
 

 

 

Titania-based heterogeneous photocatalysis for the selective oxidation 

of biomass-derived platform chemicals  

 

Thesis submitted for the degree 

of 

Doctor of Philosophy 

in the field of 

Chemical Sciences 

 

prepared within the 

International Ph.D. Studies  

of the 

Institute of Physical Chemistry (IPC), Polish Academy of Sciences (PAS),  

Warsaw, Poland 

 

by 

Ayesha Khan 

 

Supervised by 

dr hab. inŨ. Juan Carlos Colmenares (Assoc. Prof. IPC, PAS) 

and 

Univ.-Prof. Dr. rer. nat. habil. Roger Glªser (Leipzig University) 

 

 

 

Institute of Physical Chemistry, Polish Academy of Sciences  

ul. Kasprzaka 44/52, 01-224  

Warsaw, September 2021



 

 

 

 

 

 

 

 

 

 

Dedicated to 

my Dearest Almighty Allah  

and 

my Dearest Prophet Muhammad (Peace be upon him) 

 

 

 

 

 

 

 

 

 

 

 



 

i 
 

Acknowledgments 

If you feel like you have reached the end of the road and want to give up, think of the 

hundreds of time you have failed and yet Allahôs mercy remains. First and foremost, I 

would like to pay my utmost gratitude to Almighty Allah for the countless blessings, 

mercy, help and guidance that has been a real source to accomplish this task.  

I would like to thank Prof. Juan Carlos Colmenares for giving me an opportunity to 

conduct my Ph.D. studies in his research group and, for providing the freedom and 

infrastructure to explore many aspects of photocatalysis. Moreover, I am also grateful 

for his invaluable guidance, feedback and support during the course of my Ph.D. 

studies.  

I would like to thank Prof. Roger Glªser for providing me a welcoming and motivating 

working environment during my secondment at the Institute of Chemical Technology, 

Leipzig University. Moreover, I am thankful to his invaluable in put, guidance and 

support all these years.  

I would like to express my sincere gratitude to Dr. Michael Goepel for always being 

ready to help. It has been a great pleasure for me to work with him. The discussions we 

had about experiments and the comments and suggestions he gave me while writing the 

papers and thesis, helped enormously to finish this work as planned. Moreover, I 

appreciate the help he provided regarding the personal matters during my stay in 

Germany. 

I would like to thank Dr. Dariusz Ğomot for the assistance in characterization (N2 

sorption measurement and TPO-TPR measurements) and solving other technical 

problems in the Lab related to the instruments.  

I would like to thank all the current and former members of ñCatalysis for sustainable 

energy production and environmental protection groupò (Tomasz Danko, Paweğ 

Lisowski, Agnieszka DŨugan, Abdul Qayyum, Dr. Dimitrios Giannakoudakis, Karolina 

Kawka, Dr. Rafael L. Oliveira and Dr. Vaishakh Nair) for the help and support during 

my Ph.D. studies. Special thanks to my friends Swaraj Rashmi Pradhan and Jovana 

Prekodravac, their moral support means a lot to me.  

I would also like to express my gratitude to the members of ñHeterogeneous catalysis 

groupò of the Institute of Chemical Technology, Leipzig University for their help and 

corporation during my stay there. 

I would like to thank other colleagues of the Institute of Physical Chemistry, Dr. 

Wojciech Lisowski for XPS measurement, Dr. Dmytro Lisovytskiy for XRD and XRF 

measurements, Prof. Rafağ Szmigielski for GC-MS analysis, Dr. Ariadna Nowicka for 

Raman spectroscopy analysis, Ms. Agnieszka WiŜniewska for TGA measurements and 

Dr. Magdalena Warczak for electrochemical measurements 

I would like to extend my thanks to the administrative staff of the Institute of Physical 

Chemistry especially, Patrycja Niton, Monika Kuczynska and Joanna Wiszniowska for 

their help and cooperation.  



 

ii 
 

I would like to thank all the NaMes fellows for their help and cooperation during the 

course of the Ph.D. studies 

I also like to thank Dr. Marta Mazurkiewicz-Pawlicka from the Faculty of Chemical 

and Process Engineering, Warsaw University of Technology for her help in elemental 

analysis and TGA measurement.  

I would like to thank Dr. Kamil Sobczak from the Faculty of Chemistry, Biological and 

Chemical Research Centre, University of Warsaw for TEM measurements. 

I would also like to thank all my teachers who taught me at school, college and 

university, not only for educating me but also training me to face the challenges of life. 

I would like to thank Prof. Audil Rashid, for all the guidance and support during my 

scientific career. My sincere thanks to Prof. Ahmad Rafique Akhtar, his contribution in 

my life cannot be described in words. He changed my life, I cannot imagine how things 

would be if I have not known him. He taught me the lifeôs most important lesson in the 

simplest way. I will never forget the support and courtesy he extended to me in the most 

difficult time of my life.  

I always cherish the support and warm friendship of my friends (Rafia Younas, Shazia 

Anjum, Umsa Jameel, Misbah Khan, Ayesha Rubab, Shumail Ehsan, Salma Amir, 

Swaraj Rashmi Pradhan, Nabila Yasmeen, Jovana Prekodravac, Faria Khan, Rashmi 

Runjhun Alcina Johnson, Neha Rangam) here in Poland and back home in Pakistan. I 

am thankful for their help and support, and for all the fun we had together 

I am extremely thankful to my parents for all the prayers, love, support and care. 

Without their support, I might not be the person I am today. I am sincerely thankful for 

everything they have done for me.   

I am sincerely thankful to my dearest sisters (Mehwish Khan, Summaiya Khan and 

Ayiman Khan) for the prayers, care and unwavering support. Thank you for always 

being there for me to lift me up in hard times. 

Last but not the least, I would like to thank my wonderful cousins (Kanza Khan, Usama 

Khan, Abdul Rahman Khan and Arsala Khan) for their encouragement and support, 

their presence means a lot in my life.  

Gratitude to every single person who supported me, from the beginning of this journey 

up until this very moment in life.  

 

 

 

 

 

 



 

iii 
 

Funding  

¶ This research is part of a project that has received funding from the European 

Unionôs Horizon 2020 research and innovation programme under the Marie 

Skğodowska-Curie grant agreement No. 711859. 

¶ Scientific work funded from the financial resources for science in the years 

2017-2022 awarded by the Polish Ministry of Science and Higher Education 

for the implementation of an international co-financed project. 

¶ The National Science Centre, Poland, within OPUS-20 project No. 

2020/39/B/ST5/00076 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

iv 
 

Declaration of originality 
  

I hereby declare that the research included within this thesis was carried out by myself 

or with support by others included in acknowledgments.  

 

I state that I have exercised care to ensure that the work is original and contains no 

previously published material or written by another person, except where citations have 

been made in the text. To the best of my knowledge, the content provided here does not 

violate any copyrights.  

 

I accept that the Polish Academy of Sciences has the right to use plagiarism detection 

software to ensure the thesis's legitimacy.  

 

I certify that no part of my thesis has been or will be submitted for obtaining a degree 

or diploma by the Institute of Physical Chemistry, Polish Academy of Science, or any 

other educational institution.  

 

This thesis's copyright rests with the author, and no information derived from it may be 

published without the author's consent.  

 

 

 

 

Warsaw, September 2021         

           

       éé.ééééééééééé  

                (signature) 

 

 

 

 

 

  

 

 

 

 

 

 

 

 



 

v 
 

List of publications 

1. Ayesha Khan, Michael Goepel, Wojciech Lisowski, Dariusz Ğomot, Dmytro 

Lisovytskiy, Marta Mazurkiewicz-Pawlicka, Roger Glªser, Juan Carlos 

Colmenares. 2021. Titania/Chitosan-Lignin nanocomposite as an efficient 

photocatalyst for the selective oxidation of benzyl alcohol under UV and visible 

light. Submitted to RSC Advances 

2. Dimitrios A. Giannakoudakis, Abdul Qayyum, Vaishakh Nair, Ayesha Khan, 

Swaraj R. Pradhan, Jovana Prekodravac, Kyriazis Rekos, Alec P. LaGrow, 

Oleksandr Bondarchuk, Dariusz Ğomot, Konstantinos S. Triantafyllidis, Juan 

Carlos Colmenares. 2021. Ultrasound-assisted decoration of CuOx nanoclusters 

on TiO2 nanoparticles for additives free photocatalytic hydrogen production and 

biomass valorization by selective oxidation. Mol. Catal. In Press 

3. Ayesha Khan Michael Goepel, Adam Kubas, Dariusz Ğomot, Wojciech 

Lisowski, Dmytro Lisovytskiy, Ariadna Nowicka, Juan Carlos Colmenares, 

Roger Glªser. 2021. Selective oxidation of 5-hydroxymethylfurfural to 2,5- 

diformylfuran by visible light-driven photocatalysis over in situ substrate-

sensitized titania. ChemSusChem. 14, 1351-1362. 

4. Ayesha Khan, Michael Goepel, Juan Carlos Colmenares, and Roger Glªser. 

2020. Chitosan-based Ndoped carbon materials for electrocatalytic and 

photocatalytic applications. ACS Sustainable Chem. Eng.  8, 4708-4727. 

5. Dimitrios A. Giannakoudakis, Vaishakh Nair, Ayesha Khan, Eleni A. 

Deliyanni, Juan Carlos Colmenares, Konstantinos S. Triantafyllidis. 2019. 

Additive-free photo-assisted selective partial oxidation at ambient conditions of 

5-hydroxymethylfurfural by manganese (IV) oxide nanorods. Appl. Catal. B: 

Environ. 256, 117803. 

6. Ayesha Khan, Vaishakh Nair, Juan Carlos Colmenares and Roger Glªser. 2018. 

Lignin-Based Composite Materials for Photocatalysis and Photovoltaics. Top 

Curr Chem (Z) 376, 20. 

 

 

 

 

 



 

vi 
 

List of Abbreviations  

UV     Ultraviolet  

LMCT    Ligand-to-metal charge transfer  

HMF     5-hydroxymethylfurfural  

DFF     2,5-diformylfuran 

CL     Chitosan-lignin composite 

T/CL     Titania/chitosan-lignin nanocomposite 

BnOH     Benzyl alcohol  

Bnald     Benzaldehyde  

75T/CL    75wt%titania/chitosan-lignin nanocomposite 

XPS     X-ray photoelectron spectroscopy 

XRD     X-ray diffraction  

FTIR     Fourier-transform infrared spectroscopy 

CB     Conduction band  

VB     Valence band  

SHE     Standard hydrogen electrode 

e-     Electron  

h+     Hole 

ROS     Reactive oxygen species  

DSSCs    Dye-sensitized solar cells 

PCE     Photoconversion efficiency  

ESR     Electron spin resonance 

AA     Ascorbic acid 

EDTA     Ethylenediaminetetraacetic acid  

AC     Activated carbon  

MWNT    Multi -walled carbon nanotubes  

SWP     Soft wood pellets  

FDCA     2,5-furandicarboxylic acid  

DMF     2,5-dimethyl furan 

HMFCA    5-hydroxymethyl-2-furancarboxylic acid  

FFCA     5-formyl-2-furancarboxylic acid  

PBT     Polybutyleneterephthalate  



 

vii 
 

PET     Polyethylene terephthalate  

CoPz     Cobalt thioporphyrazine  

MOFs     Metal-organic frameworks  

DMF     N,N-dimethylformamide  

SPD     Sonophotodeposition 

WI     Wet impregnation  

EPR     Electron paramagnetic resonance  

SPR     Surface plasmon resonance  

DRS     Diffuse reflectance spectroscopy  

TTIP     Titanium(IV) isopropoxide  

SGH-TiO2    Sol-gel and hydrothermally prepared titania 

HMF-Ads-SGH-TiO2   5-hydroxymethylfurfural-adsorbed titania nanoparticles 

HMF-Ads-P25  5-hydroxymethylfurfural-adsorbed commercial   

                                                titania (P25) 

BET   Brunauer-Emmet-Teller 

BJH   Barrett, Joyner, Halenda  

XRF     X-ray fluorescence 

TEM     Transmission electron microscopy 

TGA     Thermogravimetric analysis  

 SSA     Specific surface area 

TPO     Temperature programmed oxidation  

QMS     Quadrupole-mass-spectrometer  

HPLC     High-performance liquid chromatography  

AQY     Apparent quantum yield  

LED     Light-emitting diode 

ITO     Indium tin oxide 

BQ     1,4-benzoquinone  

SEM     Scanning electron microscopy  

EIS     Electrochemical impedance spectroscopy  

GC-MS    Gas chromatography-mass spectrometry 

DMSO    Dimethylsulfoxide  

 



 

viii 
 

Streszczenie  
  

Dwutlenek tytanu , jako heterogeniczny fotokatalizator, ma wysoki potencjağ w 

transformacji biomasy w produkty o duŨej wartoŜci dodanej, jednak czňsto jest 

nieselektywny w reakcji utleniania zwiŃzk·w organicznych ze wzglňdu na 

wytwarzanie wysoce aktywnych indywidu·w utleniajŃcych, kt·re nadmiernie utleniajŃ 

substraty pod wpğywem wysokoenergetycznego promieniowania UV. Wrňcz 

przeciwnie, fotokataliza wykorzystujŃca Ŝwiatğo widzialne oparta na dwutlenku 

tytanu do selektywnego utleniania zwiŃzk·w modelowych skğadnik·w biomasy jest 

uwaŨana za podejŜcie ekonomiczne i przyjazne dla Ŝrodowiska. Teza ta skupia siň 

przede wszystkim na aktywacji Ŝwiatğem widzialnym dwutlenku tytanu w celu jego 

zastosowania w fotokatalitycznym selektywnym utlenianiu tychŨe zwiŃzk·w 

organicznych skğadnik·w biomasy w produkty o duŨej wartoŜci dodanej. Zastosowano 

dwa podejŜcia do aktywacji Ŝwiatğem widzialnym dwutlenku tytanu zdolnego do 

selektywnego utleniania organicznych skğadnik·w biomasy, tj. i ) Uczulanie z 

przeniesieniem ğadunku z liganda na metal (LMCT, skr·t z ang. Ligand-to-Metal 

Charge Transfer), ii) Przygotowanie nanokompozyt·w z dwutlenku tytanu i 

materiağ·w wňglowych. W celu uwraŨliwienia LMCT, nanoczŃstki dwutlenku 

tytanu zsyntetyzowano metodŃ zol-Ũel poğŃczonŃ z hydrotermalnŃ, a nastňpnie 

uczulenie dwutlenku tytanu osiŃgniňto poprzez utworzenie kompleksu LMCT 

(absorbujŃcego Ŝwiatğo widzialne) przez adsorpcjň czŃsteczki skğadnika biomasy (5-

hydroksymetylofurfural, HMF) na powierzchni dwutlenku tytanu.  Otrzymany 

kompleks LMCT umoŨliwiğ utlenianie HMF (59% konwersji) do przemysğowo 

waŨnego zwiŃzku 2,5- diformylofuranu (DFF) z wysokŃ selektywnoŜciŃ (87%) w 

Ŝwietle widzialnym (ɚ = 515 nm). Pr·bujŃc poprawiĺ aktywnoŜĺ dwutlenku tytanu 

w Ŝwietle widzialnym poprzez tworzenie nanokompozyt·w, najpierw zsyntetyzowano 

zestaw kompozyt·w chitozan-lignina (CL) metodŃ hydrotermalnŃ, zmieniajŃc 
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proporcje chitozanu i ligniny. Nastňpnie, tak przygotowane kompozyty CL 

zintegrowano z dwutlenkiem tytanu (T) w celu przygotowania nanokompozytu (T/CL) 

metodŃ zol-Ũel poğŃczonŃ z hydrotermalnŃ. Jako reakcja testowa stosowana do oceny 

aktywnoŜci fotokatalitycznej nanokompozytu T/CL w Ŝwietle widzialnym (ɚ = 515 nm) 

wybrano selektywne utlenianie alkoholu benzylowego ( BnOH ) do benzaldehydu 

(Bnald). Reprezentatywny nanokompozyt 75T/CL(25:75) wykazywağ doskonağŃ 

selektywnoŜĺ wobec Bnald (100%) przy umiarkowanej konwersji BnOH (19%) w 

Ŝwietle widzialnym. Na podstawie pomiar·w XPS, sugeruje siň, Ũe aktywnoŜĺ 

nanokompozyt·w T/CL w Ŝwietle widzialnym moŨna przypisaĺ domieszkowaniu azotu 

(pochodzŃcego z chitozanu) do struktury dwutlenku tytanu. Przestawione wyniki 

sugerujŃ zatem, Ũe heterogeniczna fotokataliza sterowana Ŝwiatğem 

widzialnym, wykorzystujŃca powszechnie dostňpny dwutlenek tytanu, ma wielki 

potencjağ do waloryzacji organicznych skğadnik·w pochodzŃcych z biomasy poprzez 

selektywne utlenianie. 
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Abstract 
 

Titania, as a heterogeneous photocatalyst has a significant potential for the conversion 

of biomass to value-added products. However, it is often unselective in organic 

oxidation reaction due to the generation of highly active oxidizing species, which over 

oxidizes the substrate under high energy UV radiation.  On the contrary, titania-based 

visible light-driven photocatalysis for the selective oxidation of biomass-derived 

platform chemical is considered to be economical and environmentally benign 

approach. This thesis primarily focused on the visible light activation of titania for its 

application in the photocatalytic selective oxidation of biomass-derived platform 

chemicals into value-added products. Two approaches were employed for the visible 

light activation of titania for the selective oxidation of biomass-derived platform 

compounds i.e. i) Ligand-to-metal charge transfer (LMCT)-sensitization ii) Preparation 

of nanocomposites of titania and carbon materials. For LMCT-sensitization, titania 

nanoparticles were synthesized via sol-gel and hydrothermal method, subsequently 

sensitization of titania was achieved through the formation of visible light absorbing 

LMCT-complex on the titania surface by the adsorption of platform molecule, 5-

hydroxymethylfurfural (HMF). The resulting LMCT-complex enabled the oxidation of 

HMF (59% conversion) to an industrially relevant compound 2,5- diformylfuran (DFF), 

with high selectivity (87%) under visible light (ɚ = 515 nm).  In an attempt to improve 

the visible light activity of titania through nanocomposite formation, first, a set of 

chitosan-lignin (CL) composites have been synthesized via a hydrothermal method by 

varying the proportion of chitosan and lignin. Afterward, the as-prepared CL 

composites have been coupled with titania (T) to prepare a nanocomposite (T/CL) 

through sol-gel and hydrothermal approach. The test reaction used to assess the 

photocatalytic activity of T/CL nanocomposite under visible light (ɚ = 515 nm) is the 
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selective oxidation of benzyl alcohol (BnOH) to benzaldehyde (Bnald). A 

representative nanocomposite, 75T/CL(25:75) exhibited excellent selectivity for Bnald 

(100%) at moderate BnOH conversion (19%) under visible light. On the basis of XPS 

measurements, it is suggested that the T/CL nanocomposites activity under visible light 

may ascribed to the doping of nitrogen into titania framework from chitosan. The 

current findings, therefore suggest that visible-light driven heterogeneous 

photocatalysis employing abundantly available titania holds significant potential for the 

valorization of biomass-derived platform compounds via selective oxidation. 
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1. INTRODUCTION  

1.1 Titania as photocatalyst 

The photocatalytic activity of titania has inspired a wide range of research efforts since 

the discovery of photoelectrochemical water splitting on titania under ultraviolet light 

(UV) by Fujishima and Honda in 1972.1 Few years later, the photocatalytic application 

of titania was extended to environmental frontiers. Frank and Bard2 reported the 

photocatalytic oxidation of cyanide ion (an industrial pollutant) in aqueous solution 

using titania under solar irradiation.2 Subsequent reports on titania catalyzed reduction 

of carbon dioxide to organic compounds (methanol, formaldehyde, formic acid and 

methane),3 and photo-Kolbe decarboxylation for the production of butane4 opened a 

new chapter of photocatalytic organic synthesis. Over the past few decades, titania has 

continued to be the most extensively studied photocatalyst for numerous applications 

such as, degradation of pollutants,5,6 hydrogen generation via water splitting reaction,1,7 

dye-sensitized solar cells,8 CO2 reduction9 and  organic transformation reaction.10,11,12,13 

It has various advantages for its application in photocatalytic reactions for example, 

low cost, abundant availability, chemical and thermal stability, resistance to 

photocorrosion etc.14,15 Titania generally exist in three different polymorphs including 

anatase (tetragonal), brookite (orthorhombic) and rutile (tetragonal).  All the three 

crystalline phases of titania are made up of distorted TiO6 octahedral unit (Figure 1), 

but connected in different ways.16,17 Among the three crystalline phases, rutile is the 

most thermodynamically stable phase, whereas anatase and brookite are metastable 

phases that transform into rutile phase at elevated temperature ( 600 oC).18 The 

photocatalytic activity of titania is influenced by its phase. Anatase is considered to be 

the most photocatalytically active polymorph of titania ascribed to its higher surface 

adsorption capacity to hydroxyl groups and a lower charge carrier recombination rate.19 
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Though, the band gap energy of rutile (~3.0 eV) is narrower than anatase (~3.2 eV), 

which broaden the light response range of rutile. However, the rutile phase tends to be 

stable at larger particle size (>35 nm), and exhibit lower specific surface area, which is 

not desirable from the photocatalytic point of view.16 Whereas, the activity of the 

brookite phase has not been investigated systematically because of the difficulties in 

preparing its pure phase.18,20 Possibly for these reasons, earliest studies on 

photocatalysis were carried out on anatase, and hence generally conclude that anatase 

phase of titania is the finest candidate in photocatalytic applications.21,22  

Figure 1. The primitive unit cell of (a) rutile, (b) anatase and (c) brookite phase of 

titania. (Reprinted an open-access article content 23) 

However, several studies reported the excellent photocatalytic activity of brookite9,24 

and rutile25 phases of titania. For example, Zhao et al.26 reported that nanosheets of 

brookite efficiently catalyzed the oxidation of tetramethylbenzidine by H2O2 ascribed 

to its defects and flexible electronic states.26 Besides that, single-crystalline brookite 

nanosheets showed enhanced activity toward the degradation of organic contaminants 

compared to commercial titania (P25), owing to the high-energy facets exposure and 

the efficient suppression of recombination rates of photogenerated charge carriers by 

these facets.27 Similarly, rutile phase is also reported to have superior photocatalytic 
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activity than other phases of titania. For instance, the microspheres consist of rutile 

nanorods showed relatively higher photocatalytic activity than P25 for the degradation 

of papermaking wastewater due to specific crystal surface (001) exposure which may 

improve the separation of charge carriers, and enhanced the photocatalytic activity.28 

There are numerous factors such as, particle size, surface area, pore structure, ratio of 

polymorphs, density of defects, electronic structure, synthesis method, phase purity etc. 

that affect the photocatalytic activity of titania. 17,20,29,19,30 Therefore, the differences in 

photocatalytic activity among anatase, rutile and brookite phase is still under debate. 

1.1.1 Mechanism and application of titania-based photocatalysis 

Titania photocatalysis is a photon-driven process, initiated by the absorption of photon 

(hɜ) with an energy higher or equal to the bandgap of titania. The photon absorption in 

the bulk or at the surface of titania excites the electrons in the filled valence band (VB) 

to the vacant conduction band (CB), leaving behind the holes in the VB. During the 

transference process most (~90%)31 of the electrons and holes undergo radiative or non-

radiative recombination.32  The electrons moved to the CB are good reducing agents, 

whereas the holes in the VB are strong oxidizing agents. As shown in Figure 2, the CB 

electrons can react with the O2 in the surrounding medium and produce superoxide 

radical anions,33 O2
ǒī (redox potential +0.89 V vs standard hydrogen electrode, 

SHE).20,34 Additionally, the O2
ǒī generated may react with the VB holes and form 

singlet oxygen (1O2).
35 Nevertheless, the electrons may also reduce other ions or species 

in the surrounding medium if this is thermodynamically favored. While, the VB holes 

may react with the adsorbed water molecule (Figure 2) and form hydroxyl radicals, 

ǒOH (redox potential +2.81 V vs SHE), hydrogen peroxide (H2O2), and hydroperoxyl 

radical (HOOǒ).20,34  The ǒOH can then participate in different oxidation reactions, on 

or near the surface of the titania (Figure 2). The H2O2 is further reported to be produced 
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by the hydroperoxyl radical coupling.36 While, H2O2 may further react with ǒOH and 

form HOOǒ.20 During the photocatalytic process, free electrons, holes, and the reactive 

oxygen species (ROS) such as ǒOH, HOOÅ and O2
ǒī react with the surface adsorbed 

species and inorganic and organic compounds in the surrounding medium.20,37  

 

 

 

 

 

 

 

 

 

Figure 2. The generation of reactive oxygen species in titania-based photocatalysis. 

(Adapted with the permission of ref.33) 

 

The light absorption property and oxidation-reduction capability of titania depends on 

its band gap value and band edges position of the CB and VB, respectively. Moreover, 

charge (electrons and holes) separation also play an important role in determining the 

efficiency of a photocatalytic reaction.31 Besides that, many elementary mechanistic 

processes have been involved in the photocatalytic redox processes over titania (Table 

1). The efficient transformation of the absorbed photon to a chemically stored redox 

equivalent also depends on the rate of competing mechanistic processes (Table 1).  
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Table 1: Primary processes in heterogeneous titania photocatalysis and their 

characteristic times. >TiIVOH depicts the primary hydrated titania surface, e-
CB

 is 

the conduction band electron, h+
VB is the valence band hole, >TiIVOHǒ+is the 

surface bound hydroxyl radical or surface trapped hole, >TiOHIII  is the surface 

trapped conduction band electron (adapted with the permission of ref.38 ) 

Electronic step Primary process Time 

Charge-carrier generation  TiO2 + hɜ Ÿ e-
CB + h+

VB fs  

Charge carrier trapping h++ >Ti IVOH Ÿ >Ti IVOHǒ+ 10 ns  

Shallow trap e- + >Ti IVOH ᵵ >TiOHIII  100 ps 

Deep trap  e- + >Ti IV Ÿ TiIII  10 ns 

Charge carrier recombination e- + >Ti IVOHǒ+ Ÿ >Ti IVOH 100 ns 

 h+ + >Ti IIIOH Ÿ TiIVOH 10 ns 

Interfacial charge transfer >Ti IVOHǒ+ + organic molecule Ÿ >Ti IVOH + oxidized 

molecule 

100 ns 

 >Ti IIIOH + O2 Ÿ >Ti IVOH + O2
ǒ-  ms 

 

The applications of titania as a photocatalyst can be broadly classified in to three 

categories, environmental applications (air and water purification), energy related 

application (hydrogen generation, photovoltaics), and organic synthesis (oxidation, 

reduction, and other transformations). Titania has been most widely used for the 

photocatalytic degradation of various organic pollutants such as 

polychrlorinatedbiphenyls,39 methylene blue,40 methyl orange,40 Rhodamine B,40 

eriochrome black T,40 and phenol.41 Besides that, photodegradation of different 

pharmaceutical products such as tamoxifen,42 gemfibrozil,42 ibuprofen,43 and 

carbamazepine43 has also been successfully achieved using titania. The mechanism of 

photocatalytic degradation of organic compounds is similar to the titania-based 

photocatalysis described above. The photoinduced hydroxyl radicals ǒOH produced at 

the VB of titania acts as a strong oxidizing agents, and drive the oxidation of organic 

pollutant to purify the wastewater. Furthermore, the photoinduced electrons, HOOǒ and 
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O2
ǒī can reduce toxic metal ions, such as lead ions (Pb2+)44, cadmium ions (Cd2+)45 and 

chromium ions (Cr6+)46 in wastewater. In addition, titania has also shown wide potential 

for the decontamination of various pollutants (alkenes,47 alcohols,48 nitrogen-

containing compounds49 etc.) in gas-phase.50 

Titania also holds a significant potential to ease the energy crisis through effective 

exploitation of solar energy based on photovoltaic devices51 and photocatalytic 

hydrogen production.52 One of the key application of titania in photovoltaic is dye-

sensitized solar cells (DSSCs).53 Regan and Gratzel51 provided a breakthrough in this 

field by developing a solar cell through titania thin films (nm) with monolayer coating 

of a charge-transfer dye to sensitize the film for harvesting light. The overall 

photoconversion efficiency (PCE) achieved under simulated solar light was 7.1-7.9%.51 

Though, for titania thin films, the overall PCE is limited due to charge carrier 

recombination and loss of electrons during percolation through the titania nanoparticle 

network within the film.54 However, the PCE of titania-based DSSCs was improved up 

to 12.3% using a liquid cobalt(II/III)-based electrolyte and a zinc porphyrin sensitizer.55 

Photocatalytic hydrogen generation over titania is considered a key reaction towards 

the shift to a sustainable energy. However, pristine titania could not easily split water 

into H2 and O2 in the simple aqueous suspension, ascribed to the fast recombination of 

electron-hole pair.32 Immobilizing highly dispersed metal (Au, Pd, Ag and Pt) 

nanoparticles, as cocatalyst on titania can help to improve the charge separation and 

photocatalytic efficiency for hydrogen production.56,57 Moreover, the use of sacrificial 

donors (glycerol, methanol, ethanol)58 can also enhance the photocatalytic hydrogen 

generation efficiency by scavenging the holes.59 Chen et al.60 reported that gold 

decorated P25 (Au/P25) showed much higher photocatalytic efficiency for H2 
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generation (27.9 mmol gī1 hī1 in 10 vol.% glycerol) compared to bare P25 (1.9 mmol 

gī1 hī1 in 10 vol.% glycerol).60
    

The photocatalytic application of titania is extended to organic synthesis, providing an 

effective synthetic alternative for various industrially relevant chemicals. It offers the 

possibility of synthesizing high value-added chemicals through various processes, for 

example, oxidations, reductions,61 isomerizations,62 condensations63,64 and 

polymerizations.65 However, most of the titania-assisted photocatalytic organic 

transformation studies were focused on oxidation or reduction reactions, since the 

photoinduced active species produced intrinsically possess redox ability. 

Titania has a significant potential to drive photocatalytic reductive chemical 

transformation of organic compounds66,61 in the presence of suitable hole scavengers, 

and preferably in the absence of oxygen. The photocatalytic reduction of nitro 

compounds over titania produce corresponding amines through the formation of 

hydroxyl amine intermediates (Figure 3).67 Imamura et al.68 reported that, the highly 

selective reduction of m-nitrobenzenesulfonic acid to m-aminobenzenesulfonic acid 

(with >99% yield) could be achieved in an acidic aqueous suspensions utilizing formic 

acid as hole scavenger. The high yield of m-aminobenzenesulfonic acid was ascribed 

to the efficient hole scavenging ability of formic acid and probable repulsion of the 

reduced ammonium group from positively charged surface of titania in acidic medium, 

which prevents the re-oxidation of m-aminobenzenesulfonic acid.68  

 

 

Figure 3. Photocatalytic reduction of nitrobenzene over titania. (Reprinted with 

the permission of ref.67) 
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Furthermore, titania was successfully applied for the selective reduction of carbonyl 

compounds.69 The efficient photocatalytic reduction of acetophenone derivatives and 

diaryl ketones to secondary alcohols (with ~100% yield ) were achieved using ethanol 

as hole scavenger. 70 

Titania-assisted photocatalytic selective oxidation of alcohols, hydrocarbons, and 

amines is a major and well-studied category of organic transformation reactions. 

Photocatalytic selective oxidation of amines over titania produce corresponding imines, 

which are essential building blocks for the synthesis of pharmaceuticals, pesticides and 

fine chemicals.71 It has been found that the crystalline phase of titania, electronic and 

surface structure characteristics play an important role in the adsorption and selective 

oxidation of amines.71  Mixed-phase titania exhibited enhanced photocatalytic activity 

for the selective oxidation of benzylamine under visible light after 7 hours of 

illumination. The nanocomposite consists of 65% TiO2(B) and 35% anatase showed 

92% benzylamine conversion, whereas, single-phase TiO2(B) and anatase showed 

much lower activity, with ~60% and ~50% benzylamine conversion, respectively. 

However, both mixed-phase and single-phase titania exhibited high (~93%) selectivity 

for imine. The enhanced photocatalytic performance of mixed-phase titania for the 

selective oxidation of benzylamine corresponds to the heterojunction between the two 

phases, which improved the charge separation efficiency.72 

Selective activation of saturated C-H bonds in hydrocarbons (alkanes and aromatics) 

for the formation of value-added products (alcohols aldehyde and ketone) is of crucial 

importance for the chemical industry. However, the thermodynamically stable and inert 

nature of saturated C-H bonds make it significantly challenging.73 It was observed that  

crystallinity of titania affect the photocatalytic selective oxidation of aromatic 

compounds to corresponding aldehyde. Cao et al.74 reported that the anatase titania with 
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higher degree of crystallinity and exposed {001} facets exhibited enhanced 

photocatalytic performance for the selective oxidation of toluene (with 21% 

conversion) to benzaldehyde (with >90% selectivity) under UV light. Whereas, anatase 

with comparatively low crystallinity and commercial titania (P25) both showed ~9% 

toluene conversion with similar benzaldehyde selectivity. The improved performance 

of the anatase with comparatively higher degree of crystallinity ascribed to the 

improved charge separation efficiency.74  Moreover, tuning of electronic structure of 

titania through ruthenium doping also reported to improve the selective oxidation of 

toluene to benzaldehyde under UV light.75 It has been observed that introduction of 

Ru3+/4+ states at 0.4 eV below the conduction band of titania improved the benzaldehyde 

selectivity by trapping electron, and suppressing the formation of excess O2
īǒ.76 

Selective oxidation of alcohols to aldehydes and ketones gained burgeoning interest 

ascribed to their significance as raw materials for the production of vitamins, drugs, 

fragrances and flavors or food additives.71 There are number of factors that influence 

the photocatalytic selective oxidation of alcohols over titania. In particular, 

crystallinity, polymorph type, surface acidity-basicity, crystal facet exposure, valence 

and conduction band edge position, charge recombination rate, hydroxyl group density, 

specific surface area, modification of titania (metal or non-metal doping / coupling with 

other semiconductors etc.),18 which results in a different photocatalytic activity, and 

selectivity towards a target product. Yurdakal et al.25 demonstrated that low-crystalline 

home-prepared rutile samples (HP333) showed improved photocatalytic performance 

for the selective oxidation of benzyl alcohol and 4-methoxybenzyl alcohol to the 

corresponding aldehydes compared to highly crystalline commercial rutile (SA). The 

poorly crystalline HP333 exhibited a selectivity of ca. 38% and 60% for benzaldehyde 

and 4-methoxybenzaldehyde, respectively at 50% conversion of the substrates.25 The 

amorphous phase of titania improved the selectivity of the target product by offering 
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additional active sites for the partial oxidation and impeding the electron transfer 

between the particles due to the presence of the strongly basic terminal hydroxyl groups 

in amorphous phase.77 Moreover, Wang et al.78 reported that pretreating titania (P25) 

with Brßnsted acids significantly enhanced the rate of oxidation of various aromatic 

alcohols under UV light. The photocatalytic conversion of benzyl alcohol on titania was 

increased from 46% to 66% after treating titania with hydrofluoric acid, retaining 

similar benzaldehyde selectivity (~99%). The improvement in the benzyl alcohol 

conversion in case of Brßnsted acid-pretreated titania was ascribed to the 

decomposition of surface Ti-peroxide species by the Brßnsted acids proton. This 

phenomenon results in the regeneration of active Ti-sites for the photocatalytic selective 

oxidation of alcohols.78 Additionally, the effect of surface basic sites on the selective 

oxidation of alcohols has also been investigated. Leow et al.79 found that, Al2O3 in the 

presence of dyes favored the partial oxidation of benzyl alcohol. This is attributed to 

the surface complexation of the alcohol on the Brßnsted basic sites of the Al2O3, which 

decreases its oxidation potential and results in an upshift of its HOMO for the 

abstraction of electron by the dye.79 In the last few years, an attention has been paid to 

study the influence of different facets of titania on the photocatalytic selective oxidation 

of alcohols. The anatase with predominant (001) facet (T001) exhibited enhanced 

photocatalytic performance for the selective oxidation of aromatic alcohols than the 

anatase with greater number of (101) facet (T101) under UV light in aqueous medium. 

The T001 sample showed much higher conversion for halogen substituted benzyl 

alcohols (49-53%) as compared to T101 (28-32%) keeping similar selectivity (97-

100%) to corresponding aldehydes. The improved performance of the sample T001 was 

attributed to a higher surface energy value of the {001} facet which helps the activation 

of the substrates. Besides that, a higher number of oxygen vacancies and better 

adsorption of O2 on (001) could trap photoelectron and prevent charge recombination.80 
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The effect of hydroxyl group density of titania on the photocatalytic selective oxidation 

of alcohols has been rarely studied. Di Paola et al.81 investigated the role of hydroxyl 

group density of titania on the selective oxidation of 4-methoxybenzyl alcohol. It has 

been found that home-prepared titania sample with higher hydroxyl group density 

(10.76 w/w%) i.e. HPCl showed remarkably enhanced selectivity (92%) towards 4-

methoxybenzaldehyde compared to poorly hydroxylated (0.76 w/w%) sample i.e. P25 

(28%) at 20% substrate conversion under UV light.81 The enhanced  selectivity of 

aldehyde with higher degree of hydroxyl group density is probably related to the 

improved desorption of the aldehyde from the hydrophilic titania surface, which 

impedes its further oxidation.82 

Moreover, a higher surface hydroxylation may hinder the oxidation of the reactant by 

limiting the surface coverage and the hole transfer to the substrate.81 Besides the 

characteristic feature of titania, the nature of reaction medium also strongly influence 

the photocatalytic oxidation of alcohols over titania. Molinari et al.83 demonstrated the 

positive influence of acetonitrile on the adsorption of aliphatic alcohols and subsequent 

photocatalytic oxidation on titania. According to ESR-spin trapping measurements, the 

minor water content (~2%) in acetonitrile strongly inhibit the adsorption and 

subsequent oxidation of alcohols on titania. For the photocatalytic oxidation of geraniol 

to corresponding aldehyde (citral), the selectivity of the citral was decreased from 73% 

to 50% after the addition of water (~4%) to acetonitrile. This is ascribed to the increase 

in the polarity of the dispersing medium by the addition of water, which facilitates the 

removal of the polar alcohols from the surface of titania. Besides that, water compete 

with the alcohol for the adsorption, which hampers the interaction of alcohol with the 

photocatalytic centres.83  
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Different mechanisms have been proposed for the photocatalytic oxidation of alcohols 

over titania, based on the selectivity and activity. Zhang et al.84 performed oxygen 

isotope studies to provide fundamental insight to the oxidation of alcohols over the 

titania. 18O-enriched benzyl alcohol and cyclohexanol have been used as representative 

alcohols to study the associated mechanism on titania. In oxygen deficient environment 

(under Ar flow), the alcohol is oxidized to corresponding aldehyde via two-electron 

transfer process, and the oxygen atom of the alcohol is retained in the product (Figure 

4a). Whereas, in the presence of oxygen, alcohol underwent deprotonation and adsorb 

on the surface of titania (Structure I, Figure 4b). Upon UV light excitation, electron-

hole pair were generated. The adsorbed alcohol reacts with the holes and subsequently 

underwent deprotonation to generate a carbon radical, while the TiIV trapped the 

photogenerated electrons and form Ti III (Structure II, Figure 4b).  

 

 

 

 

 

 

 

 

Figure 4. Proposed mechanism for alcohol oxidation on titania in benzotrifluoride 

solvent (a) in the absence of O2 (b) in the presence of O2. (Reprinted with the 

permission of ref.84) 

 

Both Ti III  and the carbon radical can easily combine with molecular oxygen to form a 

bridged oxygen structure (Structure III Figure 4b) via two possible ways. 1) Reduction 
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of oxygen by electron/TiIII  to form superoxide, which react with the carbon radical and 

form structure III (Figure 4b). 2) Reaction of carbon radical with molecular oxygen to 

form organic superoxyl radical, which then reacts with TiIII  and form structure III 

(Figure 4b). The breaking of C-O bond of alcohol and the O-O bond of molecular 

oxygen is possibly realized via such an oxygen bridged structure (Structure III, Figure 

4b). The concerted bond cleavage of structure III produces aldehyde and titania-bound 

peroxide bridged structure (Structure IV, Figure 4b). The protons may react with the 

structure IV and form hydrogen peroxide, which is corroborated by iodometric titration 

studies.84     

In this section an overview of titania catalyzed organic transformation reaction 

(especially for photooxidation of alcohols), has been provided. More details about the 

selective oxidation of biomass-derived platform chemicals (with special reference to 5-

hydroxymethylfurfural and benzyl alcohol) is discussed in section 1.2.1 and 1.2.2.  

1.1.2 Drawbacks of titania as photocatalyst 

Despite several advantages of titania for photocatalytic application, it has some 

drawbacks too that limit its large-scale applications in photocatalysis. The main 

drawback of titania is the relatively wide band-gap (~3.2 eV for anatase and ~3.0 eV 

for rutile), which only permits the absorption of UV light (~5% of solar radiation).85 

This presents a crucial problem because UV light accounts for about <5% of the solar 

radiation,85 which limit the possibility of using solar energy as a light source. Visible 

light absorption of titania is indispensable to harness sunlight due to high abundance of 

visible light (~45%) in the solar spectrum. The other major problem for titania material 

in the photocatalytic applications is its low quantum efficiency ascribed to the fast 

recombination of the electron-hole pairs.15 Besides that, the separation or recovery of 

nanostructured titania from the liquid reaction medium is another issue related to its 

photocatalytic applications.86  
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1.1.3 Strategies to overcome the drawbacks of titania as photocatalyst 

Various strategies have been adopted to overcome the narrow-light response range, low 

quantum efficiency and recovery issue of titania nanoparticles. Some of these 

approaches are discussed as follows.  

1.1.3.1 Doping 

Metal or non-metal doping of titania is a common strategy to modify the wide band-

gap and improve the visible light absorption of titania. Non-metal doping is found to be 

more effective owing to the formation of fewer recombination centres in comparison 

with metal doping.87 Nitrogen doping has been most extensively studied, among all 

non-metal doping in titania, and the possible means of visible-light absorption of N-

doped titania has been elucidated. Dunnill et al.88 showed that interstitial N-doping of 

titania results in visible light absorption of titania.88 Whereas, Asahi et al.89 proposed 

that substitutional N-doping of titania triggers the visible light absorption of titania. 

This is ascribed to the band-gap narrowing of titania due to mixing of O 2p states with 

the N 2p states of substituted N atoms in the newly formed VB.89 Another proposition 

related to the origin of visible light absorption of N-doped titania is the formation of 

isolated N2p states above the VB of titania. These isolated energy levels facilitate the 

transfer of electron to the CB upon visible-light irradiation.90 Besides that, Ihara et al91 

reported that the visible light absorption of N-doped titania is attributed to the creation 

of oxygen vacancies due to N-doping.91 Although N-doping of titania is widely studied 

area, however, the underlying reason for N-doping-induced visible-light absorption, the 

exact nature of the chemical states formed via N-doping and the location of nitrogen in 

the titania lattice is still a matter of debate.   

1.1.3.2 Coupling titania with other semiconductors 

Fabrication of hetrostructure by combining titania with narrow band-gap 

semiconductor is another attractive approach to extend the photo-response of titania 
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into the visible light region and improve the separation of photogenerated electron-hole 

pairs via different carrier-transfer pathways.92 Coupling titania with CdS (band-gap 2.4 

eV) is most typical example of hetrostructured titania-based (TiO2/CdS) photocatalyst. 

When TiO2/CdS photocatalyst is irradiated under visible light, electrons are feasibly 

transferred from the CB of CdS to the CB of titania, whereas, the photogenerated hole 

remained in the VB of CdS.93 The potential gradient built-in at the interface of titania 

and CdS assists in the better separation of electron-hole pairs and lessens the chance of 

recombination, which consequently improved the photocatalytic performance of the 

hetrostructured-titania.94  

1.1.3.3 Sensitization by dyes and ligand to metal charge transfer (LMCT)-complex 

formation  

Dye-sensitization: Dye-sensitization is one of the commonly used techniques for the 

visible light activation of titania.  The organic dyes such as Erythrosin B, thionine, 

Eosin Y and Rhodamine B etc., adsorbed onto surface of titania are often used as 

sensitizers, ascribed to their visible light absorption ability.95,96 The process of dye-

sensitization is initiated by the photoexcitation of dye molecules, subsequently 

electrons are transferred from the excited dye molecules to the CB of titania (Figure 5). 

The oxidized dye molecules can be regenerated in the presence of suitable electron 

donors.85 Dye sensitization also improve the photocatalytic performance of titania due 

to effective electro-hole pair separation,97 as the transfer of electron from excited dye 

molecule to CB of titania occurred at a femtosecond scale in comparison to the electron-

hole pair recombination, which occurred at nanoseconds to millisecond scale.20,98 

However, the low photostability of some organic dyes is a key concern associated with 

the dye-sensitization technique.99,100 
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Figure 5. The schematic illustration of dye-sensitization of titania. 1) excitation of 

dye molecule by visible light absorption, (2) electron injection from the excited 

state of the dye to CB of titania, (3) recombination, (4) electron transfer to the 

acceptor, and (5) regeneration of the dye by an electron donor. S, D, and A 

represent the sensitizer (Dye molecule), electron donor, and electron acceptor, 

respectively. (S0: ground state, S*: excited state of the sensitizer (Dye molecule). 

(Adapted with the permission of ref.85) 

 

Ligand to metal charge transfer (LMCT)-sensitization: Another approach employed for 

visible light activation of titania is the ligand to metal charge transfer (LMCT)-

sensitization, which involves the sensitization of titania by surface adsorbates or 

substrates that do not absorb visible light by themselves.85,101 During LMCT-

sensitization electrons are transferred from the highest occupied molecular orbital 

(HOMO) of substrates/adsorbates to the CB of titania upon visible light irradiation 

(Figure 6).85,102 In contrast to dye-sensitization, the electrons are directly excited from 

the ground state of adsorbate/substrate to the CB of titania, without involving the 

adsorbate/substrate excited state. The adsorbate/substrate could be regenerated by back 

electron transfer or by interacting with the electron donors in the reaction medium.85  
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Figure 6. The schematic illustration of ligand to metal charge transfer (LMCT)-

sensitization of titania. 1) visible light-induced LMCT transfer, (2) recombination, 

(3) electron transfer to the acceptor, and (4) regeneration of adsorbate/substrate 

by an electron donor. S, D, and A represent the sensitizer (adsorbate/substrate), 

electron donor, and electron acceptor, respectively. (S0: ground state, S1: excited 

state of the sensitizer (adsorbate/substrate). (Adapted with the permission of ref.85) 

 

The LMCT-complex formation on titania is generally accompanied by the visible light 

absorption, which is not observed with either the adsorbate or titania alone.85 Generally, 

LMCT-surface-complexation induces visible light absorption extending up to far 

visible region (~650 nm). However, the intensity of visible light absorption of LMCT-

complexed titania is influenced by the characteristic features of titania such as particle 

size, specific surface area, surface structure, hydroxyl groups etc.85  Rajh et al.103 

reported that the overall optical absorption in dopamine-complexed titania was 

improved by reducing the particle size (from 15 nm to 4.5 nm). Moreover, the 

absorption was observed to be proportional to the fraction of Ti atoms at the surface.103 

Various studies have been performed on LMCT-complex formation on titania to 

elucidate the LMCT-induced visible light activation of titania. Phenolic compounds are 

potential candidates to form LMCT-complexes on titania through hydroxyl functional 
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groups (Figure 7). The LMCT-complex formation via hydroxyl groups facilitates 

strong coupling, as only a single oxygen atom parts the phenolic ligand from the titania 

surface (Figure 7).85 Titania-catechol LMCT-complex is a typical example, where 

catechol form a complex on titania via different binding modes (Figure 7) and impart 

visible light absorption around 420-600 nm.104 The bidentate binding mode is 

comparatively more stable than the monodentate binding,105 besides that bidentate 

binding also enhanced the visible light absorption.85 Moreover, presence of electron-

donating group such as methyl or tert-butyl groups onto catechol further extend the 

visible light absorption of titania-catechol LMCT-complex towards longer 

wavelength.103 The effect of substituent on visible light absorption is related to the 

dipole moment change in LMCT-complex formed between titania and substituted 

(electron-donating group) catechol, that may shift the electronic charge within the 

complex and extend the absorption to higher wavelength.103  

 

 

 

 

 

 

 

 

 

 

Figure 7. The possible binding modes of representative ligand to metal charge 

transfer (LMCT) -complexes on the titania surface. (Reprinted with the permission 

of ref.85) 
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Shi et al.106 reported that titania-catechol LMCT-complex, can efficiently oxidize 

amines (>90% conversion) into corresponding imines (>90% selectivity) using 

TEMPO (2,2,6,6-tetramethylpiperidine 1-oxyl radical) as co-catalyst under blue light 

irradiation.106 Several organic compounds with hydroxyl moieties (benzyl alcohol, 

phenol, glucose, catechol, chlorophenols, ascorbic acid, etc.) and carboxylic acid group 

(formic acid, citric acid, lactic acid, etc.) could form LMCT-complexes on titania, 

accompanied by visible light absorption.85 The LMCT-complex formed between 

ascorbic acid (AA) and titania can extend the visible light absorption of titania up to 

800 nm, which is also accompanied by the change in color of titania from white to 

orange (Figure 8).101 However, neither the ascorbic acid (AA) or titania showed 

absorption above 400 nm (Figure 8).101 Surface-complexation of benzyl alcohols and 

its substituted derivatives (ïOCH3, ïCH3, ïC(CH3)3, ïCl, ïCF3 and ïNO2) on titania 

selectively oxidize them into corresponding aldehydes (>99% selectivity) at high 

conversion of benzylic alcohols (>99%) upon blue light irradiation.107 

 

 

 

 

 

 

 

 

Figure 8. UV-Visible diffuse reflectance absorption spectra of ascorbic acid (AA), 

titania (TiO 2) and ascorbic acid-adsorbed titania-complex (AA-TiO 2). (Adapted 

with the permission of ref.101) 
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Moreover, various organic compounds with carboxylic functional group are capable of 

forming LMCT-complex on titania. There are two possible binding configuration of 

titania-carboxylate complex i.e. monodentate binding and bidentate binding (Figure 7). 

Kim and Choi102  demonstrated that ethylenediaminetetraacetic acid (EDTA) form a 

LMCT-complex on titania via carboxyl functional group, preferably through bidentate 

bridging coordination instead of monodentate binding. The surface-complexation of 

EDTA on titania induces absorption of visible light extending up to 550 nm, and 

exhibited significant photocatalytic activity for the reduction of Cr(VI) to Cr(III)  and 

hydrogen generation in water.102 Hydrogen peroxide (H2O2) also has a tendency to form 

a LMCT-complex on titania via condensation reaction.85 The surface-complexation of 

H2O2 on titania changes its color from white to yellow and induce visible light 

absorption up to 550 nm. However, the titania-H2O2 complex is not stable and generate 

hydroxyl radicals (ǒOH) under visible light. This implies that titania-H2O2 complex can 

potentially be applied for the degradation of organic contaminants.108 

Furfuryl alcohol, an important class of biomass-derived compounds with a variety of 

applications in chemical industry, can potentially form a LMCT-complex on titania, 

ascribed to the presence of hydroxyl group (OH). Wang et al.109 reported that furfuryl 

alcohol can efficiently be chemosorbed over monolayer titanate nanosheet forming the 

surface coordination species via C-O groups. Upon visible light (ɚ Ó 420 nm) absorption 

the chemisorbed furfuryl alcohol over monolayer titanate nanosheets enables the 

oxidation of furfuryl alcohol (with 54% conversion) to furaldehyde, with high 

selectivity (99%).109 This signifies that the derivatives of furfuryl alcohols, like 5-

hydroxymethylfurfural (a platform compound) with hydroxyl moiety could potentially 

be employed for the visible light activation of titania and self-selective oxidation via 

LMCT-approach. This open-up a new avenue for the visible light active titania-based 

photocatalytic system for biomass valorization.  
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1.1.3.4 Titania/carbon composite 

Recently, combining titania nanoparticles with carbon materials to form composites at 

nanoscale (nanocomposite) have attracted great deal of attention for the visible light 

activation of titania, to improve the photocatalytic performance of titania and, to 

overcome the problem of nanofiltration of titania nanoparticles. Carbon materials 

exhibit distinct features such as hydrophobic surfaces, multi-functionalities, high 

specific surface area, large pore volume, good chemical and thermal stability, that will 

enable their use in preparation of photocatalytic material. Comprehensive studies have 

been done on the advancement of titania/carbon composite formation and their 

application in heterogeneous photocatalysis.110,111 In the context of green chemistry, 

renewable materials derived from biomass such as lignin, cellulose, chitosan, 

agriculture residues, activated carbon, fly ash and biochar are potential candidates for 

the preparation of composite.  

Virkutyte et al.112 reported that the nanocomposite prepared using titania and 

microcrystalline cellulose (TiO2/MC) via sol-gel method under mild reaction 

conditions (atmospheric pressure and room temperature) exhibited efficient 

photocatalytic activity for the degradation (~90%) of methylene blue under visible light 

(ɚ Ó 420 nm). Whereas, commercial P25 showed negligible activity for the degradation 

of MB under visible light. The efficient photocatalytic activity of TiO2/MC ascribed to 

the synergistic effect of the physical and/or chemical interactions between titania and 

MC.112 It is suggested on the basis of XPS results that some of lattice titanium atoms 

may be substituted with carbon and form a TiïOïC structure.113 Moreover, combining  

microcrystalline cellulose with titania imparts the visible light absorption edge in 

TiO2/MC up to 580 nm, and reduced the band gap of titania  from 3.2 eV to 2.31 eV.112 

Activated carbon (AC), is a porous, amorphous solid carbon material derived mostly 

from carbonaceous or lignocellulosic materials.114 It exhibits well-developed pore 
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structure, high specific surface area, and adsorption capacity, which are advantageous 

for its application in the preparation of photocatalytic materials.86 Combining AC with 

titania could improve the photocatalytic efficiency of titania, as AC possess large 

number of adsorption sites which can assist in the adsorption of organic molecules 

before being transferred to the active center (titania).115 Consequently, the ROS 

generated by the photocatalyst do not have to move very far from the active sites of the 

titania to catalyze a reaction.  Moreover, AC can also act as a photosensitizer for titania 

by transferring electrons into the CB of titania upon light irradiation, and trigger the 

generation of ROS which can drive oxidation/reduction reaction.116 

Titania-activated carbon composite (TiO2(AC-700)) prepared via sol-gel method 

followed by calcination at 700 C under air flow for 2 h, exhibited complete degradation 

of methylene blue (MB) in an aqueous solution after 2.5 hours of irradiation under 

visible light. Bare titania (prepared through sol-gel and calcination method) showed 

similar results for MB degradation at longer irradiation time (~3.5 hours). The apparent 

first-order rate constant of TiO2(AC-700) for MB degradation (49.75  10-3 min-1) 

under visible light irradiation showed that TiO2(AC-700) catalyst was found to be 

approximately two times more active than bare titania (18.58  10-3 min-1).117 It has 

been proposed that degradation of MB over TiO2(AC-700) and bare titania is driven by 

photosensitization, photolysis and photocatalysis. To further confirm the photocatalytic 

activity of TiO2(AC-700), the degradation of photolysis resistant contaminant, 4-

nitrophenol was carried out over TiO2(AC-700) under visible light. Interestingly, 

TiO2(AC-700) showed over 90% degradation of 4-nitrophenol after 6 hours of 

irradiation under visible light with an apparent first order rate constant of 2.03Ĭ10ī3 

minī1.117 The improved photocatalytic activity of TiO2(AC-700) compared to bare 

titania for MB degradation is ascribed to number of factors. For example, bare titania 

predominantly consist of rutile phase, whereas, TiO2(AC-700) consist of anatase phase, 
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which shows that addition of activated carbon to titania prevents the transformation of 

anatase to rutile phase. Moreover, the addition of activated carbon to titania, results in 

the blue shift of light absorption, prevents the agglomeration of titania particles and 

reduces the grain size of titania.117,118 Besides that, TiO2(AC-700) also showed higher 

specific surface area (51 m2g-1) compared to bare titania (5 m2g-1). All these factors 

contributed to the improved photocatalytic activity of TiO2(AC-700).117 

Multi -walled carbon nanotubes (MWNT) have attracted considerable attention to 

improve the photocatalytic performance of titania due to their unique electronic 

properties and excellent electrical conductivities.119 Preparing a composite of titania 

and MWNT could suppress the charge recombination within the composite due to 

electron scavenging ability and conductive nature of MWNT.120 MWNT and titania 

composite was prepared via acid-catalyzed sol-gel method followed by calcination (400 

ⱤC) for 2 hours under N2 atmosphere with the aim to improve the visible light activity 

of titania for phenol degradation.121 It was observed that the composite (20-MWNT-

TiO2) prepared using 20wt% MWNT and 80wt% titania showed high photocatalytic 

activity for the degradation (95%) of phenol. Whereas, pristine titania showed 40% 

phenol degradation under the same conditions. The activity of pristine titania for phenol 

degradation might be related to the traces of UV light from the illumination source and 

the oxidation effect ascribed to the presence of dissolved oxygen in the reaction 

medium.121 Whereas, the high photocatalytic activity of 20-MWNT-TiO2 is due to the 

synergy between titania and MWNTS. Where, MWNT acted as a photosensitizer and 

inject electrons into the conduction band of titania upon visible light absorption (Figure 

9a).121,122 Simultaneously, back electron transfer from valence band of titania to MWNT 

result in the formation of hole (Figure 9b). These events triggered the formation of 

reactive oxygen species (ROS) such as superoxide radical anion O2
-ǒ and hydroxyl 

radical (ǒOH), which accomplished the degradation of phenol.121  
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Figure 9. Multi -walled carbon nanotubes (MWNT ) acting as photosensitizer in the 

composite catalyst: (a) electron injection into the conduction band of 

TiO 2 semiconductor; (b) electron back-transfer to MWNT with the formation of 

a hole in the valence band of TiO2 semiconductor and reduction of the so formed 

hole by adsorbed OHī oxidation. (Reprinted with the permission of ref.121) 

 

Biochar, a porous solid-rich byproduct of thermal decomposition of organic waste,123 

can possibly be used to improve the photocatalytic performance of titania. Biochar has 

number of advantages over conventional activated carbon such as the presence of 

surface functional groups (CïO, C=O, COOH, and OH). Besides that, the presence of 

sulphur and nitrogen containing functional group may also impart catalytic properties 

to biochar.114 Lisowski et al.5 prepared a composite from biochar (obtained from soft 

wood pellets (SWP) at 700 C) and titania via sol-gel and ultrasound assisted method 

followed by calcination at 400 C.5 It was found that the composite (TiO2/SWP700) 

prepared using ~20wt% of titania and ~80wt% of biochar (SWP700) exhibited high 

photocatalytic activity for the degradation (33%) of phenol under visible light (400-680 



 

25 
 

nm).124 Whereas, the mechanical mixture of titania and biochar (SWP700) showed 

much lower activity (9%) for the degradation of phenol under visible light. The 

improved photocatalytic activity of TiO2/SWP700 compared to physical mixture 

(titania + SWP700) ascribed to the narrower band gap (2.12 eV) of TiO2/SWP700 

composites, which enhanced the visible light harvesting. Besides that, the reduced 

recombination rate of photogenerated electron-hole pairs in TiO2/SWP700 enhanced 

the photocatalytic efficiency.5   

Chitosan (derived from the partial deacetylation of chitin) is a nitrogen-rich (~7 wt %) 

polymer, composed of repeating units of N-acetyl-D-glucosamine and D-glucosamine 

(Figure 10).125,126 The presence of large number of amine and hydroxyl moieties in 

chitosan, may help to interact with titania for composite formation.127 Besides that, 

chitosan may also act as nitrogen dopant for titania, which possibly improve the visible 

light harvesting of a chitosan-titania composite. Yan et al.128 prepared visible light 

active chitosan-titania (CTS-TiO2) nanocomposites via solvothermal method (180 ⱤC 

for 12 hours) for the degradation of methylene blue (MB). The results showed that CTS-

TiO2 nanocomposite displayed a higher visible light photocatalytic activity for MB 

degradation compared to pure titania and commercial titania (P25). The apparent rate 

constant of the CTS-TiO2 for MB degradation was 9.1 Ĭ 10ī3 min-1, which was greater 

than P25 (4.4Ĭ 10ī3 min-1) and pure titania (4.3 Ĭ 10ī3 min-1). The enhanced 

photocatalytic activity of CTS-TiO2 could be ascribed to the improved visible light 

harvesting of CTS-TiO2 due to N-doping, and the efficient separation of the photo-

generated electrons and holes pairs by carbon modification. Besides that, the carbon 

species in the CTS-TiO2 may act as photosensitizers and the electron transport medium, 

and thereby improved the photocatalytic activity of CTS-TiO2.
128,122 
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Figure 10. Chitosan, a linear polysaccharide composed of (1ï4)-linked d-

glucosamine and N-acetyl-d-glucosamine. (Reprinted with permission of ref.125) 

 

Lignin (derived from lignocellulosic waste) is a three-dimensional network 

macromolecular polymer composed of different polyphenolic units (Figure 11).129,130 

The presence of various functional groups (hydroxyl, methoxy, ether, and aldehyde 

groups) in lignin129 offer great potential for the preparation of composite and 

photocatalytic materials.123 The hydroxyl groups in lignin can involve in specific 

interactions with titania for the formation of composites.131 Lignin has been used as a 

template to develop mesoporous titania nanoparticles via a hydrolysis precipitation 

method using TiCl4 as precursor.131 The highly electronegative hydroxyl groups in 

lignin display a strong affinity towards titanium atom, with comparatively low 

electronegativity (Figure 12).131,114 During the partial hydrolysis of TiCl4, the positively 

charged Ti(OH)(4īn)+
n were formed, which  have tendency to react with nucleophilic 

ligand, resulting in adsorption on the surface of lignin through electrostatic forces of 

attraction. The adsorbed Ti(OH)(4īn)+
n subsequently hydrolyzed and converted to Tiï

(Oïlignin)4 over the lignin surface. The well-dispersed titania nanoparticles were 

formed on the surface of the lignin after complete hydrolysis, (Figure 12).131 
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Figure 11. Cross-linked structures of lignin composed of phenolic monomers (p-

coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol). (Reprinted with the 

permission of ref.130) 

 

Figure 12. Formation mechanism of mesoporous titania with lignin as a template. 

(Adapted with the permission of ref.131) 

Moreover, the phenolic functional groups in lignin could improve the hole transport 

features of the composite materials.132,133 Whereas, the aromatic rings in lignin may 

serve as chromophore site and assist in absorption.134,135 specifically in the range of 
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295-400 nm.136 Additionally, lignin may also act as a photosensitizer, and undergo a 

photoinduced electron transfer implying molecular oxygen and other substrate species, 

which result in the generation of reactive oxygen species (ROS) for example, 

superoxide radical anion (O2
-ǒ) and hydroxyl radical (ǒOH).137  

Chitosan and lignin exhibit number of beneficial properties, however, there are some 

limitations associated with the individual materials. For instance, chitosan, has low 

mechanical and thermal stability.138 Furthermore, it is usually insoluble in neutral and 

basic pH range.139 However, the lignin solubility in various solvents differs with the 

type of lignin. In the view of the fact, blending chitosan with lignin is a viable approach 

to obtain a biopolymer composite material with improved physicochemical properties. 

In an acidic medium, the amine groups of chitosan can easily be cationized,140,114 which 

favors the interaction of chitosan with negatively charged materials. Adding, sulfonated 

lignin, as an anionic polymer into chitosan may help in the formation of ionic 

interaction between the two polymers,141 which probably enhance the stability of the 

composite material.142 Therefore, blending chitosan with lignin to prepare a composite 

for photocatalytic application is a captivating approach to benefit from the 

advantageous properties of both polymers and overcome the limitations of individual 

polymer. 

Several methods have been reported to prepare chitosan-lignin (CL) composite, one of 

the most commonly used approach is the solvent cast method. In this technique, 

individual solutions of chitosan and lignin were prepared, subsequently mixed together 

and later by evaporating the solvents CL composite were formed.143,144 Sonochemical 

technique has also been employed for the preparation of CL composites, in which 

chitosan suspension has been prepared and lignosulfonate particles were incorporated 

with the high intensity ultrasonic probe to obtain ionically cross-linked CL 
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composite.142 Other approaches include reactive electrospinning process that involves 

the formation of polyelectrolyte solution of chitosan and lignin by controlling pH of the 

solution. Subsequently, the polyelectrolyte solution underwent electrospinning to 

acquire chitosan-lignin fibres.141 Hydrothermal carbonization (a thermochemical 

process) is another potential method to prepare CL composite.  The hydrothermal 

carbonization is carried out at relatively mild conditions at a temperature range of 180-

280 ÁC under autogenous pressure in neutral/acidic/basic solutions,145 which make it a 

sustainable process for preparation of CL composite. Moreover, the synthesis of CL 

composite through hydrothermal carbonization method, to the best of our knowledge 

has not yet documented.  

Interestingly, the composite of chitosan and lignin (CL) is adaptable to couple with 

titania nanoparticles due to the presence of various functional groups.146  In this context, 

preparing a nanocomposite by coupling CL composite with titania nanoparticles 

presents a possibility to improve the photocatalytic efficiency and the visible light 

activity of the titania. The varied functional groups of CL composite, especially 

aromatic groups of lignin, may enhance the substrate adsorption because of ˊ-ˊ stacking 

interaction with organic adsorbates, which is advantageous for enhancing the 

photocatalyst activity.147 Whereas, nitrogen containing functional groups of chitosan 

may possibly improve the visible light harvesting of a titania via nitrogen doping.126  

Numerous approaches have been used in the literature for the preparation of titania-

based composites materials at nanoscale that include sol-gel method,148,149,150 chemical 

vapor deposition,151 hydrothermal method152,153 and solvothermal method.128 The sol-

gel technique is the most widely used due to its simplicity and possible ability to control 

the surface properties of the composite. The sol-gel method involved the hydrolysis and 

polycondensation of a titanium alkoxide, which ultimately yields titanium dioxide 

(titania).152 Titania obtained via sol-gel method is amorphous in nature, therefore titania 
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nanoparticles are subsequently calcined (400-700 C) 5, 148,121 to acquire the crystalline 

phase of titania. However, calcination may lead to particle agglomeration, smaller 

specific surface area and rutile phase formation, which may result in lower 

photocatalytic activity of titania.152 Moreover, the high temperature calcination (400-

700 C) is not an economical and sustainable approach. The hydrothermal treatment 

presents an alternative to the calcination for the crystallization of titania at mild 

temperatures (120-200 C).154, 155,156 Besides that, the characteristic features (grain size, 

particle morphology, crystalline phase, specific surface area and surface chemistry) of 

the titania nanoparticles can be adjusted by varying the experimental variables like pH, 

temperature, aging time, nature of solvent and additives.155,157,158 Hydrothermal method 

provides a facile route for the synthesis of well-crystalline titania nanoparticles.152 

Moreover, to the best of our knowledge, the sol-gel-hydrothermal method has not been 

used for the preparation of titania/CL nanocomposite. 

1.2 Valorization of biomass to value-added products 

Biomass is considered as the most profusely available renewable resource. Globally, 

over 170 billion metric tons of biomass is produced every year.159  Along with the 

increasing interest in exploring biomass for the preparation of photocatalytic material 

(as discussed in section 1.1.3.4), exploiting the biomass potential for the production of 

value-added chemicals and fuels is the key to a bio-based economy. Biomass mainly 

consist of cellulose (40ï50%), hemicelluloses (16ï33%), lignin (15ï30%), and small 

fraction of other components.160 Cellulose, a homopolymer of glucose (C-6 sugar) is 

recognized as the most economically beneficial, as it can be depolymerized into 

monosaccharide and glucose, which can subsequently be used as a precursor for other 

value-added chemicals by chemical or biochemical strategies. Unlike cellulose, 

hemicellulose is a hetropolymer consist of different monomers such as arabinose, 

mannose, galactose, glucose, and xylose.161 Lignin is a complex polymer composed of 
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three-dimensional network of aromatic units connected through CīOīC ether bonds 

and CīC linkages.162 It holds a significant potential for the production of aromatic 

compounds, however the recalcitrant nature of lignin structure makes its 

depolymerization quite challenging. The key problem associated with lignin 

valorization is the selective and effective cleavage of complex linkages which connect 

the aromatic units in the lignin structure.162,163,164 

1.2.1 Conversion of 5-hydroxymethyl furfural (HMF) into value -added products 

Biomass-derived sugars obtained from cellulose could be converted in to number of 

platform chemical such as furfural, 5-hydroxymethyl furfural (HMF), sorbitol, isorbide 

etc.165 Among various building-block chemicals, 5-hydroxymethyl furfural (HMF) 

exhibit numerous application as intermediate compounds for the production of 

industrially relevant chemicals such as solvents, polymers, fuel additive lubricants, 

resins, decolorizing agents, drugs, fungicide etc.166,167,168  The commercial production 

of HMF by acid-catalyzed hydrolysis-dehydration of C-5 sugars is well 

developed.168,169,170 Interestingly, the versatile chemical reactivity of HMF ascribed to 

the presence of a hydroxyl group, an aldehyde group, and a furan ring offers great 

potential for the production of value-added products such as 2,5-diformylfuran (DFF), 

2,5-furandicarboxylic acid (FDCA), 2,5-dimethyl furan (DMF), 5-hydroxymethyl-2-

furancarboxylic acid (HMFCA), 5-formyl-2-furancarboxylic acid (FFCA), levullinic 

acid, maleic anhydride etc.171,172,173,174 via hydrogenation, oxidation, polymerization, 

hydrogenolysis of  C-O and dissociation.175,176 However, partial oxidation of HMF is 

the most investigated process for the production of value-added derivatives of 

HMF.177,178,179 As shown in Figure 13, the selective oxidation of hydroxyl functional 

group of HMF produces 2, 5-diformylfuran (DFF). Whereas, the selective oxidation of 

aldehyde functional group form 5-hydroxymethyl-2-furancarboxylic acid (HMFCA). 

Subsequent selective oxidation of DFF and HMFCA generate 5-formyl-2-



 

32 
 

furancarboxylic acid (FFCA). With the further partial oxidation of the aldehyde group 

of FFCA, 2,5-furandicarboxylic acid (FDCA) is obtained.176  

 

Figure 13. The pathways for the selective oxidation of 5-hydroxymethyl furfural 

(HMF) to 2, 5-diformylfuran (DFF), 5 -hydroxymethyl-2-furancarboxylic acid 

(HMFCA), 5-formyl -2-furancarboxylic acid (FFCA) and 2,5-furandicarboxylic 

acid (FDCA). (Reprinted with  the permission of ref.176) 

 

Among various value-added products derived from HMF, significant attention has been 

paid to the production of FDCA and DFF. FDCA has been identified among the top 12 

building-block compounds derived from biomass by US Department of Energy. 

Interestingly, FDCA is a structural analogue of terephthalic acid, therefore considered 

as a viable substitute of terephthalic acid for the synthesis of different polymers like 

polybutyleneterephthalate (PBT) and polyethylene terephthalate (PET) plastics.180,179 

FDCA has enormous market potential, BASF and the Dutch technology firm Avantium 

is striving to develop a next generation bioplastics based on 2,5-furandicarboxylic acid 

(FDCA).181,182   

In the recent years, the selective oxidation of HMF to FDCA is carried out over noble 

metal catalysts at high (80-150 C) temperatures.183,184 The major shortcoming of 

thermal catalytic oxidation methods include the high cost of expensive noble metal 
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catalysts, high energy consumption (due to high reaction temperatures) and high 

oxygen pressures (3-20 bar),178,185 which hinders their large scale industrial 

applications. Hence, developing processes for the selective oxidation of HMF to FDCA 

under mild reaction conditions is a significant challenge. Heterogeneous photocatalysis 

is considered to be a relatively mild alternative approach for the selective oxidation of 

HMF to FDCA. Xu et al.,185 reported that cobalt thioporphyrazine (CoPz) dispersed on 

graphitic carbon nitride (g-C3N4) showed exceptional photocatalytic activity for the 

selective oxidation of HMF to FDCA under simulated solar radiation (300-1000 nm) 

using molecular oxygen in air as an oxidizing agent, and alkaline reaction condition 

(pH = 9.18). High HMF conversion (99%) and FDCA selectivity (97%) was observed 

after 14 hours of illumination. 185 

DFF, another value-added product obtained from the selective oxidation of HMF has 

numerous applications for the preparation of drugs, pharmaceuticals, furan-urea resins, 

macrocyclic ligands, polymers, antifungal agents etc.179,186  Numerous studies have 

been performed to selectively oxidize HMF to DFF using noble-metal catalyst, non-

precious metal-containing catalyst, metal-organic frameworks (MOFs)-based catalyst. 

Baruah et al.187 demonstrated that copper nanoparticles supported on cellulose, along 

with bismuth nitrate pentahydrate as a cocatalyst exhibit efficient catalytic activity for 

the selective oxidation of HMF to DFF in acetonitrile at 80 C using air as an oxidant. 

High DFF yield (82%) with 85% HMF conversion was observed after 120 minutes.187 

Mesoporous manganese doped cobalt oxide catalyst (Meso 5%Mn/CoOx) showed the 

potential for the selective oxidation of HMF to DFF in different solvents such as 

toluene, acetonitrile, water, N,N-dimethylformamide (DMF) and 1,4-dioxane at 130 C 

using air as an oxidizing agent after 4 hours. However, the Meso 5%Mn/CoOx catalyst 

showed best results in the presence of DMF, with 80% HMF conversion and 96% DFF 
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selectivity. Whereas, in aqueous medium moderate HMF conversion was achieved 

(70%) with high DFF selectivity (99%) at 100 C after 4 hours.188 

In the recent years, much emphasis has been given to heterogeneous photocatalytic 

approach for the selective partial oxidation of HMF to DFF, ascribed to its economical 

and environmentally-benign nature compared to thermocatalytic processes.189,190,191 

Melamine-derived graphitic carbon nitride (MCN) prepared via thermal (520 C) 

condensation method demonstrated the reasonable potential for the photocatalytic 

selective oxidation of HMF to DFF in an aqueous medium. Moderate DFF selectivity 

(30%) was exhibited by MCN at 30% HMF conversion in an aqueous medium under 

UV-visible light (340-420 nm) irradiation. The thermal exfoliation of MCN at 540 C 

further improved the DFF selectivity up to 45% at similar HMF conversion (30%). The 

improved photocatalytic performance of exfoliated MCN may ascribe to its relatively 

higher specific surface area (169 m2g-1) compared to non-exfoliated MCN (7 m2g-1). 

Moreover, thermal exfoliation of MCN may also improve the selectivity of DFF by 

eliminating the uncondensed NH2 sites, which are considered detrimental for the partial 

oxidation of HMF to DFF.192 Wu et al.193 reported that graphitic carbon nitride (g-C3N4) 

obtained from the calcination (540 C) of melamine showed better performance for the 

selective oxidation of HMF to DFF. The high DFF selectivity (~87%) was achieved by 

g-C3N4, with 31 % HMF conversion using molecular oxygen as oxidant in acetonitrile 

after 6 hours of illumination (ɚ > 400 nm). The photocatalytic selective oxidation of 

HMF over g-C3N4 in the presence of different radical scavengers revealed that the 

superoxide radical anion O2
-ǒ is the key active species involved in the oxidation of HMF 

(Figure 14). It was proposed that upon light irradiation, electrons are generated on the 

conduction edge, which reduced the oxygen to superoxide radical anion O2
-ǒ. The O2

-ǒ 

preferably stays on the surface of g-C3N4, probably as an interface bound exciton pair 

to compensate for the positive charge within g-C3N4. The deprotonation of the hydroxyl 
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group of HMF (A) leads to the formation of alkoxide anion (B), which upon reaction 

with the hole by electron transfer form a radical (C). Further reaction of a radical (C) 

with hydroperoxyl radical (ǒOOH) forms the target product, DFF (D) and generate 

H2O2 as a side product (Figure 14).193  

 

 

 

 

 

 

 

 

 

 

 

Figure 14. A possible reaction pathway for the photocatalytic selective oxidation 

of HMF to DFF over graphitic carbon nitride (g-C3N4). (Reprinted with the 

permission of ref.193)  

 

Zhang et al.194 demonstrated the potential of niobium pentoxide (Nb2O5) obtained from 

the calcination (800 C) of niobic acid for the selective oxidation of HMF to DFF under 

visible light (ɚ > 400 nm). A high DFF selectivity (~91%) was exhibited by Nb2O5 at 

low HMF conversion (~19%) in benzotrifluoride after 6 hours of illumination (ɚ > 400 

nm). The mechanistic studies performed in the presence of radical scavenger showed 

that the holes (h+) are the dominant active species involved in the oxidation of HMF to 

DFF. Based on radical scavenging experiments, a plausible mechanism has been 

proposed for the oxidation of HMF to DFF over Nb2O5 (Figure 15). The adsorption of 

HMF on Nb2O5 via hydroxyl group form alcoholate species, which is activated upon 
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visible light irradiation by injecting electrons in to the CB to reduce the Nb5+ to Nb4+. 

Subsequently, alkenyl radical is formed, which is finally converted in to DFF, and water 

is formed as a side product. After the desorption of DFF the reduced Nb4+ is re-oxidized 

by the molecular oxygen.194  

Figure 15. A possible reaction mechanism for the photocatalytic selective 

oxidation of HMF to DFF over Nb2O5. (Reprinted with the permission of ref.194) 

 

Though, these studies have demonstrated the practical applicability of visible light-

driven photocatalytic selective oxidation of HMF to DFF. However, the synthesis of 

these photocatalysts (Nb2O5 and g-C3N4) is based on high-temperature calcination (800 

C and ~550 C, respectively) method, which is not economical from sustainability 

point of view. Besides that, MnO2 nanorods prepared through ultra-slow controlled 
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precipitation procedure using KMnO4 as oxidant shown great potential for the selective 

oxidation of HMF under UV light (365 nm). The MnO2 rods showed high HMF 

conversion (89%) and DFF selectivity (93%) in acetonitrile at 28 C after 6 hours of 

illumination. A slight increase in temperature (from 28 to 39 C) as a result of UV light 

irradiation (when experiment was performed without external cooling of reactor) acts 

synergistically with light irradiation and enhanced the photocatalytic activity of MnO2, 

HMF conversion reaches up to 99% with ~100% DFF selectivity after 6 hours of 

illumination.189 Although various studies carried out in the past showed that the 

photocatalytic approach has significant potential for the selective oxidation of HMF. 

However, the quest for a cost-effective, chemically stable and high performance visible 

light active photocatalyst is actively pursued to selectively oxidize HMF to DFF. 

1.2.2 Conversion of benzyl alcohol (BnOH) into value-added products  

Lignin, as one of the few renewable resources consisting of highly oxygenated 

polyphenolic units possess a significant potential for the production of value-added 

aromatic compound. Therefore, selective oxidation of lignin model compounds, which 

contains the functional groups found in native lignin has been the subject of intensive 

investigation.195 The oxidation of benzyl alcohol (BnOH) has been used as a model 

reaction for the selective oxidation of lignin-derived aromatic alcohols. Besides that, 

the selective oxidation of BnOH to corresponding aldehyde or benzoic acid has 

immense application in pharmaceutical, cosmetics, perfumery, agrochemicals and 

flavor/fragrance industries.196 Numerous photocatalytic systems have been developed 

for the selective oxidation of benzyl alcohol. Among various photocatalysts, titania and 

titania-based nanocomposite have been widely investigated for the selective oxidation 

of BnOH. 82,197,198 Magdziarz et al.199 demonstrated that iron-containing TiO2/Zeolite-

Y photocatalyst synthesized through sonophotodeposition (SPD) method followed by 

calcination (300 C) in air could be used for the selective oxidation of BnOH to 
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benzaldehyde (Bnald). High Bnald selectivity (>95%) was achieved with 48% BnOH 

conversion, by iron-containing TiO2/Zeolite-Y photocatalyst in acetonitrile under solar 

simulated irradiation for 8 hours. Whereas, iron-containing TiO2/Zeolite-Y 

photocatalyst obtained via ordinary wet impregnation (WI) method showed much lower 

activity for the selective oxidation of BnOH (10% conversion), with 90% Bnald 

selectivity. The enhanced photocatalytic performance of the nanocomposite obtained 

via SPD, ascribed to its improved visible light absorption (up to 700 nm) and reduced 

charge recombination due to the lower at.% of Fe (0.04) compared to the 

nanocomposite obtained from WI method (0.19 at.% of Fe).199 

Band-gap alteration of titania via nitrogen doping is another approach used for the 

selective oxidation of BnOH under visible light. Zhang et al.200 prepared a series of 

nanostructured N-doped titania by annealing the titania nanoparticles (synthesized via 

sol-gel and calcination method, 450 C under O2 flow) under pure NH3 gas streams at 

various (400, 450, 500, 550 and 650 C) temperatures for the selective oxidation of 

BnOH under visible light (ɚ Ó 420 nm). The optimal N-doped titania (containing 0.28 

wt% N)201 obtained at 500 C showed ~20 % BnOH conversion and 100% Bnald 

selectivity in an aqueous medium after 2 hours of illumination. Whereas, the pristine 

titania showed negligible activity for the selective oxidation of BnOH (5% BnOH 

conversion, 100% Bnald selectivity) under visible light. The improved visible light 

activity of N-doped titania was attributed to the visible light absorption due to its 

reduced band-gap (2.28 eV) compared to pristine titania (~3.3 eV). Moreover, the 

electrochemical impedance spectroscopy (EIS) results showed that N-doping improved 

the charge separation efficiency, which also improved the visible light activity of N-

doped titania for the selective oxidation of BnOH. Based on electron paramagnetic 

resonance (EPR) measurements the mechanism for the selective oxidation of BnOH 

over N-doped titania was proposed (Figure 16).200 Upon visible light irradiation, the 



 

39 
 

photogenerated electrons (e-) were scavenged by O2 to form superoxide radical anion 

O2
-ǒ, which subsequently form hydroperoxyl radical (ǒOOH). Whereas, the 

photogenerated holes (h+) react with the deprotonated Ŭ-C-H group of BnOH and form 

a BnOH radical. Finally, the BnOH radical react with the hydroperoxyl radical (ǒOOH) 

radical and form Bnald.200 

Figure 16. The proposed mechanism for  the selective photocatalytic oxidation of 

benzyl alcohol (BnOH) to benzaldehyde (Bnald) under visible light irradiation. 

(Reprinted with the permission of ref.200) 

 

Tanaka et al.202 prepared a visible light active Au/TiO2 nanocomposite via colloid 

photodeposition (300 nm) with a hole scavenger (oxalic acid) method followed by 

calcination (973 K) for the selective oxidation of BnOH to Bnald.  It was observed that 

Au/TiO2 nanocomposite exhibit high Bnald selectivity (>99%) at >99% BnOH 

conversion in an aqueous medium using molecular oxygen as oxidant under red light 

(ɚ > 600 nm) after 12 hours of irradiation. Whereas, pristine titania showed negligible 

activity for the selective oxidation of BnOH under red light. The high photocatalytic 

performance of Au/TiO2 nanocomposite compared to pristine titania ascribed to the 

surface plasmon resonance (SPR) of gold nanoparticles, which improved the 

photoabsorption of Au/TiO2 nanocomposite.202  
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Though, the possibility of selective oxidation of BnOH under visible light especially 

under far visible region (red light) seems to be an attractive approach for the 

exploitation of renewable solar energy. On the contrary, high temperature calcination 

methods and use of expensive noble metal (gold) to achieve visible light activity limits 

their large-scale implementation for practical applications. Hence, there is a need for 

the sustainable processes for the valorization of biomass under visible light.  

1.3 Prospects and challenges in titania-based photocatalysis for the selective 

oxidation of biomass-derived platform chemicals 

There are several bottlenecks for the application of titania in organic oxidation 

reactions. However, the nonselective oxidation under UV light, which leads to poor 

product selectivity, is the biggest challenge associated with titania-based photocatalysis 

for the selective oxidation reactions. There are number of factors involved in the 

nonselective photocatalytic oxidation of organic substrates over titania. For instance, 

the formation of highly active oxidizing species especially in aqueous medium, which 

over oxidizes the substrate and often leads to mineralization and results in poor 

selectivity of the target product. Yurdakal et al.203 reported that the photocatalytic 

selective oxidation of HMF over titania in an aqueous medium under UV light (365 

nm) suffers from low DFF selectivity (22%) with 50% HMF conversion. The low 

selectivity of DFF by titania is ascribed to the generation of highly active oxidative 

species in aqueous medium such as hydroxyl radicals, which may destroy the furan ring 

and results in complete oxidation of HMF to CO2 and H2O (Figure 17).203 Moreover, 

the reaction medium (solvent) can affect the conversion efficiency of the substrate and 

product selectivity either by competing with reactants and products for the catalytic 

centres or by solvating adsorbed species.204 
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Figure 17. Mechanism for HMF oxidation to DFF over titania under UV light. 

(Reprinted with the permission of ref.203) 

 

Molinari et al.83 demonstrated that the adsorption of geraniol and its subsequent 

photocatalytic oxidation to citral over titania (P25) is limited by the presence of water 

in the dispersing medium (acetonitrile). Interestingly, in anhydrous acetonitrile 3% 

adsorption of geraniol on titania (P25) was observed, which was slightly decreased (less 

than 1%) by adding small amount of water in the dispersing medium (ACN/H2O 96/4). 

However substantial difference in the photocatalytic activity of titania (P25) for the 

oxidation of geraniol was observed in different reaction medium.  In anhydrous 

acetonitrile, 73% selectivity of citral (at ~18% geraniol conversion) was observed after 

35 minutes of illumination (ɚ > 320 nm). However, adding small amount of water in to 

acetonitrile (ACN/H2O 96/4) reduced the selectivity of citral up to 50% (at ~11% 

geraniol conversion). It was proposed that the water as highly polar solvent increased 

the polarity of the dispersing medium (ACN/H2O 96/4), which favours the interaction 

of geraniol with ACN/H2O mixture. Moreover, ESR (electron spin resonance)-spin 

trapping investigation revealed that the competitive adsorption of water with geraniol 

inhibit the adsorption of geraniol on titania and subsequent oxidation.83  
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The characteristic feature of titania such as surface hydroxyl groups, specific surface 

area, crystallinity etc. also play a crucial role in determining the activity for the selective 

oxidation reaction. Higashimoto et al.11,205  demonstrated the critical role of surface 

hydroxyl group of titania for the selective oxidation of BnOH to Bnald under blue light 

(ɚ >420  nm). It was found that the adsorption of BnOH on the surface of titania, 

involving surface OH groups result in the formation of LMCT-complex, which upon 

blue light absorption catalyzes the oxidation of BnOH to Bnald. A high BnOH 

conversion (>99%) with high Bnald selectivity (>99%) was achieved in acetonitrile 

using molecular oxygen as an oxidant after 4 hours of illumination. To corroborate the 

role of surface hydroxyl group of titania in the visible light active LMCT-complex 

formation, titania was treated at high temperature (~973 K) with the aim to remove the 

hydroxyl groups. The heat treatment drastically decreased the activity of titania for 

BnOH conversion (20%) with slight decrease in Bnald selectivity (~90%). The decrease 

in the activity of titania with heat treatment is ascribed to the removal of OH groups 

responsible for the adsorption of BnOH, and ultimately reduced the activity of titania. 

This was also evidenced by the surface fluorination of titania, that OH groups are 

critical for the adsorption of BnOH and visible light activity of titania. Moreover, the 

specific surface area of the titania (320 m2 gī1) was substantially reduced (up to 91 m2 

gī1) after the heat treatment, which shows that the reduced number of active sites may 

also decrease the activity of titania.11  

Crystallinity of titania is a crucial factor affecting the activity and selectivity of titania. 

It has been commonly observed that the higher degree of crystallization provides better 

separation of charge carriers. However, Augugliaro et al.206 reported that less-

crystalline rutile (HP333) phase of titania displayed better results for the selective 

oxidation of BnOH compared to more-crystalline rutile (HP973) and commercial P25 

under UV light (ɚ = 360 nm). The HP333 sample showed 38% Bnald selectivity with 
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50% BnOH conversion, Whereas, HP973 exhibited ~10% Bnald selectivity at similar 

BnOH conversion (50%). Moreover, commercial P25 showed the four to five times 

lower Bnald selectivity (~8%) than HP333 at 50% BnOH conversion.206 The enhanced 

selectivity of HP333 was ascribed to the facilitated charge recombination, and 

consequently hindered the generation of strong oxidizing ǒOH radicals. Besides that, 

OH groups formed from deactivated ǒOH radicals were preferred to adsorb on the less-

crystalline rutile (HP333), creating a more hydrophilic surface. Desorption of Bnald 

was consequently improved, so was its selectivity.206, 207 

In a nutshell, there are number of factors that influence the selectivity of desired product 

in titania-based photocatalysis, for example the intrinsic features of titania 

(crystallinity, specific surface area, number of surface OH groups, crystalline phase 

etc.)  reaction medium, adsorption-desorption behavior of substrate and products. The 

literature review showed that different ways such as the use of relatively less polar 

solvent (compared to water) like acetonitrile may help improve the selectivity of the 

desired product, specifically in selective oxidation of alcohols over titania. This might 

be related to the reduced competition of solvent with the substrate for the adsorption 

site, which may improve the activity and selectivity of the titania. Moreover, 

acetonitrile would also minimize the formation of highly oxidizing ǒOH radicals, which 

often leads to the over-oxidation and poor selectivity of desired product. Additionally, 

the higher number of surface OH groups and greater specific surface area observed to 

improve the activity and selectivity of titania in selective oxidation reaction, which may 

have ascribed to the availability of increased number of adsorption sites/active sites for 

the substrate. Another challenge of titania-based photocatalysis in the selective 

oxidation reaction is the utilization of visible light. Titania is in principle active under 

UV light, but often poorly selective for the oxidation reaction under UV light. The 

literature review showed that different approaches such as doping (with metals or non-
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metals), dye-sensitization, LMCT-sensitization, formation of composite (discussed in 

detail in section 1.1.3) etc. could be helpful in improving the visible light activity of 

titania. However, there is still a need for the improvement of visible light activity of 

titania to utilize solar energy efficiently, which allows the absorbance of a broader range 

of wavelengths (green and red light), using mild conditions (without the use of noble 

metal and high temperature (400-700 C) calcination method). 
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2. RESEARCH HYPOTHESIS AND OBJECTIVES  

From the current state of knowledge, it was inferred that the pristine titania has some 

limitations for its application in selective oxidation reaction. The foremost limitation is 

the requirement of UV light irradiation for its activity, which often lead to the low 

selectivity of partial oxidation products. This implies that more strategic approaches 

should be developed to extend the response of titania to the visible light region for the 

selective oxidation of organic substrates to high value-added products. On the basis of 

literature survey, two approaches have been used in this thesis for the visible light 

activation of titania for the selective oxidation of biomass-derived platform compounds 

i.e. i) Ligand-to-metal charge transfer (LMCT)-complex formation ii) Preparation of 

nanocomposites of titania and carbon materials. 

2.1 Research hypothesis I  

Ligand-to-metal charge transfer (LMCT)-complex formation: It is known from the 

literature that the furfuryl alcohol can be chemosorbed over titania and form a visible 

light-active surface-complex involving hydroxyl group. The surface-complex enables 

the oxidation of furfuryl alcohol to furaldehyde upon visible light (ɚ Ó 420 nm)  

irradiation.109 This implies that the 5-hydroxymethylfurfural (a derivative of furfuryl 

alcohol), a platform compound with hydroxyl functional group could potentially be 

employed for the visible light (ɚ = 515 nm) activation of titania and self -selective 

oxidation via LMCT approach. 

Following are the sub-hypotheses for the research hypothesis I. 

i. It is hypothesized that 5-hydroxymethyl furfural (HMF) could adsorb on the 

titania surface and form a LMCT-complex, which can act as an in situ sensitizer 

and enable the selective oxidation of HMF to diformylfuran (DFF) under visible 

light (ɚ = 515 nm). 
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ii.  It is hypothesized that the dissociative interaction of hydroxyl groups of HMF 

and the titania surface leads to the formation of LMCT-complex 

iii.  It is known from the literature that the higher specific surface area of titania may 

likely enhance the LMCT-mediated visible light photocatalytic activity of 

titania, ascribed to increased number of adsorption sites (hydroxyl groups).11 It 

is therefore conjectured that the LMCT-mediated visible light photocatalytic 

activity of titania is correlated with its specific surface area.  

iv. Referring to the current state of knowledge, it is presumed that the LMCT-

complex formation between titania and HMF can extend the absorption of 

titania into the visible light region, which may facilitate the selective oxidation 

of HMF to DFF under visible light.  

Following objectives were established to verify the research hypothesis I. 

i. Understand the in situ sensitization of titania via LMCT-complex formation 

between HMF and titania, through various characterization techniques 

(Raman Spectroscopy, FTIR spectroscopy, DRS UV-Visible spectroscopy, 

XPS).  

ii.  Evaluate the role of surface hydroxyl group (OH) groups of titania in 

LMCT-mediated visible light activation of titania for the selective oxidation 

of HMF through heat treatment (to remove the surface hydroxyl groups) and 

surface fluorination (to replace the surface hydroxyl groups with F- ions) of 

titania. 

iii.  Develop a mechanistic insight into the photocatalytic selective oxidation of 

HMF via LMCT-mediated activation of titania through radical scavenging 

experiments and by carrying out photocatalytic experiments in the presence 

of different additives. 
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iv. Investigate the effect of specific surface area on the activity of LMCT-

activated titania for the selective oxidation of HMF to DFF.  

2.1 Research hypothesis II 

Preparation of nanocomposites of titania and carbon materials: The literature study 

showed that combining titania with carbon materials to form a composite at nanoscale 

could improve the visible light activity of titania.121,124,128  In respect of selection of 

carbon material, the literature review revealed that chitosan and lignin exhibit number 

of advantageous properties,127,129,131 and combining chitosan with lignin is a viable 

approach to obtain a biopolymer composite material with improved physicochemical 

properties. Subsequently, coupling titania with chitosan-lignin (CL) composite to 

prepare a nanocomposite (T/CL) can possibly improve the visible light (ɚ = 515 nm) 

activity of titania for the selective oxidation of benzyl alcohol (BnOH) to benzaldehyde 

(Bnald).  

Following are the sub-hypotheses for the research hypothesis II. 

i. According to literature survey, chitosan and lignin have some inherent flaws, it 

is hypothesized that combining chitosan with lignin may form a composite with 

improved physicochemical properties. 

ii.   It is presumed that CL composite bearing multiple functional groups may 

potentially interact with titania nanoparticles and form a nanocomposite. 

iii.  It is known from the literature that lignin may act as a photosensitizer,137 

therefore it is hypothesized that CL as part of nanocomposite (T/CL) may act as 

a photosensitizers and electron transport medium, and thereby improved the 

visible light activity of titania for the selective oxidation of BnOH.  

iv. Referring to the literature survey, chitosan may act as a nitrogen dopant.128 It is 

therefore conjectured that CL composite may incorporate nitrogen in to the 

titania lattice and form a new-mid-gap energy state, which may decrease the 
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band-gap of titania and improve the visible light activity of titania for the 

selective oxidation of BnOH.  

Following objectives were established to verify the research hypothesis II 

i. Design a low temperature (hydrothermal) synthesis route for the preparation of 

chitosan-lignin (CL) composite. 

ii.  Develop a low temperature (150 ⱤC) synthesis method utilizing sol-gel and 

hydrothermal techniques for the preparation of titania/chitosan-lignin (T/CL) 

nanocomposite. 

iii.  Understand the synergy of titania and chitosan-lignin composite by 

characterizing them through wide range of techniques, e.g. X-ray diffraction 

(XRD), N2 physisorption, FTIR spectroscopy, DRS UV-Visible spectroscopy, 

and X-ray photoelectron spectroscopy (XPS) for the visible light activation of 

T/CL nanocomposite for the selective oxidation of benzyl alcohol (BnOH) to 

benzaldehyde (Bnald). 
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3. EXPERIMENTAL  

This chapter includes the work published in ChemSusChem and the work submitted for 

publication in RSC Advances. 

Chemicals: Titanium(IV) isopropoxide (97+%, Sigma Aldrich), nitric acid (65%, Alfa 

aesar), 2-propanol (99.7%, Alfa aesar), commercial titanium(IV) oxide, P25 (99.5%, 

Evonik), brookite (99.9%, Sigma Aldrich), 5-hydroxymethylfurfural (98%, Acros 

Organics), acetonitrile (99.9%, POCH), anatase (98%, Acros Organics), 2,5-

diformylfuran (98%, abcr), methanol (99.9%, POCH), sodium acetate (99.0% 

Chempur), sodium fluoride (99%, Chempur), 1,4-benzoquinone (98%, Sigma Aldrich), 

silver nitrate (99.8%, STANLAB), potassium trioxalatoferrate (III) trihydrate (98%, 

abcr), 1,10ïphenanthroline (99.5%,  Chempur), citric acid monohydrate ( Ó99.0 %, 

STANLAB), alkali lignin, low sulfonate content (average Mw ~10,000, 4% sulfur, 

Sigma Aldrich), medium molecular weight chitosan (75-85% deacetylated, Sigma 

Aldrich), orthophosphoric acid (85%, POCH), sodium sulfate (>99%, ROTH), benzyl 

alcohol (99.8%, Sigma Aldrich), benzaldehyde (99.0%, Chempur), dimethylsulfoxide 

(>99.5%, ROTH), Nafion (~5% in a mixture of lower aliphatic alcohols and water, 

Sigma Aldrich), and active carbon NoritÈ SX 2 (POCH) were used without further 

purification. Water used was purified up to 18 Mɋ cm resistivity via Milli-Q water 

purification system. 

3.1 In situ LMCT -sensitization of titania and its photocatalytic activity  

3.1.1 Synthesis of titania nanoparticles  

Titania nanoparticles were prepared via sol-gel and hydrothermal method adapted from 

the literature.49,208 A titania sol was prepared by acid-catalyzed hydrolysis of 

titanium(IV) isopropoxide (TTIP). In a typical procedure, a specified volume of TTIP 

(30.5 mL) was dissolved in 25 mL of 2-propanol and stirred (400 rpm) at room 
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temperature for 2 hours.  Subsequently, 1M nitric acid (1 mL) was added to the prepared 

solution under continuous stirring (for 5 minutes) till gelation takes place. Then, water 

(25 mL) was slowly added to the gel and stirred (400 rpm) for additional 3 hours. 

Afterwards, the synthesized titania nanoparticles were filtered, washed three times with 

water, and subsequently dried at 80 ⱤC in hot air oven for 12 hours. The dried titania 

nanoparticles were ground to powder and shifted to a Teflon lined autoclave filled with 

water (~80%) for hydrothermal (150 ⱤC) treatment for 8 hours. Finally, the obtained 

titania nanoparticles named as SGH-TiO2, were dried in hot air oven at 110 ⱤC for 12 

hours. 

Preparation of sensitized titania nanoparticles: For the preparation of sensitized titania 

nanoparticles (HMF-adsorbed titania nanoparticles, HMF-Ads-SGH-TiO2), a specified 

amount (20 mg) of SGH-TiO2 is suspended in 20 mL of 1 mM HMF solution in 

acetonitrile in the glass photoreactor. The resulting suspension was stirred (400 rpm) in 

dark for 1 hour.  Afterwards, the HMF-Ads-SGH-TiO2 was collected, dried in hot air 

oven at 80 ⱤC for 3 hours and characterized further. HMF-adsorbed P25 (HMF-Ads-

P25) was prepared following the same procedure. However, for the photocatalytic 

experiments the catalyst was not removed and the light experiment was started after 1 

hour of stirring in dark.  

Chemical and thermal modification of titania nanoparticles (SGH-TiO2): The 

synthesized SGH-TiO2 nanoparticles were further modified through chemical (surface-

fluorination) and thermal treatment to exchange or remove the surface hydroxyl (OH) 

groups, respectively. Thermal modification involves high temperature calcination (600 

ⱤC) of SGH-TiO2 for 3 hours under static air at a heating ramp of 5 ⱤC /min.11 Thermally 

modified SGH-TiO2 nanoparticles were named as SGH-TiO2-cal-600. Whereas, 

surface-fluorinated titania (F-SGH-TiO2) nanoparticles were prepared according to the 
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method reported by Park and Choi 209 with some modifications. An aqueous solution 

of sodium fluoride (0.05 M) was prepared and the pH of the sodium fluoride solution 

was maintained to ~3.5 using HCl. Afterwards, 0.06 g of SGH-TiO2 were suspended in 

sodium fluoride solution (6 mL) and stirred at room temperature for 5 hours to exchange 

the surface OH groups of SGH-TiO2 with fluoride ions. Afterwards, the fluorinated 

SGH-TiO2 (F-SGH-TiO2) were collected and dried in hot air oven at 110 ⱤC for 12 

hours.  

3.1.2 Characterization of titania nanoparticles  

Powder XRD measurements for the titania samples were carried out by applying Bragg-

Brentano configuration. This type of configuration has been provided by means of 

Empyrean diffraction platform, Malvern PANalytical Co., powered at 40 kV Ĭ 40 mA 

and furnished with a vertical goniometer, using theta-theta geometry applying nickel 

filtered Cu KŬ radiation. Data were collected in range of 2ɗ = 9o-100o, with 0.008o step 

size, and counting time 60 second per step. The percentage phase composition of titania 

samples were estimated through the Rietveld refinements of the XRD patterns. 

Whereas,  the average crystallite size of titania samples was calculated using Scherrer 

equation (Equation 1), where D is the average size of the crystallite (nm), ɚ is the Cu 

kŬ X-ray radiation wavelength (ɚ = 0.154056 nm), k is a coefficient taken as 0.94, ɓ is 

the full width at half maximum intensity (FWHM) of the peak observed at 2ɗ (radian), 

and ɗ is the diffraction angle. 

Ὀ Ë ʇ Ⱦɼ#ÏÓʃ     (Equation 1) 

 

The textural features such as specific surface area and pore width distribution of the 

titania samples were studied via N2 physisorption isotherms by employing Brunauer-

Emmet-Teller (BET) and Barrett, Joyner, Halenda (BJH) method, respectively. The N2 

physisorption measurements were performed at Micrometrics ASAP 2000 automated 
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system. The FTIR spectrum of titania samples was measured on Bruker ATR 

spectrometer in the transmittance mode, within the range of 4000-400 cm-1, with 16 

scans and a resolution of 4 cm-1. DRS-UV-Visible absorption spectrum were recorded 

by means of Jasco V-570 UV/VIS/NIR spectrophotometer equipped with an integrating 

sphere. The baseline has been recorded using a reference material, SpectralonTM 

(poly(tetrafluoroethylene)). Band-gaps values of titania samples were estimated using 

Tauc plot by applying Kubelka-Munk function. The non-polarised Raman spectra were 

recorded using Renishaw micro-Raman system equipped with an integrated Leica 

microscope, in the back scattering geometry. The infrared solid state laser (785 nm), 

powered at 20 mW was used as a source of excitation light. Laser beam was focused 

on the titania sample through the objective of 20x/0.4NA, the spatial resolution was 

about 2 ɛm. The titania samples were scanned in 3 spectral range: i. 100 -1000 cm-1 (I), 

1000-2000 cm-1 (II) and from 2750 -3450 cm-1 (III) with 1 cm-1 spectral resolution. The 

Rayleigh radiation was blocked by a holographic notch filter. The backscattered 

Raman-light has been dispersed by 1800 mm-1 (785 nm) holographic grating on the 

Peltier cooled CCD. All the measurements were recorded at ambient temperature. 

Artefacts from cosmic ray have been eliminated and spectra analyses was performed 

on Bruker OPUS software. The leaching of titanium ion after the photocatalytic reaction 

was determined using the energy dispersive X-ray fluorescence analysis (EDXRF), 

carried out using MiniPal 4 equipment from PANalytical Co, with a Rh-tube and silicon 

drift detector (resolution 145 eV) to assess the elemental composition of liquid 

samples. The spectrum was recorded in atmosphere without using any filters, at a 30 

kV tube voltage in order to detect the presence of Ti. The acquisition time was set to 

600 seconds and the tube current ~50 ɛA. X-ray photoelectron spectroscopy (XPS) 

measurements were carried out in a PHl 5000 VersaProbeTM ï spectrometer (ULVAC-

PHI, Chigasaki Japan). The XPS spectra were recorded using monochromatic Al-KŬ 
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radiation (hn = 1486.6 eV) from an X-ray source operating at 15 kV, 25 W and 100 Õm 

spot size. Both high resolution (HR) and survey XPS spectra were recorded with the 

analyser pass energy of 117.4 eV and 23.5 eV with the energy step size of 0.4 and 0.1 

eV, respectively. The Casa XPS software (v.2.3.19, Casa Software Ltd.) was applied to 

analyse the XPS data. The Shirley background subtraction and fitting of peak with 

Gaussian-Lorentzian shaped profiles has been applied on XPS data. The binding energy 

(BE) scale has been referenced to the C 1s peak with binding energy = 284.8 eV. The 

PHI Multipak sensitivity factors and estimated transmission function of the 

spectrometer were applied for quantification. The fluorine content in fluorinated SGH-

TiO2 (F-SGH-TiO2) was estimated using elemental analyzer (UNICUBE). The high 

resolution TEM (HR-TEM) measurements were performed on FEI Talos F200X 

transmission microscope at 200 kV. In order to estimate the particle size more than 200 

particles were counted. 

Hydroxyl (OH) group density measurement: The hydroxyl (OH) group density of 

titania samples were estimated through thermogravimetric analysis (TGA) weight loss, 

using a thermobalance (Mettler Toledo TGA/DSC 3+). The method applied for TGA 

analysis210,211 involved two steps. In the 1st step, the samples were heated under air flow 

(40 mL/min) from 25 to 120 ⱤC at a ramp of 5 ⱤC/min and held at this temperature for 

3 hours to remove the physically bound water from the titania surface. In the 2nd step, 

the temperature was increased up to 750 ⱤC at a heating rate of 10 ⱤC/min and held for 

1 hour. The mass loss occurred during the 2nd step was used to estimate the number of 

OH groups per surface area using the following formula (Equation 2)212: 
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The mT is the mass loss per mg of the catalyst between the temperature range of 120-

750 oC, mC is the mass loss per mg of the sample due to carbon content (based on the 

evolved CO2), SSA is specific surface area (m2g-1), MH2O is the molar mass of H2O in 

gmol-1, Ŭ is the calibration constant (0.625)211,212 and NA is Avogadroôs constant (mol-

1).  

The carbon content in titania samples were determined via temperature programmed 

oxidation (TPO) experiments. The samples were heated from 25 oC to 120 oC at a 

heating ramp of 5 oC/min under air flow (25 mL/min), with the 3 hours of holdup time. 

Then, samples were cooled down to room temperature and then heated from 25 oC to 

750 oC, with the heating ramp of 10 oC/min under air flow (25 mL/min). The oxidation 

of titania samples was analyzed by quadrupole-mass-spectrometer (QMS) Dycor 

Ametek. The carbon content was estimated from the CO2 signals of the QMS, calibrated 

using CO2 (with the pulse of 1.01  10-5 mol). 

3.1.3 Evaluation of the photocatalytic activity of LMCT-sensitized titania for the 

selective oxidation of 5-hydroxymethylfurfural  (HMF)  

Photocatalytic selective oxidation of 5 Hydroxymethylfurfural (HMF): The 

photocatalytic selective oxidation of HMF was performed in a glass photoreactor (20 

mL). In a typical experiment, 1mM (0.02 mmoles) HMF solution in acetonitrile (20 

mL) and 20 mg of SGH-TiO2 photocatalyst (1g/L) was added into a glass photoreactor. 

Af terward, the suspension was stirred at 400 rpm in the dark for 1 hour to attain the 

equilibrium in dark. The photocatalytic reaction began with the irradiation of green 

LED lamp (ɚ= 515 nm). The intensity of the LEDs was measured to be 6 x ~9 W/m2, 

determined via light meter (Delta OHM HD 2302.0) with LP 471 RAD probe having 

400-1050 nm spectral range. In addition, the selective oxidation of HMF was also 

carried out under UV light using UV LED lamp (ɚ= 375 nm) having similar intensity 

(6 x ~9 W/m2) as green LED lamps, measured by a Delta OHM HD 2302.0 light meter 



 

55 
 

with a LP 471 UVA probe having a spectral range of 315-400 nm. The distance between 

the photoreactor wall and the irradiation source is ~2 mm. At given illumination time 

intervals, 0.15 mL aliquots were collected, and subsequently filtered via nylon filter 

(0.2 ɛm pore size) to remove the photocatalyst. The same experiments were performed 

with commercial titania (P25 and P90) photocatalyst. The experimental set-up used for 

the photocatalytic experiment is shown in Figure 18a  

Recycling of the SGH-TiO2: After each run the SGH-TiO2 was recovered by decanting 

the solvent washed three times with water, dried in hot air oven for 48 hours at 110 C 

and used again in the next run with fresh HMF solution. This procedure was repeated 

up to five times of application.  

Figure 18. a) Experimental setup used for the photocatalytic experiments under 

visible light. b) Vertical cross-section view of photocatalytic set-up 

Analysis of HMF oxidation reaction: The quantitative analysis of products and 

reactants was performed on Waters 2487 high-performance liquid chromatography 

(HPLC) instrument equipped with C18 Thermo scientific column (250 x 4.6 mm), using 

an eluent consist of acetonitrile (55%) and Milli-Q water (45%) at a 1 mL/min flow 

rate. The column oven temperature was set at 25 oC. The HMF conversion (Equation 

3) and DFF selectivity (Equation 4) were determined as follows: 


