the can-

�lever to deflect, according to Hooke’s law. This deflec�on is detected by a low-

power laser reflected from the back of the can�lever onto a posi�on-sensi�ve pho-

todetector and used to generate a detailed topographic image of the sample sur-

face at the nanoscale resolu�on. AFM is widely used in materials science, and nan-

otechnology, for its ability to provide three-dimensional images and precise meas-

urements of surface proper�es at the atomic scale.[10] There are several opera�ng 

modes that can be used, some available with standard AFM, while others that re-

quire addi�onal modules. The most used are the contact and the tapping modes. 

Briefly, in contact mode, the AFM �p is con�nuously in contact with the sample 

surface under a constant repulsive force, and the deflec�on of the can�lever is 

used to map the topography of the specimen. Conversely, in tapping mode, the 

can�lever oscillates near its resonance frequency, intermitently tapping the sam-

ple surface, allowing for improved sensi�vity and reduced lateral forces during im-

aging.[11]  

In the first sec�on described in Chapter 5, morphology of �tania nanorods array 

was further inves�gated by using a Bruker Dimension ICON AFM in tapping opera-

�on mode with a Bruker SCM-PIT-V2 probe having a Pla�num-Iridium coated elec-

trically conduc�ve �p (spring constant ∼0.3 N/m, nominal �p radius ∼25 nm). 
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A.2.8 N2 physisorp�on measurements  
 

N2 physisorp�on, a widely used technique to characterize the surface area and po-

rosity of materials involves the physical adsorp�on of gas molecules onto a solid 

surface, primarily governed by van der Waals forces. The amount of nitrogen gas 

adsorbed is measured as a func�on of rela�ve pressure, and the resul�ng data are 

used to determine several key parameters, including specific surface area (SSA), 

pore size distribu�on and pore volume. Addi�onally, N2 physisorp�on data typi-

cally generate adsorp�on isotherms, represen�ng the adsorbed gas amount as a 

func�on of pressure at a constant temperature. The presence of adsorp�on hyste-

resis loops occurs when the adsorp�on and desorp�on curves do not coincide. The 

IUPAC (Interna�onal Union of Pure and Applied Chemistry) classifica�on recog-

nizes various isotherms (Figure A.1a) and hysteresis loops (Figure A.1b), offering 

insights into porosity and adsorp�on mechanisms.[12] Briefly, Type I is indica�ve of 

microporous solids, with I(a) and (b) dis�nguishing between smaller and larger mi-

cropores, respec�vely. Types II, III, and VI belong to macro- or non-porous materi-

als. Type IV characterizes mesoporous materials with Type V represen�ng a specific 

version, revealing weak adsorbent-adsorbate interac�ons. Hysteresis loops (H1 to 

H5) provide further details, with varia�ons indica�ng specific pore structures and 

interac�ons, such as uniform mesopores (H1), broad pore size distribu�ons (H2, 

H2(a) and (b), non-rigid aggregates (H3), slit-shaped pores (H4), and structures 

with both open and par�ally blocked mesopores (H5). 
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Figure A.1 Classifica�on of physisorp�on (a) isotherms and (b) hysteresis loops by IUPAC. 

 

In N2 physisorp�on analysis, several mathema�cal models have been proposed to 

describe the equilibrium adsorp�on capacity of adsorbents. The most common 

method applied to Type II and Type IV isotherms, is the Brunauer-Emmet-Teller 

(BET) method and provides valuable informa�on about textural proper�es of ma-

terials, including specific surface area (SSA, m2·g-1).[12,13]  

Physisorp�on measurements of mesoporous materials, characterized by Type IV 

isotherms, enable the determina�on of total pore volume (Vp) and pore size dis-

tribu�on. Vp is obtained from vapor adsorp�on at a rela�ve pressure close to unit 

(e.g., p/p0 = 0.95). Pore size distribu�on can be assessed using the tradi�onal BJH 

(Barret, Joyner and Halenda) model, based on the desorp�on branch of the N2 

physisorp�on isotherm, and derived from the Kelvin equa�on. This model, while 

widely used, tends to underes�mate pore diameter for micropores and narrow 

mesopores.[14,15] In contrast, the more recent and powerful DFT (density func�onal 

theory) model provides a theore�cal descrip�on of the adsorp�on isotherm, offer-

ing a broader applicability range and increased accuracy, par�cularly for 
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micropores.[16,17] However, in this disserta�on the BJH model was applied to deter-

mine the pore size distribu�on.  

In Chapter 4, N2 physisorp�on measurements at -196°C and BET surface area stud-

ies on nano-Cu/TiO2 samples were performed using a Micromeri�cs 2000 instru-

ment. 

N2 physisorp�on measurements at -196°C and BET surface area studies on ceria-

doped TiO2 nano-octahedra shown in Chapter 6, were performed with a Mi-

cromeri�cs ASAP 2420 instrument. Prior to the measurement, all the physisorbed 

species from the surface of the adsorbent were removed by carrying out an out-

gassing step at 150°C for 24h.  

 

A.2.9 Electron Paramagne�c Resonance spectroscopy 
 

Electron Paramagne�c Resonance (EPR), commonly known as Electron Spin Reso-

nance (ESR), is a magne�c resonance spectroscopy technique that employs micro-

wave radia�on, in the range 3 - 400 GHz, to inves�gate species containing unpaired 

electrons, such as radicals, radical ca�ons, and triplets, under the influence of an 

externally applied sta�c magne�c field. Without going further in details, EPR spec-

troscopy is based on resonance signals caused by the applied magne�c field. In 

fact, as the strength of the applied magne�c field increases, the energy spli�ng 

(equa�on A.6) between energy levels for an electron spin widens, un�l it aligns 

with the frequency of microwave radia�on, leading to the absorp�on of photons. 

EPR is commonly employed to study systems where electrons exhibit both orbital 

and spin angular momentum. In such cases, a scaling factor is applied to accom-

modate the coupling between these two momenta. This is the g-factor, also known 

as the spectroscopic spli�ng factor or Landé g-factor, is a dimensionless quan�ty 

that describes the ra�o of the magne�c moment of an electron to its angular mo-

mentum. It characterizes the spli�ng of electron spin energy levels (equa�on A.6) 

in a magne�c field.  
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∆𝐸𝐸 = ℎ𝜈𝜈 = 𝑔𝑔 ∙ 𝜇𝜇𝐵𝐵 ∙ 𝐵𝐵                                                                                                   (A.6)  

Where ΔE is the energy separa�on between the electron spin states, g is the g-

factor, μB is the Bohr magneton, and B is the magne�c field strength. 

The g-factor provides informa�on about the electronic environment and the mag-

ne�c proper�es of the species studied in EPR spectroscopy. For free electrons, the 

g-factor is approximately 2 (i.e., 2.002319304386), but devia�ons from this value 

can occur due to the influence of the local environment and interac�ons with 

neighboring atoms or molecules. [18] 

EPR inves�ga�ons discussed in Chapter 4 were performed by Dr. Mateo Belli using 

a Bruker Elexsys E580 instrument equipped with a standard X-band cylindrical cav-

ity (ER-4118X-MD5). Powder samples were placed in fused quartz EPR tubes, and 

g-factor values around g = 2 were calibrated using an α-α’-diphenyl-β-picryl-hydra-

zyl (DPPH) standard (g = 2.0036 ± 0.0003). The analysis was carried out by the 

EASYSPIN so�ware for MATLABTM. Firstly, background, oxygen vacancies, and Ti3+ 

centers were introduced in the fi�ng model revealing structured residuals for all 

hydrogenated samples. Subsequently, an axially symmetric powder patern was in-

corporated into the model. While experimental limita�ons prevented the extrac-

�on of spin concentra�on in the spectra, rela�ve quan�ta�ve considera�ons were 

feasible, and details are available in the main text and supplementary informa�on 

of Paper-I.  

 

A.2.10 Rutherford Backscatering Spectrometry 
 

Rutherford Backscatering Spectrometry (RBS) is used for analyzing the composi-

�on and structure of materials. In RBS, a beam of high-energy ions (typically pro-

tons or alpha par�cles), is directed at a target material. As these ions interact with 

the atomic nuclei of the inves�gated material, some are backscatered. By meas-

uring the energy and intensity of the backscatered ions, informa�on about the 
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elemental composi�on and depth distribu�on of atoms within the target material 

can be obtained.[19]  

RBS analysis men�oned in Chapter 6, was performed using a 4He+ beam with en-

ergy E0 of 2.0 MeV, and the backscatered beam was collected at backscatering 

angle θ = 160° in IBM geometry.      

 

A.2.11 Photoelectrochemical characteriza�ons  
 

In general, electrochemical techniques can be divided into direct current methods, 

such as Linear Sweep Voltammetry (LSV) or chronoamperometry, and alterna�ng 

current (AC) methods, such as Electrochemical Impedance Spectroscopy (EIS). 

Photoelectrochemical (PEC) measurements involve the study of the interac�on of 

light with a photoac�ve working electrode (WE) immersed in an electrolyte solu-

�on. The experimental setup usually involves the use of a WE composed by pho-

toac�ve materials (e.g., metal oxides like TiO2 or α-Fe2O3) giving a PEC response, 

an electrolyte solu�on to facilitate the redox reac�ons at the electrode interface, 

a counter electrode (CE) and a reference electrode (RE) to complete the 3-elec-

trode configura�on PEC cell. Specifically, CE works as the site for the complemen-

tary half-reac�on of water spli�ng, requiring a substan�al surface area and rapid 

kine�cs to prevent constraining the circuit current. Typically, Pt is commonly used 

for n-type photoanodes.[20] RE is employed to maintain the poten�al of the WE 

within a defined electrochemical poten�al scale. Commonly used REs include sat-

urated calomel electrodes (SCEs) and Ag/AgCl. In publica�ons related to PEC WS, 

the applied poten�al, measured with respect to SCE or Ag/AgCl RE, is o�en con-

verted to the reversible hydrogen electrode (RHE) scale for convenient compari-

son of data reported in the literature.[21] 

The photocurrent response versus the applied poten�al is commonly measured 

se�ng the Linear Sweep Voltammetry (LSV) mode in the poten�ostat. Briefly, LSV 

involves the applica�on of a linearly increasing or decreasing poten�al, over a 
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specific range, to the WE while measuring the resul�ng current flowing to the CE. 

The applied poten�al is swept at a constant rate expressed in volts per unit �me 

(generally in the range 10-100 mV·s-1),[22] and the current response is recorded, 

genera�ng a voltammogram. The direc�on of the sweep (anodic or cathodic) de-

pends on the experimental setup. During an anodic sweep, the poten�al increases, 

while during a cathodic sweep, it decreases. As the poten�al sweep proceeds, the 

electrochemical reac�ons at the electrode interface lead to changes in the current.  

The photocurrent response at a fixed applied poten�al versus �me, can be meas-

ured se�ng the Chronoamperometry (CA) mode of the poten�ostat. 

In general, CA is used to study the �me-dependent behavior of electrochemical 

systems by applying a constant poten�al on the WE and monitoring the resul�ng 

photocurrent over �me. The form of the CA curve depends on the diffusion of the 

analyte toward the electrode surface. Specifically, as the analyte undergoes a re-

ac�on at the electrode interface, its localized concentra�on decreases, leading to 

a gradual decay in current over �me. This decay persists un�l either the analyte is 

en�rely consumed, or an equilibrium is established with diffusion. This inves�ga-

�on is usually performed to test the stability of the photoelectrode.[22]  

Electrochemical impedance spectroscopy (EIS) is a powerful technique used to 

study the electrical proper�es of electrochemical systems at the electrode-elec-

trolyte interface. Shortly, it is based on the perturba�on of the perturba�on of the 

electrochemical system in equilibrium or steady state by applying a sinusoidal sig-

nal (AC voltage or AC current) across a broad range of frequencies and observing 

the sinusoidal response (current or voltage, respec�vely) to the applied perturba-

�on. From the data analysis of EIS measurements, a Nyquist plot can be con-

structed. The Nyquist plot, represented as −Zʺ = f(Zʹ), depicts the imaginary part 

of impedance (typically as −Zʺ) ploted against the real part of impedance (Zʹ) for 

each excita�on frequency.[23]  

During an EIS experiment, direct current (dc) voltage typically refers to the Open 

Circuit Poten�al (OCP). OCP is the electrochemical poten�al of the system when 

no external current is applied. OCP is used as a reference point in EIS 
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measurements, and it is o�en measured before applying the small perturba�on to 

the system to obtain impedance data. Analyzing changes in the OCP during an EIS 

experiment can provide informa�on about the electrochemical processes occur-

ring in the system, helping to characterize its behavior under different condi�ons. 

Photoelectrochemical measurements described in Chapter 5, were performed at 

the Humboldt-Universität zu Berlin, under the supervision of Dr. Jiao Wang. The 

experimental setup is reported below.  

PEC measurements were carried out on a Bio-Logic VMP3 poten�ostat in a home-

made three-electrode electrochemical system with a 0.385 cm2 working area. Plat-

inum sheet (1×1cm2) and Hg/HgO were employed as CE and RE, respec�vely. 1M 

KOH (pH=13.6) was used as electrolyte. The electrolyte solu�on was degassed with 

Ar flow for 20 min before the PEC measurement to remove the dissolved oxygen. 

LEDs nominal wavelengths (λ =430 nm, M430L4 Spectrum) and (λ =365 nm 

M365L4 Spectrum) were used as the light sources. The light power density for LED 

illumina�on under 430 nm and 365 nm were 57 mW·cm-2 and 26 mW·cm-2, respec-

�vely. The LEDs power was measured with a Compact Power and Energy Meter 

(PM100D, ThorLabs). LSV curves were measured in the poten�al window -0.1 V to 

0.6 V bias versus Hg/HgO with a scan rate of 10 mVs-1. Electrochemical impedance 

spectroscopy (EIS) measurements were carried out in a frequency range from 100 

kHz to 0.1 Hz with an amplitude of 5 mV.  
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A.3 Photocataly�c tests 
 

A.3.1 Organic pollutants photodegrada�on 
 

The degrada�on of target complex molecules is a good method to evaluate the 

photocataly�c ac�vity of the synthesized materials. The evalua�on of wavelength 

dependencies can be carried out by using different light irradia�on sources, 

namely solar simulated light and both UV and visible (Vis) light irradia�on.  In all 

the test presented in this thesis, the UV and Vis photocataly�c tests were carried 

out under UV irradia�on (365 nm) composed by six sets of 6 W UV-B lamps 

(Sankyo, Japan) or under a 13 W visible sodium lamp (Osram, Germany) for visible 

light irradia�on. Moreover, the main photocataly�c tests were carried out under 

Sunlight Solar Simulator, AM1.5G filter, 100 W Xenon arc lamp (Abet Technologies, 

USA). During the photocatalysis the reactor was posi�oned under the solar lamp 

at a suitable distance to obtain the power of 1 sun (1350 W/m2). The photon flux 

was measured by using a Si-based reference solar cell #15150 (Abet Technologies, 

USA) placed against the external wall of the photoreactor containing pure water. 

For all the tests, a 100 mL cylindrical concentric Pyrex-quartz photocataly�c reactor 

was used. According to the selected pollutant, the ini�al concentra�on was in the 

range of 10-5 – 10-6 M. For instance, ciprofloxacin op�mal concentra�on was found 

to be 10-5 M. Addi�onally, the op�mal photocatalyst amount (evaluated in mg/L) 

varied, according to the inves�gated material. All the photodegrada�ons were per-

formed at room temperature and atmospheric pressure. Prior to irradia�on, the 

solu�ons were put in dark for 30 or 60 minutes to reach the adsorp�on/desorp�on 

equilibrium. At given �me intervals, 1 mL of solu�on was collected from the reac-

tor, filtered through a 0.45 mm PTFE Millipore disc to remove the catalyst powder 

and used for successive UV–Vis spectroscopy analysis. The degrada�on processes 

were observed following the maximum absorbance in the UV-Vis spectrum of the 

target molecule. Once calculated the concentra�on at that specific wavelength 

through the Lambert Beer law, it was possible to calculate the degrada�on rate 
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C/C0, where C is the concentra�on a�er a given �me, t and C0 represents the ini�al 

concentra�on at t = 0. Kine�cs study involved in the complex molecules photodeg-

rada�on was carried out evalua�ng the data interval from 0 to 40 min and adop�ng 

the pseudo-first-order model (equa�on A.7):  

𝑙𝑙𝑙𝑙 𝐶𝐶
𝐶𝐶0

=  −𝑘𝑘𝑘𝑘                                                                                                                  (A.7) 

where k is the pseudo-first order rate constant (min-1), calculated as k = (2.303· 

slope).  

A 3-cycles recycling test was performed to evaluate the stability and reusability of 

the inves�gated photocatalysts. Briefly, the most promising sample was collected 

by centrifuga�on, washed several �mes with deionized water, and then dried over-

night a�er each photocataly�c cycle. 

The main ac�ve species were inves�gated performing the free radical trapping ex-

periments. In summary, three dis�nct photocataly�c experiments were conducted 

under iden�cal condi�ons as described above, with the inclusion of tert-Butanol 

(tBuOH, 1mM), oxalic acid (OA, 1mM), and N2 (g) as scavengers for OH, holes, and 

O2-, respec�vely, in the reac�on system. 

 

A.3.2 Photoreforming 
 

As described in Chapter 1 and 4, the photocataly�c ac�vity of the samples can be 

evaluated by means of the H2 evolu�on reac�on from methanol photoreforming. 

Photocataly�c H2 produc�on tests were performed in a liquid-phase flow reactor 

system provided by Apria Systems. The photocatalyst was suspended in a metha-

nol/ deionized water (MeOH/ H2O) solu�on (10 % v/v) under N2(g) flux at 50 

mL·min-1 for 60 min before star�ng the reac�on. Ini�a�ng the test involved se�ng 

the gas flow to 6 mL·min-1 and ac�va�ng the lamp, which was a 365 nm UV LED 

array. Such low gas flow (6 mL·min-1) was set to reach very exigent condi�ons to 

see any small differences between the studied catalysts.  A gas chromatographer 
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equipped with a thermal conduc�vity detector (Agilent 7890B GC) was useful to 

analyze the effluent gases and quan�fy the H2 produc�on. Equa�on 3 was used to 

es�mate the apparent quantum yield (AQY) for the H2 evolu�on reac�on (equa�on 

A.8):[24] 

  𝐴𝐴𝐴𝐴𝐴𝐴 = 2∙𝑛𝑛𝐻𝐻2  
𝑛𝑛𝑝𝑝

�𝑚𝑚𝑚𝑚𝑚𝑚∙𝑠𝑠−1

𝑚𝑚𝑚𝑚𝑚𝑚∙𝑠𝑠−1� ∙ 100                                                                                                              (A.8) 

where nH2 is the H2 molecules number and np is the number of incident photons 

reaching the photocatalyst. np can be calculated from the ra�o between the total 

incident energy and the energy of one photon. In this experimental setup, the total 

incident energy was calculated considering the 365 nm incident light used and the 

power density of the incident light (2100 W·m-2).  
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exploitation of the solar spectrum (up to 1200 nm) and the engineered sur-
face enhances the photogeneration of charges for photocatalytic processes. 
In turn, when applied for photodegradation of a targeted drug (Ciprofloxacin) 
this results in 82% degradation after 6 h under simulated sunlight. Valence 
band analysis by photoelectron spectroscopy revealed the presence of oxygen 
vacancies, whose surface density increases with the hydrogenation rate. 
Thus, a tight correlation between degree of hydrogenation and photocatalytic 
activity is directly established. Further insight comes from electron paramag-
netic resonance, which evidences bulk Ti3+ centers only in hydrogenated THS. 
The results are anticipated to disclose a new path toward highly efficient 
photocatalytic titania in a series of applications targeting water remediation 
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1. Introduction

The development of efficient, low-cost, and 
environmentally friendly photocatalysts 
has attracted the interest of researchers for 
a series of applications, including produc-
tion of “green fuels”,[1–3] and water reme-
diation from polluting dyes and drugs.[4]

Water contamination is one of the 
upfront issues to be solved.[5] Complex 
organic molecules and pharmaceuticals 
including antibiotics are gaining atten-
tion due to their abuse and their low deg-
radability. In fact, antibiotics are largely 
detected in rivers and water surfaces with 
concentrations ranging from ng  L−1 to 
µg  L−1. Hence, their release from waste-
water industries is extremely dangerous 
both for the environment and human 
health.[6–8] Ciprofloxacin (CIP) is a broad-
spectrum second-generation fluoroqui-
nolone antibiotic and one of the most 
widely used and prescribed. Additionally, 
it has been proved that CIP is not only 
present in different water effluents all 
over the world, but it is also exceeding the 

safe concentration limit for antimicrobial resistance in several 
sites.[9] Unfortunately, most wastewater treatment plants are 
not suitable to eliminate pollutants effectively, so it is extremely 
important to look for new treatment strategies.

In this regard, photocatalytic advanced oxidation processes 
(AOPs), such as heterogeneous catalysis, seem to be promising 
to accelerate the oxidation and degradation of a wide range of 
organic pollutants. In fact, AOPs use the ability of semicon-
ductor materials to interact with light and to create excitons, 
whose dissociation induces the formation of electron-hole pairs 
(e−–h+) that can degrade pollutant molecules via a radical mech-
anism, thus promoting their mineralization. The production of 
photogenerated e−–h+ is one of the crucial steps, thus boosting 
their creation and avoiding fast charge recombination is essen-
tial to have high photocatalytic activity.[10] This process requires 
the presence of an efficient and stable catalyst with a suitable 
bandgap, able to absorb as much solar light as possible.

Titania (TiO2) is one of the most used photoactive mate-
rials, being at the same time non-toxic and cheap. However, its 
bandgap energy is in the range of 3.0–3.2 eV, so it can absorb 
light only in the ultraviolet (UV) region, which represents 
4–5% of the total solar irradiance spectrum.[11,12] In addition, 

Research Article
﻿

© 2023 The Authors. Advanced Functional Materials published by 
Wiley-VCH GmbH. This is an open access article under the terms of the 
Creative Commons Attribution License, which permits use, distribution and 
reproduction in any medium, provided the original work is properly cited.

Adv. Funct. Mater. 2023, 2212486

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202212486 by C
ochraneItalia, W

iley O
nline Library on [22/03/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202212486&domain=pdf&date_stamp=2023-03-15


www.afm-journal.dewww.advancedsciencenews.com

small titania nanoparticles, both in solution or assembled as 
mesoporous layers, are unable to scatter the impinging light 
and force it within a confined space, to increase the absorption 
probability. The development of low-energy gap systems able to 
confine and absorb light is still a challenge.

Hydrogenated titania is a sub-stoichiometric oxide (TiO2-x), 
also called colored titania due to the very different colors it can 
assume (blue, gray, black). It is one of the best sunlight har-
vesters, as it can absorb light from the UV to the infrared (IR) 
region of the solar spectrum. Moreover, it has been demon-
strated that the oxygen-vacancy-rich black TiO2 has enhanced 
photoactivity in several oxidation reactions under visible light 
as compared to white (stoichiometric) TiO2.[13,14] Suitable 
combinations of chemical structure and morphology can fur-
ther enhance the photochemical activity of a nanostructured 
system,[15,16] since the functionality of a material can be strongly 
influenced by its shape and size.

An interesting architecture is represented by hierarchical 
structures, where small building blocks are assembled into 
more complex geometries. TiO2 hollow spheres composed of 
self-assembled nanoparticles have been successfully applied 
as decently efficient photocatalysts, by combining the high 
surface area, and strong light scattering, which induces the 
light confinement within a small volume, thus increasing the 
absorption probability.[17,18] However, even the hierarchically 
assembled white titania hollow spheres suffer from very limited 
light absorption, due to the large bandgap of the material.

In the present work, colored TiO2 hollow spheres (THSs), 
composed of hierarchically assembled nanoparticles, were 
synthesized by a hard template-based method (see Figure 1a), 
followed by chemical reduction under controlled conditions. 
Electron paramagnetic resonance (EPR) is used to monitor the 
presence of defects (Ti3+ centers and oxygen vacancies) in the 
bulk of the materials.[19] X-ray photoelectron spectroscopy (XPS) 
shows that the density of surface oxygen vacancies increases in 
a controllable fashion at every step of preparation of the THSs. 
Their catalytic activity was evaluated by monitoring the photo-
degradation at room temperature and atmospheric pressure 
(Patm)  of CIP (target molecule), under simulated solar light. 
We demonstrated that the hydrogenation content, related to the 
presence of oxygen vacancies, is responsible for the increase in 
the optical absorption capability of the catalysts (up to the near-
IR, NIR, region) thus enhancing the overall photocatalytic effi-
ciency for the investigated photocatalytic oxidation process. We 
anticipate our results to disclose a new path toward highly effi-
cient photocatalytic titania in a series of applications targeting 
water remediation and solar fuel production.

2. Results and Discussion

2.1. Morphological and Structural Characterization

The surface morphology of THSs samples was analyzed 
using Field-emission scanning electron microscope (FESEM) 
(Figure S1, Supporting Information). Poly(methyl methacrylate) 
(PMMA) nanoparticles exhibited spherical shapes and uni-
form sizes with an average diameter of 300  nm. No agglom-
erated nanoparticles were observed. Figure  S1 (Supporting 

Information) also reports white THS and the gray THS series, 
after the removal of PMMA through the calcination process. 
THSs were uniform in size, with diameters ranging from  
350 to 400 nm. It is worth mentioning that samples were labeled 
as X_THSn, where X is referred to the color of the sample: W 
(white), G (gray), DG (dark gray) and n is the chemical vapor 
deposition (CVD)-annealing time when it is not 60 min.

The shell thickness was estimated to be ≈50 nm with a rela-
tively rough surface. The appearance of some broken spheres 
revealed the presence of a void inside, thus confirming that 
hollow structures were obtained. After the chemical reduction 
treatment under annealing of W_THSs, no relevant morpholog-
ical and structural changes were detected. The crystal structure 
and phase identification were studied through X-ray diffraction 
(XRD) (Figure S1, Supporting Information). All the THSs sam-
ples showed the characteristic peaks of the anatase phase at 2θ 
values 25.3°, 36.9°, 37.8°, 38.6°, 48.1°, 53.9°, 55.1°, and 62.7°, in 
agreement with the JCPDS (Joint Committee on Powder Diffrac-
tion Standards) card number 21–1272. The anatase crystalline 
structure has been preserved during the reduction process in 
all the colored samples, as confirmed by XRD (Figure S1, Sup-
porting Information) and high-resolution transmission electron 
microscope (HRTEM) analysis (Figure 1b–g). From the HRTEM 
analysis, the grain size distribution of W_THSs is (9.4 ± 2.9) nm 
(Figure S2, Supporting Information). Lattice fringes are clearly 
visible in the polycrystalline structure of Figure 1c. The Selected 
Area Electron Diffraction (SAED) pattern (Figure  1d) revealed 
concentric circles, due to the polycrystallinity of THSs samples. 
The lattice spacing and the crystal phase agree with the results 
from XRD. The energy dispersive X-ray spectroscopy (EDS) 
analysis indicates that only Ti and O species can be detected in 
the W_THS selected sample (Figure  1e–g). The hollow shape 
was maintained during all the processing steps, including 
hydrogenation (Figure S1, Supporting Information).

2.2. Optical Characterization

All the diffuse reflectance UV–visible–near-infrared (DRUV-vis-
NIR) spectra in Figure 2a are characterized by the main absorp-
tion feature related to the optical bandgap, which induces the 
strong absorption edge ≈390  nm (≈3.1  eV). The spectrum for 
W_THS demonstrates the effectiveness of the hollow sphere,[17] 
leading to a flat reflectivity below 75% in the full range of  
390–1200  nm. Hydrogenation induces the onset of an addi-
tional broad absorption band from 500  nm up to (at least) 
1200  nm, which is not present in the W_THS sample, whose 
intensity increases with increasing the wavelengths and the 
degree of hydrogenation. The light absorption in the vis–NIR 
region can be enhanced thanks to the disordered surface layer 
and the presence of surface defects (i.e., oxygen vacancies) 
generated by hydrogenation.[17,20,21] Our results reveal that the 
combination of a suitable morphology and the hydrogenation 
treatment enhanced light absorption in a broad spectral range. 
The onset of the absorption feature in the low-energy spectral 
region (>500 nm) may be explained by the presence of localized 
states below the TiO2 conduction band (CB) minimum, intro-
duced by the oxygen vacancies, as confirmed by both XPS and 
EPR analyses (see sections below).[22]

Adv. Funct. Mater. 2023, 2212486 2212486  (2 of 10) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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2.3. Photoelectron Spectroscopy Analysis

The electronic structure of the four types of hollow spheres was 
analyzed by X-ray photoelectron spectroscopy (XPS). The survey 

spectra (Figure S3, Supporting Information) show the attenua-
tion of the titania-related peaks along the sequence of the CVD 
preparation steps (Figure 1a), due to the gradual formation of a 
graphitic coating. Four peaks are necessary to describe the O1s 

Adv. Funct. Mater. 2023, 2212486 2212486  (3 of 10) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

Figure 1.  a) Synthesis scheme and b–g) HRTEM analysis of the W_THS sample. b,c) HRTEM images at different magnifications. d) SAED pattern with 
Miller indexes. e–g) EDS images showing the presence of Ti and O only.
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spectra (Figure 3a, photon energy 750 eV). P1 at 530.65 eV and 
P2 at 531.85 eV are attributed to O in stoichiometric TiO2 (O2

−) 
and OH groups adsorbed on the surface of the THSs. Their 
ratio remains stable for all THSs (Table 1). P3 at 533.0 eV and 
P4 at 534.4 eV can be associated with CO and COH groups, 
respectively,[23] and with the presence of adsorbed H2O.[24] The 
increasing P3/P1 and P4/P1 ratios along the sequence of CVD 
cycles (Table 1) can indicate that reduced graphene oxide forms 
in parallel with the graphitic coating, as suggested by the Fou-
rier Transform Infrared Spectroscopy (FT-IR) spectroscopy data 
of Figure  S4 (Supporting Information). In addition, a higher 
water content can be ascribed to higher surface concentra-
tion of oxygen vacancies which tend to bind water. The Ti2p 
spectra are very similar for all samples (Figure 3b, with photon 
energy of 750  eV). They can be fitted with two doublets: the 
main doublet (D1) at high binding energy derives from Ti in 
stoichiometric TiO2 (Ti4+), while the minor doublet (D2) is due 
to Ti3+ defects that probably form during the thermal treatment 
at 500  °C (step 2 of Figure  1a).[25] The nearly constant D2/D1 
ratio (4.2–5.3%, Table 1) shows that the surface concentration of 
Ti3+ is negligibly modified by the CVD preparation procedures 
at lower temperature (350  °C), which strongly affect the bulk 
concentration of Ti3+ (see Section 2.5). The P1/D1 ratio, normal-
ized to the respective photoemission cross sections at 750  eV 
(0.24 for O1s and 0.7 for Ti2p),[26,27] is always very close to 2 
(Table 1), as expected for stoichiometric TiO2. The valence band 
analysis was carried out using resonant conditions (photon 

energy 469  eV) in order to probe the defect states (oxygen 
vacancies and Ti3+) within the gap of stoichiometric TiO2 with 
highest sensitivity. In Figure  3c the valence band spectra dis-
play strong O2p-related states between ≈3 and 10  eV (V1) and 
a low-intensity Ti3d-derived state at ≈1 eV (V2), which is better 
visualized in the inset. The binding energy of V2 shifts continu-
ously from 1.10 to 0.95  eV from W_THS to DG_THS80, i.e., 
closer to the CB minimum. The V2/V1 ratio can be used to esti-
mate the concentration of the defects in the near-surface region 
of the samples. As the concentration of the Ti3+ defects remains 
stable (Figure 3b), the higher V2/V1 ratio reflects the increasing 
concentration of oxygen vacancies with the CVD treatments 
(Table 1).

2.4. FT-IR Spectroscopy

Figure  S4a (Supporting Information) shows the FT-IR spectra 
of W_THS, DG_THS, and DG_THS80. The titania character-
istic absorption bands are the TiOTi symmetrical stretching 
at 686 cm−1 and the TiO vibration band located at 505 cm−1.[28] 
The broad band at ≈3500  cm−1 corresponds to the stretching 
vibrations of OH groups.[29] Furthermore, the band located 
at 1631  cm−1 can be attributed to the combination of TiOH 
bending due to the H2O molecules adsorbed on the sam-
ple’s surface and to the CC stretching vibration that can be 
associated with the presence of graphitic carbon. The band at 
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Figure 2.  a) DRUV–Vis-NIR spectra, b) F(R) spectra calculated through Kubelka–Munk functions, c) Tauc Plots and d) bandgap energies comparison 
for all the samples, including the TiO2 Reference.
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1570 cm−1 is attributed to the presence of aromatic CC vibra-
tions and the band at 1360  cm−1 to COH stretching, leading 
to the conclusion that there is the presence of graphitic carbon 
and graphene oxide on the surface of the hydrogenated sam-
ples.[28,30] These results are consistent with XPS analysis. 
Figure  S4b (Supporting Information) shows the FT-IR spectra 
for the bare (W_THS) and the hydrogenated samples after 
and before the CIP photodegradation experiments, labeled as 
DG_THS, DG_THS80, and DG_THS photodeg, DG_THS80 
photodeg, respectively. Slight differences can be detected 
between the spectra before and after the photocatalytic experi-
ments. The main difference found in the used samples is 
the presence of two low-intensity bands located at ≈2850 and 
2910 cm−1 associated to aromatic and aliphatic CH stretching 
of CIP functional groups, which indicates that only a few of CIP 
molecules are adsorbed onto the surface of the photocatalysts.[30]

2.5. EPR Spectroscopy

Figure 4 shows the room temperature EPR spectra of THS with 
different degrees of hydrogenation in the g  =  2 region. Data 
are reported after the removal of a parabolic background and 
the normalization to the maximum of each spectrum, to better 
appreciate its features.

W_THS shows a single transition, characterized by a small 
anisotropy, almost unobservable because of the signal line 
width (g⊥ = 2.0021, g∥ = 2.0007, Gaussian and Lorentzian peak-
to-peak widths σpp and λpp of 0.22 and 0.17  mT respectively). 
This center is generally ascribed to oxygen vacancies (OV), 
though we observe a g factor slightly shifted to lower values with 
respect to the literature (g = 2.002–2.003).[19,25] Following hydro-
genation, the OV signal is still present though with param-
eters closer to the expected values (g⊥  = 2.0026, g∥  = 2.0016, 
σpp = 0.64, λpp = 0.38). Moreover, three other centers emerge: a 
broader transitions at higher magnetic field values (g⊥ = 1.988, 
g∥ = 1.978, σpp = 0.2, λpp = 1.2); another weak center at interme-
diate g factor which is responsible for the strange asymmetric 
line shape of the OV center in the treated material (g⊥ = 2.0004, 
g∥  = 1.9935, σpp = 0.54, λpp  = 0.04); an extremely broad peak 
(peak-to-peak width higher than 110  mT) centered around 
g  =  2.4–2.45 (Figure  S9, Supporting Information). The first 
center is generally attributed to paramagnetic Ti3+ centers.[19,25] 
The fact that no such signal is observed in W_THS while, for 
the same material, Ti3+ is observed by XPS may be related to 
the different parts of the sample the two techniques probe. If 
hydrogenation promotes the formation of Ti3+ at the surface 
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Figure 3.  XPS characterization of the THSs. The spectra were collected at photon energy 750 eV for the a) O1s and b) Ti2p core levels and photon energy 
468 eV for the c) valence band. The inset in panel (c) shows a zoom of the fundamental gap region of the THSs, where defect states (V2) are detected.

Table 1.  Numerical values derived from the XPS data (shown in Figure 3).

Sample W_THS G_THS DG_THS DG_THS80

P2/P1 [%] 24 23 28 20

P3/P1 [%] 22 59 55 60

P4/P1 [%] 26 28 48 71

D2/D1 [%] 4.2 5.3 4.5 5.1

P1/D1 2.03 2.05 2.08 2.14

V2 binding energy [eV] 1.10 1.00 1.00 0.95

V2/V1 [%] 1.7 1.8 2.7 3.0
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and their diffusion into the bulk portion of the THS, Ti3+ 
centers too weak to be recorded by EPR in the pristine mate-
rial may become observable. The interpretation of the second 
center is not straightforward. Despite the fact that it is present 
only together with the Ti3+ center, it does not fall in the typical 
g factor range of Ti3+ centers.[31–33] It is more probably a carbon-
related center, possibly interacting with Ti3+ centers nearby. 
This attribution is suggested in the literature[34] and would be 
compatible with XPS characterization. Low-temperature EPR 
characterization may help to unravel this issue. The last center 
is responsible for the large negative background overlapping 
the g = 2 region. Such a background can be observed in various 
reports, but it is not often commented on. Its width and place-
ment suggest that it is likely due to ferromagnetic resonance 
from magnetic impurities, which can give very large signals at 
unusual g factor values even if in trace amounts. This effect is 
due to the enhancement inherent in their intrinsic magnetiza-
tion. Similar signals were observed in TiO2 samples after 2  h 
ball milling, for example.[35] Presumably, it is not due to Fe 
contaminants, nor to ferromagnetic interactions between Ti3+ 
centers, which would both introduce well-defined features in a 
different g range, at least for a substitutional fraction.[31,36,37]

The intensity ratio of the Ti3+ component with respect to 
the OV component for G_THS, DG_THS, and DG_THS80 is 
roughly 1.5, 1.2, and 3.9, respectively, while it is identically 0 
for W_THS which does not show Ti3+ even at large microwave 
power. The ratio of the C-related component with respect to 
the OV component is 0, 0.2, 0.3, and 0.4. for W_THS, G_THS, 
DG_THS, DG_THS80 respectively.

2.6. Photodegradation of Ciprofloxacin under Simulated Solar Light

The photocatalytic activity of all THS samples was evaluated 
under simulated solar light irradiation, in an aqueous solution 

and at room temperature (Figure 5a,b). In all cases, we moni-
tored for 360 min the typical CIP main absorbance peak located 
at ≈273 nm. The photolysis of the base CIP was used as a ref-
erence (black curves). Figure  5a shows the photocatalytic deg-
radation of CIP with and without catalysts in terms of the 
concentration of CIP C at a given exposure time with respect to 
its initial value C0 at −60 min (60 min is the equilibration time 
before the exposure to the solar light). The C/C0 curve of bare 
CIP decreases slightly (≈13%) over 360  min, thus confirming 
the substantial stability of CIP under sunlight irradiation. After 
60  min of equilibration in the dark in the presence of TiO2 
Reference and THS samples, CIP is partially adsorbed on the 
surface of the photocatalysts, from 2% for W_THS to 20% for 
DG_THS80 and 30% for TiO2 Reference. The efficiency of the 
photocatalytic degradation is known to depend crucially on the 
type of the adsorption phenomena involved, which are also 
affected by the pH of the solution. Indeed, the solution pH 
influences both the charge of the photocatalyst surface and the 
drug molecules as well as their possible interactions. The zero-
point charge (pHzpc) is defined as the pH at which the catalyst 
surface is uncharged. According to the literature, pHzpc for sto-
ichiometric TiO2 is between 5 and 6. In addition, CIP shows 
different pKa associated to its functional groups and can take 
different charges according to the pH of the solution.[27,38] In 
general, in alkali conditions CIP is predominantly in its ani-
onic form, on the contrary in cationic form in acidic conditions. 
Hence, in water at a neutral pH CIP is in its zwitterionic form 
so that it will interact weakly with the pure TiO2 photocatalyst 
surface. When the hydrogenation content increases, the pHzpc 
of the colored TiO2 changes. In detail, values reported in lit-
erature are below the neutral pH, thus the hydrogenated par-
ticle suspensions in water (pH =  7) are stabilized by repulsive 
forces coming from their negatively charged surface. Oxygen 
vacancies may lead to an increase in the adsorption of water 
molecules thus hydroxylating the catalyst’s surface, affecting 
the adsorption of CIP molecules and the overall degradation 
pathway.[39,40] This mechanism explains the marked decrease of 
C/C0 as a function of the exposure time when THS samples 
were added to the solution.

For comparison purposes, a commercial white titania (pure 
anatase polymorph, as the THS samples) was also investigated 
under the same reaction conditions. All the synthesized sam-
ples showed excellent and improved photocatalytic activity with 
respect to the commercial TiO2 Reference, which can degrade 
CIP only at 61%. The best-performing sample is G_THS, which 
degrades 82% of CIP within 360  min and presents a kinetic 
constant of 11.9 10−3 min−1 (the kinetic constants for all the sam-
ples are reported in Figure 5b,c). Interestingly, the high hydro-
genation content of DG_THS80 is accompanied by lower pho-
tocatalytic activity among the colored samples. When dealing 
with hydrogenated TiO2, the correlation between the phys-
icochemical properties and the photocatalytic performances is 
complicated and often results in conflicting results.[22] In our 
case, XPS and EPR analysis confirmed the presence of surface 
defects such as Ti3+ centers and oxygen vacancies, which are 
highly visible in DG_THS80. The role of the oxygen vacancies 
and Ti3+ centers have been widely discussed in the literature 
and their concentration has an impact on the photocatalytic 
activity.[41,42] In fact, defects act as recombination centers for 
photogenerated electron-hole pairs and cause a decrease in the 
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Figure 4.  Stacked EPR spectra of THS with different degrees of hydro-
genation. The applied power was selected not to saturate any of the sig-
nals. Ordinate scale represents data after the subtraction of a parabolic 
background, and normalization to the maximum value in each spectrum, 
to better visualize the relative weight of the various components. Fitting 
curves of the single spectra are also included (black dash-dot line) and 
the corresponding spin-Hamiltonian parameters can be found in (Fig-
ures S5–S9 and Tables S1–S4, Supporting Information).
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overall photocatalytic efficiency. However, the same Ti3+ sites 
and oxygen vacancies have been shown to be responsible for 
the increasing ability in absorbing a broader range of wave-
lengths up to the NIR region. Consequently, a trade-off between 
light absorption and catalytic activity is needed to maximize 
the photocatalysis. G_THS showed the lowest amount of sur-
face defects. This feature prevents charge-carriers recombina-
tion, thus lowering the electrons trapping phenomena and 
promoting the conversion of oxygen molecules into superoxide 
radicals, necessary for CIP photodegradation.[43]

Another important point deserves to be discussed: the role of 
graphitic carbon on the photocatalytic properties. The combina-
tion of XPS and FT-IR analysis may help on the matter. In fact, 
XPS highlights the formation of graphitic coating along the 
sequence of the CVD preparation steps. The presence of carbon 
coating is also confirmed by FT-IR analysis of the samples 
DG_THS and DG_THS80 before the catalytic tests: the sam-
ples DG_THS and DG_THS80 clearly present the two FT-IR 
absorption bands at 1570 and 1360 cm−1, which are not present 
in the sample W_THS. After the first cycle of photocatalysis, 
the FT-IR analysis was repeated (Figure  S4, Supporting Infor-
mation) and the two bands at 1570 and 1360 cm−1 disappeared. 
After three catalytic cycles, we also repeated the XPS measure-
ment on sample DG_THS (Figure  S10, Supporting Informa-
tion), which indicated a drastic decrease in the surface graphitic 
carbon content. The experimental evidence from both FT-IR 
and XPS indicates strong reduction of graphitic carbon content 

in the DG sample series after the photocatalytic tests. Despite 
the strong modification of carbon content, the functional tests 
of Figure  S11 (Supporting Information) demonstrate no varia-
tion in the photocatalytic activity during cycles 1, 2, and 3 of the 
reusability test. The combination of these data allows us to con-
clude that the surface graphitic carbon plays a negligible role in 
the functional properties of the material and tends to disappear 
during the re-use of the colored hollow spheres.

Since the peculiarity of the hydrogenated THSs is the broad 
absorbance in the visible region, we also evaluated the photo-
catalytic activity of the best-performing sample (i.e., G_THS) 
under both UV and vis light, in the same conditions used 
before, to compare the obtained results and examine wave-
length dependence. As expected, G_THS photocatalyst is active 
both under UV and vis light, showing a CIP degradation of 
98% and 54%, respectively, after 180  min of irradiation time 
(Figure S12, Supporting Information).

Stability and reusability test of the best-performing pho-
tocatalyst (G_THS), was carried out (Figure  S11, Supporting 
Information). A slightly increased photocatalytic activity (+5%) 
was observed soon after the first-cycle test. Simultaneously, a 
decrease of the CIP adsorption process from 20% of adsorbed 
species during the first cycle to 11% during the third cycle in 
the dark period was recorded. This behavior can be attributed 
to the adsorption of degradation by-products on the active sites 
which leads, at the same time, to faster production of radicals. 
Finally, free radical trapping experiments were conducted to 
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Figure 5.  a) Photocatalytic degradation of CIP as a function of irradiation time with and without catalysts (CIP curve) under simulated solar light irra-
diation. b) CIP degradation kinetics with linear fits of the experimental data in dashed lines. c) Legend and kinetic constant values for all the samples 
under simulated solar light (SSL). d) Scavenger experiments of the active species for the degradation of CIP in presence of G_THS.

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202212486 by C
ochraneItalia, W

iley O
nline Library on [22/03/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



www.afm-journal.dewww.advancedsciencenews.com

Adv. Funct. Mater. 2023, 2212486 2212486  (8 of 10) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

investigate the main active species responsible for CIP degra-
dation (Figure  5d). The photocatalytic efficiency of G_THS is 
significantly inhibited when N2 (O2

− scavenger) and OA (h+ 
scavenger) are introduced into the system, while barely affected 
upon the addition of tBuOH (OH scavenger). Hence, super-
oxide radicals (O2

−) and holes (h+) should be the two major 
reactive species involved in the CIP degradation by G_THS 
under simulated solar light irradiation.

3. Conclusions

We have proposed an easy and cost-effective way to obtain 
hydrogenated and colored THS composed of hierarchically 
assembled nanoparticles as promising photocatalysts for water 
remediation. The hollow microstructures, in combination with 
the defect-engineered surface, enable the exploitation of solar 
light in a much broader spectral range (200–1200  nm), com-
pared to the bare titania counterpart. We recorded highly effec-
tive exploitation of photogenerated charges in photocatalytic 
degradation of the well-known water contaminant CIP. The 
best-performing sample reached 82% of degradation efficiency 
under simulated solar light irradiation at room temperature 
and atmospheric pressure. We showed that the hydrogenation 
degree, related to the presence of oxygen vacancies on the cata-
lyst’s surface, seems to lead to an increase in the optical absorp-
tion and the overall photocatalytic activity of the samples. We 
showed also that hydrogenation undoubtedly introduces defects 
that are not present in pristine THS, as monitored by magnetic 
resonance. Benefitting from the design, the recorded function-
ality, and the understanding of physico-chemical properties of 
these materials, colored THS may offer a promising strategy 
to obtain novel and efficient photocatalysts. Therefore, this 
work provides inspiration to produce a cheap, environmentally 
friendly, stable, and efficient photocatalyst, which holds a great 
potential for the development of new technologies not only for 
water remediation applications but also for energy applications 
in the field of solar fuel production.

4. Experimental Section
Materials: The following commercial reagents, without any further 

purification, were used in all the experimental phases: milli-Q water 
(H2O); nitrogen gas (N2); methyl methacrylate (MMA, Merck ≥ 99.0%); 
2,2′-azobis (2-methylpropionamidine) dihydrochloride (azobis, Merck 
97%); deionized water (H2O); ethanol absolute (EtOH, Merck ≥ 99.5%); 
titanium(IV) butoxide (TBOT, Merck 97%); ammonia solution 28%w 
(NH3, Merck  ≥  99.9%); sodium borohydride (NaBH4, Merck  ≥  98%); 
argon (Ar, Merck  ≥  99.998%); methylene blue (MB, Merck  ≥  82%); 
CIP (CIP, Merck ≥  98%); Titanium(IV) oxide (TiO2 Reference, Anatase, 
Merck ≥ 99.5%).

Synthesis of White TiO2 Hollow Spheres: The synthesis of white TiO2 
hollow (W_THS) spheres involved a hard template-based approach. The 
first step was the synthesis of PMMA templating spheres. Briefly, MMA 
(12.5  wt.%) was dispersed in Milli-Q water under vigorous magnetic 
stirring (700  rpm), bubbling N2 (g). Subsequently, the mixture was 
heated up to 80 °C and the azobis initiator (0.19 wt.%) was added. The 
reaction was carried out for 2 h, producing colloidal PMMA spheres. The 
reaction was rapidly stopped by cooling in an ice bath and the resulting 
PMMA spheres were separated by centrifugation (4000 rpm for 25 min). 

They were washed with deionized water and ethanol repeatedly. Finally, 
the product was dried in the air overnight.

The second step involved the coating of the sacrificial template 
using a titanium precursor to obtain a TiO2@PMMA core-shell system. 
Specifically, 1 wt.% PMMA spheres were dispersed in absolute ethanol 
and sonicated for 20 min. The system was heated to 45 °C and stirred 
at 500 rpm. 0.1 wt.% of the ammonia solution and 1.5 wt.% TBOT were 
added, and the reaction was carried out for 24 h. The resulting product 
was collected by centrifugation and washed with deionized water and 
ethanol several times.

The removal of PMMA-templates and the calcination process are 
the last steps to produce THSs. In detail, the core-shell spheres were 
thermally treated at 500 °C for 2 h (ramp rate 2 °C min−1) in airflow and 
W_THSs were obtained.

Synthesis of Colored TiO2 Hollow Spheres: To obtain colored THSs, 
W_THS and NaBH4 were mixed in different ratios and grounded for 
20 min thoroughly. Then, the product was placed in a tubular furnace, 
ready for the chemical vapor deposition (CVD) technique. Inside the 
CVD, the powder was thermally treated at 350 °C under Ar atmosphere 
(flow rate 150  sccm) for 60 or 80  min (heating rate 10°C  min−1), 
according to the desired samples. After cooling to room temperature, 
the colored THSs were accurately rinsed several times with deionized 
water and ethanol to remove unreacted NaBH4, and finally dried at 70 °C 
overnight. Samples were labeled as X_THSn, where X was referred to the 
color of the sample: W (white), G (gray), DG (dark gray) and n was the 
CVD-annealing time when it was not 60 min.

G_THSs were obtained using a weight ratio between NaBH4 and W_
THS of 3 to 8, respectively, and a 60 min CVD-annealing time. DG_THS 
and DG_THS80 samples were synthesized through the same operating 
conditions but using a weight ratio between NaBH4 and W_THS of 1 to 2 
and, in the case of DG_THS80 a CVD-annealing time of 80 min.

Characterization Techniques: Field-emission scanning electron 
microscopy (FESEM) was performed with Zeiss SUPRA 40 instruments. 
All micrographs were taken at a 5 kV electron gun accelerating voltage. 
High-resolution transmission electron microscopy (HRTEM), and energy 
dispersive X-ray analysis (EDX) elemental mapping were carried out on 
a FEI Talos F200S scanning/transmission electron microscope (S/TEM) 
at an acceleration voltage of 200 kV. The average grain size distribution 
was determined by grain size analysis software evaluation. The X-ray 
diffraction (XRD) analyses were carried out with PanAnalytical Empyrean 
XRD, equipped with Cu kα radiation. The scan rate was 2°min−1. X-Ray 
diffraction patterns were collected in the range 10–80 2θ degrees. For 
sample identification, diffraction patterns were matched to the JCPDS 
database.

Fourier Transform Infrared Spectroscopy (FT-IR) was led using a 
Perkin-Elmer Spectrum 1000 spectrometer equipped with a Platinum 
Diamond attenuated total reflectance (ATR). FT-IR spectra were collected 
in the range 4000–400 cm−1.

UV–is-NIR diffuse reflectance (DRUV-vis-NIR) spectra were collected 
with a Perkin Elmer Lambda 1050+ UV–vis-NIR spectrophotometer, 
equipped with an integrating sphere, for wavelengths ranging from 200 
to 1200 nm. The bandgap (Eg) was determined using the Kubelka–Munk 
approach (Equation 1).[44]

1
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F R
R
R

K
S( ) ( )=

−
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∞

∞
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Here, F(R∞) is the Kubelka–Munk function, R∞ is the diffuse 
reflectance, K is the absorption coefficient, and S is the scattering 
coefficient. Then by exploiting the Tauc method,[45] the bandgap for 
TiO2 semiconductors can be expressed using the following equation 
Equation 2:

F R B E
1
2 ghv hv( )( )( ) = −∞ � (2)

Here, h is the Planck’s constant, ν is the frequency of the light and B 
is a constant. By plotting F(R∞) versus the energy expressed in eV, and 
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by finding the x-axis intersection point of the linear fit of the Tauc plot, it 
is possible to estimate the bandgap of a material.[45]

The XPS measurements were carried out at the VUV-Photoemission 
beamline of the synchrotron Elettra (Trieste, Italy).

Electron paramagnetic resonance investigations were performed 
with a Bruker Elexsys E580 instrument equipped with a standard 
X-band cylindrical cavity (ER-4118X-MD5). The powder samples were 
introduced in fused quartz EPR tubes. g factor values around g  =  2 
were calibrated with an α-α′-diphenyl-β-picryl-hydrazyl (DPPH) standard 
(g = 2.0036 ± 0.0003), while for the large scan in Figure S9 (Supporting 
Information), the applied correction consisted in a linear extrapolation 
of the g  =  2 correction and no correction at zero magnetic fields. 
Analysis routines made use of the EASYSPIN software for MATLABTM.[46] 
In particular, a first-stage analysis introducing background, OV, and 
Ti3+ centered in the fitting model showed structured residuals for all 
hydrogenated samples, in the form of an axially symmetric powder 
pattern which was thus introduced into the model. Experimental issues 
did not allow to extract the spin concentration of the different samples 
in the spectra, though relative quantitative considerations could be 
performed and are described in the main text and in the Supporting 
Information.

Photocatalytic Tests: The degradation of ciprofloxacin (CIP), an 
antibiotic, was chosen as a test reaction to evaluate the photocatalytic 
activity of the synthesized materials under solar simulated light and 
both UV and visible (vis) light irradiation to evaluate wavelength 
dependences of photocatalytic activity at several different wavelengths. 
The UV and vis photocatalysis reactions took place in a reactor system, 
where six sets of 6  W UV-B lamps (Sankyo, Japan) for UV irradiation 
(365 nm) and a 13 W visible sodium lamp (Osram, Germany) for visible 
light irradiation were used. The main photocatalytic test was carried 
out under Sunlight Solar Simulator, AM1.5G filter, 100  W Xenon arc 
lamp (Abet Technologies, USA). During the photocatalysis, the reactor 
was positioned under the solar lamp at a suitable distance to obtain a 
power of 1 sun (1350 W m−2). The photon flux was measured by using 
a Si-based reference solar cell #15 150 (Abet Technologies, USA) leaned 
against the external wall of the photoreactor containing only pure water. 
A 100  mL cylindrical concentric Pyrex-quartz photocatalytic reactor 
was employed. The initial concentration of the target molecule was 
2 × 10−5 m and the amount of photocatalyst was fixed at 125 mg L−1. The 
photodegradation tests were performed at r.t. and Patm and at solution’s 
pH (pH  =  5). Prior to irradiation, the solutions were put in dark for 
60  min to reach the adsorption equilibrium. At given time intervals, 
1  mL of solution was collected from the reactor, filtered through a 
0.45 mm PTFE Millipore disc to remove the catalyst powder, and used 
for successive UV–vis spectroscopy analysis. A Perkin Elmer Lambda 
1050+ UV–vis-NIR was used for these measurements. The degradation 
processes were observed following the maximum of absorbance 
(273 nm for CIP) in the UV–vis spectrum of the target molecule. Then, 
once calculated the concentration at this specific wavelength using the 
Lambert-Beer law, it was possible to calculate the degradation rate 

0

C
C

, 

where C is the concentration after time t and C0 represents the initial 
concentration at t  =  0. Kinetics study involved in the CIP molecules 
photodegradation was carried out evaluating the data interval from 0 to 
60 min and adopting the pseudo-first-order model:

0
ln

C
C

kt= − � (3)

where k is the pseudo-first-order rate constant (min−1), calculated as

2.303 slopek = × � (4)

To evaluate the stability and reusability of the photocatalysts, a 3-cycle 
recycling test was performed. The best-performing sample was collected 
by centrifugation, washed with deionized water several times, and dried 
overnight after each photocatalytic cycle.

The main active species in the CIP degradation were investigated by 
performing the free radical trapping experiments. Briefly, three different 

photocatalytic tests were carried out using the same conditions as 
before but adding to the reaction system tert-Butanol (tBuOH, 1 mm), 
oxalic acid (OA, 1 mm) and N2 (g) as OH, holes, and O2

− scavengers, 
respectively.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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1. Introduction

The global energy crisis caused by the lat-
est events is having far-reaching impli-
cations and natural gas is center stage.
The average cost of electricity is greatly
increasing and high prices for both fos-
sil fuels and natural gas are the main
cause.[1] In a possible scenario, energy
demand will rise dramatically, thus peo-
plemay not be able to affordmodern elec-
tricity, reverting to the use of traditional
biomass and by soaring greenhouse gas
emissions into atmosphere. Oil and coal
are only a poor and short-term option,
and the crisis may be seen as a boost for
low-emission alternatives.[2]

As a result, the clean-energy econ-
omy is emerging and hydrogen, thanks
to its potential as a clean and energy
vector, is considered an ideal candidate,
playing a crucial role within this transi-
tion process. Furthermore, hydrogen can

be produced from a variety of processes and feedstocks, includ-
ing renewable resources such as biomass or water by using re-
newable energy sources such as solar light.[3] Sunlight is the
most abundant renewable source, and it can provide energy to
our earth, which is significantly larger than the daily total global
energy consumption. Researchers have been focused on H2 pro-
duction through solar water splitting methods.[4] However, the
efficiency values for their practical use are still too low.[5] In this
frame, H2 production from alcohol photocatalytic reforming re-
action is one of the most suitable alternatives in the field of het-
erogenous photocatalysis.[5] In general, well-designed semicon-
ductor photocatalysts with tailored properties are needed. The
main drawbacks that hamper the development at a large-scale
concern indeed the catalyst performance. As a matter of fact,
back-reactions, the fast photogenerated charge-carriers recombi-
nation or the deactivation of the catalyst due to poor stability, are
the main issues to overcome their practical exploitation.[6,7]

Thanks to its unique properties and versatility, titania has al-
ways been considered an ideal candidate for photocatalytic ap-
plication such as H2 production from alcohol photo reforming.
However, its wide bandgap (3.0–3.2 eV) that hinders the use of
full solar light spectrum, combined with all the aforementioned
deficiencies are limiting its practical use.[3,8] Furthermore, large
specific surface area, high crystallinity and anatase phase are
known to increase photocatalytic activity. Intense investigations
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Figure 1. a) Synthesis scheme. TEM images of b) bare P25 and c) 2.5Ox/P25 200.

are still ongoing on different aspects of photocatalytic activity
of TiO2, which can be exploited to improve its performances,
including doping and co-doping,[9] nanostructuring,[10] defect
engineering,[11,12] reactor configuration,[13] heterostructuring,[14]

among the others.
According to the reported literature, among several types of

photocatalysts, commercial titania P25 fromEvonik is often taken
as target material since it shows excellent performance.[3] In fact,
P25 is composed of a phase combination ratio between anatase
and rutile and an average crystallite size of ≈20 nm, having all
the features required to show good photoactivity, that can be fur-
ther enhanced.[15,16] In general, a good strategy to increase TiO2
efficiency is the tuning of its optical and electronic properties, by
metal co-catalyst loading and simultaneously working on chemi-
cal surface composition.[8,15,17]

It is well known that the use of a metal co-catalyst can hinder
the fast charge-carriers recombination but, in addition to this tra-
ditional strategy, surface defects engineering has been suggested
as a novel approach to improve the overall photocatalytic effi-
ciency. In fact, surface defects can induce modifications on the
charge distribution around Ti and O, enhancing the separation
of the photocarriers, promoting the sacrificial agent adsorption,
and extending the light absorption range.[18]

In the present work, surface defect engineered nano-Cu/TiO2
(Cu2.0/gOx/P25 200) photocatalysts have been synthesized
through an easy and cost-effective microwave (mw)-assisted
hydrothermal synthesis, mixing commercial P25 and oxalic
acid (Ox), followed by nominal 2.0 wt% metal co-catalyst (Cu)
loading through chemical reduction deposition procedure (see
Figure 1a). In detail, it is possible to obtain surface defects en-
gineered commercial P25 nanoparticles combined with the use
of Cu co-catalyst to improve the electron-hole separation and
broaden the absorbance ability, thanks to the presence ofmid-gap
states below the TiO2 conduction band, and the photocatalytic ac-
tivity, thanks to high surface-to-volume ratio, stability of the crys-
talline structure and finally, enhancement of charge-carriers sep-
aration.

2. Results and Discussion

Surface defects engineered nano-TiO2 photocatalysts were syn-
thesized through an easy mw-assisted hydrothermal synthesis,
mixing commercial P25 titania and Ox in different molar ra-
tios (Ox/P25). Samples were labeled as gOx/P25 200, where g
is the weight of oxalic acid and 200 the temperature (in Cel-
sius degrees) used during the synthesis (Figure 1a step 1 and
2). Subsequently, nominal 2 wt% of Cu (labeled as Cu2.0) co-
catalyst was loaded through an in situ photodeposition when the
photocatalytic tests under UV light irradiation (using a 365 nm
UV LED array equipped in the photoreactor) were performed
(Figure 1a step 3). In this first section, we report and deeply in-
vestigate gOx/P25200 samples, to better understand how themw-
treatment in combination with the oxalic acid can induce surface
modifications.

2.1. Morphological and Structural Characterization

The crystal structure of the prepared materials was characterized
by X-ray diffraction (XRD) and micro-Raman analysis. Figure 2
shows the XRD patterns for gOx/P25200 samples, compared
with commercial P25, taken as a reference, and the JCPDS cards
21–1276 (rutile) and 21–172 (anatase). As it can be noticed, all the
gOx/P25200 samples displayed the typical pattern of commer-
cial P25, including both rutile and anatase phases, which is more
evident from the intense peaks located at 2𝜃 25.3°, 37.7°, 48.0°,
53.9°, and 55.02° corresponding to the (101), (004), (200), (105),
and (211) reflections. The addition of oxalic acid during the hy-
drothermal treatment at 200 °C does not affect the overall crystal
structure of commercial P25 which remains stable, as confirmed
also by Raman analysis. In fact, as widely reported in literature,
the six main Raman active modes for anatase TiO2 (A1g + 2B1g
+ 3Eg symmetries) are commonly detected at 143, 196, 398, 519
(superimposed with 515 cm−1 band), 639 cm−1, corresponding to
Eg, Eg, B1g, A1g, B1g, and Eg vibrational modes.[15,19] Moreover, as
expected, rutile TiO2 Raman active modes can only be foreseen
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Figure 2. a) XRD patterns; b) Raman spectra; c) N2 adsorption-desorption isotherms for P25 200 and gOx/P25 200 samples; d) BET surface area values
for all the samples including the Evonik P25 reference. All the curves in (a–c) follow the color palette reported in (d).

Figure 3. HRTEM images for a) Cu2.0/3.0Ox/P25 200 and b) Cu2.0/P25 200. In both the panels, the white arrows indicate Cu clusters.

at 140 (B1g), 235 (multiphoton process), 445 (Eg), 609 (A1g), and
825 cm−1 (B2g) (Figure 2b).

[20] gOx/P25200 samples showed the
typical P25 Raman peaks, confirming no apparent changes in the
crystal structure. From TEM micrographs (Figure 1b,c) and BET
analysis (Figure 2c,d), we can observe that neither the shape nor
the morphology and the textural properties of commercial P25
are influenced by the addition of Ox and subsequent hydrother-
mal treatment, suggesting only the presence of surface modifi-
cations. As evidenced in the table of Figure 2d, no relevant dif-
ferences on the surface areas calculated from the N2 adsorption-
desorption isotherms are detected. In fact, Evonik P25 shows a

measured surface area of 52 m2·g−1 in the range between 35 and
65 m2·g−1 (values reported in the data sheet file, as expected),
which is similar to that of 4Ox/P25 sample (59 m2·g−1), treated
with the highest amount of Ox during themw-assisted synthesis.
In Figure 3we show theHRTEM images for Cu2.0/P25 200 and

Cu2.0/3.0Ox/P25 200 catalysts. The first important issue we can
highlight refers to the surface rugosity observed for oxalic acid
treated sample (Figure 3a). It is evident that hydrothermal acid
treatment leads to the formation of a well-defined amorphous
shell of about 2–3 nm. This shell indicates the loss of crystallinity
at surface level. Indeed, it is possible to see that anatase planes are

Adv. Sustainable Syst. 2023, 2300418 2300418 (3 of 10) © 2023 The Authors. Advanced Sustainable Systems published by Wiley-VCH GmbH
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Figure 4. a) DRUV-vis-NIR spectra; b) Kubelka–Munk functions with inset-graphs focusing on the band changes in UV and NIR region; c) Tauc plots
and d) Bandgap energies comparison for all the samples, including Evonik P25 reference.

lost at the surface. This fact is not observed for TiO2 hydrother-
mally treated with water, for which particles show flat borders
(Figure 3b). Secondly, it is possible to see the effectiveness of cop-
per photodeposition over both TiO2 support (white arrows in the
two panels of Figure 3). However, Cu clusters are more difficult
to distinguish on Cu2.0/3.0Ox/P25 200 since the cluster size is
much smaller (1–2 nm vs 5–6 nm for Cu2.0/3.0Ox/P25 200 and
Cu2.0/P25 200, respectively).

2.2. Optical Properties

All the diffuse reflectance UV–visible–near-infrared (DRUV-vis-
NIR) spectra in Figure 4a are characterized by the main absorp-
tion feature related to the typical optical bandgap of the titania
(≈3.1 eV), which induces a strong absorption edge ≈370 nm and
is associated to the O2- (2p)→ Ti4+ (3d) transition. As previously
reported, the structure and the morphology of gOx/P25 200 sam-
ples are not influenced by the addition of Ox, suggesting only the
presence of surface modifications. In the DRUV-vis-NIR analy-
sis, a very small but evident red-shift of the main band toward
higher wavelength compared to the bare P25 reference has been
detected. The introduction of Ox in combination with the hy-
drothermal treatment at 200 °C enables an increasing absorbance
ability in the region between 350 and 400 nm compared to the
bare P25 reference (Figure 4b). This may be ascribed to the pres-
ence of surface defects such as Ti3+ sites or oxygen vacancies,
which result in the introduction of a continuous energy band di-
rectly below the conduction band (CB) edge of TiO2.

[18] This is
also confirmed by a slight lowering of the bandgap energy values
(≈0.1 eV), calculated through the Tauc plot by using the intercept

method (Figure 4c,d).[21] Light absorption in the vis–NIR region
can be improved by the presence of disordered surface layer or
surface defects (i.e., oxygen vacancies).[22–24] Thus, NIR region
has also been investigated (Figure 4a,b). Evident changes in all
spectra compared to bare P25 can be detected. A wide band cen-
tered at 1450 nm and an increase in absorbance capacity from
850 nm occurred for some samples. The onset of the absorp-
tion feature at 1450 nm can be attributed to adsorption of wa-
ter molecules onto the surface of the treated samples P25 200
and gOx/P25 200 with respect to the reference sample P25. In
this case, both Ox and the treatment temperature seem to induce
some surfacemodifications by changing the composition of func-
tional groups exposed on the photocatalysts surface. In addition,
a higher water adsorption may be ascribed to higher surface con-
tent of oxygen vacancies which tend to bind water.[8] This is also
confirmed by XPS analysis (see section below).
Since emission processes in semiconductors are strictly re-

lated to photogenerated charge carriers recombination,[25] pho-
toluminescence (PL) emission spectra for all gOX/P25 200 sam-
ples (including P25 reference) were collected in the range 380–
600 nm by using an excitation wavelength of 350 nm (Figure 5).
One of the most significant drawbacks of TiO2 is its fast charge
carriers recombination. The higher the recombination of free car-
riers, the higher the PL intensity and, as expected, the highest
emission intensity was recorded for bare P25 (dashed black line
in Figure 4). It is worth recalling that non-radiative recombina-
tion pathways may also occur lowering the overall PL intensity.
However, considering similar non-radiative recombination chan-
nels for all the samples, the presence of surface defects or ad-
sorbed water molecules seems to decrease the radiative recom-
bination rate resulting in lower emission intensities for all the

Adv. Sustainable Syst. 2023, 2300418 2300418 (4 of 10) © 2023 The Authors. Advanced Sustainable Systems published by Wiley-VCH GmbH
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Figure 5. Photoluminescence spectra for all gOX/P25 200 samples, in-
cluding Evonik P25 reference.

treated samples. Surface defects such as oxygen vacancies or Ti3+

act as trapping centers for the photo-excited electrons,[26] pro-
viding active sites for the electron transfer processes. Further-
more, the presence of OH groups or water molecules onto the
metal oxide surface promotes the trapping phenomena by de-
creasing electron-hole pairs radiative recombination as well.[27]

Consequently, the overall charge-carriers separation efficiency of
the photocatalyst is enhanced.

2.3. XPS Analysis

Core level XPS data were acquired for the P25, P25 200 and
gOx/P25 200 samples at h𝜈 = 750 eV (Figure 6). The O1s spec-
tra were fitted with four components. From the low to the high
binding energy side these components correspond to O2− of sto-
ichiometric TiO2 (530.20 –530.40 eV), OH groups adsorbed on
TiO2 (531.60 –532.20 eV), O (532.65 –532.95 eV), and OH (534.05
–534.3 eV) groups bound to C,[28] which is a surface contami-
nant. The last component is also associated with the presence
of H2O

[29] and displays the most notable increase along the se-
quence of spectra. This trend could be the fingerprint of an in-
creasing density of surface oxygen vacancies, which tend to bind
efficiently H2O. The Ti2p spectra could be fitted with one dou-
blet attributed to Ti4+, while there is no evidence of defective Ti3+.
The O/Ti atomic ratio for the different materials can be derived
from the area of the O2− peak and the Ti4+ doublet normalized to
the respective photoemission cross sections at h𝜈 = 750 eV (0.24
and 0.7[30]). It is evaluated to be 2.09 ± 0.09 for all samples, i.e.,
very close to the expected ratio 2. Table 1 reports the Ti/O atomic
ratios for all the samples. Moreover, as amount of oxalic acid in-
creased the deconvoluted contributions at energies above 531 eV
increases, denoting a higher hydroxylation of the surface leading
to a progressively higher O/Ti.
The valence band spectra acquired at h𝜈 = 468 eV do not dis-

play sizable differences in theO2p-derived states (4 –9 eV binding
energy). Within the gap region (zoom), O vacancy-related feature
at 1.25 eV is observed to increase in intensity along the sequence
of the P25, P25 200 and 2.0Ox/P25 200 samples. For the other
three samples this feature broadens significantly and gives rise

Table 1. O/Ti ratio in the P25, P25 200 and gOx/P25 200 samples.

Sample O/Ti ratio

P25 2.10

P25 200 2.05

2.0Ox/P25 200 2.02

2.5Ox/P25 200 2.12

3.0Ox/P25 200 2.17

4.0Ox/P25 200 2.12

to two peaks centered at 1.45 and 0.30 eV. This behavior can be
associated with surface modifications induced by the treatments
with oxalic acid, which give rise to the shell observed in Figure 3a.
Although the present dataset does not allow to describe the mi-
croscopic origin of the new in-gap states, we observe that their
location is compatible with defect states close to the bottom of
the conduction band of TiO2.
The XPS data were also acquired for the Cu2.0/P25 and

Cu2.0/3.0Ox/P25 200 samples (Figure 7). In both cases, the
binding energy of the Cu3p peaks (Cu3p3/2 at 75.40 eV) and
the absence of correlation features on the high binding energy
side, which characterize CuO,[31] indicate the formation of Cu2O
on the surface of the Cu co-catalyst.[32] The O1s spectra differ
from the corresponding O1s spectra before the addition of Cu
(Figure 6) mainly in the relative weight of the peak at 530.40 eV,
which derives from the overlapping O2− components of TiO2 and
Cu2O. The Ti2p spectra are very similar to those observed in
Figure 6. The broad valence band feature at ≈4.00 eV is ascribed
to the Cu3d states of the Cu2O surface oxide. The photoemission
signal from Cu4sp states, which overlaps to the bandgap region
of the P25 and 3.0Ox/P25 200 substrates, does not allow to iden-
tify the presence of defect states in the proximity of the Fermi
level.

2.4. Photocatalytic H2 Production

The photocatalytic activity of gOx/P25200 samples was evaluated
for the H2 production through methanol reforming under UV
light, at room temperature and Patm by using a continuous flow
reactor (Apria Systems). The H2 production rates and the yield
evolution over time referred to methanol photoreforming reac-
tion are reported in Figure 8. Furthermore, in Figure 8d the band
scheme for electron-hole separation of Cu2.0/gOx/P25 200 cat-
alysts has been proposed according to literature[26,27,33] and our
deep investigation. As already mentioned, the nominal loading
of 2.0 wt% (see Experimental Section for further details) of Cu as
co-catalyst has been obtained through the in situ photoreduction
at the beginning of the photocatalytic test. Thus, copper nanopar-
ticles (Cu NPs) were formed after exciton creation by means of
UV light irradiation, giving rise to oxidation and reduction reac-
tions. During the photocatalytic reaction, it is expected that sur-
face defects would play a crucial role. Thus, we may infer that
they could act as trapping states for electrons enhancing the sep-
aration of photogenerated charge carriers and consequently, the
reduction reactions rates, useful not only for the formation of Cu
NPs on the surface of gOx/P25 200 catalysts, but also for the H2
production. Hence, the first step occurring during the photocat-
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Figure 6. O1s, Ti2p and valence band spectra of the P25, P25 200 and gOx/P25 200 samples. The zoomed valence band spectra indicate the presence
of defect states (arrows) in the gap of all samples. Dotted lines are guides to the eye for the identification of the defect-related peaks.

Figure 7. O1s, Ti2p, Cu3p (h𝜈 = 750 eV) and valence band (h𝜈 = 469 eV) spectra of the Cu2.0/P25 (top) and Cu2.0/3.0Ox/P25 200 (bottom) samples.

alytic H2 production is the Cu NPs deposition, also confirmed
by a 15-min delay on the H2 production (see H2 production rate
curves in Figure 8a). The mw-treatment leads to a significant in-
crease in photoreactivity when the loading of Ox during the syn-
thesis is>2.0 g and<4.0 g. In fact, after 6 h of light irradiation, the

optimized Cu2.0/3Ox/P25200 sample exhibited outstanding pho-
tocatalytic H2 production rates of 6.8 mmol·h−1·g−1, which is two
times higher than that of pristine Cu2.0/P25 system. Moreover,
long-time reaction time for this catalyst shows a rather stable be-
havior (Figure 9).When theOx loading is below 2.5 g or>3.0 g the

Adv. Sustainable Syst. 2023, 2300418 2300418 (6 of 10) © 2023 The Authors. Advanced Sustainable Systems published by Wiley-VCH GmbH

 23667486, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adsu.202300418 by C

ochraneItalia, W
iley O

nline Library on [26/01/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



www.advancedsciencenews.com www.advsustainsys.com

Figure 8. a) H2 production rates; b) H2 rates; c) calculated AQYs for Cu2.0/P25 Cu2.0/P25 200 and Cu2.0/gOx/P25 200 photocatalysts; d) Scheme diagram
of Cu2.0/gOx/P25 200 system.

Figure 9. H2 production rate and yield for Cu2.0/3Ox/P25 200 photocata-
lysts system.

efficiency of the system decreases. This behavior is also marked
by the H2 yields at 6 h of experiment expressed in mmol∙g−1

and the calculated AQY (Figure 8b,c). Cu2.0/3Ox/P25200 is the
best performing sample reaching an H2 yield and an AQY of
29.5 mmol∙g−1 and 0.47%, respectively, far exceeding Cu2.0/P25.
Furthermore, after 6 h of experiment the H2 production reaction
reached a steady-state (see the dwell in Figure 8a). Hence, the ab-

sence of deactivation during this studied reaction time pointed
out the stability of catalyst surface defects.
It is worth mentioning that there are several studies in litera-

ture regarding the use of alcohol photoreforming to produce H2
and each of them is reporting different conditions to optimize
the production with their own catalyst/co-catalyst system. For in-
stance, irradiation source, solution composition (water/alcohol
ratio) and carrier gas flow are crucial parameters to tune H2
production rates.[6,7] However, we tried to select some TiO2/co-
catalyst systems to provide a comparison with our samples to
highlight their performances by choosing examples tested under
similar conditions. Thus, a comparative table is reported (Table 2)
listing the synthetic method used, the H2 production rates and
apparent quantum yield (AQY) of selected systems concerning
the use of TiO2 in combination with several co-catalysts for the
H2 production through methanol reforming.
As can be observed, the performances of our photocatalytic

system are good compared to the listed examples. Furthermore,
there is a good compromise between the obtained H2 production
rates, and the synthetic method used in this work. In fact, mw-
assisted hydrothermal method followed by the in situ photode-
position can be an innovative way to design a novel and efficient
photocatalyst for a future large-scale production.

3. Conclusion

In this work, we have reported an innovative synthesis to
obtain a highly active photocatalyst based on the use of surface-
defects engineering of TiO2 in combination with Cu co-catalyst

Adv. Sustainable Syst. 2023, 2300418 2300418 (7 of 10) © 2023 The Authors. Advanced Sustainable Systems published by Wiley-VCH GmbH
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loaded through in situ photodeposition method. The obtained
Cu2.0/gOx/P25 200 photocatalysts have shown significant
improvement in the photocatalytic H2 production through
methanol reforming reaction with the best-performing sample
(Cu2.0/3Ox/P25 200) exhibiting outstanding photocatalytic H2
production rates under UV irradiation of 6.8 mmol·h−1·g−1, two
times higher than that of pristine Cu2.0/P25 system, as con-
firmed also by the calculated AQY. Thanks to the use of XPS and
optical characterizations, we stated that such a marked increase
in the performances of this system is related both to the presence
of surface defects, in detail oxygen vacancies, and the use of Cu
co-catalyst. In fact, surface defects engineered commercial P25
nanoparticles combined with Cu co-catalyst enable to improve
electron-hole separation, broaden the absorbance ability, thanks
to the presence of mid-gap states below the TiO2 conduction
band and consequently, increase the overall photocatalytic activ-
ity. In conclusion, tailoring the surface properties of commercial
P25 might be a good strategy to overcome the fast charge carriers
recombination limit of TiO2 -based photocatalyst leading way
for the development of new technologies in the field of energy
applications at a large scale.

4. Experimental Section
Materials: The following commercial reagents, without any further

purification, were used in all the experimental phases: deionized wa-
ter (H2O); commercial TiO2 (Evonik AEROXIDE TiO2 P25); oxalic
acid (Ox, H2C2O4, Sigma–Aldrich 99.0%); copper (II)-nitrate trihydrate
(Cu(NO3)2·3H2O, Merck ≥ 99.0%); methanol (MeOH, Merck ≥ 99.5%).

Photocatalyst Preparation: Surface defects P25 photocatalysts were
synthesized by microwave-assisted hydrothermal reaction, mixing com-
mercial P25 and oxalic acid. In a typical synthesis procedure, an aqueous
dispersion of P25 was prepared under magnetic stirring. Oxalic acid was
added with fixed mole ratios (n/n) between Ox and P25 of 3.7, 4.5, 5.4,
and 7.2, respectively. After 30 min stirring, the dispersion was transferred
into a 100 mL Teflon-lined microwave reactor and heated at 200 °C and
600 W for 1 h. After cooling to room temperature, the precipitate was sep-
arated from the reaction mixture by filtration and washed several times
with distilled water. Finally, the obtained specimen was dried in oven at 80
°C overnight. Samples were labeled as gOx/P25200 where g refers to the
grams of oxalic acid and 200 to the temperature used (i.e., 2Ox/P25 200).
To better understand the role of oxalic acid, and the influence of the tem-
perature on bare P25, the same procedure without the addition of Ox was
followed, thus obtaining sample for comparison labeled as P25 200. The
co-catalyst was loaded on gOx/P25200 surface samples through in situ
photoreduction during the first step of the photocatalytic reaction. By this
procedure, Cu was well dispersed over the TiO2 surface showing a particle
size of ca. 2–4 nm.[44] In detail, 2 wt% of Cu2+ with respect to the cata-
lyst (using a solution of Cu(NO3)2·3H2O 0.01 m) was directly added to the
MeOH/H2O solution used for the photocatalytic H2 production under UV
irradiation. Samples were labeled as Cu2.0/gOx/P25 200. The deposited Cu
loading was determined through the use of a Microwave Plasma-Atomic
Emission Spectrometer (Agilent MP-AES 4210) for Cu2.0/P25, Cu2.0/P25
200, and Cu2.0/3Ox/P25 200. Data were acquired after five readings and
the mean value was 1.8 wt% for all the samples.

Characterization Techniques: The transmission electron microscopy
(TEM) images were obtained by using a FEI S/TEM Talos F200S in the
HRTEM mode. The samples were directly dropped on a gold grid.

X-ray diffraction (XRD) patterns were obtained using a Siemens D-501
diffractometer with a Ni filter and a graphite monochromator. The X-ray
source was Cu K𝛼 radiation.

For sample identification, diffraction patterns were matched to the
JCPDS database.

Micro-Raman spectra were collected using a LabRAM Jobin Yvon spec-
trometer equipped with a microscope. Laser radiation (𝜆 = 532 nm) was
used as an excitation source at 5 mW. All measurements were recorded
under the same conditions (2 s of integration time and 30 accumulations)
using a 100×magnification objective and a 125 mm pinhole.

Brauner–Emmett–Teller (BET) surface area studies were carried out by
N2 physisorption at −196 °C using a Micromeritics 2000 instrument.

UV–vis–NIR diffuse reflectance (DRUV–vis–NIR) spectra were col-
lected with a Perkin Elmer Lambda 1050+ UV–vis–NIR spectrophotome-
ter, equipped with an integrating sphere, for wavelengths ranging from 200
to 1200 nm. The bandgap (Eg) was determined using the Kubelka–Munk
approach (Equation (1)).[21]

F (R∞) =
(1 − R∞)

2

2R∞
= K

S
(1)

Here, F(R∞) is the Kubelka–Munk function, R∞ is the diffuse re-
flectance, K is the absorption coefficient, and S is the scattering coefficient.
Then by exploiting the Taucmethod,[45] the bandgap for TiO2 semiconduc-
tors can be expressed using the following equation Equation (2):

(F (R∞) h𝜈)
1
2 = B

(
h𝜈 − Eg

)
(2)

Here, h is the Planck’s constant, 𝜈 is the frequency of the light and B
is a constant. By plotting F(R∞) versus the energy expressed in eV, and by
finding the x-axis intersection point of the linear fit of the Tauc plot, it is
possible to estimate the bandgap of a material.

Photoluminescence (PL) measurements were performed in air at
room temperature using a FluoroLog 3–21 system (Horiba Jobin-Yvon)
equipped with a 450 W xenon arc lamp as excitation source, whose wave-
length was selected by a double Czerny–Turner monochromator and sig-
nal detection stage including an iHR300 single grating monochromator
coupled to a Hamamatsu photomultiplier tube (model R928P for visible
range; model R5509-73 N2-cooled for NIR range). Excitation wavelength
was set at 350 nm and PL spectra recorded over a range of 380–600 nm.
The XPSmeasurements were carried out at the VUV-Photoemission beam-
line of the synchrotron Elettra (Trieste, Italy) using photons of 750 and
469 eV for the core level and valence band analysis, respectively. The spec-
tra were acquired at room temperature with a Scienta R4000 electron spec-
trometer.

Photocatalytic H2 Production Tests: The photocatalytic activity of the
samples was evaluated for the H2 evolution reaction from methanol pho-
toreforming. Photocatalytic H2 production tests were carried out in a
liquid-phase flow reactor system supplied by Apria Systems. The photocat-
alyst was suspended in a MeOH/ H2O solution (10% v/v) by fluxing the
system with N2(g) at 50 mL·min−1 for 60 min before starting the reaction.
To start the test, the gas flow was adjusted to 6 mL·min−1 and the lamp
(365 nm UV LED array) switched on. Such low gas flow (6 mL·min−1) was
set just to reach very exigent conditions that allow us to see any small dif-
ferences between the studied catalyst. A gas chromatographer equipped
with a thermal conductivity detector (Agilent 7890B GC) was used to ana-
lyze the effluent gases and quantify the H2 production. Equation (3) was
used to estimate the apparent quantum yield (AQY) for the H2 evolution
reaction:[46]

AQY =
2 ⋅ nH2

np

[
mol ⋅ s−1

mol ⋅ s−1

]
⋅ 100 (3)

where nH2 is the H2 molecules number and np is the number of incident
photons reaching the photocatalyst. np was calculated from the ratio be-
tween the total incident energy and the energy of one photon. In the ex-
perimental setup, the total incident energy was calculated considering the
365 nm incident light used and the power density of the incident light
(2100 W·m−2).
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A B S T R A C T   

TiO2 thin films are known to promote photodegradation of dyes and pollutants in water solution via heteroge
neous photocatalysis. This ability is guided by the photoexcitation through photons having energies above the 
band gap. To improve photocatalytic activity, nanostructures with high surface area can be applied, which can 
ease molecular adsorption/desorption mechanisms, enhance electronic transfer properties and lower excitation 
energy. For this purpose, square cross-section TiO2 vertically aligned nanorod (TNR) array configuration has 
been chosen as a semiconductor substrate. On top of it, a thin layer of sub-stoichiometric TiO2−x has been 
deposited, aiming at inducing a vacancy doped homojunction between two different oxygen rich/deficient TiO2 
layers, possibly leading to lower band gap and enhanced photochemical activity. In principle, promotion of 
electron and holes separation and suppression of charge recombination could occur. Vertically aligned TNRs 
have been deposited through a hydrothermal growth in acidic conditions on a pre-seeded glass conducting 
substrate, optimizing the seeding process through spin coating. Sub-stoichiometric TiO2−x layer (50 nm nominal 
thickness) has been deposited on top of TNRs via radiofrequency magnetron sputtering at three different stoi
chiometries, tuning the oxygen partial pressure in sputtering argon atmosphere at 10 %, 15 % and 20 %, 
respectively. Photocatalytic activity has been investigated in the photodegradation of an aqueous solution of 
methylene blue, both under UV and simulated solar light irradiation at room temperature and atmospheric 
pressure, resulting in the degradation of methylene blue target molecule up to 99 % under UV and 85 % under 
simulated solar irradiation after 6 h. These promising achievements unlock new environmental applications for 
enhanced dye degradation industrial processes.   

1. Introduction 

Nowadays, the introduction and spread of numerous pollutants in 
water sources coming from industrial manufacturing processes made 
water contamination one of the most pressing issues. Textile industry, 
among others, is one of the major responsible for releasing a large 
quantity of dyes coming from the incomplete fixation of fabrics able to 
resist to oxidizing and reducing agents [1–3]. According to the US EPA 
(United States Environmental Protection Agency), during a typical 
dyeing process about 40 L of clean water are required per kilogram of 

fabrics. Consequently, ecosystems and human health are negatively 
affected [4,5], especially if such wastewaters are directly discharged 
without a suitable treatment process. In this regard, photocatalytic 
advanced oxidation processes (AOPs) have been gaining attention to 
accelerate oxidation and degradation of a wide range of organic pol
lutants in wastewater [6]. As predicted by G. Ciamician in his visionary 
article in 1912 [7], photochemistry is now becoming a popular topic 
because it is considered a sustainable way to perform chemical reactions 
and degrade pollutants exploiting solar energy. Combining this strategy 
with the ability of semiconductor materials to interact with a suitable 
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wavelength, electron-hole pairs able to degrade molecules via a radical 
mechanism are produced [8,9]. Many semiconductors have been 
investigated and tested as promising photocatalysts but, among them, 
titania (TiO2) is still the most widely used [10]. In fact, this material 
shows excellent chemical properties, being at the same time cheap, 
non-toxic, and stable. Furthermore, thanks to its ease of synthesis, it is 
possible to tune crystallinity, polymorph composition, morphology, 
surface area and particle size. There are several chemical and physical 
methods that can be exploited to synthesize TiO2 nanoparticles (NPs) in 
the form of powders or thin films. Physical vapor deposition (PVD) 
methods, such as radiofrequency (RF) magnetron sputtering, are widely 
used to obtain thin films with controlled thickness, desired composition, 
high purity, and strong adhesion to the substrate [11,12]. The use of thin 
films, instead of powders, displays many advantages, among which the 
possibility to synthesize these films on a substrate, making them easily 
recoverable. Additionally, combining different morphologies appears to 
be one of the most appealing strategies to increase the overall perfor
mances of the photocatalyst [13]. In fact, the higher the surface area, the 
higher the possibility to have an increased number of active sites at the 
surface. Rutile nanorods (NRs) grown on the surface of a fluorine-doped 
tin oxide glass (FTO) have been extensively studied and recently 
considered effective in the field of heterogeneous catalysis. A possible 
strategy to easily recover the catalyst from the system after the treat
ment process involves the combination of the large surface area of the 
rod-like shape with the non-dispersed bulk feature. Moreover, NRs 
configuration can be suitable for the photodegradation of organic pol
lutants under UV light. In this regard, several studies have been reported 
in literature, stating the effectiveness of rod configuration especially for 
the delay on the charge carriers’ recombination and the availability of 
active sites exposed at the surface. In detail, the delaying on the 
charge-carriers recombination may be ascribed to quantum confinement 
due to size effect (nanorods radius smaller than the exciton Bohr radius), 
as well as surface and bulk trapping effect [14,15]. However, if not 
properly designed, pure TNRs may have several drawbacks, such as wide 
band gap (from 3.0 eV of rutile up to 3.2 eV of anatase) and high rate of 
charge recombination. To improve the overall photocatalytic perfor
mances of this material, different strategies have been proposed. Several 
authors reported that a vacancy doped homojunction induced in the 
TiO2 array could efficiently enhance the properties of UV-Visible driven 
photocatalytic processes of the material [16,17]. Based on these con
siderations, the controlled introduction of a thin film of 
sub-stoichiometric TiO2−x over the surface of TiO2 NR array may be an 
interesting approach to influence the oxygen vacancies parameter. 
TiO2−x thin layer can be easily created by a RF sputtering deposition by 
inducing a larger deficiency of oxygen (lowering the partial pressure of 
oxygen in the working gas), leading to the formation of a homojunction 
between the NR structure and the sub-stoichiometric TiO2−x. Therefore, 
the combination of pure and sub-stoichiometric titania may lead to 
several advantages: the composite system could show changes in its 
electronic structure, broadening its absorbance ability, and enhancing 
its photocatalytic properties compared to the bare material. For 
instance, the vacancy doped TiO2−x surface layer is reported to interact 
with the TiO2 NR promoting the separation between electrons and holes 
simultaneously suppressing recombination [17,18]. Furthermore, 
TiO2−x shows a narrower band gap in comparison to stoichiometric ti
tanium dioxide, typically about 1.5 eV, and tunable according to the 
synthetic method, thus leading to an increase in the visible light ab
sorption [19,20]. In this work, the role of TiO2−x titania thin films 
deposited via RF magnetron sputtering was investigated, comparing the 
photocatalytic performances of pure and sputtered TiO2 NR samples. 
Homojunctions were prepared tuning two parameters: the number of 
cycles for the creation of the seed layer to induce the growth of TNRs and 
the O2 partial pressure of the vacuum chamber during sputtering 
deposition. The films were tested in a photodegradation reaction in 
water solution under UV and solar light irradiation at room temperature 
(RT) and P atm, taking methylene blue (MB) as a dye probe, correlating 

the photocatalytic activity and the physicochemical and optical prop
erties of the samples. 

2. Experimental 

2.1. Materials 

Titanium (IV) butoxide (TBOT), absolute ethanol (EtOH), acetic acid 
(HAac), hydrochloric acid (37 % v/v), sodium hydroxide and methylene 
blue (MB) were all analytical grade and purchased by Sigma Aldrich 
without further purification. Fluorine tin oxide (FTO) glasses were 
purchased by Pilkington. 

2.2. FTO substrates preparation 

FTO glasses were ultrasonically cleaned for 5 min three times, each 
in a different solvent: absolute ethanol, deionized water, and acetone, 
respectively. Cleaned samples were then dried in a stream of nitrogen 
and then stored at room temperature. 

2.3. TiO2 nanorods synthesis 

Titania Nanorods (TNR) were synthesized through hydrothermal 
growth method. Two different solutions, a seed layer solution (A) and a 
NR growth solution (B), were used during the process. Solution A was 
prepared mixing 10−3 mol of titanium(IV) butoxide in a solution of 
absolute ethanol and acetic acid in molar ratio 1:5 under stirring for 2 h 
before being left aging 24 h at RT. Seed solution was then deposited on 
the conductive side of a FTO glass by spin coating at the rate of 500 rpm 
for 5 s and 3000 rpm for 30 s. The FTO glass was then heated at 120 ◦C 
for 10 min in air flow. Samples were labelled as single layer (SL) and 
double layer (DL) when this procedure had been repeated one or two 
times respectively. Finally, the samples were annealed in a furnace at 
450 ◦C for 1 h in air flow. Solution B, containing titanium butoxide 0.03 
M, was prepared by adding 1.2•10−3 mol of titanium butoxide to a so
lution of hydrochloric acid and deionized water (1:1 v/v). The as ob
tained solution B was stirred for 5 min until the solution was colorless 
transparent. The FTO substrates were placed on a Teflon support inside a 
Teflon-line of a stainless-steel autoclave (40 mL). Solution B was 
transferred in the Teflon-line and the hydrothermal growth was carried 
out at 150 ◦C for 4 h. Lastly, the samples were washed with deionized 
water and dried at 60 ◦C for 2 h. 

2.4. TiO2 thin films deposition 

The desired TiO2/TiO2−x homojunctions were obtained by physical 
vapor deposition (PVD). TiO2−x nanostructures were synthesized by 
reactive sputtering deposition on TiO2 NR (TNR) surface in a custom- 
made RF (radiofrequency) magnetron sputtering deposition apparatus. 
Depositions were performed starting from a target of pure metallic ti
tanium by using a 13.56 MHz RF source and three reactive atmospheres 
Ar+O2: 90 % + 10 %, 85 % + 15 % and 80 % + 20 %. The total pressure 
was 50•10−4 mbar in dynamic vacuum conditions and the sample holder 
was rotated at 5 rpm during deposition to improve homogeneity of the 
film composition and thickness. The RF power to the 2 in. diameter ti
tanium target was fixed at 250 W. During the deposition, temperature 
was lower than 60 ◦C to avoid induced phase transition. The deposition 
duration was around 1 h according to the desired film thickness of ti
tanium between 50 and 60 nm (as obtained by a stylus profilometer, 
with relative uncertainty around 20 %), depending on the reactive at
mosphere used. Samples were referred to as: XTNRY, where X stands for 
SL or DL and Y for 10 %, 15 %, 20 % of O2 in Ar. For instance, sample 
SLTNR10 is made using a single layer of seed solution and it has been 
sputtered under a 10 % O2 in Ar atmosphere (See Table 1). 
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2.5. Characterization 

The morphology of bare and sputtered TNR was characterized using 
a field-emission scanning electron microscope (FEG-SEM, Zeiss Sigma 
174 Cz). Morphology was further characterized using a Bruker Dimen
sion ICON AFM in tapping operation mode with a Bruker SCM-PIT-V2 
probe having a Platinum-Iridium coated electrically conductive tip 
(spring constant ~ 0.3 N/m, nominal tip radius ~ 25 nm). Crystal 
structure was examined by X-ray diffraction (XRD) using an X-ray 
diffractometer (Philips PW1050/37) with Cu Kα radiation (λ = 1.5418 
Å). Diffuse reflectance UV-Visible absorption spectra (DRUV-Vis) were 
investigated to compare the light-harvesting ability of bare and modified 
samples. The DRUV-Vis spectra of the samples were collected with a 
Cary100 UV-Vis spectrophotometer using and integrating sphere 
accessory and BaSO4 as a reflectance standard during the measurements. 
The surface of the materials was studied by X-ray photoelectron spec
troscopy (XPS). The high-resolution C 1s, O 1s, Ti 2p and N 1s core level 
spectra were registered using a Physical Electronics PHI 5700 spec
trometer with non-monochromatic Al-Kα radiation (1486.6 eV), recor
ded in the constant pass energy mode at 29.35 eV with a 720 µm 
diameter analysis area. Adventitious carbon (C 1s at 284.8 eV) was used 
as a reference. We are well aware that this signal usually falls in a very 
large binding energy range (284.0–285.6 eV, as reported in literature), 
thus making difficult a consistent energy calibration of the binding en
ergy scale [21,22]; however, the present choice gives for our samples 
reliable BE values for all the detected XPS bands. A Shirley-type back
ground was subtracted from the signals and the deconvolution curves 
were fitted using Gaussian–Lorentzian model in Multipak 9.0 software. 
The materials were also studied after etching with Ar+ at 1 keV for 1 
min. 

2.6. Photocatalytic degradation experiments 

To evaluate the photocatalytic activity of the synthesized materials 
under both UV and visible light irradiation, MB degradation was 
selected as a test reaction. All the photocatalytic tests were carried out in 
a glass reactor containing 50 mL of 6 × 10−6 M MB aqueous solution 
with constant stirring at 30 ◦C and placing the glass samples on a Teflon 
support. The solution containing the photocatalyst was kept in dark for 
30 min to reach MB adsorption/desorption equilibrium. The photo
catalytic tests under UV light were carried out using a 125 W high 
pressure mercury lamp, operating at wavelengths between 180 and 420 
nm with a peak at 366 nm and the sputtered glass samples were placed 
right underneath the lamp’s filament at a distance from the glass surface 
of 10 cm. To explore the possibility of solar-driven photocatalysis a solar 
simulation has been performed using a M-LS Rev B solar simulator from 
ABET technologies with a 100 Watts xenon lamp. Standard cell is set to 
measure a 130 mA current when exposed to 1 Sun of solar irradiance. 
Calibration revealed the required distance to be around 12.5 cm be
tween the sample surface and the light source. Afterward, the glasses 
were exposed to the light irradiation under ambient conditions and 

aliquots of 0.7 mL of the aqueous solution were collected from the 
reactor at fixed intervals up to 6 h. A Cary100 UV-Vis spectrometer was 
used for the determination of the MB concentration, after calibration. 
The degradation processes were monitored following the absorbance at 
the maximum of the UV-Vis spectrum of the target molecule (664 nm). 
Since its photodegradation pathway is well known, the possible forma
tion of byproducts was monitored acquiring the overall UV–Vis spec
trum of the solutions recovered at different times during the degradation 
experiments [23]. 

The rate constant was calculated according to the following Eq. (1): 

ln
C
C0

= − kt (1)  

where C is the concentration after time t, C0 represents the initial con
centration and k is the pseudo-first order rate constant (min−1), calcu
lated as (2): 

k = 2.303 × slope (2) 

To evaluate the stability and reusability of the photocatalysts, a 3- 
cycle recycling test was performed. The sample was washed with 
deionized water and dried overnight after each photocatalytic cycle for 
the recycling test. To explore the effect of surface activity in acidic or 
basic conditions two photocatalytic tests were carried out by adjusting 
the pH at 4.0 and 9.0 both with sample SLTNR20. 

3. Results and discussion 

3.1. Structural and morphological characterization 

According to single or double seed-layer (SL or DL) deposition, two 
different series of samples were produced with three different sputtering 
atmospheres: 10 %, 15 % and 20 % oxygen in argon, respectively (See 
Table 1, Section 2). 

In Fig. 1(a–d), SEM images of the samples are reported showing the 
morphology of the TNRs before and after the sputtering deposition. In 
Figs. 1a and 1b it can be noticed the presence of nanostructured verti
cally aligned TNRs for both the SL and DL, which are closely packed and 
uniformly covering the surface of the FTO, proving the effectiveness of 
the seed layer procedure. It must be pointed out that a not uniform seed 
deposition can create the so-called dried-soil pattern, which leads to the 
presence of voids and cracks on the array. All rods appeared with a 
square cross section geometry with a rather uniform average size. Two 
different calculation methods were applied to better estimate the 
average size: software analysis and intercept method [24] (see Supple
mentary material). The latter method is typically applied to determine 
the grain size dimension in alloys and polycrystalline materials. How
ever, since TNR are not perfectly packed but very close together, this 
approach is supposed to give a reasonable rough estimate for the 
average diameter. The results are shown in Tables S1 and S2. Values of 
(78 ± 4) nm for SL and (68 ± 5) nm for DL can be compared with SEM 
micrographs measurements confirming the intercept method is a suit
able alternative to software imaging. Thanks to the cross-section imag
ing analysis, the average TNR layer thickness was estimated around 310 
± 63 nm for SLTNR and 350 ± 84 nm for DLTNR. Fig. 1c–d shows the 
SEM images of the post sputtered samples, revealing the presence of 
newly grown nanorods on the pristine TNR surface. The as-obtained 
TiO2−x rods are thinner and they homogeneously cover the NR sur
face, thus indicating the effectiveness of the sputtering deposition 
procedure. 

In addition to SEM, AFM topography images of SLTNR and SLTNR15 
nanorod arrays (Figs. 2a and 2b, respectively) acquired in tapping mode 
show an overall uniform coverage. Moreover, it can be observed the 
presence of much thinner nanorods in the sputtered sample, suggesting a 
second growth onto the pre-existing nanostructures. These observations 
are in good agreement with the SEM measurements (Figs. 1c and 1d). 

Table 1 
Sample label, layer type, working gas composition and deposition time of the 
synthesized photocatalysts.  

Sample label Seed layer type Working composition 
(Ar + O2, %)a 

Gas deposition time (s) 

SLTNR Single - - 
DLTNR Double - - 
SLTNR10 Single 90 + 10 3600 
DLTNR10 Double 90 + 10 3600 
SLTNR15 Single 85 + 15 4000 
DLTNR15 Double 85 + 15 4000 
SLTNR20 Single 80 + 20 4685 
DLTNR20 Double 80 + 20 4685  

a Total pressure = 50•10−4 mbar. 
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This was further confirmed by the line profiles of the SLTNR and 
SLTNR15 (Supplementary material, Fig. S3a and S3b) that allowed to 
estimate the lateral size of the nanostructures. Nanorods with a lateral 
dimension ranging from about 75–87 nm were detected in the SLTNR 
sample, while the sputtered sample (SLTNR15) showed a more uniform 
surface, presenting features with a smaller diameter (about 17–25 nm). 

Moreover, the surface roughness parameter of a material highlights 
the differences depending on the irregularity of the profiles. For vertical 
profiles such as the nanorods reported in this study, the surface rough
ness is evaluated from amplitude parameters, among which the root 
mean square (rms) roughness (Rq) is included. Rq is a measure of the 
standard deviation of the Z height [25] and its extrapolated value for 
SLTNR and SLTNR15 was 19.6 nm and 2.2 nm, respectively. A higher 
value of Rq for SLTNR can be explained by the fact that the nano
structures are not perfectly packed, as previously observed from SEM 
analyses (Fig. 1). The decrease in roughness highlighted by AFM results 
indicates that the introduction of sub-stoichiometric TiO2−x induces a 
secondary growth of much thinner nanorods on top of the starting TiO2 
nanostructures. 

Fig. 1e shows the XRD patterns for all the samples of TNR grown on 
FTO glasses before and after the sputtering process. SLTNR and DLTNR 
samples show a peak at 2θ of 36◦ identified with (101) peak of rutile 
crystalline phase of TiO2 nanorods and 2θ of 64◦ identified as the (002) 
peak accounting for the vertically aligned structure of the rods growing 
perpendicularly to the surface of the FTO along the [001] direction [26]. 
Consequently, it can be affirmed that for all the samples there is a clear 
preferential orientation of the rutile phase, which calls for a single 
crystal growth perpendicular to the FTO substrate. It should be consid
ered that several factors are playing a crucial role in the TNR growth, 

one in particular is the amount of the titanium precursor in the seed and 
hydrothermal growth solution. Rutile nanorods crystallinity is enhanced 
as the quantity of titanium butoxide is increased. Samples SLTNR15 and 
DLTNR10 contained 10 % more titanium precursor than the other 
samples. 

3.2. XPS analysis 

The surface chemical composition of the materials (in atomic con
centration %) is shown in Table 2. This table also includes the compo
sition after etching 1 min with Ar+. The studied materials present a high 
concentration of carbon that is almost totally removed after etching. 
Samples DLTNR20 and SLTNR20 also present Si. 

All the samples exhibit a high content of carbon on the surface. The 
high-resolution C 1s core level spectra (Fig. 3-left panel and Table 2) 
show different functional groups on the surface. All the spectra can be 
decomposed in four contributions at about 284.8, 286.2, 287.5 and 
288.7 eV. The main contribution at 284.8 eV comes from the presence of 
-C–C- and -C––C- bonds mainly from adventitious carbon. The second 
contribution at 286.1–286.3 eV is assigned to C–O and C–N bonds. The 
third and fourth contributions are very weak and appear at 
287.5–287.6 eV and 288.7–288.8 eV and are assigned to residual C––O 
and carboxylate groups, respectively [27,28]. The relative intensities of 
these contributions are slightly modified with the different treatments. 
Upon Ar+ etching, the surface content of carbon is dramatically reduced, 
indicating that most of the surface carbon comes from adventitious 
contamination. 

O 1s core level spectra (not reported) can be decomposed in three 
contributions. The main contribution at 529.8–529.9 eV is assigned to 

Fig. 1. (a–d) SEM images of bare (a) SLTNR and (b) DLTNR at different magnifications and after the sputtering deposition (d) from top and (e) cross-section view (e) 
XRD diffractogram comparing pristine FTO glass and both stages of seed (SLTNR, DLTNR) and sputtered layers (SLTNR15 and DLTNR15). 
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lattice oxygen of titania [29]. The second contribution at 
531.5–531.8 eV is assigned to surface oxygen mainly as Ti-OH groups 
and carboxylate. The relative intensity of this contribution is higher for 
SL samples than for DL samples. The third contribution at higher binding 
energy is assigned to C-O bonds and water. 

The high-resolution Ti 2p core level spectra in the different samples 
(Fig. 3 – central panel) are very similar, with Ti 2p3/2 binding energies 
falling at 458.4–458.6 eV, typical of titania [29]. The Ti 2p3/2 signal is 
always symmetric and Ti(IV) species are the main ones. However, after a 
mild etching with Ar+ plasma, the presence of sub-stoichiometric titania 
is observed too, as shown by the lower BE 2p doublet overlapping the Ti 
(IV) signals (Fig. 3-right panel). 

In the five samples, the mean distance between these two different 2p 
signals is around 1.5 eV. We suppose that the first few nm of our sub- 

stoichiometric titania coatings completely oxidized as a consequence 
of the interaction with the environmental oxygen. The mild sputtering 
needed for removing the surface contamination allowed to detect the as- 
deposited sub-stoichiometric titania. Considering a rough comparison 
between the intensity of the two different Ti 2p signals, the sub- 
stoichiometric titania should have a O/Ti ratio ranging between 1.8 
and 1.9. 

An explanation of the presence of nitrogen in some samples may be 
ascribed to contamination induced by an incorrect handling of the 
sample. Upon Ar+ etching the nitrogen content decreases, confirming its 
presence at the sample surface only. 

Samples DLTNR20 and SLTNR20 show the presence of Si, probably 
coming from the leaching of the glass substrate under hydrothermal 
conditions. Aforementioned Si is present as Si(IV) and the oxygen 
combined with Si appears as a part of the contribution at high binding 
energy in the O 1s core level spectra. No traces of F and Sn from FTO 
were detected on the surface of all studied materials. 

3.3. Optical studies 

To investigate the optical properties of the prepared junctions, the 
Uv-Vis absorption spectra were recorded, and the results are shown in  
Fig. 4. TNR sample is showing the typical TiO2 strong absorption in the 
UV region with a band-edge slightly shifted toward the visible region 
with respect to the pristine FTO glass absorption. Thanks to the homo
junction formation, the absorption edge is showing a considerable 
redshift with an extension of the overall absorption toward higher 
wavelengths up to ∽ 800 nm. It is worth noting that samples appeared 
red-shifted with decreasing concentration of oxygen in deposition 

Fig. 2. AFM 3D morphologies of (a) SLTNR and (c) SLTNR15 samples. AFM 2D images of (b) SLTNR and (d) SLTNR15 nanorod arrays.  

Table 2 
Surface chemical composition (in atomic concentration %) determined by XPS.  

Sample C O N Ti Si 

DLTNR10 44.7  42.0 - 13.3 - 
SLTNR10 48.3  37.6 2.5 11.6 - 
DLTNR15 44.8  40.3 1.3 13.6 - 
DLTNR20 45.1  38.2 1.2 11.5 4.0 
SLTNR20 47.3  36.9 1.6 9.9 4.3 
DLTNR10a 10.9  61.7 - 27.4 - 
SLTNR10a 12.3  60.1 1.0 26.6 - 
DLTNR15a 11.2  60.7 0.8 27.3 - 
DLTNR20a 9.2  61.6 0.8 30.0 1.4 
SLTNR20a 10.5  59.4 1.1 26.9 2.1  

a After etching 1 min Ar*. 
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working-gas (from 30 % to 10 %), hence with titanium dioxide being 
more sub-stoichiometric, as expected. Oscillations above 400 nm may 
be associated with interference effects rising from internal reflections. 
The improved spectral response can be attributed to the homojunction 
formation between TiO2 and TiO2−x [16]. To better understand the 
junction mechanism, the band gap of the samples was extrapolated from 
Tauc plots using the baseline approach method for indirect band gap 
(Fig. 4) [30]. The band gap energies are presented in the Fig. 4. As it can 
be noticed, band gap energies exhibit a direct correlation with 
increasing stoichiometry in deposited layer TiO2−x composition: the 
lowest value is measured in SLTNR10 sputtered sample (2.8 eV), while 
the highest is measured in SLTNR20 (3.4 eV). In addition to the redshift 
of the absorption onset, optical spectra showed an increased absorption 
in the full visible spectral range after the deposition of the sputtered 
layer. As expected, the absorption is stronger in samples with larger 
oxygen sub-stoichiometry, as clearly visible in Fig. 4. This suggests a 
potential enhancement in the catalytic properties towards the photo
degradation of MB under simulated solar illumination. 

3.4. Photocatalytic activity 

Methylene Blue (MB), a heterocyclic aromatic compound and a well- 
known pollutant dye, was taken as the photocatalytic probe molecule. 
MB photodegradation pathway is well known and deeply investigated 
through liquid chromatography-mass spectroscopy and gas 
chromatography-mass spectroscopy analyses, under UV light and in the 
presence of TiO2 based materials. It is based on the conversion of the 
organic dye into harmless compounds such as CO2, nitrate, ammonium, 
and sulphate ions [23]. During the photocatalytic tests, the absorbance 
values have been measured following the 664 nm peak evolution, which 
is the maximum value of MB typical absorption band. To test the photo 
activity of the sputtered samples, they were tested under both UV and 
simulated solar light irradiation, and UV-Visible spectra were recorded 
and monitored in the range 300–800 nm at different photoreaction 
times (after 5, 10, 20, 40, 60, 90, 120, 180, 240, 300 and 360 min), also 
investigating the possible presence of Leuco Methylene Blue (LMB) in 
solution. LMB is a colorless reduced form of MB, which can be produced 
during the experiment and can be rapidly reduced back to MB. It is stable 

Fig. 3. High resolution XPS bands: C 1s (on the left), Ti 2p before (on the center) and after (on the right) mild Ar+ sputtering for removing surface contamination.  

Fig. 4. : Transmittance UV-Vis spectra (top) and Tauc plots (bottom) referring to (a, c) SLTNRX series and (b, d) DLTNRX series. The energy band gap values are 
listed in the inset table. 

N. Spigariol et al.                                                                                                                                                                                                                               



Catalysis Today 419 (2023) 114134

7

in a vacuum or under inert atmosphere and as the MB, it exhibits a 
characteristic and strong absorbance band at 520 nm [31]. Fig. 5a and b 
show the MB UV-Vis absorption spectra in dark mode and under both UV 
light and solar simulated irradiation for the samples SLTNR15 and 
DLTNR15, taken as examples. The decrease in the absorption at 664 nm 
can be ascribed to the degradation of benzene rings and heteropoly ar
omatic linkages. The LMB typical band was not detected, hence the 
reduced colorless form of MB was not present in the reaction environ
ment neither under UV nor under simulated solar light and the sample 
solution bleaching was exclusively due to the MB degradation. 

In Fig. 5c-f the photocatalytic performances of the NRs series are 
presented under both UV and simulated solar light irradiation. While the 
corresponding degradation efficiencies, the pseudo-first order kinetic 
constant values and uncertainty k ± δk (10−3 min−1), calculated using 
the data from the non-stationary regime during the light phase, are listed 
in Table 3 (further details on the fitting profiles are reported in Fig. S4). 
As can be noticed from C/C0 profiles reported in Fig. 5, there is an abrupt 
slope variation for SLTNR15 after 40 min under UV irradiation. Less 
notably, the same behavior is observed in sample SLTNR20. 

By analyzing photodegradation kinetics (Table S4), we assume that 
the sudden change in slope is influenced by the absorption phenomena 
occurring during the photolysis of MB. As a matter of fact, previous 
studies reported in literature, highlight pseudo-first and pseudo-second 
order kinetics associated with absorption phenomena, similar to what 
has been observed during our study [32]. Further investigations will be 
led to shed light on the actual mechanism and/or concurring processes. 

The adsorption phenomenon of the MB taking place on the samples’ 
surfaces during the dark interval equilibration time (30 min without 
light irradiation) can be also noticed from the C/C0 plots. 

The bare FTO glass substrate displays the highest capability of 
adsorbing MB molecules on its surface, significantly reducing its con
centration up to 40 %. This can be ascribed to the fact that the pH of the 
MB solution is higher than the FTO point of zero charge (PZC) [33,34]. 
Instead, a correlation could be inferred between the decrease in the MB 
concentration (from 2 % to 17 %) and the increase in the O2% in Ar. This 
means that the presence of less sub-stoichiometric TiO2−x, having a 

higher number of surface exposed hydroxyl groups, leads to a higher 
number of interactions with MB’s exposed functional groups. Under UV 
light, all photocatalysts show a very interesting catalytic performance, 
with a significant decrease in the MB concentration ranging from 30 % 
up to 99 %. As shown in Fig. 5c–f, both non-deposited SL and DL exhibit 
a certain degree of photocatalytic activity, revealing a behavior similar 
to all the other samples. The SLTNR15 is the most photoactive one, 
showing a kinetic constant for MB degradation around 9•10−3 and a dye 
photodegradation ability of 99 % after 360 min. From XRD analysis and 
SEM images it can be stated that sample SLTNR15 possesses desired 
vertically aligned morphology and similar band gap energy value as 
sample DLTNR15 (having identical stoichiometry). However, from 
degradation profiles it is evident that SLTN15 exhibits strikingly 
different photocatalytic activity. This could stem from a combination 
between the rationally designed structure and the sub-stoichiometric 
sputtering deposition with 15% O2 atmosphere, leading to an overall 
enhancement of the photocatalytic efficiency. 

Careful comparison between single and double layer photo
degradation profiles could open to the consideration that all SL samples 
performance is overall superior to DL. Since the goal of this work 
designing TiO2/TiO2−x nanostructures were to enhance photocatalytic 
efficiency under solar light irradiation, XTNRY were tested under the 
same operating conditions also using standard simulated solar light 

Fig. 5. Methylene blue (a,b) absorption spectra for SLTNR15 under UV and DLTNR15 under simulated solar (SS) light. Photodegradation curves of the investigated 
samples under (c, d) simulated solar light and (e, f) UV light irradiation at room temperature and atmospheric pressure. 

Table 3 
Degradation efficiency (% Dr) and k values for all the samples both under UV 
and Simulated Solar Light (SS) irradiation.  

Sample UV % 
Dr 

SS % 
Dr 

kUV ± δkuv (10−3 

min−1) 
kss ± δkss (10−3 

min−1) 

SLTNR  36  73 - - 
DLTNR  43  78 - - 
SLTNR10  32  70 1.6 ± 0.2 4.9 ± 0.4 
DLTNR10  53  65 8 ± 1 4.2 ± 0.6 
SLTNR15  99  86 9 ± 1 6.8 ± 0.5 
DLTNR15  44  70 2.8 ± 0.4 3.5 ± 0.5 
SLTNR20  66  65 4.9 ± 0.5 6.3 ± 0.5 
DLTNR20  53  70 2.4 ± 0.3 3.0 ± 0.4  
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irradiation. In general, every sample is showing an enhanced efficiency 
towards MB degradation under simulated solar light, with no exceptions 
(Table 3). The catalytic behavior of these systems is in accordance with 
their optical characterization: the band edge absorption redshift may be 
responsible for the overall increase in the photocatalytic efficiency. Even 
in this case, the best performing sample is SLTNR15, reaching a MB 
degradation of 86 % with a k value around 7•10−3, thus confirming 
previous statements. 

Since the recyclability of a catalyst is very important for its practical 
use, stability and reusability tests were carried out on sample SLTNR15 
under UV light irradiation with the previous operating conditions. As 
shown in Fig. 6a, after three recycling processes, the SLTNR15 sample 
was not only still active towards MB dye degradation under UV light, 
suggesting a very good physico-chemical stability, but it also showed an 
improved photodegradation efficiency. This result could suggest a long- 
term application of the proposed catalyst in water treatment. 

Since wastewaters sources can be found in a great range of pH, we 
exposed the synthesized catalyst to acidic and basic conditions and 
carried photodegradation process under UV light irradiation with the 
purpose of understanding the role of pH on the surface of the catalyst. 
Two different photocatalysis were carried at pH 4.0 and 9.0 both with 
sample SLTNR20 (Fig. 6b). Being MB a positively charged dye, its 
adsorption on the catalyst surface strongly depends on the charge of the 
catalyst surface itself. Point of zero charge values reported for TiO2 are 
ranging from 5.0 and 6.2 [33–38], while the MB solution pH has been 
measured to be 6.2. TiO2 surface is very sensitive to the presence of H+

ions in the solution, since it is rich in terminal hydroxyl groups. 
Therefore, the surface catalyst is positively charged when the solution 
pH is below the PZC, conversely hydroxyl groups are deprotonated 
leaving the surface negatively charged when above the PZC. As it can be 
noticed from Fig. 6b, there are two opposite trends at pH 4.0 and 9.0, 
respectively. In acidic conditions, the positively charged surface of the 
catalyst attracts a higher number of oxidizing species. The latter can 
interact with positively charged MB molecules, which can be degraded 
almost by 100 after 360 min, without any adsorption phenomena onto 
the catalyst surface. On the contrary, in alkaline conditions the hydroxyl 
groups exposed on the catalyst surface are deprotonated. In this case, the 
adsorption phenomena easily occur, because of the electrostatic in
teractions. Hence, the strong decrease of the C/C0 curve at pH 9.0 is not 
related to the photodegradation process. 

Photodegradation processes under acidic and basic conditions were 
also carried out for the pristine FTO. The efficiency of SLTNR15 sample 
in both acidic and basic conditions compared with a bare FTO substrate 
was then investigated. Although FTO conductive layer promoted the 
formation of electron/hole pairs being active for the photodegradation 
of MB (Fig. S5), photolysis of MB under acid/alkaline conditions with 

SLTNR15 reached higher degradation efficiency (100 % degradation 
after 40 min and 98 % after 240 min under pH 4 and 9, respectively), 
thus proving the effectiveness of the TiO2/ TiO2−x system. 

4. Conclusions 

TiO2 thin films are widely used in the field of heterogeneous pho
tocatalysis to promote the degradation of organic pollutants in waste
water. To improve surface-to-volume ratio, ease adsorption/desorption 
mechanisms, avoid fast charge recombination processes and lower the 
wide TiO2 band gap, a homojunction between two different oxygen 
rich/deficient TiO2 layers has been proposed. According to SEM ana
lyses, TiO2 vertically aligned nanorods grown on the conductive side of a 
FTO glass were obtained through hydrothermal treatment in acidic 
conditions by optimizing the seeding process via spin coating. The 
average diameter was estimated to be of (78 ± 4) nm for SL and (68 
± 5) nm for DL, revealing that the number of seed layer deposition 
influenced the diameter growth generated by a large number of nucle
ation sites. By RF magnetron sputtering deposition, a homogeneous 
layer of thin TiO2−x nanorods was then generated to form three different 
homojunctions by tuning the oxygen partial pressure in sputtering argon 
atmosphere at 10 %, 15 % and 20 %, respectively, inducing a sub- 
stoichiometry in the structure that is reported by other authors to be 
consistent with oxygen vacancies. It should be mentioned that a 
distortion in the TiO2 structure cannot be ruled out as a possibility, as 
suggested by XPS results. Both TiO2 nanorods and TiO2−x layer showed 
the same crystalline phase (rutile) as confirmed by XRD pattern. AFM 
studies confirmed what was previously observed by SEM. Rather uni
form nanorod arrays were obtained, with nanostructures having an 
average lateral dimension of 80 nm (SLTNR sample) and of about 20 nm 
for the sputtered sample (SLTNR15). Moreover, AFM highlighted a 
decrease in the surface roughness due to the introduction of sub- 
stoichiometric titania thin film, as expected. Photocatalytic activity 
has been investigated by monitoring the photodegradation of methylene 
blue (MB), chosen as target water contaminant, both under UV and 
simulated solar light irradiation at room temperature and atmospheric 
pressure. A MB degradation up to 99 % and 85 % under UV and simu
lated solar irradiation, respectively, was achieved for the best per
forming sample (SLTNR15) laying the groundwork for new 
environmental applications to enhance dye degradation industrial 
processes. 
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