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Abstract 

The development of the “hydrogen economy” requires new technologies for H2 generation, of 

which photocatalytic water splitting by using visible light has been viewed as most promising 

pathway. In present study, the photocatalysts ranging from simple metal oxides and metal 

sulfides to more complicated systems have been studied to achieve suitable H2 production 

rates from water splitting reaction The hydrogen production from water in the presence of 

other renewable (ethanol, glycerol, triethanolamine and ethanol water-electrolyte mixtures) 

were studied over three different semiconductor (TiO2, CdS and an emerging g-C3N4) 

supports based photocatalysts. All the synthesized catalysts were characterized  by various 

analytical techniques such as Powder X-ray Diffraction (PXRD) for determination of crystal 

phase composition and purity, X-ray Photoelectron Spectroscopy (XPS) for surface elemental 

composition, Diffused Reflectance UV-visible Spectroscopy (DRS) for optical properties, 

Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy for particle 

size distribution and morphology, Photoluminescence (PL) for electron dynamics, Energy 

dispersive spectroscopy (EDS), Inductively Coupled Plasma Optical Emission spectroscopy 

(ICP-OES) and X-ray Fluorescence (XRF) for elemental composition, Brunauer Emmett 

Teller (BET) for surface area calculation and Thermogravimetric analysis (TGA)  to study 

changes in physical and chemical properties of materials as a function of temperature. 

Hydrogen production for each photoreaction was measured by Gas Chromatograph (GC) 

equipped with molecular sieve capillary column and TCD detector. In the first section, a 

series of novel non-noble metal supported semiconductor photocatalysts; Cu(OH)2–

Ni(OH)2/P25 (P25=80% anatase +20% rutile) and Cu(OH)2–Ni(OH)2/TNR (TNR = Titania 

nanorods) were prepared by co-deposition–precipitation method (total metal loading ca. 1.0 

wt%) and their performance was evaluated for H2 production. Among this series, the 

0.8Cu(OH)2–0.2Ni(OH)2/P25 photocatalyst showed H2 production rate of 10 and 22 mmol  

h‒1g‒1, in 20 vol% ethanol-water and 5 vol% glycerol-water mixtures, respectively. The 

0.8Cu(OH)2–0.2Ni(OH)2/TNR photocatalyst demonstrated very high H2 production rates of 

26.6 and 35.1 mmol h‒1g‒1 in 20 vol% ethanol-water and 5 vol% glycerol-water mixtures, 

respectively. The mechanism for high hydrogen production rate over bimetallic hydroxide 

supported TiO2 is investigated and established with various experimental evidences. 

Followed by this, a new strategy was developed to produce highly dispersed Cu and Cu2O 

nanoparticles over TiO2 by using MOF-199 [Cu3(BTC)2(H2O)3]n as a source of copper 

nanoparticles. The photocatalyst 1 wt% Cu/TiO2-400 showed a hydrogen production rate 
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some 2.5 times higher than that of CuO deposited over TiO2 by conventional precipitation 

methods. In the second section, highly crystalline and photocatalytically active hexagonal 

CdS nano-support was synthesized by sol-gel method and subsequently calcination in an inert 

atmosphere of nitrogen. Au nanoparticles were deposited over this hexagonal CdS by a novel 

reductive deposition KI method involving reduction of Au3+ ions with iodide ions and used as 

a model to test the effect of metal particle size as well as the reaction medium on hydrogen 

production activity. The photocatalyst 3 wt.% Au/CdS showed the highest performance     

(ca. 1 molecule of H2/AuatomS−1) under visible light irradiation from water electrolyte medium 

(0.1M Na2S–0.02 Na2SO3; pH 13) (92%)—ethanol (8%). The validity of this new Au loading 

method was established by comparing it with three other conventional methods including; 

deposition precipitation (DP), incipient wet impregnation (WI) and photo-deposition (PD). 

TEM studies of fresh and used catalysts showed that Au particle size increases (almost 5 

fold) with increasing photo-irradiation time due to photo-agglomeration effect and yet no sign 

of deactivation was observed. A mechanism for hydrogen production from ethanol water-

electrolyte mixture is presented and discussed by evaluating some intermediate formed. It is 

found that Au/CdS photocatalyst showing higher plasmonic effect did not necessarily 

produced more hydrogen in visible light range. This work also supports the electron transfer 

mechanism from semiconductor to metal which may further be facilitated by metal to 

semiconductor energy transfer mechanism due to Au surface plasmon resonance. Finally, in 

third section, g-C3N4 was synthesized by thermal condensation of melamine at various 

temperatures to get close packing and strong interlayers binding of g-C3N4. Pd and Ag 

bimetallic as well as monometallic nanoparticles were deposited to cope with two inherent 

drawbacks of g-C3N4; low visible light absorption and high recombination rate of 

photogenerated charge carriers. High activity of Pd-Ag/g-C3N4 photocatalyst was attributed 

to inherent property of palladium metal to quench photogenerated electrons by schottky 

barrier formation mechanism and strong silver absorption in visible range by surface plasmon 

resonance mechanism (SPR).  

  



 

viii 
 

List of Publications 
 

This thesis is based on following publications; 

1- I. Majeed, M. Amtiaz Nadeem, M. Al-Oufi, M. Arif Nadeem, G.I.N. Waterhouse, A. 

Badshah, J.B. Metson, Hicham Idriss, “On the role of metal particle size and surface 

coverage for photo-catalytic hydrogen production: A case study of the Au/CdS 

system” J. Appl. Catal. B: Environ. 182 (2016) 266-276. 

2- I. Majeed, M. Amtiaz Nadeem, E. Hussain, M. Arif Nadeem, A. Badshah, A. Iqbal, 

H. Idriss, Geoffrey IN Waterhouse, MA Nadeem “On the Synergism between Cu and 

Ni for Photocatalytic Hydrogen Production and their Potential as Substitutes of Noble 

Metals’ ChemCatChem 8(2016)3146-3155. 

3- I. Majeed, M. Amtiaz Nadeem, A. Badshah, Fehmida K. Kanodarwala, Hassan Ali,  

M. Abdullah Khan, John Arron Stride and M. Arif Nadeem, “Titania supported MOF-

199 derived Cu–Cu2O nanoparticles: highly efficient non-noble metal photocatalysts 

for hydrogen production from alcohol–water mixtures” Catal., Sci. Technol. 

7(2017)677-686. 

4- I. Majeed, M. Amtiaz Nadeem, E. Hussain, A. Badshah, R. Gilani, M. Arif Nadeem, 

“Effect of deposition method on metal loading and photocatalytic activity of Au/CdS 

for hydrogen production in water electrolyte mixture” Int. J. Hydrogen Energy 

5(2017)3006-3018.  

5- I. Majeed, Fehmida K. Kanodarwala, M. Amtiaz Nadeem, E. Hussain, A. Badshah, I. 

Hussain, J. Arron Stride, and M. Arif Nadeem, “Controlled synthesis of titania 

nanostructures: Exceptional hydrogen production in alcohol-water mixtures over 

Cu(OH)2–Ni(OH)2/Titania nanorods photocatalysts” Chem. Select 2(2017) 7497-7507 

6- M. A. Nadeem1, I. Majeed, G. I. N. Waterhouse and H. Idriss, “Study of ethanol 

reactions on H2 reduced Au/TiO2 anatase and rutile: effect of metal loading on 

reaction selectivity” Catal.” Struct. React. 1(2015) 61-70. 

7- E Hussain, I Majeed, M Amtiaz Nadeem, A Badshah, Yuxiang Chen, M Arif 

Nadeem, Rongchao Jin, “Titania-Supported Palladium/Strontium Nanoparticles 

(Pd/Sr-NPs@ P25) for Photocatalytic H2 Production from Water Splitting” J. Phys. 

Chem. C 120(2016), 17205-17213. 

https://scholar.google.com.pk/citations?view_op=view_citation&hl=en&user=G3eRYiIAAAAJ&citation_for_view=G3eRYiIAAAAJ:qjMakFHDy7sC
https://scholar.google.com.pk/citations?view_op=view_citation&hl=en&user=G3eRYiIAAAAJ&citation_for_view=G3eRYiIAAAAJ:qjMakFHDy7sC
https://scholar.google.com.pk/citations?view_op=view_citation&hl=en&user=G3eRYiIAAAAJ&citation_for_view=G3eRYiIAAAAJ:qjMakFHDy7sC
http://www.sciencedirect.com/science/article/pii/S0360319917300629
http://www.sciencedirect.com/science/article/pii/S0360319917300629
http://pubs.acs.org/doi/abs/10.1021/acs.jpcc.6b04695
http://pubs.acs.org/doi/abs/10.1021/acs.jpcc.6b04695


 

ix 
 

8- I. Majeed, U. Manzoor, M. Amtiaz Nadeem, E. Hussain, H. Ali, F.K. Kanodarwala, 

J. Arron Stride and M. Arif Nadeem, “Pd‒Ag bimetallic nanoparticles decorated       

g-C3N4 for highly efficient H2 production from water under visible light irradiation” 

Catalysis Science and Technology (2017) in press 

9- I. Majeed, M. Amtiaz Nadeem, H. Idriss, M. Arif Nadeem, A. Badshah, “Principles, 

mechanisms and latest trends in water splitting on TiO2 based catalysts” (a review). 

Ready for submission  

Related publications during PhD studies; 

1- A Ajmal, I Majeed, RN Malik, M Iqbal, M Arif Nadeem, I Hussain, S Yousaf, G 

Mustafa, MI Zafar, M Amtiaz Nadeem, “Photocatalytic degradation of textile dyes on 

Cu2O-CuO/TiO2 anatase powders” J. Environ. Chem. Eng. 4 (2016), 2138-2146. 

2- A. Ajmal, I. Majeed, R. Naseem Malik, H. Idriss, M. Amtiaz Nadeem,“Principles and 

mechanisms of photocatalytic dye degradation on TiO2 based photocatalysts: A 

comparative overview” RSC Advances 4(2014)37003-37026. 

3- H. Ali, Fehmida K Kanodarwala, I. Majeed, J. Arron Stride, M. Arif Nadeem, “La2O3 

Promoted Pd/rGO Electro-catalysts for Formic Acid Oxidation” ACS Appl. Mater. 

Interf. 8 (2016), 32581-32590. 

4- Hassan Ali, Shahid Zaman, Imran Majeed, Fehmida K Kanodarwala, Muhammad 

Amtiaz Nadeem, John Arron Stride, Muhammad Arif Nadeem, “Porous Carbon/rGO 

Composite: An Ideal Support Material of Highly Efficient Palladium Electrocatalysts 

for the Formic Acid Oxidation Reaction” ChemElectroChem DOI: 

10.1002/celc.201700879 

http://www.sciencedirect.com/science/article/pii/S221334371630121X
http://www.sciencedirect.com/science/article/pii/S221334371630121X
http://pubs.acs.org/doi/abs/10.1021/acsami.6b09645
http://pubs.acs.org/doi/abs/10.1021/acsami.6b09645


x 

Table of Contents 

Dedication  IV 

Acknowledgment  V 

Abstract   VI 

List of Publications  VIII 

List of Figures  XV 

List of Tables  XXII 

List of Schemes   XXIV 

List of Abbreviations   XXV 

Chapter-1 Introduction 

1.1 Basic Requirements for water splitting 3 

1.1.1 Thermodynamic considerations  3 

1.1.2 Realistic considerations  4 

1.2 Drawbacks of semiconductor photocatalysts for hydrogen production 5 

1.3 Strategies to overcome the drawbacks of semiconductor photocatalyts for hydrogen 

production 5 

1.3.1 Metal loading 6 

1.3.1.1 Schottky barrier formation mechanism 6 

1.3.1.2 Surface plasmon mechanism 8 

1.3.2 Addition of sacrificial reagents 10 

1.3.2.1 Alcohols as sacrificial reagents 12 

1.4 Hydrogen production over TiO2 based photocatalysts 13 

1.4.1 TiO2 Crystal structure  14 

1.4.2 Factors effecting H2 production on TiO2 15 

1.4.2.1 Role of TiO2 phase, particle size and crystallinity 15 

1.4.2.2 Effect of band bending 18 

1.4.2.3 Role of e-h recombination 21 



 

xi 
 

1.4.2.4 Effect of pH        23 

1.4.3 H2 production on mixed phase TiO2      24 

1.4.4 Strategies to overcome drawbacks for hydrogen production over TiO2 25 

1.4.5 Cu/CuOx /TiO2: A step towards non-noble metal approach   26 

1.4.5.1 Cu2O/TiO2, a p-n heterojunction for hydrogen production  28 

1.4.5.2 Hydrogen production over CuO/TiO2 ̀     30 

1.4.5.3 Hydrogen production over Cu(OH)2/TiO2    32 

1.4.6 Role of metal particles dispersion      33 

1.4.7 TiO2 supported MOF-199 derived highly dispersed metal nanoparticles 33 

1.4.8 Hydrogen production over Ni/TiO2      34 

1.4.9 Hydrogen production over bimetallic Cu-Ni/TiO2 nanoparticles   35 

1.4.10 Hydrogen production over Cu-Ni supported TiO2 nano-structures (nanorods 

and nanoleaves)       36 

1.5 Hydrogen production over CdS based photocatalysts     38 

1.5.1 CdS crystal phases        38 

1.5.2 Role of particles size and annealing temperature on phase transition  40 

1.5.3 Comparison of photocatalytic activities of hexagonal and cubic CdS  41 

1.5.4 Cocatalysts loading        42 

1.5.5 Au/CdS photocatalytic systems       43 

1.5.6 H2 production over Au/CdS systems      45 

1.5.7 Limitation of CdS for H2 production from water-electrolyte mixtures  46 

1.6 Hydrogen production over g-C3N4 based photocatalysts     47 

Chapter-2 Experimental           

2.1 TiO2 based photocatalysts         49 

2.1.1 Synthesis of Cu(OH)2-Ni(OH)2/P25 photocatalysts    49 

2.1.2 Hydrothermal synthesis of Titania nanostructures    50 

2.1.3 Synthesis of Cu(OH)2-Ni(OH)2/TiO2  nanostructures    51 



 

xii 
 

2.1.4 Synthesis of TiO2 supported MOF-199 derived Cu-Cu2O nanoparticles 52 

2.1.4.1 Synthesis of MOF-199 [Cu3(BTC)2(H2O)3]n    52 

2.1.4.2 Synthesis of Cu-Cu2O/TiO2 (Anatase)    53 

2.2 CdS based photocatalysts         55 

2.2.1 Synthesis of CdS nanoparticles       55 

2.2.2 Loading of Au nanoparticles over h-CdS     55 

2.2.2.1 A novel KI reduction method      55 

2.2.2.2 Deposition precipitation (DP) method    56 

2.2.2.3 Photodeposition (PD) method      56 

2.2.2.4 Incipient wetness impregnation (WI) method   57 

2.3 g-C3N4 based photocatalysts        58 

2.3.1 Synthesis of Pd-Ag/g-C3N4 photocatalysts     58 

2.3.2 Hydrogen production experiments (TiO2 based photocatalysts)  60 

2.3.2.1 Photocatalyst recyclability tests     61 

2.3.3 Hydrogen production experiments (CdS based photocatalysts)  61 

2.3.3.1 Photocatalyst recyclability tests     62 

2.3.4 Hydrogen production experiments (g-C3N4 based photocatalysts)  63 

2.3.4.1 Photocatalyst recyclability tests     63 

2.3.5 Dye degradation experiments over Cu(OH)2-Ni(OH)2/P25 photocatalysts 64 

2.3.6 Photocatalysts Characterization       64 

2.3.6.1 Powder X-ray diffraction (PXRD)     64 

2.3.6.2 UV-visible diffused reflectance spectroscopy   65 

2.3.6.3 Transmission electron microscopy (TEM)    65 

2.3.6.4 X-ray photoelectron spectroscopy (XPS)    66 

2.3.6.5 Brunauer–Emmett–Teller (BET)     67 

2.3.6.6 Steady-state and time-resolved photoluminescence (PL)  68 

2.3.6.7 Thermogravimetric analysis (TGA)     68 



 

xiii 
 

2.3.6.8 Inductively coupled plasma optical emission spectroscopy (ICP-OES)

           68 

Chapter-3 Results, Discussion and Conclusions       

  

3.1 TiO2 based photocatalysts         69 

3.1.1 Cu(OH)2-Ni(OH)2/P25 and Cu(OH)2-Ni(OH)2/TiO2 nanostructures (nanorods 

and nanoleaves) photocatalysts       69 

3.1.1.1 Powder XRD studies       69 

3.1.1.2 UV-visible diffuse reflectance measurements     71 

3.1.1.3 TEM and SEM analysis       74 

3.1.1.4 XPS analysis         76 

3.1.2 Photoreactions         79 

3.1.2.1 H2 production        79 

3.1.3 Electron/hole transfer        88 

3.1.3.1 Steady-state and time-resolved PL studies    88 

3.1.3.2 Rhodamine B dye degradation studies     89 

3.1.4 Hydrogen production mechanism      90 

3.1.5 Conclusions         93 

3.1.6 Novel MOF-199 derived Cu-Cu2O nanoparticles decorated TiO2  

         photocatalysts         94 

3.1.6.1 TGA analysis        95 

3.1.6.2 PXRD analysis        95 

3.1.6.3 UV-visible diffuse reflectance measurements     97 

3.1.6.4 TEM analysis        98 

3.1.6.5 XPS analysis        99 

3.1.7 H2 production photoreactions       102 

3.1.8 Hydrogen production mechanism       107 



 

xiv 
 

3.1.9 Conclusions         109 

3.2 CdS based photocatalysts         109 

3.2.1 Characterization results and discussions of Au/CdS photocatalysts  109 

3.2.1 PXRD analysis          110 

3.2.2 Surface properties        111 

3.2.3 TEM analysis          113 

3.2.4 UV-visible diffuse reflectance measurements     115 

3.2.5 XPS analysis          117 

3.2.6 H2 production photoreactions       120 

3.2.7 Hydrogen production mechanism      129 

3.2.8 Conclusions         131 

3.3 g-C3N4 based photocatalysts        132 

3.3.1. PXRD and UV-visible diffuse reflectance analysis    133 

3.3.2 HRTEM and XPS analysis       135 

3.3.3 H2 production photoreactions       138 

3.3.4 Hydrogen production mechanism      143 

3.3.5 Conclusions         144 

3.4 Summary of work          145 

Chapter 4 References         148 

 

  



 

xv 
 

List of Figures 

Figure 1.1: Schematic representation of hydrogen production mechanism from water 

splitting over semiconductor surface.            4 

Figure 1.2: Calculated energy positions of conduction band edges and valence band edges at 

pH=0 for some selected semiconductors.                4 

Figure 1.3: (Top) Charge distribution between TiO2-metal nanoparticles leading to 

equilibration with the C60/C60- redox couple, before and after UV irradiation, (Bottom) 

Mechanism of photocatalytic hydrogen generation over M/SC photocatalysts as a 

consequence of photogenerated e-/h+ pair and efficient charge separation induced by the 

Schottky barrier formation at the interface between metal nanoparticles with large work 

function and n-type semiconductors.            8 

Figure 1.4: Mechanism of plasmon-induced charge transfer from metal to semiconductor, I, 

II and III are the electronic transitions from metal to proton (b) Proposed photocatalytic 

process for efficient hydrogen generation based on near field LSPR under visible-light 

irradiation.             10 

Figure 1.5: Role of electron donors and acceptors for H2 and O2 production over TiO2.   11 

Figure 1.6: The total and projected density of states of TiO2 (rutile) perfect crystal.   14 

Figure 1.7: Crystalline structures of TiO2.                    15 

Figure 1.8: Anatase to rutile phase transformation and formation of tetrahedral Ti4+ sites.   17 

Figure 1.9: (Top) n-type semiconductor-solution interface, space charge layer formation and 

band bending (Bottom) Surface band bending of (a) anatase and (b) rutile.       20 

Figure 1.10: Schematic electron and photon excitation processes in TiO2 followed by de-

excitation events. In the electron-excitation, the near-surface electrons and holes quickly 

diffuse to the surface traps and recombine there by first-order kinetics by the. In the photon-

excitation, the bulk electrons and holes will recombine directly in the bulk by second-order 

kinetics. Some of the holes are captured by O2- causing O2 desorption for both electron and 

photon excitation.            23 

 



 

xvi 
 

Figure 1.11: (a) Electron transfer from anatase to low energy rutile trapping sites and (b) 

electron transfer from rutile to low energy anatase trapping sites.      25 

Figure 1.12: The schematic diagram of TiO2 structure and possible formation of Cu species 

on TiO2 surface.            27 

Figure 1.13:  Energy band position of Cu2O and TiO2 aligned with redox potential of    

water.                   28 

Figure 1.14: The H2-production mechanism of Cu2O/Cu/TiO2 under Xe-lamp irradiation.   30 

Figure 1.15: Band gap energies for TiO2, CuO and CuO/TiO2 photocatalysts with respect to 

CuO loading.               31 

Figure 1.16: (Left) mechanism of hydrogen production over Cu(OH)2 loaded TiO2 (right) (a)  

photoluminescence spectra, pure TiO2 nanotubes and (b) Cu loaded nanotubes.     32 

Figure 1.17: Schematic diagram of the hexagonal and cubic CdS crystal structures, a and b 

are the ball and stick models of hexagonal and cubic CdS, respectively; c and d are the 

polyhedron models of hexagonal and cubic CdS, respectively.      39 

Figure 1.18: Schematic diagram of internal electric field formation along [0001] direction 

within hexagonal CdS.          42 

Figure 2.1: Lab set up for photocatalytic hydrogen production measurements.   61 

Figure 2.2: Wavelength versus intensity curve for radiation from a 500 W Warrior WEHL 

halogen bulb lamp with irradiation flux of 35 mW cm-2 at a distance of ca. 30 cm from the 

reactor. Shaded area represents the fraction of radiation capable of CdS excitation.   62 

Figure 2.3: Illustration of Bragg’s law.        65 

Figure 3.1: Powder XRD patterns of (a) 1.0Cu(OH)2/P25, (b) 1.0NiOH)2/P25, (c) 

0.2Cu(OH)2-0.8Ni(OH)2/P25,  (d)  0.5Cu(OH)2-0.5Ni(OH)2/P25, (e) 0.8Cu(OH)2-

0.2Ni(OH)2/P25  and (f) 0.8Cu(OH)2-0.2Ni(OH)2/P25 (calcined).         69 

Figure 3.2: PXRD results of TiO2 nanostructures prepared at 110-170 °C hydrothermal 

temperature and post calcined from 400-800 °C.       71 



 

xvii 
 

Figure 3.3: (a) UV-Vis spectra of P25, “as prepared” mono- and bimetallic photocatalysts as 

indicated; (b) UV-Vis of as prepared and used 0.8Cu(OH)2-0.2Ni(OH)2/TiO2.    72 

Figure 3.4: UV/Vis spectra of (a-d) TiO2 nanostructures prepared at various hydrothermal 

and calcination temperatures. (e-f) TNR130-400, “as prepared” mono- and bimetallic 

photocatalysts as indicated, UV/Vis comparison of TNR130, TNR130-400 and 0.8Cu(OH)2–0.2 

Ni(OH)2/ TNR130-400.           73 

Figure 3.5: TEM images of fresh 1Cu(OH)2/P25 photocatalyst      74 

Figure 3.6: SEM images of a) TNR110 b) TNR130 c) TNR150 and d) TNR170.    75 

Figure 3.7: (top) SEM images of a) TNR110-400 b) TNR130-400 c) TNR150-400 and d) TEM 

images of M(OH)2-TNR130-400 (bottom) Energy dispersive spectroscopic (EDS) analysis of 

M(OH)2-TNR130-400.            76 

Figure 3.8: Reference Cu2p and Ni2p XPS spectra.        77 

Figure 3.9: XPS results of fresh bimetallic Cu(OH)2-Ni(OH)2/P25 photocatalysts.    78 

Figure 3.10: XPS analysis of 1.0Cu(OH)2/TNR130-400 and 1.0Ni(OH)2/TNR130-400   79 

Figure 3.11: (a-b) Effect of NaOH concentration as precipitation solution for H2 production 

and (b-c) Effect of metal loading amount on H2 production in 20 vol. % ethanol-water 

mixtures over 0.5Cu(OH)2-0.5Ni(OH)2/P25 and 0.8Cu(OH)2-0.2Ni(OH)2/TNR130-400 

photocatalysts respectively.           80 

Figure 3.12: Comparison of the photocatalytic activities of 0.8Cu(OH)2-0.2Ni(OH)2/P25, 

1.0Cu(OH)2/P25, 0.5Cu(OH)2-0.5Ni(OH)2/P25, 0.2Cu(OH)2-0.8Ni(OH)2/P25, 1.0Ni(OH)2/ 

P25 and 0.8Cu(OH)2-0.2Ni(OH)2/P25 (Calcined) samples for the photocatalytic H2 

production in 20 vol. % ethanol-water mixture.          82 

Figure 3.13: Comparison of the photocatalytic activities of 0.8Cu(OH)2–0.2Ni(OH)2/ 

TNR130-400, 1.0Cu(OH)2/TNR130-400, 0.5Cu(OH)2–0.5Ni(OH)2/TNR130-400, 0.2Cu(OH)2–

0.8Ni(OH)2/TNR130-400, 1.0Ni(OH)2/TNR130-400 samples for the photocatalytic H2 

production in 20 vol.% ethanol/water mixture.        82 

Figure 3.14: Comparison of hydrogen production on 0.8Cu(OH)2-0.2Ni(OH)2/P25 from 

aqueous solution with different ethanol volume percentages.      83 



 

xviii 
 

Figure 3.15: Comparison of the photocatalytic activities of 0.8Cu(OH)2-0.2Ni(OH)2/P25, 

0.2Cu(OH)2-0.8Ni(OH)2/P25, 0.5Cu(OH)2-0.5Ni(OH)2/P25, 1.0Cu(OH)2/P25 and 

1.0NiOH)2/ P25 samples for the photocatalytic H2 production from 5 vol. % glycerol-water 

mixture.             83 

Figure 3.16: Comparison of the photocatalytic activities of 0.8Cu(OH)2–0.2Ni(OH)2/ 

TNR130-400, 1.0Cu(OH)2/TNR130-400, 0.5Cu(OH)2–0.5Ni(OH)2/TNR130-400, 0.2Cu(OH)2–

0.8Ni(OH)2/TNR130-400, 1.0Ni(OH)2/TNR130-400 samples for the photocatalytic H2 

production in 5 vol.% glycerol/water mixture.          84 

Figure 3.17: Recyclability of hydrogen production on 0.8Cu(OH)2-0.2Ni(OH)2/P25 and 

0.8Cu(OH)2–0.2Ni(OH)2/TNR130-400 catalysts using 20 vol. % ethanol-water mixture.   86 

Figure 3.18: Effect of hydrothermal treatment and calcination temperature on 0.8Cu(OH)2–

0.2Ni(OH)2/TNR.            87 

Figure 3.19: Digital photographs of as prepared and slurry phase catalysts before and during 

UV irradiation (3hours).           88 

Figure 3.20: (a) Steady-state PL (b) time-resolved PL spectra following excitation at 305 nm 

(c) Steady-state PL as function of Ni loading in Ni(OH)2/P25.      88 

Figure 3.21: Schematic illustration for hydrogen production, charge transfer, separation and 

chemical conversions in Ni(OH)2 and Cu(OH)2 nano-clusters modified TiO2 system.   92 

Figure 3.22: Schematic illustration for hydrogen production, charge transfer, separation and 

chemical conversions in Ni(OH)2-Cu(OH)2/P25 systems under photoreaction conditions.   93 

Figure 3.23: Schematic illustration for hydrogen production, charge transfer, separation and 

chemical conversions in Ni(OH)2-Cu(OH)2/TNR130-400 systems under photoreaction 

conditions.             93 

Figure 3.24: Top: (left) Framework of MOF-199 viewed down the [100] direction, showing 

nanochannels with a fourfold symmetry (right) TGA plot of MOF-199 at a temperature rate 

of 10 °C min−1. Bottom: (a) PXRD patterns of MOF-199, (b) the TiO2–MOF composite, (c) 

Cu–Cu2O/TiO2-400, (d) anatase SG-400 and (e) MOF-199-400.       96 

 Figure 3.25: (A) UV-vis spectra of the TiO2–MOF composite & 0.5–1.5% Cu-Cu2O/TiO2-

400. (B) Comparison of the MOF–TiO2 composite and anatase TiO2; the insets are pictures of 



 

xix 
 

(a) MOF-199, (b) TiO2 anatase, (c) the TiO2–MOF-199 composite, (d) Cu–Cu2O/TiO2-400 

°C , and (e) MOF-199-400 °C.          97 

Figure 3.26: (a–c) TEM images of the TiO2–MOF-199 composite and (d–f) Cu–Cu2O/TiO2-

400 °C.             98 

Figure 3.27: TEM images of TiO2-MOF-500 °C        99 

Figure 3.28: XPS survey scan and core level spectra of Ti 2p, O1s, C1s and Cu2p for MOF 

derived 1 wt% Cu/TiO2-400 °C.        100 

Figure 3.29: Cu LMM auger spectrum for Cu-Cu2O/TiO2.     101 

Figure 3.30: XPS core level spectra of Ti2p, O1s, C1s and Cu2p for TiO2-MOF-500 °C 106 

Figure 3.31: H2 production rates over TiO2-MOF-400 °C from different concentrations of 

glycerol           103 

Figure 3.32: Comparison of the photocatalytic activities of 1%Cu/TiO2-350, 1wt. %Cu/TiO2-

400, 1wt. %Cu/TiO2-450 and 1wt. %Cu/TiO2-500 samples for the photocatalytic H2 

production from 5 vol. % glycerol-water mixtures.      104 

Figure 3.33: Effect of metal loading amount on hydrogen production from 5 vol. % glycerol-

water mixtures over TiO2-MOF composite calcined at 400 °C.    105 

Figure 3.34: Cyclic runs for the hydrogen production experiments with 1wt.% Cu/TiO2-400  

photo catalysts by using 5 vol. % glycerol-water mixtures.     107 

Figure 3.35: Hydrogen production mechanism over Cu-Cu2O/TiO2 and energy band position 

of Cu2O and TiO2.          108 

Figure 3.36: PXRD patterns for CdS (A) after annealing in air at (a) 100 oC (b) 200 oC (c) 

300 oC (d) 400 oC and in continuous N2 flow at (e) 600 oC and (f) 800 oC (B) comparison of 3 

wt.% Au/CdS with (a) as prepared (b) 400 oC (c) 600 oC  (C) growth of Au (111) peak with 

loading amount.          111 

Figure 3.37: (left) Nitrogen adsorption isotherms (red) and pore size distribution (black) 

calculated by BJH method (right) N2 adsorption isotherm for hexagonal CdS-600 °C. 112 



 

xx 
 

Figure 3.38: TEM images of (a) h-CdS, (b-c) 3 wt. % Au/h-CdS(KI), (d-e) 3 wt. % Au/h-

CdS(DP), (f-g) 3 wt. % Au/h-CdS(WI) and (h-i) 3 wt. % Au/h-CdS(PD).   113 

Figure 3.39: Au particle size distribution on 3 wt. % Au/CdS prepared by (a) KI method (b) 

DP method (c) WI method (d) PD method       114 

Figure 3.40:  TEM images of hexagonal CdS, 1 wt. % Au/h-CdS, 3 wt. % Au/h-CdS, 5 wt.% 

Au/h-CdS with corresponding Au particle size distribution indicated by graphs (a), (b) and (c) 

respectively.           115 

Figure 3.41: UV–visible diffused reflectance spectra of (a) cubic CdS, hexagonal CdS (b) 

3%Au/h-CdS photocatalysts prepared by four different methods and (c) 1-5 wt.% Au/h-CdS 

prepared by KI method. .        116 

Figure 3.42: X-ray photoelectron spectra of the Cd3d, S2p and Au4f regions for (a) as-

prepared cubic CdS (b) ripened hexagonal CdS and 5 wt. % Au/h-CdS sample.  118 

Figure 3.43: XPS analysis of 3 wt. % Au/h-CdS (KI) photocatalysts before (red) and after 

(black) H2 generation experiments.        119 

Figure 3.44: Comparison of the photocatalytic activities of h-CdS and 1-5wt. % Au/h-CdS-

KI from (8:92) ethanol water-electrolyte mixtures.      121 

Figure 3.45: Photo-catalytic H2 production over 3 wt.% Au/h-CdS using; ethanol, water-

electrolyte and ethanol water-electrolyte system in (8:92) ratio.    121 

Figure 3.46: (a) Rate of photo-catalytic H2 production from ethanol water-electrolyte mixture 

(8:92) over Au/h-CdS-KI as a function of Au loading (b) the total number of Au particles and 

% of catalyst surface area covered for 0.01 g of catalyst as a function of Au loading. 123 

Figure 3.47:  TEM images of a 5 wt. % Au/h-CdS-KI photo-catalyst at various stages of the 

photoreaction; (a) before photoreaction, after (b) 30 minutes, (c) 90 minutes and (d) 24 hours.  

Au nanoparticle size increases with increasing irradiation time.    125 

Figure 3.48: Photo-catalytic hydrogen production from water electrolyte (0.1M Na2S, 0.02M 

Na2SO3; pH = 13) over 3 wt. % Au/h-CdS with different catalyst amounts; 0.005g, 0.01g and 

0.02g.            126 

Figure 3.49: Comparison of the photocatalytic activities a) 1-4wt. % Au loading over h-CdS 

by WI, DP and PD methods for H2 production from ethanol water-electrolyte mixture. 126 



 

xxi 
 

Figure 3.50: Comparison of the photocatalytic activities among 3% wt. Au/h-CdS-KI, 3 wt. 

% Au/h-CdS-DP, 3 wt. %Au/h-CdS-WI and 3 wt. % Au/h-CdS-PD photocatalysts for H2 

production from ethanol water-electrolyte mixture.      127 

Figure 3.51: Cyclic H2 production on 3 wt. % Au/h-CdS-KI photocatalysts using ethanol 

water-electrolyte mixtures.         129 

Figure 3.52: Photocatalytic H2 and acetaldehyde production from 8% ethanol-92% water 

electrolyte mixture (0.1M Na2S, 0.02M Na2SO3; pH = 13) and ethanol over 0.5 wt.%       

Au/h-CdS.           129 

Figure 3.53: Schematic representation of the mechanism for hydrogen production from 

ethanol–water electrolyte mixture over Au/ h-CdS photocatalysts.    131 

Figure 3.54: (a) PXRD patterns of melamine, g-C3N4-520 °C and Pd0.7-Ag0.3/g-C3N4. (b) 

UV-visible diffused reflectance spectra of g-C3N4, Ag1/ g-C3N4, Pd1/ g-C3N4 and various Pdx-

Agy/g-C3N4 photocatalyts.         134 

Figure 3.55: (top) High Resolution Transmission Electron Microscopy (HRTEM) images 

(bottom) EDS of Pd0.7-Ag0.3/g-C3N4 photocatalysts.      136 

Figure 3.56: XPS results of fresh bimetallic Pd0.7-Ag0.3/g-C3N4 photocatalyst.  137 

Figure 3.57: Comparison of H2 production over Pd1.0/g-C3N4, Ag1.0/g-C3N4, Pd0.7-Ag0.3/g-

C3N4, Pd0.5-Ag0.5/g-C3N4, Pd0.3-Ag0.7/g-C3N4 photocatalyst from 10 vol% triethanolamine-

water mixtures.          140 

Figure 3.58: (a) Effect of metal loading amount on H2 production in 10 vol. % 

triethanolamine-water mixtures (b) steady state photoluminescence (PL) measurements. 141 

Figure 3.59: Cyclic runs for the hydrogen production experiments with Pd0.7-Ag0.3/g-C3N4 

catalysts using 10 vol% triethanolamine-water mixtures.     141 

Figure 3.60: Rhodamine B dye degradation over different mono and bimetallic photocatalyst 

for 70 min irradiation time b) effect of active species scavengers for dye degradation over 

Pd0.7-Ag0.3/g-C3N4 photocatalyst during 70 min of degradation time.    142 

Figure 3.61: Schematic illustration of the hydrogen production and charge transfer in          

Pd0.7-Ag0.3/g-C3N4 photocatalysts under visible light irradiations.    144 



xxii 

List of Tables 

Table 2.1: List of synthesized photocatalysts based on TiO2 (P25) with different variables. 

  50 

Table 2.2: List of synthesized photocatalysts based on TNR and TNL with different 

variables.   52 

Table 2.3: List of synthesized photocatalysts based on MOF-199 derived Cu-CuOx/TiO2 

photocatalysts with different variables.   54 

Table 2.4: List of synthesized CdS based photocatalysts with different variables.   58 

Table 2.5:  List of synthesized photocatalysts based g-C3N4 with different variables.   59 

Table 2.6: List of different parameters for hydrogen production experiments (TiO2 based 

photocatalysts).  60 

Table 2.7: List of all parameters for hydrogen production experiments for CdS and g-C3N4 

based photocatalysts.   63 

Table 3.1:  BET surface area of TiO2 nanorods and leaves.   70 

Table 3.2: XPS analysis of fresh bimetallic 0.8Cu(OH)2-0.2Ni(OH)2/P25 photocatalyst.     79 

Table 3.3: Comparison of hydrogen production rates over Cu and Ni containing catalysts 

reported in literature with that of present study.   85 

Table 3.4: Results of Rhodamine B dye degradation over different photocatalysts. 

Degradation is taken as that needed to decompose 80% of the dye. 90

Table 3.5: Surface elemental and % distribution of MOF derived 1wt. %Cu/TiO2-400.  102 

Table 3.6: Comparison of hydrogen production rates over Cu loaded catalysts reported in 

literature with that of present study. 106 

Table 3.7: Summarized structural and chemical composition and hydrogen production data 

for TiO2 supports and the 1 wt.% Cu/TiO2 photocatalysts. 107 

Table 3.8: Effect of heat treatment on CdS nanoparticles prepared by the sol-gel method. 110 

Table 3.9: Surface properties of various CdS phases. 112 



 

xxiii 
 

Table 3.10: XPS data for the as-prepared cubic CdS and hexagonal CdS.    118 

Table 3.11: XPS data for the as-prepared cubic CdS, hexagonal CdS and 3wt.% Au/h-CdS-

KI samples.            119 

Table 3.12:  Rate of photo catalytic H2 production and TOF (s-1) from water-ethanol 

electrolyte mixtures over Au/h-CdS-KI as a function of Au loading.    122 

Table 3.13: Mean particle sizes and rates of H2 production in water electrolyte system over 

Au/CdS prepared by four different methods. BET surface area 5 ± 0.5 m2.    128 

Table 3.14: XPS analysis of bimetallic Pd0.7-Ag0.3/g-C3N4 photocatalyst.    137 

 

 

  



 

xxiv 
 

List of Schemes 

Scheme 1.1: Phase stabilization and water reduction process in sulphate ions doped anatase 

TiO2.               18 

Scheme 2.1: A schematic representation of stepwise synthesis of Cu(OH)2-Ni(OH)2/P25 

photocatalysts.             49  

Scheme 2.2: A schematic representation of stepwise synthesis of Cu(OH)2-Ni(OH)2/TNR 

and Cu(OH)2-Ni(OH)2/TNL.              51 

Scheme 2.3: Stepwise synthesis of MOF-199, [Cu3(BTC)2(H2O)3]n.      53   

Scheme 2.4: Stepwise synthesis of MOF-199 derived Cu-CuOx/TiO2 photocatalysts.    54 

Scheme 2.5: Stepwise synthesis of cubic and hexagonal CdS       55 

Scheme 2.6: Stepwise deposition of Au nanoparticles over h-CdS (A novel Iodide reduction 

method.              56 

Scheme 2.7: Stepwise deposition of Au nanoparticles over hex-CdS (Deposition precipitation 

(DP) method).             56 

Scheme 2.8: Stepwise deposition of Au nanoparticles over hex-CdS (Incipient wetness 

impregnation (WI) method).            57 

Scheme 2.9: Stepwise deposition of Au nanoparticles over hex-CdS (Incipient wetness 

impregnation (WI) method).            57 

Scheme 2.10: Synthesis of g-C3N4 from condensation of melamine.      59    

Scheme 2.11: Stepwise deposition of Pd-Ag nanoparticles over g-C3N4.      59 

  



 

xxv 
 

List of Abbreviations 

  

 Arbitrary Unit        AU 

 Band Gap         Eg 

 Semiconductor         SC 

 Watt          W 

 Joule           J 

 Brunauer - Emmett – Teller       BET 

 Full Width at Half Maximum      FWHM 

 High Resolution Transmission Electron Microscopy         HRTEM 

             Internal Diameter        ID 

 Localized Surface Plasmon        LSP 

 Localized Surface Plasmon Resonance      LSPR 

 Normal Hydrogen Electrode        NHE 

 Scanning Electron Microscopy       SEM 

 Surface Plasmon         SP 

 Surface Plasmon Resonance        SPR 

Time of Flight         TOF 

Transmission Electron Spectroscopy       TEM 

Ultra-violet          UV 

Ultra-violet Visible         UV-Vis 

Valence Band          VB 

Conduction Band        CB 

X-ray Photoelectron Spectroscopy       XPS 

Diffused Reflectance Spectroscopy       DRS 

Standard Hydrogen Electrode       SHE  



 

xxvi 
 

Quantum Efficiency         QE 

Benzene-1,3,5-Tricarboxylic Acid       BTC 

Dimethylformamide         DMF 

Energy Dispersive X-Ray        EDX 

Inductively Coupled Plasma Optical Emission Spectroscopy    ICP-OES 

Local Magnetic Moment        LMM 

Metal-Organic Frameworks        MOFs 

Potency of Hydrogen         pH 

Powder X-Ray Diffraction        PXRD 

Triethylamine          TEA 

Point of Zero Charge         PZC 

Electron Donors         EDs 

Electron Paramagnetic Resonance       EPR 

Photoluminescence         PL  

Face-centred cubic         FCC  

Conduction Band Minimum        CBM 

Valence Band Maximum        VBM 

Carbon Nanotubes         CNTs 

Titania Nanorods         TNR  

Titania Nanoleaves         TNL 

Gas Chromatograph         GC 

Thermal Conductivity Detector       TCD 

Interfacial Charge Transfer        IFCT  

Fast Fourier Transforms        FFT 

Photodeposition         PD 

Wet Impregnation         WI 



 

xxvii 
 

Deposition Precipitation        DP 

Mega Joule          MJ 

Binding Energy         Eb 

            Hexagonal Cadmium Sulfide        h-CdS  

           Cubic Cadmium Sulfide        c-CdS 

   Graphitic Carbon Nitride        g-C3N4 

 Barrett-Joyner-Halenda                                                   BJH 



Chapter # 1 

Introduction 



1 
 

Chapter-1                                               Introduction  

It has been envisaged from last fifty years that a hydrogen economy will achieve a pinnacle at 

which hydrogen will finally replace the fossil fuels as a major energy carrier. A hydrogen era 

when fossil fuels used for electricity generation, transportation and chemical synthesis will be 

replaced by hydrogen is a long viewed dream whose fulfillment demands more technological 

advancements in H2 generation, distribution and storage [1-3]. Scale up hydrogen production 

required to meet the current and future demands is a sizeable goal for ever growing human 

population predicted to increase up to 9 billion by 2048. Hydrogen is an attractive, 

sustainable and clean energy carrier with water is the only combustion product, provided it is 

generated from water splitting or other renewable resources using direct sunlight, because of 

the energy crisis caused by the depletion of fossil fuel reserves. Almost 85 percent of total 

world’s energy is coming from fossil fuels. In spite of colossus research undertaken over the 

last three decades, the hydrogen production activity of photocatalysts reported to date from 

water splitting is too low to justify industrial applications. There are consistent fruitful 

advancements have been undertaken in photocatalysts,  though more work is required to meet 

the targeted H2 production rates of 120-130 mmol h-1g-1 at minimum sacrificial reagents 

concentrations that are needed to attract industrial interest [4]. Currently steam reforming of 

hydrocarbons is the largest and most economical way to yield H2 [5] but this process 

generates a large amounts of carbon dioxide that is a cause of serious global warming [6]. 

However, exploitation and utilization of fossil fuels over a period of about 150 years, 

generates the combustion products that are causing serious global problems such as, 

greenhouse effect [7], ozone layer depletion, acid rains and pollution etc. [8]. Hydrogen, with 

large specific energy density, produces heat (122 MJ/Kg) more than gasoline 44 (MJ/Kg) and 

can also be used in fuel cells for electricity production [9, 10]. It is rapidly emerging as a 

sustainable and the cleanest energy source for the transportation and industrial utilities [11]. 

On  industrial  use, currently, hydrogen is  non-renewable which is obtained from fossil fuels 

[12-18], but could in principle be generated from renewable resources such as biomass [19, 

20] and water [21-26].  

Fabrication of UV-visible light active photocatalysts to generate hydrogen by water splitting 

under solar irradiation is an attractive and environmental friendly method, which offers a way 

for capturing available solar energy and converting it into hydrogen [27-32]. At a power level 

of 1000 W/m2, the solar energy reaches on the earth’s surface by far exceeds all human 

energy needs [2]. The amount of energy striking the Earth from sunlight in one hour          
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(4.3 ×1020 J) is more than the total energy consumed on this planet in one year (4.1 ×1020 J) 

[33]. Since the first report on photocatalytic water splitting on TiO2 electrodes photocatalysis 

have been demonstrating wide range potential applications in areas such as solar energy 

conversion, recycling polluted water or air, and so on [34-36]. A wide range of 

semiconductor photocatalysts have been evaluated in relation to H2 production via water 

splitting in the presence of sacrificial agents, including oxides, oxynitrides, oxysulfides, 

nitrides, sulphides  and others [37-42]. However, very little number of materials fulfills the 

basic requirements for sustainable hydrogen production from water splitting. Until now, over 

130 inorganic materials and their derivatives have been applied to generate hydrogen gas 

through water splitting [25].  So far, no material capable of catalyzing water splitting reaction 

with a QE larger than 10% in visible light has been found [43, 44]. Theoretically, the lowest 

limit of energy required to split water is 1.23 eV but, due to energy losses, energies higher 

than ∼2.0 eV are most common for efficient water splitting [45].  

However, semiconductors with the band gap of 2.0-2.5 eV are either chemically or 

photochemically unstable in aqueous media. Some semiconductors have other serious 

drawbacks such as large overpotential for H2 and O2 evolution from water, too rapid 

recombination rate of photoinduced electron (e-) and hole (h+), fast thermal back reaction of 

H2 and O2 to produce H2O and their ability to make use of available sunlight. Most of the 

semiconductors materials can only absorb in UV range less than 400 nm [46, 47]. Sunlight 

consists of 4% ultraviolet (UV) light (300-400 nm), 43% visible light (400-700 nm) and 52% 

infrared light (700–2500 nm) [48, 49]. In order to overcome these problem, many methods 

have been proposed to enhance the photocatalytic activity, including the doping of metals 

[50-53] and non-metal ions, deposition of noble metals, surface sensitization with dyes, 

addition of a holes scavenger or sacrificial electron donor and the preparation of composite 

semiconductors [54-58]. Major focus of research on semiconductor photocatalysts is towards 

three objectives; (i) to achieve tailored photoactivity and selectivity, (ii) to improve the 

photoefficiency, and (iii) to extend the photoresponse towards visible light region [59-61]. 

Presently approximately half of the total amount of hydrogen produced in the world (about 30 

million metric tons/year) is utilized in ammonia synthesis. If hydrogen could be made from 

water, then ammonia and fertilizers could be made from totally renewable sources (nitrogen 

and water). Jules Verne’s prediction in “The Mysterious Island” that water would be the fuel 

of the future could be realised [62]. 
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1.1 Basic requirements for water splitting  

1.1.1 Thermodynamic considerations 

In order to achieve thermodynamically non-spontaneous, stoichiometric water splitting, band 

gap of photocatalyst should be wide enough (>1.23 eV) with appropriate band position to 

overcome energy barrier to drive H2O reduction and oxidation and as narrow as possible to 

absorb wider wavelength range of readily available sunlight. Overall water splitting reactions 

occurring on the semiconductor surface can be described as under;  

bgh E
SC e h

                                                                      (1) 

𝟐𝑯𝟐𝑶 +  𝟐𝒆𝑪𝑩
− → 𝑯𝟐 + 𝟐𝑶𝑯−                 Eo = 0.0 V                                 (2) 

2𝑶𝑯− +  𝟐𝒉𝑽𝑩
+ → 𝟏

𝟐⁄ 𝑶𝟐 + 𝑯𝟐𝑶                     Eo = 1.23 V                              (3)

2 2 2
1

2
bgh E

H O H O
 

                                ΔG = + 237 kJ mol-1                       (4) 

e h heat                                                                              (5) 

In theory, water splitting will occur if the conduction band potential is more negative than 

reduction potential of proton Eo (H+/H2) (0.0 V versus NHE) and valence band potential is 

more positive than the oxidation potential of water Eo (O2/H2O) (1.23 V versus NHE). Band 

edge position can theoretically be determined using following equations at the point of zero 

charge (pHzpc) [63, 64].   

1
2

e

CB gE E E                                                                                            (6) 

EVB = ECB + Eg                                                                                                                                                                 (7) 

 

Where ECB and EVB are the conduction band and valence band edge potential respectively, χ is 

the electronegativity of the semiconductor, expressed as the geometric mean of the absolute 

electronegativity of the constituent atoms, which is defined as the arithmetic mean of the 

atomic electron affinity and the first ionization energy. Ee is the energy of free electrons on 

the hydrogen scale ca. 4.5 eV. Eg is the band gap of the semiconductor [65]. A schematic 

diagram of this process is shown in (fig.1.1). Band positions of some famous semiconductors 

are shown in (fig. 1.2).  
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Figure 1.1: Schematic representation of hydrogen production mechanism from water 

splitting over semiconductor surface. 

 

Figure 1.2: Calculated energy positions of conduction band edges and valence band edges at 

pH=0 for some selected semiconductors, modified from the references [66, 67]. 

1.1.2 Realistic considerations 

From a thermodynamic point of view, any semiconductor that satisfies the above-mentioned 

requirements can be used for water splitting. However, under realistic conditions other 
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considerations including surface area, absorption coefficient, chemical stability, 

photo˗corrosion, overpotential, electron-hole pair recombination rate and their mobility also 

become important [68]. The reaction rate depends on how efficiently electrons and holes 

move to the surface of the catalyst and are subsequently transferred to the reactants at the 

surface before they recombine [45, 69, 70]. Thus, suitable surface and bulk properties are 

required for effective photocatalysis [71].  

1.2 Drawbacks of semiconductor photocatalysts for hydrogen 

production  
Albeit the photocatalytic activity of various semiconductors can be increased by optimizing 

the crystal structure and chemical and physical properties, but semiconductor photocatalysts 

still have some serious drawbacks for photocatalytic hydrogen production from water 

splitting. These can be (i) a large overpotential for H2 evolution over semiconductor surface 

alone [72] (ii) very high recombination rate of photogenerated charge carriers before 

migrating to the surface to take part in photoreactions. Time-resolved spectroscopy results 

have revealed that ~ 90% of photogenerated charge carriers recombine after excitation in 

TiO2 [73] (iii) the rapid thermal back recombination reaction of H2 and O2 to produce H2O 

[74]. The splitting of water into H2 and O2 is an uphill energy demanding process, so the 

backward reaction is highly favourable (iv) the inability to make use of visible light by many 

wide band gap semiconductors. The band gap of most studied semiconductor TiO2 is about 

3.2 eV which makes it to excite in UV light only and sunlight comprises only ca. 4–5% of 

UV light.  

1.3 Strategies to overcome the drawbacks of semiconductor 

photocatalyts for hydrogen production   
Many efforts have been devoted to enhance photocatalytic activity of semiconductor 

photocatalysts for water splitting. Surface modifications (loading) seem preferable to bulk 

modifications (doping), since the doping may act as recombination centers in the crystalline 

structure, which results a decrease in photocatalytic activity. Most effective strategies 

include; noble metal loading, addition of sacrificial reagents as electron donor and 

heterogeneous coupling of semiconductors with suitable band positions to reduce e-/h+ 

recombination. Dye sensitization and cation/anion doping are also among the widely studied 

approaches in wide band gap semiconductors to extend their photoresponse in visible light, as 

for TiO2 but their effectiveness is limited due to photo-leaching of the dye or much reduced 
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electron hole separation in the presence of doped species. Loading of stable transition metals 

on semiconductor materials and addition of sacrificial electron donors are two most widely 

used strategy to overcome charge carriers recombination.  

1.3.1 Metal loading  
The surface deposited metal islands reduce the e-/h+ recombination process by quenching the 

electrons from the semiconductor conduction band [75] and are usually very stable even 

under photoirradiation in an aerated atmosphere [76-82]. It has been proposed that there is an 

optimum loading concentration (less than 4 wt. %), above which the observed photocatalytic 

activity decreases [83]. Larger amount of metal leads to a drastic decrease on the 

photocatalytic activity which may have a contribution from metal shadowing effects to 

reduce the light absorption by the semiconductor and possibility that metal loading above the 

optimum value may cause the metal deposits to behave as recombination sites due to an 

excessive negative charge accumulation, which can attract positive holes [84, 85]. There are 

two basic mechanisms by which metals increase the photocatalytic activity of semiconductor 

photocatalysts.  

1.3.1.1 Schottky barrier formation mechanism 

The semiconductor-metal system represents a good example illustrating space charge layers, 

band bending, and the formation of a Schottky barrier as shown in fig. 1.3. The highly 

improved separation of photogenerated charge carriers is achieved in metal-semiconductor 

composites by the formation of rectifying Schottky barrier at the interface due to energy 

difference between the conduction band of semiconductor and work function of the metal 

[86-90].   

H = WM – (WSC +EF-ECB)       (8) 

Wsc +EF-ECB = qχ                      (9) 

 H = WM – qχ[91]                      (10) 

Where H, WM, WSC, ECB, EF, and qχ represent the barrier height, metal work function, 

semiconductor work function, fermi level energy, conduction band energy and electron 

affinity. Deposition of Ni, Cu, Ag, Pd, Pt or Au on semiconductor creates  rectifying Schottky 

junctions, the formation of which is highly beneficial for hydrogen evolution as the fermi 

level (EF) for each metal lies between the bottom of the TiO2, CdS and g-C3N4  conduction 

band and the H2O/H2 redox couple (for 5 nm Au nanoparticles on TiO2, EF = -0.27 V) [38]. 

The schottky barriers with different heights are formed depending on the nature of metal 
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loading [70, 92-97]. This barrier only allows the one way traffic of electrons from bulk of 

semiconductor to metal until their Fermi levels (EFs) are aligned, a thermodynamic 

equilibrium is reached. When the photocatalyst is further exposed to light source, the 

photogenerated electrons can cause a shift of the EF of semiconductor to form a new quasi-

fermi level (EF*) [98]. At the same time, the previously formed thermodynamic equilibrium 

state is destroyed and consequently the electrons continuously migrate from the 

semiconductor to metal. By transfer of electron from semiconductor to metal the fermi level 

of metal semiconductor composites shifts to more negative potential depending on the size 

and nature of the nanoparticles [99-101]. Small size metal particles are more effective in 

upward shifting of fermi level [102]. Subramanian and co-workers observed a 60 mV shift in 

flat band potential in 3 nm diameter gold particles as compared to 20 mV shift in 8 nm Au 

nanoparticles [102]. A shift of 100 mV has been reported for 2 nm Au nanoparticles [103].   

Jakob and co-workers observed a 20 mV shift in the fermi level of TiO2 for 5 nm Au particles 

[104]. Since the energy levels in the smaller metal nanoparticles are discrete, a greater shift in 

the energy levels for accumulated electrons in metal nanoparticles is expected. Such a shift in 

the fermi level enhances the efficiency of interfacial electron transfer to adsorbed species on 

the catalyst surface and causes a large build up in the capacitance of the Helmholtz layer and 

the diffuse double layer. The excess electron density remains mainly on the metal islands 

because the Helmholtz capacitance of the metal-solution interface is much higher than the 

space charge capacity of the metal semiconductor nanoparticles interface, even under 

accumulation contact [105]. Hence, one can expect the metal fermi level to shift close to the 

bottom of the semiconductor conduction band [102, 104]. Thus the reduction of H+ ions to H2 

is easier over the metal surface and more efficient than over bare semiconductor surface    

[99, 106, 107]. The position of the fermi level that lies between the valance and conduction 

bands is dependent on the electron accumulation within the semiconductor particles. The 

C60/C60
- redox couple is a convenient probe for determining the Fermi level of semiconductor 

particles [104]. S. Vaidyanathan and co-workers probed the C60
- formation during the one 

electron transfer from UV-excited TiO2 to C60 [108]. The work functions of the metals Pt, Pd, 

Au, Rh, Cu, and Ag are, 5.64, 5.12, 5.1, 4.98, 4.65, and 4.26 eV, respectively. The 

photocatalytic activities may be in accordance with the order of work function of metal used. 

It is found that Au, Pd and Pt are very active for the photocatalytic H2 production when 

present over semiconductor surface which may be related to greater Schottky barrier height 

formed due to higher work functions [91, 109, 110]. These studies also elucidate the indirect 

role of metals in improving the charge separation as well as promoting the interfacial charge 
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transfer kinetics in semiconductor photocatalysis. The exact role of the metal is still under 

debate. Very recently, Joo and co-workers presented an alternative role of metal as atomic 

hydrogen recombination site rather than as an electron transfer site to proton from the 

semiconductor conduction band [111]. They presented a new model where the reduction of 

protons takes place by the transfer of excited electrons directly from the conduction band of 

the semiconductor and atomic hydrogen then moves to the metal and recombines to produce 

molecular hydrogen.  

 

 

Figure 1.3: (Top) Charge distribution between TiO2-metal nanoparticles leading to 

equilibration with the C60/C60
- redox couple, before and after UV irradiation, reproduced from 

ref. [102]. (Bottom) Mechanism of photocatalytic hydrogen generation over M/SC 

photocatalysts as a consequence of photogenerated e-/h+ pair and efficient charge separation 

induced by the Schottky barrier formation at the interface between metal nanoparticles with 

large work function and n-type semiconductors, modified from ref.  [112, 113] 

1.3.1.2 Surface plasmon mechanism 

Surface plasmon resonance (SPR) can be described as the collective excitation of valence 

electrons of metals oscillating against the restoring force of positive nuclei when the 

frequency of impinging photons matches the natural frequency of these electrons. The 

resonant photon wavelength is different for different metals [114, 115].  These are few metals 
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which show resonance in the visible region; Au, Pd, Cu, Pt, and Ag.  Among these Au and 

Ag are mostly studied as strong plasmonic metals in this regard [116, 117] while Pd and Pt 

show very weak surface plasmon effects. Cu is also a good SPR metal but it is not stable 

because of the  formation of surface oxides [118]. Surface plasmon effect is shown by metals 

only in their zero oxidation states [7, 119].  The position of SPR absorption of metal 

nanoparticles depends on particle size, shape and the medium surrounding them [120, 121]. It 

is reported that unsupported Au metal nanoparticles of particular size show a linear red shift 

in SPR with increasing solvent polarity [122]. The reported refractive indices for TiO2 

polymorphs anatase and rutile are 2.49 and 2.61, respectively [123]. A 40 nm higher SPR is 

reported in Au/rutile SPR than that of Au/anatase at the same Au nanoparticle size [124, 

125]. Very recently Chin and co-workers studied that SPR maxima is affected by Au particle 

size, shape, bonding interaction and refractive index of the support [126]. SPR can enhance 

the concentration of charge carriers in the metal-semiconductor system and therefore the rates 

of photocatalytic reactions occurring on the surface by two mechanisms. (i) SPR-mediated 

electron injection mechanism also called hot electron injection mechanism from metal to 

semiconductor (M→SC) occurs when plasmonic metal nanoparticles and semiconductor are 

in direct contact with each other [76, 127-133]. This mechanism is analogous to dye 

sensitization. Plasmonic metals are characterized by an excellent mobility of charge carriers 

and have almost 105 times greater cross-sectional area than typical dye-sensitizer molecules. 

Furthermore, the ability to tune the resonance wavelength by changing the size or shape of 

metal nanoparticles allows for the possibility of exploitation of entire solar spectrum. (ii) 

Near field electromagnetic mechanism also called energy transfer mechanism is observed 

when plasmonic metal are large enough (larger than ~50 nm in diameter) in size to generate 

the effective local electric field [117, 134, 135]. Electric field induced by photo-excited metal 

plasmonic nanostructures is few orders of magnitude higher than the field of photons used to 

photo-excite the nanostructure. These fields are spatially non-homogenous, with the highest 

intensity at the surface of the nanostructure and decreasing exponentially with distance from 

the surface within ~20–30 nm and linearly further away. As a result of this the rate of 

electron–hole formation near semiconductor surface increases by a few orders of magnitude.  

The hot electron injection mechanism is highly operating in the wide band gap 

semiconductors; for example TiO2 (Ebg=3.2 eV) which are enable to make use of visible 

light. Whereas, the energy transfer mechanism is operating in small band gap semiconductors 

such as CdS (Ebg=2.6 eV) in which local field generated by plasmonic nanoparticles excite 

electrons from valence to conduction band due to small band gap energy. 
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Figure 1.4: (a) Mechanism of plasmon-induced charge transfer from metal to semiconductor, 

I, II and III are the electronic transitions from metal to proton, reproduced from ref. [61] (b) 

Proposed photocatalytic process for efficient hydrogen generation based on near field  LSPR 

under visible-light irradiation, modified from ref. [136] 

1.3.2 Addition of sacrificial reagents  

Many studies have concluded that the rate of hydrogen production from water is extremely 

slow due to a high recombination rate of photogenerated charge carriers and rapid reverse 

reaction. Sacrificial reagents are employed to consume one type of charge carriers at a 

relatively much higher rate as compared to water and leave the others to react with H2O. 

Sacrificial reagents can be divided into two groups based on their electron acceptance and 

donation abilities. Electron acceptors consume conduction band electrons whereas electron 

donors consume the valence band holes of semiconductors thus increasing the lifetime of the 

electrons and holes available to drive water splitting reactions on the catalyst surface         

(fig. 1.5 ) [137, 138]. Electron acceptors such as Ag+, Fe3+, and Ce4+  are used to improve the 

O2 evolution rate  from the oxidation reaction of water on the catalyst surface [139]. Electron 

donors such as methanol, ethanol, triethanol amine, lactic acid, CN-, EDTA, [140-144] Na2S, 

Na2SO3, [145] S2-/SO3
2- [146], Ce4+/Ce3+ [147] and IO-3/I- [148-150] and some biomass-

derived carbohydrates [151, 152] are used for hydrogen production from water reduction. 

Ag+
 and Fe3+ are generally preferred as electron scavengers during water oxidation due to 

their suitable redox potentials. The redox potentials of these are Ag+/Ag (0.779 V vs NHE) 

[153, 154] and (Fe3+/Fe2+ 0.77 V vs NHE) [139, 155] respectively. Fe3+/Fe2+ [156] and IO3
-/I- 

[157] are used as electron transport couples in Z-scheme for overall water splitting into 

a) b) 



11 
 

hydrogen and oxygen. Alcohols are generally preferred for water reduction reaction due to 

various reasons and will be discussed in detail later. 

 

Figure 1.5: Role of electron donors and acceptors for H2 and O2 production over TiO2. 

It is worth to mention that some of the common sacrificial reagents have the ability to react 

with H2O at wavelengths λ < 300 nm, even without the presence of photocatalysts. For 

example, Na2S and Na2SO3 as electron donors (EDs) reduce H+ to H2[158, 159] and Fe3+ as 

an electron scavenger (ES) oxidizes H2O to O2 [160]. Liu and co-workers discovered the 

water reduction order with different electron donors in the absence of photocatalyst under 

light (λ < 300 nm) as Na2S > Na2SO3 > EDTA-Na > CH3OH > KI [161]. They also 

concluded that for photoreactions with and without photocatalyst, CH3OH was good choice 

for water reduction and Fe(NO3)3 was the best choice for water oxidation. Sun and co-

workers observed a considerable decrease in photochemical hydrogen production (634 to 23 

μmol h-1) when irradiated with light less than 300 nm wavelength from ethanol water system 

by decreasing the temperature of reaction mixture from 70 to 30 oC [162]. So, it is advisable 

that in order to evaluate total hydrogen production over photocatalyst under high intensity 

UV light, the effect of reaction temperature on photochemical hydrogen production by 

sacrificial reagents must be considered.  

The effect of sacrificial reagent concentration on the hydrogen production rate has been 

widely studied. Some researchers demonstrated that the hydrogen production rate is varied as 

a function of sacrificial reagent concentration following a Langmuir-type isotherm resulting 

from active sites saturation in the presence of limited quantity of photocatalysts [55, 163-

165]. Some other researchers explained that an excess methanol concentration beyond its 

optimum level might block the adsorption of hydronium cations at surface active sites [165]. 

Different sacrificial reagents have different mechanisms of hydrogen production. Some 

sacrificial electron donors react directly with holes while others react with different oxidizing 

species formed on the semiconductor surface such as °OH, H2O2,  ̅°O2 [166, 167]. 
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1.3.2.1 Alcohols as sacrificial reagents  

The addition of alcohols as sacrificial agents such as methanol, ethanol, ethylene glycol or 

glycerol with oxidation potentials lower than water suppresses electron hole pair 

recombination. Chen and coworkers studied the hydrogen production over Au/TiO2 system 

using different alcohols and found the rate in decreasing order as glycerol>ethylene glycol> 

methanol>ethanol [126]. This rate was directly related to number of α-H atoms and OH 

groups. The importance of α-H adjacent to the OH groups is also previously identified as 

being important for achieving high rates of H2 production in the Pd/TiO2 system [168]. In 

aqueous media, the photoreaction will proceed via the formation of alpha hydroxyl radicals, 

which have been identified previously on TiO2 by EPR [169, 170]. 

RCH2–OH + h+ (VB)         RCH°–OH + H+                                                                 (11) 

R2CH–OH + h+ (VB)         R2C°–OH + H+                                                             (12) 

From the above mechanism it is clear that why α-H is necessary to achieve high rates of 

hydrogen production. Considering the physical adsorption of alpha hydroxyl radicals and 

alcohols over the semiconductor surface, the interaction of lone pairs on OH of alcohols with 

unoccupied Ti 3d states is crucial. This explains the dependence of hydrogen production rates 

on the number of OH groups and further illustrates the probable relationship between the 

hydrogen production rates and alcohol polarity. The hydrogen production is also favoured on 

alcohols with lesser oxidation potential. The above order can also be correlated with the 

oxidation potentials of methanol, ethanol, ethylene glycol and glycerol 0.016, 0.084, 0.009 

and 0.004 V versus NHE, respectively. The oxidation potentials of all these alcohols are 

significantly lower than the oxidation potential of water (1.23 V versus NHE). Hence, during 

photocatalysis in alcohol water systems, the alcohols will be preferentially oxidised, though 

water will also be oxidised through direct water splitting and alcohol photo-reforming. 

Greater the potential gap between valence band holes and alcohols, greater will be the 

hydrogen production rates. Glycerol and glycol have the lowest oxidation potential which 

makes them best sacrificial hole scavengers [126].  
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1.4 Hydrogen production over TiO2 based photocatalysts  

Transition metal oxide semiconductor nanomaterials are of great practical importance due to 

their stability, low cost, low toxicity, and useful photophysical properties [54, 171]. With the 

ability to excite electrons to the conduction band or to generate holes in the valence band, 

metal oxide nanomaterials can be used to perform photocatalytic reactions, such as 

degradation of organic pollutants [172, 173] or production of solar fuels like hydrogen [174, 

175]. A wide range of semiconductor materials have been investigated in relation to solar H2 

production from water or biofuels, including oxides, sulphides, nitrides and oxynitrides [39, 

176]. TiO2 is the most promising of the entire semiconductor photocatalysts reported to date 

in satisfying the basic criteria for solar H2 production. TiO2 exists in three main polymorphic 

forms, all of which have electronic band gaps in the near UV region. The band gap energy of 

TiO2 depends on its polymorph with the values of 3.0, 3.2 and 3.3 eV for rutile, anatase and 

brookite, respectively [177-179]. The conduction band edges of the three polymorphs has 

been a focus of recent research, with the values of -0.7, -0.5 and -0.6 eV versus NHE, 

respectively, being commonly reported [180, 181]. TiO2 fulfills all the basic requirements  for 

water splitting i.e. (i) high stability against photo-corrosion; (ii) the top of the valence band 

(+2.7 V vs. NHE for anatase) is more positive than the O2/H2O redox couple (+1.23 V vs. 

NHE) and the bottom of the conduction band (-0.5 V vs. NHE for anatase) is more negative 

than the H2O/H2 redox couple (0.0 V vs. NHE) [182] (iii) an appropriate electronic band gap 

(Ebg) to allow solar excitation and (iv) a sufficient photogenerated charge carriers lifetimes to 

allow key surface redox reactions occurring on microsecond timescales [183].  TiO2 satisfies 

the above criteria for water splitting but it usually gives very low activity for hydrogen 

production owing to rapid recombination rates of photogenerated charge carriers and a very 

high overpotential for H2 production on TiO2 surface. These drawbacks can be overcome to 

some extent by adding sacrificial reagents and depositing high work function noble metals 

[184-188] or suitable selection of TiO2 support morphology [189, 190]. All these factors 

enhance the charge separation and increase charge carriers lives in TiO2. The valence band of 

TiO2 is mainly composed of oxygen 2p orbitals hybridized with titanium 3d orbitals, while 

the conduction band is mainly composed of 3d orbitals of titanium as shown in (fig.1.6) 

[191]. When TiO2 is irradiated with light of suitable wavelength, the valence electrons are  

promoted to the 3d state and because of dissimilar parity the transition probability of e– to the 

valence band decreases leading to reduction in the probability of e–/h+ recombination [192]. 

This state of semiconductor is called the excited state. After excitation, the electrons and 

holes separate and migrate to the surface of semiconductor particle. At the surface of 
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semiconductor electrons reduces the proton to hydrogen and holes oxidises the water to 

oxygen. 

 

Figure 1.6: The total and projected density of states of TiO2 (rutile) perfect crystal, 

reproduced from ref. [191] 

1.4.1 TiO2 Crystal Structure 

TiO2 belongs to transition metal oxide family and is typically an n-type semiconductor due to 

oxygen deficiencies [193]. There are three commonly known polymorphs of TiO2 found in 

nature; anatase (tetragonal), brookite (orthorhombic) and rutile (tetragonal). In all three 

forms, titanium (Ti4+) atoms are coordinated to six oxygen (O2−) atoms, forming TiO6 

octahedra [194, 195]. In the anatase phase, distortion of the TiO6 octahedron is slightly larger 

compared to rutile phase [72, 196], as depicted in ( fig. 1.7A). In the rutile TiO2 octahedra 

share edges at (001) planes to give a tetragonal structure (fig. 1.7B). This phase is stable at 

most temperatures and pressures up to 60 kbar. In anatase TiO2 octahedra share corner 

(vertices) at (001) planes resulting in a tetragonal structure. Brookite TiO2 belongs to the 

orthorhombic crystal system. Its unit cell is composed of eight formula units of TiO2  and is 

formed by sharing of both edges and corners to give an orthorhombic structure (fig. 1.7C) 

[110, 197]. Brookite is more complicated, has a larger cell volume and is also the least dense 

of the three forms and is not often used for experimental investigations [198]. Cotunnite is 

another phase which exists under high pressure conditions and is one of the hardest materials  

known [199].  
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(A) TiO2 (anatase) bulk (a) and unit cell (b) 

 

(B) TiO2 (rutile) bulk (a) and unit cell (b) 

 

             (C) TiO2 (brookite) bulk (a) and unit cell (b) 

Figure 1.7: Crystalline structures of TiO2, reproduced from ref. [200-203]                

1.4.2 Factors effecting H2 production on TiO2 

The photocatalytic activity of pure TiO2 depends on various parameters, which include the 

average nanocrystallite size, powder morphology, specific surface area, crystallinity, and 

phases involved [204, 205]. As a whole, the photocatalytic activity of TiO2 for hydrogen 

evolution can be substantially improved by proper selection and compromise between these 

parameters [106]. 

1.4.2.1 Role of TiO2 phase, particle size and crystallinity 

The anatase and rutile phases have most often been used as photocatalysts for hydrogen 

production [206]. Fundamental properties like electrical, optical and thermal properties of 

rutile phase are well studied. In contrast, the properties of the anatase form are not well 

understood due to its low temperature stability.  Despite of the commonly used assumption of 

the similarity of their electronic structures, significant differences are well documented in 

electrical, magnetic, and optical properties of anatase and rutile [207-213]. The activity of the 

rutile phase is generally very poor for most reactions [214] while anatase is generally 

considered as the most active [92, 215-222]. Rutile is the most stable TiO2 polymorph, its 

poor photocatalytic activity is due to the fact that it is a direct band gap semiconductor which 
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allows fast electron-hole pair recombination following photoexcitation [223]. Anatase is an 

indirect band gap semiconductor, typically displaying photocatalytic hydrogen production  

activities 1-2 orders of magnitude higher than rutile due to longer charge carrier lifetimes and 

some other factors including suitable band position and band bending [224, 225]. Moreover, 

the photoactivity is also dependent on the kind of photocatalytic reaction on the same phase 

[226]. For example anatase is more active in the photocatalytic decomposition of organic 

compounds [227, 228] because of its higher adsorptive affinity for organic compounds than 

rutile [229, 230]. Rutile phase is more efficient in Ag deposition accompanied by O2 

evolution from water [231]. Some other reports also exist in the literature showing that rutile 

is more active in certain types of photocatalytic reactions [231, 232]. To date, very limited 

data is available about the photocatalytic activity of brookite, due to historical problems in 

synthesizing this polymorph in pure form [233]. Though it has yet to be unequivocally 

confirmed, brookite is considered to be an indirect band gap semiconductor, which is 

consistent with its photocatalytic activity being comparable to anatase in many 

photoreactions. 

Particle size is one of the most important factors to control the phase stability of TiO2 

nanoparticles and hence their availability for photoreactions. Anatase, brookite and rutile 

phases are thermodynamically stable when particle size is <15 nm, 11-35 nm and > 35 nm 

respectively [234-240]. A number of authors have shown that the synthesis of TiO2 

consistently results in anatase nanoparticles, which transform to rutile upon reaching a 

particular size [239, 241, 242]. However, this size range may vary depending upon the 

synthesis method, calcination conditions, surface modifications and doping among others. 

The size range of the anatase to rutile phase transition for hydrothermal samples at 650-800 K 

has been predicted to be in the range of 11.4-17.6 nm. However, anatase nanocrystals are 

often observed over this size depending upon the temperature and surface chemistry [243-

245]. Once the rutile phase is formed, it grows much faster than the anatase phase. Muscat 

and co-workers found that the anatase phase is more stable than the rutile at 0K [237].  

The average distance between the Ti4+ ions in anatase is smaller compared to rutile, which 

makes it thermodynamically less stable. TiO2 normally undergoes an anatase to rutile phase 

transformation in the range from 500–700 °C depending upon heating rate and duration [239, 

241, 242, 246-248]. The anatase to rutile phase transformation most probably occurs by the 

formation of domains of small rutile like clusters instead of bulk rutile phase formation. It has 

been demonstrated that high concentration of rutile nucleation sites for the phase 

transformation of anatase to rutile exists at particle–particle interfaces in comparison to bulk 
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materials [249-252].  EPR studies have shown that intermediate tetrahedral Ti4+ species 

appear at the onset of these sites which disappears on complete transformation (fig 1.8). In 

photocatalytic reduction processes for example reduction of CO to CH4 and CH3OH such 

isolated tetrahedral Ti4+ sites are more active than octahedrally coordinated Ti4+ [253-258]. 

This enhanced activity is related to enhanced charge separation on these sites in 

photocatalytic reactions [259-264]. 

 

Figure 1.8: Anatase to rutile phase transformation and formation of tetrahedral Ti4+ sites, 

reproduced from ref. [265] 

The formation of more active anatase phase, without formation of the rutile phase can be 

achieved by controlling the reaction temperature and solution pH during synthesis [266-268].  

Many studies have indicated that anatase TiO2 with a higher crystallinity and smaller particle 

size provides larger surface area and is favourable for hydrogen production [268-271]. High 

crystallinity is achieved at higher calcination temperature but the calcination process mostly 

leads to particle agglomeration, grain growth, anatase to rutile phase transformation, small 

surface area, which altogether decrease the photocatalytic activity of titania for hydrogen 

production [272]. Maximum photocatalytic activity per unit mass of TiO2 bulk is generally 

observed at a calcination temperature of around 400 °C while maximum activity per unit 

surface area can be obtained at higher temperatures. Anatase to rutile phase transformation 

temperature can be considerably increased by adding certain complexing agents or doping 

with certain anions [273-276]. It has been reported that Pt in metallic form induces anatase to 

rutile phase transformation due to dehydroxylation effect [277]. Hung and co-workers 

concluded that oxidatively treated Pt/TiO2 photocatalyst showed better tendency for hydrogen 

production from water due to greater percentage of anatase phase compared to reductively 

treated photocatalyst [278, 279]. Melián and co-workers  observed a very small amount of 

rutile (4%) at  650 oC in samples prepared by sol gel method [280] whereas, Liu and co-
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workers observed a drastic phase change from anatase to rutile at 650 oC by the presence of 

NiOx nanoparticles [281]. The Lanthanide ions such as Tb, Eu and Sm have been reported not 

only to prohibit the phase transformation from anatase to rutile at high calcination 

temperature but also prevent particles from severe agglomeration [282]. Phase transformation 

from anatase to rutile can also be retarded by the presence of SO4
-2 ions [283]. It is reported 

that sulphate ion doping stabilizes the anatase phase by hindering the crystallite growth and 

maintains the morphology and porosity of the composite. Moreover, sulphate ions exist in   

Ti−O−S in the form of S6+ and easily reduce to S4+ by capturing photoinduced electrons 

[284]. These transferred electrons then facilitate the water reduction process for the formation 

of   H2 gas on its surface (scheme-1.1). 

 

Scheme 1.1: Phase stabilization and water reduction process in sulphate ions doped anatase 

TiO2  

Tao and co-workers recently reported that properly doped Ni and Fe can suppress the particle 

growth of TiO2 [285]. These results were in accordance with some other reports in literature 

[286, 287]. Luo and co-workers performed hydrogen production over chlorine and bromine 

doped mixed phase (30% rutile and 70% anatase) TiO2 prepared by hydrothermal method. It 

was observed that by increasing the amount of HBr in synthesis solution, phase 

transformation occurs as pure anatase, mixed anatase/rutile, pure rutile, mixed rutile/brookite 

and mixed anatase/rutile/brookite. Hydrogen production was attributed to band gap 

narrowing and P25 like synergistic effect due to mixed anatase/rutile phase formation [288]. 

From the above discussion, it can be concluded that a compromise must be made between 

surface area and crystallinity in order to get good yield of hydrogen from water in the 

presence of sacrificial reagents [289]. 

1.4.2.2 Effect of band bending 

Band bending plays an important role for the transportation of photogenerated charge carriers 

in photocatalysts. A contact between a semiconductor and other phases (i.e. liquid, gas, or 

metal) involves formation of a double layer due to redistribution of electric charges. The 
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transfer of the charge carriers between the semiconductor and the contact phase, or the charge 

carriers trapping at surface states at the interface, produces a space charge layer. The 

formation of space charge layers due to the mobility of charge carriers across a 

semiconductor/solution interface for an n-type semiconductor is explained in (fig. 1.9 top). 

Part (a) of fig. 1.9 top shows that semiconductor contains a uniform distribution of charges 

and has a flat band potential in the absence of a space charge layer. The existence of a 

positive charge on the interface (part b) increases the concentration of electrons near the 

surface within the region of the space charge layer. The space charge layer formed is called 

an accumulation layer. The semiconductor will show downwards band bending on going 

toward the surface as a result of decrease of electron potential energy due to the positively 

charged outer layer. When negative charges accumulate at the interface, the electron 

concentration is less than in the interior of the semiconductor (part c). The space charge layer 

formed is a depletion layer and upward band bending occurs on going toward the surface. 

When the depletion of the majority charge carriers extends far into the semiconductor, the 

fermi level can decrease below the intrinsic level, which is half way between the bottom of 

the conduction band and the top of the valence band. The surface region of the semiconductor 

appears to be p-type while the bulk still exhibits n-type behavior. This space charge layer is 

called an inversion layer (part d) [72].  

An upward band-bending exists in TiO2 as it is an n-type semiconductor. This results in in 

diffusion of photoexcited holes towards the surface, demonstrated by photo-induced transient 

charge separation (PITCS) measurements [290, 291]. Moreover, the surface potential barrier 

height (Vs) is known to be inversely proportional to the dielectric constant of the 

semiconductor [290, 292, 293]. The dielectric constants of single-crystal rutile and anatase 

are 173 and 31, respectively [293]. Due to this inherent property anatase possesses additional 

spontaneous surface band bending in deeper regions with a steeper potential in comparison 

with rutile (fig.1.9 bottom) [215, 294, 295]. As a result, many more photoexcited holes near 

the surface can transport quickly (1ps) toward the surface and will be trapped by surface 

states, resulting in higher charge separation efficiency of photon-generated carriers and hence 

the high photocatalytic activity [294]. It is estimated that the total number of holes 

transported to the surface in anatase is 16 times higher than that of rutile [216]. Total number 

of holes transported to the surface can be calculated analytically by procedure described in 

literature [296]. In rutile, however, bulk recombination of electrons and holes prevails such 

that only the holes very close to surface are trapped and transferred to the surface [215]. 
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Figure 1.9: (Top) n-type semiconductor-solution interface, space charge layer formation and 

band bending. (Bottom) Surface band bending of (a) anatase and (b) rutile, modified from ref. 

[215, 294] 

However, in some other studies, larger particle size rutile are reported more active than 

anatase particles for photooxidation of water due to necessary band bending [297] whereas  

anatase particles are unable to form the necessary band bending due to their smaller size [294, 

298]. Apart from its size, donor density is also important to develop the band bending in a 

particle. For example, if the donor density is about 3 x 1017 cm-3, a space charge layer of 100 

nm is necessary to develop a potential drop of 0.3 eV. Differences in photocatalytic activities 

for oxidations of water indicate differences in the kinetic behavior of excess charge carriers 

due to different charge carrier transport properties of the respective lattices as discussed 

above [299]. Recently, transient photoconductance measurements have shown that the 

lifetime of photoexcited carriers are longer in anatase than in rutile, which may explain the 
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higher photocatalytic efficiency of the anatase polymorph [300]. The reason for this may be 

the anatase surface, which is more disordered and has larger variety of energetically non-

equivalent active centers than that of rutile [301]. 

TiO2 flat-band potential are reported to be at -0.16 and 0.04 V vs NHE (pH=0) for anatase 

and rutile TiO2, respectively [293]. Assuming that the flat-band potential is equal to the 

potential of the conduction band edge ECB, then the potential of the valence band edge EVB is 

calculated to be almost constant at 3.04 V vs NHE (pH=0) for both phases. The difference in 

ECB might account for increased photocatalytic activity of anatase phase for hydrogen 

production from water [216, 226]. The conduction band potential of rutile almost equates 

with the NHE potential, whereas anatase is shifted cathodically by about 0.3 eV where 

reduction may takes place relatively easily (fig. 1.9 bottom) [302]. The position of the 

valence band is comparable in both modifications. Therefore, the “driving force” for 

oxidations should be the same. 

1.4.2.3 Role of e-/h+ recombination 

Recombination is the reunion (annihilation) of photogenerated charge carriers which 

generally takes place by adopting three mechanisms; (i) band-to-band recombination, in 

which an electron from the conduction band recombines with valence band hole, (ii) trap-

assisted recombination which occurs when an electron in the CB recombines indirectly with a 

hole in the VB at a “trap” state [303, 304] (Shockley-Read-Hall recombination SRH) and (iii) 

Auger recombination, which occurs when an electron-hole pair recombine in a band-to-band 

transition giving off energy to another electron or hole [305]. The first two mechanisms are 

radiative, while the third is a non-radiative recombination. When any of the above 

recombination occurs, the excited electron reverts to the valence band without reacting with 

adsorbed species [227] non-radiatively or radiatively, dissipating the energy as light or heat 

[26, 306].  

Recombination may occur either on the surface or in the bulk. The bulk recombination can be 

minimized either by increasing the crystallinity or by making very small size semiconductor 

nanoparticles [307, 308]. In case of the nanosized crystals, the ratio of time required by the 

charge carriers to reach the surface and their recombination time can be increased [73, 309, 

310]. The surface recombination of charge carriers can be decreased by an increase of their 

survival time on the surface [311-315]. The charge carriers survival time on the surface can 

be prolonged by many methods such as noble metal loading [50, 316-318], heterojunction 

coupling [319-321], metal ion doping [83], carbon and non-metal doping [322], dye 
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sensitization [323], and also addition of sacrificial reagents [324, 325]. The principal methods 

of inhibiting the CB electron and VB hole recombination are deemed to be through the 

loading of metal co-catalysts onto the surface of the TiO2 and the addition of sacrificial 

reagents to the reaction system respectively [326]. Water splitting ability of TiO2 remains 

limited due to very small fraction and survival time of  photogenerated charge carriers on the 

surface as a result of high recombination rate [327, 328]. Anatase exhibits higher 

photocatalytic activity in comparison to rutile due to its 10-fold greater rate of hole trapping 

[225] and its smaller size as compared to thermodynamically stable rutile phase [236, 329]. It 

is also reported that recombination is slower in indirect band gap semiconductor (anatase) 

than direct band gap semiconductor (rutile) [330]. Recombination of photogenerated charge 

carriers also strongly depends upon the intensity of excitation radiations. At low excitation 

energy (electronic excitations), a small population of photogenerated charge carriers is 

produced near the surface which follow the first order recombination of electron hole pair. In 

the near surface region of the TiO2 crystal the photogenerated charge carriers are quickly 

captured by the SRH mechanism due to the existence of a large number of surface defects, 

such as step edges, oxygen vacancies, line defects, impurities, and Ti interstitials. In addition, 

the surface Ti and O atoms may also be carrier traps due to the unsaturated coordination 

caused by the broken symmetry in the surface. On the other hand, at high charge carrier 

concentration followed by high intensity incident radiations (UV photon excitations), electron 

and holes follow a second-order band to band recombination kinetics in the bulk due to the 

presence of fewer defects [183].  

The photoluminescence (PL) emission spectra of excited photocatalysts have been widely 

used to understand the lifetime of photogenerated electrons and holes since the PL emission 

results from the recombination of free carriers [331]. Recombination of photogenerated 

charge carriers is the major limitation in semiconductor photocatalysis as it reduces the 

overall quantum efficiency [83, 332]. Recombination and trapping of charge carriers 

accompanied by the competition with interfacial charge transfer determine the overall 

quantum efficiency especially for systems where interfacial charge transfer is rate limiting 

step [54, 72, 333-335].  
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Figure 1.10: Schematic electron and photon excitation processes in TiO2 followed by de-

excitation events. In the electron-excitation, the near-surface electrons and holes quickly 

diffuse to the surface traps and recombine there by first-order kinetics. In the photon-

excitation, the bulk electrons and holes will recombine directly in the bulk by second-order 

kinetics. Some of the holes are captured by O2
-  causing O2 desorption for both electron and 

photon excitation, reproduced from ref. [336] 

1.4.2.4 Effect of pH  

The effect of solution pH on photocatalytic hydrogen production process on TiO2 is quite 

complicated. The simplest way to explain is to relate it to the ionization state of the 

photocatalyst surface according to the following reactions [337-339];   

                           At pH  < pH zpc                    2Ti OH H Ti OH                    (13) 

                          At pH > pH zpc             2Ti OH OH Ti O H O            (14)    

Where pH zpc (point of zero charge) is the pH at which the net surface charge on 

semiconductor surface is zero. The point of zero charge of the TiO2 is approximately equal to 

a pH from 5.8 to 6.0 [340, 341]. Therefore, at a pH < pH zpc, the TiO2 surface is positively 

charged and an electrostatic repulsion between the positively charged surface of the TiO2 and 

the H+ present in the solution retards the adsorption of the hydrogen cations on TiO2 surface. 

Whereas at a pH > pH zpc, the TiO2 surface is negatively charged and electrostatic repulsion 

between the negatively charged surface of the photocatalyst and sacrificial electron donors 

prevents their adsorption on the surface of TiO2 as to scavenge the holes. Thus for favourable 

hydrogen production activity on a semiconductor optimum initial solution pH must be close 

to its point of zero charge [165]. Fujita and co-workers recently proposed that at pH value of 

6.6 the surface of NiO/TiO2 was covered with maximum hydroxyl groups which promote the 
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adsorption of alcohols sacrificial reagents on catalyst surface through hydrogen bonding 

[342].  In case of metal loaded TiO2, the oxidation state of metal can also be affected by the 

system pH which ultimately effects the hydrogen production. Wu and co-workers observed 

detrimental effect of acidic pH for hydrogen production over Cu1+ loaded TiO2 where  Cu1+ 

species was found unstable in acidic medium and vice versa [343]. 

1.4.3 H2 production on mixed phase TiO2 

Photocatalysts having both anatase and rutile phases show relatively high hydrogen 

production activity due to synergistic effects between large proportion of anatase phase and 

low proportion of rutile phase [289]. This combination has been proposed to take advantage 

of the suitable band positions of both phases by decreasing the recombination rate of 

photogenerated charge carriers by carrier transfer from one phase to the other [344-348]. 

However, the mechanism has never been clarified [349]. The most widely used form of TiO2 

(P25) consists of a mixed phase of anatase and rutile in ca. 4:1 ratio. It has a surface area of 

ca. 50 ±15 m2 g-1 [350] and is one of the best photocatalysts for water splitting among 

currently available commercial TiO2 photocatalysts. Only a small number of routine lab-

synthesized TiO2 catalysts show per unit surface area activity higher than that of Degussa P25 

[189, 351, 352]. There have been various attempts to explain the increased activity of P25. 

These include increased electron-hole separation due the transfer of electrons from anatase to 

a low energy rutile conduction band or electron trapping sites (fig. 1.11a) [261, 353-362]. 

However data supporting these models was inadequate and the phenomenon was not fully 

illustrated. Hurum and co-workers presented a thermodynamically allowed model by electron 

paramagnetic resonance (EPR) studies in which photogenerated electrons actually migrate 

from rutile to lower energy anatase trapping sites which are 0.8 eV lower than anatase 

conduction bands (fig. 1.11b) [261, 264, 363, 364]. Hurum further attributed this high activity 

to a synergistic effect in which the rutile phase extends the photoresponse into the visible 

light and proton reduction is taking place at anatase due to suitable conduction band potential 

[261]. It is necessary to note that this effect does not necessarily involve either sensitization 

or energy transfer (antenna effect) [261] as electron-hole pairs are produced in both phases. 

This mechanism has been supported by many other authors [365, 366]. It must be noted that 

intimate contact between anatase and rutile crystals is crucial for interparticle charge transfer 

where the synergistic effect is not observed in physically mixed phases [261, 351, 353, 366]. 

It has recently been shown that the creation of a surface-phase junction between anatase and 

rutile could improve the intrinsic photocatalytic H2 evolution over TiO2 [367]. 
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Figure 1.11: (a) Electron transfer from anatase to low energy rutile trapping sites and (b) 

electron transfer from rutile to low energy anatase trapping sites, modified from ref. [261]  

1.4.4 Strategies to overcome drawbacks for hydrogen production over TiO2  
TiO2 satisfies most of the criteria for water splitting but it usually gives very low activity for 

hydrogen production owing to rapid recombination rates of photogenerated charge carriers 

and a very high overpotential for H2 production on the TiO2 surface. These drawbacks can be 

overcome to some extent by adding sacrificial reagents and depositing high work function 

metal cocatalysts. The work functions of the noble metals Pt, Pd, Au, Rh, Cu, and Ag are, 

5.64, 5.12, 5.1, 4.98, 4.65, and 4.26 eV, respectively, and are larger than that of TiO2 (4.2 eV) 

[91, 109, 110]. Deposition of noble metals Pd, Pt, Au or Ag  on TiO2 creates rectifying 

Schottky barriers [186, 368, 369], the formation of which is highly beneficial for hydrogen 

evolution as the fermi level (EF) for each metal sits between the bottom of the TiO2 

conduction band and the H2O/H2 redox couple (for 5 nm Au nanoparticles on TiO2, EF =        

-0.27 V) [38]. The photo-excited electrons in the conduction band of TiO2 thus migrate to the 

supported metal nanoparticles, thereby suppressing electron hole pair recombination, whilst 

the metal nanoparticles themselves function as cathodic sites for H2 evolution [370]. Recent 

studies of noble metal deposited TiO2 have reported H2 production rates as high as 30–40 

mmol g-1 h-1 in alcohol water systems under realistic solar UV fluxes [188, 371], highlighting 

the potential of TiO2-based photocatalysts for future H2 production.  However, noble metals 

are expensive with low natural abundance; hence they are not especially practical for the 

design and development of industrial photocatalysts for hydrogen production. The 

identification of alternative low cost co-catalysts that enhance the photocatalytic activity of 

TiO2 for hydrogen production is a priority. Cu/TiO2 and Ni/TiO2 systems are particularly 

promising in this regard and represent cost-effective and efficient photocatalysts systems for 

solar hydrogen production [50, 372-375]. A lot of research reports exist in literature which 
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describe hydrogen production over Cu and Ni nanoparticles loaded TiO2 photocatalysts [50, 

373, 375-377].  

1.4.5 Cu/CuxO /TiO2: A Step towards non-noble metal approach 

Recently Cu/CuxO/TiO2 nano-composites have attracted much attention in photocatalysis. 

Cubic Cu2O (Ebg=2.1 eV) and the monoclinic CuO (Ebg=1.2 eV) for bulk CuO have broad 

perspectives for attractive utilization as active components in photocatalysts. The CuO 

nanoparticles appear to develop preferentially on the TiO2 anatase particles [378]. It is 

proposed that Cu2+ occupies octahedral sites in anatase (001) planes up to a dispersion 

capacity of 6.98 nm-2, with oxygen ions sitting on top of Cu2+ cations for charge 

compensation [379]. Cu2O is one of the few p-type direct band gap semiconductors which are 

inexpensive, nontoxic and readily available [85, 184, 380-385]. The coupling of Cu2O with 

TiO2 not only enhances the photocatalytic activity of TiO2 but also extends the optical 

response from the UV to the visible range [386-388]. It is reported that Cu2O is highly 

unstable and readily oxidized to metallic Cu under illumination during the photoreactions and 

an overall oxidation state oscillates between 0 and +1 for maximum hydrogen generation 

activity [50, 389]. The redox potential for (Cu2O/Cu) exists within its band gap and thus 

Cu2O is easily reduced to Cu by photoexcited electrons [390], while under the same 

conditions, the redox potential of Cu2O/Cu is higher than CuO/Cu, inferring that electrons 

would preferentially attack Cu2O than CuO. Since the conduction band of Cu2O is more 

negative than the TiO2 conduction band, in Cu2O/TiO2 systems the transfer of excited 

electrons from the conduction band of Cu2O to TiO2 is thermodynamically favorable under 

visible light illumination. Different Cu species Cu, Cu2O and CuO show distinct absorption 

bands in the visible range between 400-800 nm in addition to the strong absorption band of 

TiO2 in the UV range. These visible light absorption bands can be assigned to metallic Cu 

absorption (225-590 nm) [391], electronic transitions in CuO from valance to conduction 

band <730 nm, 3d Cu1+ clusters as well as (Cu–O–Cu)2+ clusters absorbance (400-600 nm) 

[392] and absorbance due to d-d transition of Cu2+ in  crystalline and bulk CuO in octahedral 

symmetry (600-800 nm) [391]. Besides this absorption band, an absorption shoulder located 

at ca. 425 nm is also observed, which can be ascribed to the direct interfacial charge transfer 

(IFCT) from the conduction band (VB) of TiO2 to Cu2+ [393].  

It is well known that oxygen vacancies are formed by the reduction of  Ti4+ cations to Ti3+ 

states by photogenerated electrons in conduction band of TiO2 under UV-visible light 

illumination. These oxygen vacancies can easily be occupied by water molecules under 
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ambient conditions to produce hydroxyl groups (Fig. 1.12) [394]. When hydrated Cu2+ ions in 

ethanol solution are added, the reaction between the hydrated Cu2+ ions with hydroxyl 

radicals of TiO2 support easily occurred as following [395]. 

                                 3 2 3( ) xTi OH Cu NO TiO CuO HNO            (15) 

During the steps of evaporation, drying and calcination, the nanosized CuOx species are 

modified as Cu0, Cu1+ and Cu2+ on the surface of TiO2. Lalitha and co-workers reported that 

Cu2+ and Cu1+ species are formed at calcination temperatures of 350 oC and 450 oC 

respectively on P25 TiO2 surface [376]. Glucose solvothermal method is another method used 

for selective formation of Cu1+ without formation of Cu2+ species on TiO2 surface [396]. Wu 

and co-workers concluded that Cu1+ species are more active in charge transfer and 

photocurrent production while the Cu2+ species inhibit the photocurrent generation and Cu0 

does not affect the activity at low loading concentration. Furthermore when hydrated Cu2+ 

ions in ethanol solution are added then Cu2+ is deposited mainly as Cu1+ species on the TiO2 

surface. Ethanol medium prevents the atmospheric oxygen to form dissolved oxygen which 

refrained the formation of Cu2+ species. On the other hand Bandara and co-workers reported 

that if the deposition of Cu2+ ions is carried out in water solution, formation of Cu2+ species 

are favorable [397].  

 

 

 

 

 

 

 

 

 

 

Figure 1.12: The schematic diagram of TiO2 structure and possible formation of Cu species 

on TiO2 surface, reproduced from ref. [343] 
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1.4.5.1 Cu2O/TiO2, a p-n heterojunction for hydrogen production 

Cu2O is an intrinsic p-type semiconductor with a direct band gap of 2.0–2.2 eV [390, 398].  

Cu2O/TiO2 composites systems having appropriate energy levels with respect to both 

oxidation and reduction of water are reported to produce hydrogen under visible light 

irradiations [399-404]. Cu2O as a p-type semiconductor when combines with a n type 

semiconductor (TiO2) makes a hetero-junction of type II-staggered in Cu2O/TiO2 composites 

(Fig. 1.13) [405, 406]. According to type-II heterojunction band structure, the conduction 

band (CB) and valence band (VB) of coupled p-type semiconductor lie above the conduction 

band (CB) and valence band (VB) of TiO2. When visible light is supplied to this 

nanocomposite, electrons in the conduction band of the p-type semiconductor will be 

thermodynamically transferred to the conduction band of the n-type semiconductor and holes 

remain in the valence band of the p-type semiconductor. The migration of photogenerated 

charge carriers can be promoted by the inner electric field established at the heterojunction 

interfaces also known as space charge regions [407-410]. Consequently, the recombination 

rates of photogenerated charge carriers will be greatly suppressed, resulting into high 

photocatalytic activity [405, 411]. Sinatra and co-workers observed 10 times greater rate of 

hydrogen production over 2% Au-Cu2O/TiO2 than 2% Au-TiO2 from glycerol water mixtures 

due to the synergetic effect of the Cu2O/TiO2 p-n junction and noble metal nanoparticles 

[412]. Cu2O/CdS nanostructures were also reported to have superior photocatalytic hydrogen 

production from water splitting due to type II hetero-junction formed at the Cu2O/CdS 

interfaces [413]. 

 

Figure 1.13:  Energy band position of Cu2O and TiO2 aligned with redox potential of water, 

reproduced from ref. [414] 
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Zhang and co-workers studied that the deposition potential during electrodeposition of Cu2O 

on TiO2 nanotubes array (TNA) has direct effect on the morphology and visible light 

hydrogen production activity of as prepared Cu2O/TiO2 nanotubes array photocatalysts [415]. 

Cu2O electrodeposited at -0.8 V had maximum exposed 111 facets and was found to have 

better photocatalytic activity (42 times) for hydrogen production from water-glycerol 

mixture. Among (110), (111), (200) and (220) planes of cubic Cu2O, 111 face is more 

effective for water splitting due to higher stability. Although there is no clear explanation for 

the stability of Cu2O (111) oriented materials. It has been proposed that oxidation of Cu1+ to 

Cu2+ is hindered on the (111) surface when compared to the other low-index surfaces. Xi and 

co-workers demonstrated that Cu2O/TiO2 photocatalyst prepared by glucose solvothermal 

method generated 16 times greater hydrogen form ethanol-water mixture than P25 under 

visible light due to the reduction of a part of Cu2O to Cu0 and the synergistic effect of Cu2O 

and Cu (fig. 1.14). The photogenerated electrons first transferred to Cu and then to the 

conduction band of TiO2, which enhanced the lifetime of photogenerated charge carriers. As 

a result of this synergistic effect hydrogen evolution rate on Cu2O/Cu/TiO2 was twice as on 

Cu2O/TiO2 [396]. At the same time, the reason why Cu2O has not completely converted to Cu 

was explained as following: 

2 2

hvCu O Cu O h e                         (16) 

2 2 2 2 2Cu O H O e Cu OH               (17) 

2 2

hvTiO TiO h e                            (18) 

22 2H e H                                        (19) 

1Cu h Cu e                                     (20) 

oOH h OH                                     (21) 

2 5

oOH C H OH 
 
Oxidation products              (22) 

In another recent work reduction of Cu1+ to Cu0 was observed in Au/Cu2O-TiO2 systems due 

to redox potentials of Cu1+ within the band gap of TiO2 [416]. Lalitha and co-workers 

reported the highest rate of hydrogen production to date from 5% glycerol water system 

under solar light irradiation over Cu2O/P25 photocatalyst. However, the mechanism of charge 

dynamics was not clear in their study [376].    
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Figure 1.14: The H2-production mechanism of Cu2O/Cu/TiO2 under Xe-lamp irradiation, 

reproduced from ref. [396] 

1.4.5.2 Hydrogen production over CuO/TiO2 ` 

CuO deposited over TiO2 has been found to markedly enhance hydrogen production activity 

as compared to pure TiO2 [53, 328, 397, 402], even sometimes more than noble metal based 

photocatalysts [372]. A considerable negative shift in the fermi level of the CuO by the 

transfer of electrons from TiO2 is responsible to gain the necessary potential for hydrogen 

production on CuO. The conventional impregnation method is frequently used for the 

synthesis of Cu containing TiO2 photocatalyst. It can not only ensure high dispersion of CuO 

on TiO2 support, but also maintain the individual characteristics of CuO and TiO2 without 

lattice trespass. The active sites for the hydrogen production are located at the periphery of 

Cu located over TiO2 [372, 417]. Decrease in hydrogen production rates over Cu/TiO2 

photocatalyst with time is attributed to the adsorption of sacrificial reagents oxidation 

products over photocatalyst active surface and also due to decrease of Cu contents due to 

drop of pH by the formation of CO2. A decrease in Cu content from 9.1 to 8.1 mol% has been 

observed due to Cu leaching at 5.6-4.6 drop in pH. However, catalyst preparation by sol-gel 

method as compared to other methods has been found to decrease deactivation rate due to not 

only distribution of the Cu on the surface but also in the bulk of the sample at molecular level 

[381]. Gombac and co-workers prepared unique design of catalyst by covering the CuOx with 

porous TiO2 using water-in-oil microemulsion method for hydrogen production from organic 

species. The superior activity of this system was due to the combined effect of fine Cu/CuOx 

dispersion and possibility of some Cu incorporation into the TiO2 lattice. Stability tests under 

reducing conditions in the presence of a sacrificial agent indicate that copper leaching was 

marginal. It has been observed that bulk CuO has positive conduction band potential than 

H+/H2 redox couple. However, smaller CuO particles have different electronic band structure 
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and conduction band potential becomes negative compared to H+/H2 redox couple due to 

quantum confinement effect [190, 418, 419].  

 

Figure 1.15: Band gap energies for TiO2, CuO and CuO/TiO2 photocatalysts with respect to 

CuO loading, reproduced from ref. [378] 

We have also explored and thoroughly validated these results in the present study. The 

activity of CuO/TiO2 is reported to be dependent on the nominal CuO loading, with 1.25 

wt.% CuO being optimal (H2 production rate = 20.3 mmol g-1 h-1 in 80:20 EtOH:H2O). At 

this loading, a highly dispersed sub monolayer Cu(II) species on TiO2 surfaces rather than 

supported CuO nanoparticles was proposed as the active site for hydrogen production. The 

fermi level for such adsorbed species is positive with respect to the TiO2 conduction band, 

but negative with respect to the H+/H2 redox couple. For CuO nanoparticles of size ~3-4 nm, 

the band gap is around 2.3-2.6 eV as compared to bulk CuO, Eg ~1.3-1.5 eV. As the CuO 

nanoparticle size increases, the conduction band of CuO becomes positive with respect to 

H+/H2 redox couple, preventing direct transfer of electrons from CuO to H+ and  H2 formation 

is suppressed accordingly. The inactivity of bulk CuO for H2 production can be explained 

using the same rationale (fig. 1.15). These results have also been confirmed by the latest 

research by Jung and co-workers. At an optimum Cu loading of 0.5 wt% the CuOx was 

present as relatively highly dispersed fine nanoclusters. At Cu loadings beyond 0.5 wt% a 

bimodal distribution of CuOx deposits appeared with the prevalence of larger Cu deposits 

increasing with increasing Cu content [420].  
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1.4.5.3 Hydrogen production over Cu(OH)2/TiO2 

The Cu(OH)2/TiO2 systems have recently shown some good results for hydrogen production. 

Yu and co-workers fabricated Cu(OH)2/TiO2 photocatalysts using the deposition precipitation 

by NaOH and reported a hydrogen production rate of 3.4 mmol h-1 g-1  in a 0.09 M ethylene 

glycol solution under UV irradiations. The potential of Cu(OH)2/Cu,  (Cu(OH)2 + 2e = Cu + 

2-OH, Eo = -0.224 V) is slightly lower than the conduction band (-0.26 V) of anatase TiO2 

and higher than the reduction potential of H+ (2H+ + 2e = H2, E
o= 0.000 V), which favours 

the electron transfer from the CB of TiO2 to Cu(OH)2 which causes the reduction of Cu2+ to 

Cuo nanoclusters (fig. 1.16a). These Cuo clusters promote the transfer of photo-generated 

electrons from the conduction band of TiO2 to reduce H+ [65, 331]. The possible reactions 

involved in this process are;  

2( ) 2 2Cu OH e Cu OH              (23) 

22 2Cu e H Cu H                              (24) 

Fig. 1.16b presents the PL spectra for pure titanium nanotubes and Cu(OH)2 loaded 

nanotubes samples which were excited at a wavelength of 260 nm. The weak PL signal 

intensities of Cu(OH)2  loaded TiO2 is clearly due to the quenching of electrons by Cu2+ in 

Cu(OH)2. These results suggest that the Cu loaded TiO2 is a promising future photocatalyst 

for water splitting and many industrial applications [421]. Although all reported hydrogen 

generation rates over Cu-containing TiO2 photocatalysts are still low from an economic and 

practical point, however, they are strong candidates to replace highly expensive Pt and Au co-

catalysts for solar H2 production.  

  

Figure 1.16: (Left) mechanism of hydrogen production over Cu(OH)2 loaded TiO2 (right) (a) 

Photoluminescence spectra, pure TiO2 nanotubes and (b) Cu loaded nanotubes, reproduced 

from ref.[331] 

a) b) 
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1.4.6 Role of metal particles dispersion 

The physical form and degree of dispersion of metal nanoparticles over base material (TiO2) 

are of prime importance. A uniform dispersion of metal nanoparticles facilitates the migration 

of photogenerated charge carriers from semiconductor support to the metal nanoparticles and 

an agglomeration of the metal particles weakens the interaction of M–TiO2 and adversely 

affects the photocatalytic activity [422]. A major breakthrough in depositing highly dispersed 

CuO nanoparticles was achieved by Yoong and co-workers [423]. They used a complex 

precipitation method to deposit CuO nanoparticles over TiO2. Briefly, powder TiO2 was 

dropped into solution of Cu-glycerol complex and the complex was precipitated over TiO2 by 

adding NaOH (0.25 M).  Highly dispersed CuO nanoparticles were deposited by heating the 

obtained powder at 300 oC in air. The metal nanoparticles particles thus obtained were evenly 

dispersed over TiO2 support and did not show any localized metal deposition. Later on, Chen 

and co-workers used the complex precipitation method to deposit highly dispersed monolayer 

of CuO over (P25) TiO2. The synthesized photocatalysts showed very challenging results for 

hydrogen production (20.3 mmol h-1g-1) from 80% ethanol-water mixtures. Very recently, the 

same group deposited NiO at (P25) TiO2 by same method followed by reduction of NiO to 

Nio under H2/N2 flow (10 vol. % H2, 100 mL min-1) at 500 oC for 2 h. A very high rate of 

hydrogen production (24.3 mmol h-1g-1) from 95% ethanol-water was achieved.  This was 

one of the highest rates of hydrogen production reported over Ni supported TiO2 

photocatalysts ever. In both these studies high rates of hydrogen production was achieved due 

to the fine dispersion of metal nanoparticles by the complex precipitation method. If the 

metal particles (Cu and Ni) are deposited over TiO2 directly from their aqueous salts 

solutions then these particles tend to agglomerate in larger metal deposits.    

1.4.7 TiO2 supported MOF-199 derived highly dispersed metal 

nanoparticles  

MOFs have been used as popular host matrix for dispersing metal and semiconductor 

nanoparticles [424-428]. Recently, MOFs have been used in composite photocatalysts for 

hydrogen production from water splitting. Lin and co-workers observed 13.8 times greater 

hydrogen production than CdS over a ternary composite of UiO-66/CdS/rGO from water 

electrolyte mixtures [429]. Wang and co-workers very recently prepared Au@CdS/MIL-101 

high surface area composite for visible light hydrogen production from water electrolyte 

mixtures [430]. Due to high surface area, MOFs can generate well dispersed metal 

nanoparticles and avoid the aggregation of nanoparticles upon calcination. Recently MOF-

199 was used for the synthesis of CuO nanostructures as anode materials for Li-ion batteries 
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[431]. Khan and co-workers synthesized Cu-CuOx nanoparticles over porous carbon by 

treating the MOF-199 at 700-800 oC under inert atmosphere for glucose sensing applications 

[432]. Muller and co-workers synthesized nanosized TiO2 by adsorption of titanium 

isopropoxide in nanoporous MOF-5 [433]. Lin and co-workers recently reported MOF 

templated highly dispersed Fe2O3 nanoparticles over TiO2 for visible light hydrogen 

production. To date, there is no report available on the utilization of such MOF-199 to 

derived CuOx nanostructures over TiO2 for hydrogen production applications. In this study, a 

new, simple, inexpensive and scalable metal-organic framework (MOF-199) templated 

strategy for deposition of Cu-Cu2O nanoparticles over TiO2 is presented. Cu-containing 

nanoscale MOF-199 is coated with TiO2 by solvothermal hydrolysis of TiO2 precursor to 

produce MOF-199-TiO2 composite, followed by calcination of the composite at different 

temperatures to produce highly dispersed Cu nanoparticles over TiO2 for hydrogen 

production from water in the presence of alcohols.  

1.4.8 Hydrogen production over Ni/TiO2  
 It has been recently envisaged that nickel is a good choice in preparing active TiO2 based 

catalysts for hydrogen production as compared with the other transition metal oxides. The 

enhancement in photocatalytic activity regarding Ni containing TiO2 photocatalyst systems 

is, however, more complex. Different mechanisms have been suggested over nickel loaded 

TiO2 depending upon the type of nickel as Ni, NiO or Ni(OH)2. Yu and co-workers deposited 

Ni(OH)2 nanoclusters on TiO2 by a simple precipitation method and observed a hydrogen 

production rate of 3.0 mmol h-1 g-1  in 25 vol.% aqueous methanol under UV excitation [434]. 

Hydrogen evolution was attributed to the more positive redox potential of the Ni2+/Ni couple 

compared to the conduction band of TiO2 which served as active sites for the reduction of H+ 

to H2. It is also postulated in one study that Ni(OH)2 is converted into NiO after a prolonged 

irradiation in the oxidizing environment provided by the reaction mixture [111]. There is 

some controversy in the literature about the valence and conduction band energies of NiO 

[435]. Values in the ranges of -0.3 to -1.0 eV are reported for the conduction band, and 2.4 to 

4.3 eV for the valence band (with respect to SHE) [72]. Comparing the above values for NiO 

it cannot trap photogenerated electron from the conduction band of TiO2 because the 

conduction band of NiO is more negative than TiO2. However, theoretical calculations 

indicate that H:H recombination on NiO(100) is exothermic, with an activation barrier of 

only 40 kJ mol-1 [436]. High hydrogen production rates observed on NiO/TiO2 containing 

catalysts can be rationalized in terms of the ability of NiO to act as adsorbed atomic hydrogen 



35 
 

recombination site after H+ has accepted an electron directly from the conduction band of 

TiO2 [111]. Very recently, Fujita and co-workers reported that the loading of NiO a p-type 

semiconductor over TiO2 n-type conductor produces a p–n heterojunction which generates an 

internal electric field at the NiO/TiO2 interface. This field was proposed to accelerate the 

electron transfer for proton reduction at NiO and thus highly suppressed the recombination of 

photogenerated electrons and holes. A reduction in the band gap energy (Ebg) was also 

observed by NiO loading. This band gap reduction was previously reported due to the 

interaction of NiO clusters with the anatase and rutile TiO2 surfaces through Ni–O–Ti bonds 

and additional Ni–Ti bonds for rutile TiO2 [281]. Such NiO/TiO2 systems have also recently 

shown some very good results for hydrogen production applications [437]. Very recently 

hydrogen production activities of a series of Ni/TiO2 photocatalysts in ethanol-water mixtures 

have been evaluated [438]. The photocatalytic activity of Ni/TiO2 photocatalysts was found 

to be highly dependent on the Ni loading, with 0.5 wt. % loading being optimal affording a 

hydrogen production rate of 24.3 mmol h−1g−1 in 95 vol.% aqueous ethanol under UV flux 

equal to solar light. This high activity of the Ni/TiO2 photocatalyst was attributed to the fermi 

level of Nio which is positive with respect to the conduction band of TiO2, and negative with 

respective to the H2O/H2 redox couple. The high work function of nickel is also advantageous 

in preventing the migration of electrons backward due to excellent Schottky junction formed 

at this interface. In the same work 0.63 wt. % NiO/TiO2 was tested. A long induction period 

observed before a constant hydrogen production rate was obtained reaching about one fourth 

of that Ni/TiO2. This induction period was explained due to in-situ reduction of a fraction of 

NiO by hydrogen produced at the initial stage of the reaction to Ni0. The fermi level of Ni0 is 

below that of the conduction band of TiO2 anatase.  

1.4.9 Hydrogen production over bimetallic Cu-Ni/TiO2 nanoparticles  
Bimetallic heterogeneous catalysts are widely employed in many fields of catalysis, due to 

high performances; increased activity and selectivity to desired products, extended lifetime 

and high resistance to poisoning/coke and deposition/sintering arising from the cooperative 

interactions between the two metals. Bimetallic nanoparticles deposited on TiO2 are expected 

to display altered surface morphologies, electronic and physical properties arising from 

physical and chemical interactions among different atoms and phases [439-444]. It is well 

known that the work function of a given metal decreases by alloying with other metal with a 

lower work function. This suggests that alloying of other metals with Pt would decrease the 

work function of Pt nanoparticles. Pt has the highest work function among noble metals. This 
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may raise the fermi level potential of the metal and promote efficient electron transfer from 

metal nanoparticles to proton. Bimetallic heterogeneous catalysts demonstrate excellent 

performance in many reactions; offer increased activity and selectivity to desired products. 

Bimetallic nanoparticles deposited on TiO2 can create surface electronic states and active 

sites different to those realized in mono-metallic systems, due to synergistic physical and 

chemical interactions amongst the different atoms and phases [439-444]. For example, Pt–

Cu/TiO2 photocatalysts can selectively reduce nitrate to N2 under UV irradiation. In contrast, 

nitrate is converted to ammonia or nitrite over Pt/TiO2 or Cu/TiO2, respectively [445]. 

Similarly, highly selective ammonia synthesis from nitrate can be observed over Pd–Cu/TiO2 

photocatalysts as compared to their monometallic counterparts [446]. In the present study 

hydrogen production over copper and nickel bimetallic hydroxide loaded TiO2 was studied 

and mechanism was discussed in detail for the first time. 

1.4.10 Hydrogen production over Cu-Ni supported TiO2 nanostructures 

(nanotubes and nanoleaves)  
Deeper understanding of the TiO2 support (crystallite size, surface area, TiO2 phase 

composition) role, may allow strategic and stepwise improvements in TiO2 photocatalyst 

design and performance. The effect of the TiO2 support on H2 production rates in alcohol-

water systems has been subject of a number of investigations [130, 180, 332, 447]. TiO2 

nanostructures such as nanorods, nanotubes, nanofibres possess attractive physical and 

chemical properties such as enhanced light absorption from all angles of incidence, one 

dimensional transfer of charge carriers to the surface, good adsorption of the reactant on the 

surface, prevent agglomeration in aqueous suspension, and prevention of  e-/h+ recombination 

[448]. Xu and co-workers recently demonstrated that CuO supported on TiO2 nanotubes 

coated with CuO by adsorption calcination method show 70% higher activity than P25 over 

CuO/TiO2 catalyst for hydrogen production from water-methanol mixture. They attributed 

this very high activity to that 1-D tubular structure resulting into fast electron transfer due to 

reduced grain boundary, large surface area and high dispersion of copper component [190, 

418]. Since the Hoyer discovery of hydrothermal synthesis of nanotubes [449], it has  become 

a popular tool for tailoring TiO2 crystallite size and crystal growth habit, whilst minimizing 

undesirable defects [177, 180, 450, 451]. The hydrothermal synthesis of sodium titanate 

(Na2Ti3O7) nanotubes, followed by acid exchange to give hydrogen titanate (H2Ti3O7) and 

finally calcination of  at 400–700 oC, provides a promising way for fabrication of high 

surface area TiO2 supports for photocatalytic hydrogen production [452]. When TiO2 is 
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treated hydrothermally in highly alkaline solution, it results into the formation of nanotubes 

by the enhanced rupture of Ti-O-Ti bonds in the nanoparticles to form Ti-O-Na and Ti-OH 

lamellar sheets because of the electrostatic repulsion of the charge on sodium [453, 454]. The 

Na2Ti3O7 nanosheets have negatively charged layers of edge sharing TiO6 octahedra, with 

Na+ ions occupying sites between the layers. Finally, the reaction of Ti–O–Na sheets with 

acid would lead to the formation of H2Ti3O7 nanotubes by removing the electrostatic 

repulsion by exchange of Na+ with H+ at room temperature. The hydrogen titanates are 

thermally transformed into anatase nanorods when annealed at temperatures higher than 400 

oC. The detailed mechanism of nanotubes formation by hydrothermal method is given 

elsewhere in literature [455]. This technique can also be applied to prepare a wide range of 

1D TiO2 nanostructures, such as nanotubes, nanofibres, nanowires and nano ribbons, by 

changing the structure or size of starting material, concentration of alkaline solution, 

hydrothermal reaction temperature and time [456-458]. 

Controlling hydrothermal reaction conditions (TiO2/NaOH ratio, hydrothermal temperature 

and time, structure and size of starting materials, filling fraction of autoclave by reaction 

material and calcination temperature of final product) is of prime importance to get specific 

morphology of final product. The formation of titania nanotubes were frequently observed by 

hydrothermally treating TiO2 powder in 5-10M NaOH from 110-150 oC for 48 hours and 

subsequently calcining at 400-600 oC [459-461], beyond 150 oC the formation of  nanofibres 

is observed [462, 463].  Wu and co-workers reported the formation of rutile-anatase 

nanofibres by treating anatase TiO2 at 150 oC in 10 M NaOH for 24 hours and calcining at 

800 oC [464]. The same group synthesized anatase nanofibres by hydrothermal treatment of 

anatase TiO2 in 10 M NaOH at 175 oC for 24 hours followed by calcination at 600 °C  [462]. 

Jitputti and co-worker prepared TiO2 nanowires by hydrothermal treatment of TiO2 (P25) at 

150 oC in 10 M NaOH for 72 h followed by vide range of post heat treatments [220]. D’Elia 

and co-workers under similar condition reported the formation of nanotubes. In these cases 

sizes of staring materials (TiO2/10M NaOH) were markedly different [465]. It is also 

observed that nanotubes formed by hydrothermal method are converted to short nanotubes to 

certain calcination temperature and finally to nanofibres by further increasing the calcination 

temperature due to the dehydration of interlayered OH groups [4, 461].  In the present work, 

we systematically studied the effect of hydrothermal temperature and calcination treatments 

on the final morphology of TiO2 nanostructures. Finally, hydrogen production was performed 

from alcohol water mixture by loading nickel and copper bimetallic hydroxides on TiO2 

nanostructures. 
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1.5 Hydrogen production over CdS based photocatalysts 
The effective use of solar energy is important for the establishment of a sustainable economy. 

Apart from solar energy utilization using photovoltaic technology and direct solar heating, 

one approach of solar energy utilization is the use of sunlight to generate energy carriers such 

as hydrogen from renewable sources (water or water/bio-ethanol mixture where the latter is 

used in small amounts to quench e-h recombination rates) using semiconductor photo-

catalysts [466, 467]. Moreover, ethanol can be synthesized from biomass, e.g., fermentation 

or hydrolyses of celluloses and this is not the case for other fossil fuels [313].  One of the 

important challenges to realize this is the development of photo-catalysts which can absorb 

sunlight and convert these renewables to hydrogen with efficiency that warrant scaling up of 

the process. A range of catalysts from simple binary metal oxides and metal sulfides to more 

complicated catalysts have been developed to achieve this objective [27, 39, 468]. Sulfides 

are attractive visible light driven photocatalysts because of their narrow band gaps with 

valence bands at relatively negative potentials [469-471]. For example, CdS, ZnS, CuInS2- 

AgInS2 solid solutions, etc., have shown good activity for visible light photocatalytic 

hydrogen production in the presence of sacrificial reagents [472-474]. TiO2 [475-481] and 

CdS [482-486] attract special interest in this regard because of the relative simplicity of their 

chemical structure in addition to their stability.  

TiO2 is one of the most stable and active photo-catalysts known, [39, 481, 486, 487] though it 

suffers from the limitation of its light absorption range mostly in the UV region of solar 

spectrum (anatase Eg = 3.2 eV, rutile Eg = 3.0 eV). This leaves ca. 95% of incoming sunlight 

not utilized which limits the theoretical solar to hydrogen efficiency (STH) to around 2 % at 

100% quantum efficiency (QE). On the other hand, CdS has narrower band gap (Eg = 2.4 eV) 

allowing for visible light absorption below 515 nm (20-25% of the solar spectrum) and a flat-

band potential at -0.66 V (pH 7), which satisfy the energy requirements set by the reduction 

potential for H2O with visible light [483, 484].  Moreover, the theoretical STH of CdS is 

around 5-6% at 100% QE. A theoretical STH in the range 5-10 % is required for industrial 

applications depending upon other factors including indigenous resources, sunlight intensity, 

daytime length, labour among others. It can be speculated that CdS has clear advantage over 

TiO2 for its probability for industrial applications based on its theoretical STH. 

1.5.1 CdS crystal phases  
CdS has three types of crystal structures of hexagonal wurtzite, cubic zinc blende, and high-

pressure rock-salt phase. Hydrogen production is only studied on cubic and hexagonal 

phases. It has been recognized early on, that the hexagonal structure is far more active than 
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the cubic one [488] despite the fact that both are direct bandgap semiconductors [489]. The 

hexagonal wurtzite has been intensively investigated because it is the most stable of the three 

phases and can be synthesized easily using various methods [490]. While the hexagonal 

phase has been observed in both the bulk and nanocrystalline CdS, the cubic and the rock-salt 

phases are observed only in nanocrystalline CdS [491]. The phase transformation between 

hexagonal wurtzite and cubic zinc blende involves only a simple change in symmetry, 

whereas the hexagonal wurtzite to high-pressure rock-salt transformation involves not only a 

change in symmetry (hexagonal to cubic), but also a change in the nearest-neighbor atomic 

coordination (from four to six). Therefore, the former phase transformation is often observed. 

In order to understand the structure-property relationships of wurtzite and zinc-blende CdS 

photocatalyst materials, it is necessary to investigate their crystallographic structure in 

details. The wurtzite CdS is belonging to a close-packed hexagonal wurtzite (CPH) structure. 

The zinc-blende CdS has a face-centered cubic (FCC) structure. These two different phases 

possess the same CdS4 tetrahedron as their basic structural units. Each Cd atom is 

coordinated with four surrounding S atoms in a tetrahedral fashion, while four adjacent CdS4 

tetrahedron units are linked together by one S atom correspondingly [492]. 

 

 

Figure 1.17: Schematic diagram of the hexagonal and cubic CdS crystal structures, a and b 

are the ball and stick models of hexagonal and cubic CdS, respectively; c and d are the 

polyhedron models of hexagonal and cubic CdS, respectively, reproduced from ref. [492] 

1.5.2 Role of particles size and annealing temperature on phase transition  
It is generally believed that the cubic phase is metastable and the hexagonal phase is more 

stable thermodynamically. The particle size is one of the important factors affecting the phase 
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transition from cubic zinc blende to hexagonal wurtzite. As the size of CdS nanoparticles 

increases, the equilibrium crystal structure tends to change from the cubic zinc blende type to 

the hexagonal wurtzite type. The critical size induced cubic to hexagonal transformation 

occurs in CdS for a size of <4 nm, indicating that the cubic zinc blende to hexagonal wurtzite 

transition on heating is size-driven caused by grain growth. On the other hand, the annealing 

temperature is also an important factor influencing the phase transition from cubic zinc 

blende to hexagonal wurtzite, which was found to be >300 °C. More thermodynamically 

stable hexagonal CdS is expected to be formed at a high annealing temperature. In previous 

studies, the cubic zinc blende was believed to be either (1) a nonequilibrium (metastable) 

phase that transforms to the stable hexagonal phase on annealing, or (2) an equilibrium phase 

for CdS nanoparticles. It was considered difficult to experimentally distinguish between the 

two models because cubic CdS can exist as stable nanocrystals; meanwhile, annealing cubic 

CdS nanoparticles would result both in coarsening and in thermally induced structural 

relaxation, finally resulting in the phase transformation to hexagonal CdS. This is the reason 

for unavailability of any general synthesis route for obtaining CdS with systematically 

controlled properties, such as particle size, phase structure, and phase composition [493-495]. 

Bao and co-workers introduced a novel and simple cadmium-thiourea complex thermolysis 

route for the formation of CdS nanocrystals with controlled dispersity, crystalline phase, 

composition, average grain size, and band gap [496]. Phase structure and composition of the 

obtained CdS nanocrystals has been optimized either by changing the ratio of thiourea to Cd 

or by changing the annealing temperature. With increasing thiourea/Cd molar ratio from 0.5, 

to 1.5, and then to 4.5, nanocrystals of cubic CdS, a mixture of cubic and hexagonal CdS, and 

hexagonal CdS have been obtained, respectively at wide temperature range of 150-600 °C. 

The phase transition from cubic to hexagonal CdS occurs at temperatures of 150-300 °C, and 

pure hexagonal CdS is formed at annealing temperatures higher than 600 °C.  The CdS 

nanocrystals with the smallest crystalline domain size of about 5.8 nm are of hexagonal CdS 

were prepared by thermolysis of the Cd-thiourea complex with a thiourea/Cd molar ratio of 

4.5 at 150 °C for one day [496]. 

1.5.3 Comparison of photocatalytic activities of hexagonal and cubic CdS 
Although both hexagonal and cubic CdS show almost same visible light absorption capacity 

due to their similar band gaps (2.36 eV for hexagonal CdS and 2.32 eV for cubic CdS), the 

photocatalytic hydrogen generation activity of hexagonal CdS is obviously superior to that of 

cubic CdS [497-499]. Both hexagonal and cubic CdS belong to direct band gap 



41 
 

semiconductors with their conduction band minimum (CBM) and valence band maximum 

(VBM) are located at the same G point. It is crucial to peep into the electronic structures and 

estimate the charge carriers effective masses generated in photocatalysts to have a better 

understanding of the difference of photocatalytic activities of hexagonal and cubic CdS. To 

investigate the difference between the photocatalytic performances of hexagonal CdS and 

cubic CdS, the effects of electronic dipole moment, charge carrier effective mass and internal 

electric field were studied. This investigation provided new insights into the photocatalytic 

activity difference between hexagonal and cubic CdS photocatalysts. In the CdS4 tetrahedron 

units of hexagonal CdS, the calculated Cd‒S bond lengths (2.605 Å) along its [0001] 

direction are slightly longer than the values in other directions (2.601 Å), results into the 

distortion in CdS4 tetrahedron units which causes the electric dipole moments creation along 

[0001] direction and calculated to be 0.04 D. However, such dipole moment is absent in cubic 

structure due to homogeneous Cd‒S bonds (2.602 Å) in CdS4 tetrahedron units in all 

directions. The higher ionic character and electronic dipole moment along [0001] direction 

within hexagonal CdS also result in the formation of internal electric field whereas such 

internal electric field does not exist in cubic CdS due to their homogenous Cd‒S bond lengths 

[500]. It is well known that the presence of such internal electric field within crystal 

structures is beneficial for the efficient photogenerated charge separation and diffusion, 

which ultimately enhances the photocatalytic activity [501]. Therefore, the photogenerated   

e-/h+ pairs can separate more easily in hexagonal CdS. This is one of the important reasons 

why the hexagonal CdS usually has better photocatalytic activity than cubic CdS. Moreover, 

the charge carrier effective masses of hexagonal CdS are calculated to be smaller than those 

of cubic CdS. The smaller effective mass of photogenerated e-/h+ pairs can facilitate their 

mobility, decreases recombination rate and improve photocatalytic activity. Due to the 

presence of internal electric field and smaller effective mass, not surprising, hexagonal CdS 

generally exhibits a higher photocatalytic performances than cubic CdS [492]. 
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Figure 1.18: Schematic diagram of internal electric field formation along [0001] direction 

within hexagonal CdS, reproduced from ref. [492] 

1.5.4 Cocatalysts loading  
In the case of TiO2, photogenerated electrons and holes are more stable in anatase than in 

rutile and thus partially explain the superior photocatalytic activity of the former [300]. There 

is very little data available in the case of pure CdS linking charge carrier life time to 

structural and photocatalytic performances. Although in some cases hexagonal CdS alone 

have been found to exhibit better photocatalytic activity, however in most of studies noble 

metals have been used as cocatalysts to increase the photocatalytic activity considerably 

[332]. In a photocatalytic process, noble metals particle perform a mediating role in storing 

and shuttling of the photogenerated electrons from the semiconductor to an electron acceptor 

(adsorbed H+)   [312, 502]. CdS can either be used in the presence of metals as electron 

accepters  [503] or coupled with other suitable band gap semiconductors to prevent e-/h+ 

recombination [504, 505]. Some photocatalysts fabrication methods, especially core shell 

structures with other stable semiconductors to overcome the inherent photo-corrosion of CdS 

have shown improved CdS based photocatalysts [506]. Several researchers have conducted 

research on CdS modification with other metal sulfides (WS2, MoS2) which has shown 

improved photo-catalytic activities for hydrogen production compared to CdS alone [507, 

508]. CdS nanoparticles are often incorporated within layered metal oxides to suppress 

particle growth and for development of nano-heterojunctions which quickly transfer electrons 

through the nanostructure while the recombination rate is effectively suppressed [469, 509-

511]. CdS/TiO2 nanotubes where the former is incorporated into the latter has been 
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demonstrated to show higher photocatalytic activities as compared to CdS alone [504]. CdS 

(core)-TiO2 (shell) structures were also studied and has been shown to increase seven times 

higher photo-catalytic activity as compared to CdS alone [512-514]. Graphene considered as 

an ideal conductive support for nanoparticles forming hybrid structure with CdS has also 

been shown to enhance five times in photo-catalytic activities [515-517]. CdS has usually 

been coupled with noble metals such as Au, Pt, Pd, Cu, Ni, Rh, and Ru acting as co-catalyst 

[496, 518-520].  Metals are usually deposited on CdS particles by physical mixing with metal 

particles or by photo-deposition. Wang and coworkers reported an increase in hydrogen 

production rate by photodeposition of NiS over CdS/CNTs hybrid composite [521]. In 

another study Ni nanoparticles were photodeposited over CdS nanorods for hydrogen 

production but not all of the metal particles were deposited under prescribed reaction 

conditions [522]. Chen and coworkers observed that the environment of metal 

photodeposition (acidic, neutral or basic) plays an important role in photocatalytic hydrogen 

production activities [523]. It is interesting to note that the reported effects of metal 

deposition methods are very diverse. For example, Reber and Rusek reported that platinized 

CdS (Pt-CdS) obtained by the photodeposition showed an enhanced hydrogen production rate 

of 300 mL/h at 1.5 wt% loading of Pt [485], whereas Serpone and co-workers observed that 

the enhancement of hydrogen production by platinization was almost negligible [524]. 

Although photoplatinization is expected to make a better contact at the Pt/CdS interface than 

physical mixing, the former was reportedly much less effective than the latter for the 

photocatalytic degradation of lactic acid [525]. It has been reported that PtS is deposited on 

the surface of CdS under acidic environment, whereas Pt(OH)2 is deposited under basic 

conditions [526]. These unwanted Pt species usually lower the catalytic performance, and 

thus subsequent heat treatment (>400 oC) is essentially required to convert them to metallic 

Pt (Pt0) [527]. Very recently Di and co-workers observed that photodeposition of amorphous 

cobalt phosphate acting as water oxidation site produced very good results for hydrogen 

production from lactic acid water mixtures [528]. The photocatalytic activity was greatly 

declined by the in situ formation of Co3(PO4)2 acting as charge recombination centre. Choice 

of Au in the present study was to avoid the formation of such species thus minimize as much 

variable as possible to have more control on experiment to draw reasonable conclusions.  

1.5.5 Au/CdS photocatalytic systems  
Au has recently been proved the preferred co-catalyst for hydrogen production from water 

splitting because it is less active for back reaction [529], have suitable work function [109] 
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and is highly resistant to oxidation [85]. The Au nanoparticles act as an excellent electron 

acceptor since Au has fermi energy level at (+0.5 V vs NHE) which is lower than the CdS 

conduction band energy (-1.0 V vs NHE) [530]. Moreover, under visible light irradiation, 

electrons can be transferred from Au particles to the conduction band of the semiconductor 

due to surface plasmon resonance which could be responsible for visible light photocatalytic 

activities [127]. Au can also enhance the activity via plasmon resonance energy transfer 

rather than hot electron transfer which increases the charge carriers separation in 

semiconductors [531]. Moreover, hydrogen production studies over Au-CdS photocatalysts 

are very rare [532]. Hydrogen production is mostly studied over ternary heterojunction 

involving Au and CdS [533-535]. Three component nano-heterojunctions (CdS-Au-TiO2) 

mimicking the natural photosynthesis has also been designed and tested [156, 536]. Au(core) 

and CdS (shell) Au@CdS hetrostructure always provides greater stability to Au/CdS systems 

against self photocorrosion of CdS due to capturing of holes by Au nanoparticles by 

developing Au-S bonds during photoreactions [537]. Hydrogen production over Au@CdS is 

less as compared to Au/CdS systems because in the former case electrons are directly 

transferred through CdS conduction band to reduce H+ rather than through Au nanoparticles 

as in latter case. In Au@CdS systems CdS becomes holes rich and therefore Au@CdS 

systems are more effective for holes mediated oxidation processes [530]. The Au/CdS hybrid 

photocatalyts exhibit greatly different electronic and optical properties than the individual 

components. The density functional theory (DFT) calculations predicted the orbital mixing 

effects between semiconductor and Au atoms, and consequent modification in the electronic 

properties for various applications [538]. The deposition of metal nanoparticles with 

controlled particle size and morphology over semiconductor photocatalysts is a big issue as 

there is a large lattice mismatch between the metal and semiconductor components [539]. The 

various parameters that are responsible for controlling the optical, electronic and 

optoelectronic properties of plasmonic hybrid materials are the metal particle size, shape, 

interparticle separation and the dielectric constant of surrounding medium. Haruta and co-

workers demonstrated that gold nanoparticles in the 2 to 5 nm range show unusually high 

catalytic activities [529]. The metal particle size, shape and interparticle distance can be 

controlled by synthesis parameters. Au is mostly deposited on the semiconductor supports by 

the methods; photodeposition [540], deposition precipitation (DP), incipient wetness 

impregnation (WI) [541], spray pyrolysis [542] and adsorption of preformed Au colloids 

[530]. Photodeposition method is better suited for the preparation of metal particles on 

semiconductor surfaces, because during irradiation the metal particles form directly at places 
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where a reduction potential is generated. Photodeposition method for Au nanoparticles 

generation over semiconductors has produced some good results but it has some drawbacks. 

It produces large particles of size (10-30 nm) which are very large for many catalysis 

purposes and careful control of intensity of light is required because it has direct effect on the 

particle size of Au [543]. Wet impregnation method produces very small and homogeneously 

distributed Au particles but not all of the Au is deposited, some of the Au is lost during 

filtration and centrifugation processes of this method. Both deposition precipitation and wet 

impregnation methods produced smaller Au particles of more or less similar size (2-3 nm) 

with only difference in the presence of very small fraction of widely dispersed larger Au 

particles in the former case. One major drawback of loading preformed Au nanoparticles over 

semiconductor support is that an intimate contact is not developed between metal and 

semiconductor for the smooth flow of electrons.  In the present study, Au/CdS (hexagonal 

phase) photocatalysts were selected as the main focus. The main objective of this work is to 

study the effect of Au loading and the nature of the aqueous media on the enhancement of 

photo-catalytic activity, effect of metal deposition methods on Au particles size and 

distribution for hydrogen production over Au/CdS systems in different reaction mediums. 

Photocatalytic hydrogen production has been studied on Au supported CdS catalysts under 

visible light irradiation. Au nanoparticles of size about 2–5 nm were deposited over 

hexagonal CdS particles using a new simple method involving reduction of Au3+ ions with 

iodide ions and finally this novel method was compared with other conventional Au loading 

methods.  

1.5.6 H2 production over Au-CdS systems  

The conduction and valence band edges of CdS are –4.1 eV and –6.5 eV, while the fermi 

levels of CdS and Au are –4.3 eV and –5.1 eV, respectively [39]. When Au is deposited over 

CdS, a schottky barrier height of about 0.8 eV is generated at the Au/CdS interface [544]. 

The photo-excited electrons in the conduction band of CdS under visible light irradiation are 

trapped by Au particles due to the lower fermi level of Au as compared to CdS. These 

trapped electrons are utilized to reduce the surface H+ to H2 [332]. Although this view has 

been challenged recently where the role of Au is proposed to only help in the atomic 

hydrogen recombination rather than in electron trapping [111]. There has been a continuous 

debate about the mechanism of hydrogen production over Au/CdS systems. The two 

operating mechanism are often anticipated for hydrogen production over Au/CdS. The SPR-

mediated electron injection mechanism also called hot electron injection mechanism from 
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gold to semiconductor (Au→SC) [76, 127-133] when photocatalyst is irradiated with light 

capable of exciting only Au SPR ≥ 520 nm and the near field electromagnetic mechanism 

also called energy transfer mechanism is observed when light is capable of exciting both Au 

and CdS nanoparticles [537]. The second mechanism involves the enhanced separation of 

photogenerated e-/h+ pairs in CdS near the interface due to the localized strong electric field 

from strong SPR of Au nanoparticles. It is consistently reported that very low injection yield 

of hot electrons generated from the plasmons in Au nanoparticles cannot significantly 

contribute to hydrogen production efficiency [545]. Hydrogen production efficiency is 

always very high due to the contribution of local electromagnetic field of Au nanoparticles 

for generation of electrons and holes when the light is capable of exciting both Au and CdS 

nanoparticles [537]. So, the role of Au might be (in addition to acting as electron sink) linked 

to the electric field generation upon illumination; due to its plasmonic resonance. The larger 

Au particles can generate greater local electric field. Wang and co-workers very recently 

reported a 5.3 times enhancement in local field factor |E|2/|E°|2 for Au/Fe2O3 system with Au 

particle size in the range of 13–20 nm with respect to Au particle size in 3.5–13 nm range 

[546]. This also indicates the absence of appreciable influence of hot electrons in the 

photocatalytic reaction as production of hot electrons is dominant process for smaller 

nanostructures [61, 547, 548]. This interpretation might be in line with energy transfer (not 

electron transfer) scheme recently proposed [531] and is more in line with the role of metals 

in photo-catalytic hydrogen production where electron transfer occurs from the conduction 

band to the metal and not the other way around [111].  

1.5.7 Limitation of CdS for H2 production from water-electrolyte mixtures  

CdS suffers from the limitation of its own oxidation by valence band holes produced during 

the photoexcitation process [549, 550]. This problem is circumvented by introducing 

sacrificial agents with higher redox potential than the valence band of CdS to prevent it from 

being oxidized. The process can be represented by the equations given below.  

(Cd2+S2-) + hʋ (<515 nm) → (Cd2+S2-) + e + h (Excitation)    (25) 

(Cd2+S2-) + e + h + R → Cd2+ + S- + R- (Photocorrosion)    (26) 

(Cd2+S2-) + e + h + R + SA→ (Cd2+S2-) + R- 
+ SAox (Photocatalysis)  (27) 

Where R represents an electron acceptor species and SA represents a sacrificial agent. 

There are only few studies reported about Au/CdS [537, 551, 552] while other metals are 

used for most studies [48, 497, 552-556]. Almost all of these studies have been performed 
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using inorganic electrolyte (Na2S, Na2SO3) as reaction medium. In the present study 

hydrogen production is studied from a mixture of an inorganic electrolyte (0.1M Na2S, 0.02M 

Na2SO3; pH=13) and organic sacrificial reagent (ethanol) for the first time. The 

photocorrosion of CdS is decreased by the capturing of holes additionally by α-hydroxyethyl 

radicles produced from the reaction of ethanol and °OH radicles. The mechanism of hydrogen 

production from ethanol electrolyte-mixture over Au/CdS is also proposed. This study also 

probe into the catalyst structure after the reaction in order to probe into the restructuring of 

the material that has been occurred. 

1.6 Hydrogen production over g-C3N4 based photocatalysts 
Recently, carbon nitride as a metal-free photocatalyst with special electronic properties has 

attracted special interest for its possible applications in H2 production, decomposition of 

organic pollutants and other photocatalytic applications under visible light irradiation [557, 

558]. A scalable research on carbon nitride materials has been fomented since the prediction 

drawn by Liu and Cohen that carbon nitrides have special potential to be the ultra-hard 

materials [559]. Among the seven phases of carbon nitride materials, the g-C3N4 with 

attractive properties such as super hardness, reliable thermal and chemical endurance, wear 

resistance,  low density, biocompatibility and  water resistivity has a potential to be one of the 

most robust materials for various photocatalytic applications [557, 560, 561]. The g-C3N4 is 

very similar to graphite in structure as proven by the XRD results previously [559, 562-565]. 

It has been reported initially that both the triazine and tri-s-triazine units were the tectonic 

units in a single layer of g-C3N4. However, later on only tri-s-triazine (s-haptazine) was 

redefined as the only tectonic units due to its super stability. Thermal gravimetric analysis 

(TGA) conducted on g-C3N4 indicated that the as-prepared g-C3N4 is non-volatile and non-

flammable up to 600 °C and completely decomposed on rising the temperature to 

700 °C  [559, 566-570].  In addition to these virtues, g-C3N4 is highly resistant to heat, strong 

acid and alkaline solution and is not soluble in common solvents due to the van der Waals 

forces between its layers stacking [571, 572]. Unlike the metal oxide photocatalysts that 

require expensive metal salts, g-C3N4 photocatalyst can be easily prepared by the thermal 

polymerization of cheap nitrogen containing  materials such as cyanamide, dicyanamide, 

thiourea, melamine and urea [557, 566, 573].  

Carbon nitride has emerged as an excellent material for photocatalytic hydrogen production  

from water under visible light absorption around 450−460 nm since the work done by Wang 

and co-workers [557]. The g-C3N4 is an n-type organic semiconductor with band gap of 

2.7−2.8 eV. Its  conduction and valence band edges are at −1.1 and 1.6 eV vs (SHE), 
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excellently covering both the oxidation and reduction potential of water  [557]. The wave 

function investigations indicated that the valence and conduction band of g-C3N4 are mainly 

composed of nitrogen PZ orbitals and carbon PZ orbitals, respectively. This suggests that 

oxidation and reduction of water takes place independently on nitrogen and carbon atoms 

respectively. However, hydrogen production is limited over bare g-C3N4 due to high 

recombination rate of photogenerated e-/h+, low electrical conductivity, very low surface area 

usually under 10 m2 g-1 and the lack of absorption above 460 nm [574, 575]. The polymeric 

nature of g-C3N4 allows for a wide engineering in texture, surface and electronic properties 

by using both organic and inorganic protocols. 

 Many attempts have been undertaken to overcome the drawbacks of g-C3N4 for 

photocatalytic performance, such as the deposition of metals Au [576], Ag [577], Pd [578], 

non-metal doping S [579] and semiconductor synergic effect CdS [579], BiWO6 [580] and 

ZnO [581]. Among various strategies, the deposition of metals over g-C3N4 surface as a 

photoinduced electrons accepters and sacrificial reagents as holes quenchers are effectively 

addressing the key issue of recombination. Bu and co-workers observed enhanced 

photoelectric performance at Ag modified g-C3N4 due to prolonged lifetime of the 

photogenerated electrons and holes [582]. Chang and co-workers  [578] demonstrated that  

Pd acts as an excellent electron quencher when present over mesoporous g-C3N4 for 

photodegradation of bisphenol. Additionally, the presence of sacrificial electron donors, such 

as triethanolamine, methanol and ethylene-diaminetetraacetic acid, is often necessary for 

photocatalytic H2 production from water [575, 583]. 

In the present study, we attempted a fruitful effort to address two main issues of g-C3N4, i) 

limited visible light absorption and ii) high recombination rate of photoinduced charge 

carriers. In this context bimetallic Pd-Ag nanoclusters were successfully deposited over g-

C3N4. A highly positive synergistic response was observed in resulting photocatalysts in 

which sliver present in bimetallic nanoclusters extends the visible light absorption by surface 

plasmon effect and Pd decreases the e-/h+ recombination rate by forming highly rectifying 

schottky barrier.   



 

 
Chapter # 2 

Experimental  
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Chapter-2                              Experimental  

2.1 TiO2 based photocatalysts  

2.1.1 Synthesis of Cu(OH)2-Ni(OH)2/P25 photocatalysts  

All the reagents used were of analytical grade and used without further purification. Doubly 

distilled water was used in all the experiments. Commercially available Degussa P25 was 

obtained from Evonik Industries, Germany. In a typical synthesis, 500 mg of P25 was added 

to 50 mL of 0.5M NaOH and sonicated to give homogeneous slurry. The aqueous solutions 

of Cu(NO3)2.3H2O and Ni(NO3)2.6H2O in appropriate amounts were then added dropwise to 

the P25 dispersion with continuous stirring. The resulting dispersions were sonicated for 10 

min and then stirred for a further 2 h. Finally, the Cu(OH)2-Ni(OH)2 impregnated P25 

photocatalysts were collected by vacuum filtration, washed several times with water and 

dried in air at 80 °C for 24 h. the following photocatalysts were obtained via the above 

mentioned synthetic protocol (scheme 2.1); 1.0Cu(OH)2, 1.0Ni(OH)2, 0.5Cu(OH)2-

0.5Ni(OH)2, 0.8Cu(OH)2-0.2Ni(OH)2 and 0.2Cu(OH)2-0.8Ni(OH)2 with the overall 1 wt.% 

loading, where prefixes represent the nominal weight percentage of each metal. An optimized 

photocatalyst namely 0.8Cu(OH)2-0.2Ni(OH)2/P25 was also calcined at 300 °C for 2 h to 

examine the effect of metal oxide formation on photocatalytic activity.   

 

Scheme 2.1: A schematic representation of stepwise synthesis of Cu(OH)2-Ni(OH)2/P25 

photocatalysts.   

 

To study the effect of metal loadings on photocatalytic activity, the optimized photocatalyst 

0.8Cu(OH)2-0.2Ni(OH)2 was synthesized with the total nominal metal loadings of 0.5, 1.0, 

1.5, 2.0 and 3 wt.%, respectively. The effect of NaOH concentration as precipitation solution 
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on metal loading was also checked by varying the concentration 0.2-1.5 M. the samples for 

steady-state PL and time-resolved PL spectra were prepared by dispersing the photocatalyst 

in absolute methanol as slurry and finally depositing the slurry as thin layer over glass slides. 

The observed BET surface area of TiO2 is ca. 50 m2/g in all catalysts. 

  Table 2.1: List of synthesized photocatalysts based on TiO2 (P25) with different variables. 

Sr. 

No. 

Photocatalyst formulation Overall metal 

loading wt.% 

Molarity of 

NaOH 

Calcination 

temp.(°C) 

     

1 1.0Cu(OH)2/P25 1 0.5 - 

2 1.0Ni(OH)2/P25 1 0.5 - 

3 0.5Cu(OH)2-0.5Ni(OH)2/P25  1 0.5 - 

4 0.8Cu(OH)2-0.2Ni(OH)2/P25 1 0.5 - 

5 0.2Cu(OH)2-0.8Ni(OH)2/P25 1 0.5 - 

6 0.8Cu(OH)2-0.2Ni(OH)2/P25 1 0.5 300 

7 0.8Cu(OH)2-0.2Ni(OH)2/P25 0.5 0.5 - 

8 0.8Cu(OH)2-0.2Ni(OH)2/P25 1.5 0.5 - 

9 0.8Cu(OH)2-0.2Ni(OH)2/P25 2 0.5 - 

10 0.8Cu(OH)2-0.2Ni(OH)2/P25 3 0.5 - 

11 0.8Cu(OH)2-0.2Ni(OH)2/P25 1 0.2 - 

13 0.8Cu(OH)2-0.2Ni(OH)2/P25 1 1 - 

14 0.8Cu(OH)2-0.2Ni(OH)2/P25 1 1.5 - 

*Hydrogen production was performed over all samples  

2.1.2 Hydrothermal synthesis of Titania nanostructures (TNs)  

All the reagents used were of analytical grade and used without further purification. 

Commercially available Degussa P25 was obtained from Evonik Industries, Germany. 

Doubly distilled water was used in all experiments. Sodium titanate (Na2Ti3O7) 

nanostructures (nanorods and nanoleaves) were prepared by hydrothermal treatment of 

commercial TiO2 (P25) powder according to the method reported elsewhere [584]. Briefly, 

TiO2 (P25) powder (1 g) was dispersed in 10 M NaOH (50 mL). The white suspension 

obtained was sonicated for 15 min, stirred for 2 h and transferred into a 25 mL teflon-lined 

stainless steel autoclave. The autoclave was then placed in convection oven and heated at 110 

°C, 130 °C, 150 °C and170 °C for 48 h to prepare a set of each four samples. The white 

precipitates of Na2Ti3O7 thus obtained were collected by vacuum filtration, washed 

repeatedly with double distilled water until the pH of washing liquid was close to neutral. The 
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Na2Ti3O7 nanostructures were converted to hydrogen titanate (H2Ti3O7) nanostructures by ion 

exchange method. For this purpose, the sodium titanate nanostructures were suspended in 0.1 

M HCl (500 mL) for 1 h. The H2Ti3O7 nanostructures were collected by vacuum filtration, 

washed with double distilled water until the washing liquid was neutral to pH paper and 

finally dried at 80 °C for 12 h. The highly crystalline TNRx-T photocatalyts were obtained by 

calcining H2Ti3O7 nanostructures at 400 °C, 600 °C, 700 °C and 800 °C (where x and T 

denote the hydrothermal and calcination temperature). Depending upon experimental 

conditions, different morphologies of TiO2, ranging from nanorods (TNR) to nanoleaves 

(TNL) were obtained. 

2.1.3 Synthesis of Cu(OH)2-Ni(OH)2/TNs  

The copper and nickel hydroxides were deposited over different TiO2 nanostructures by 

deposition precipitation method. In a typical synthesis, 500 mg of TiO2 support was 

suspended into 50 mL of 0.5 M NaOH and sonicated to give homogeneous slurry. However, 

different concentrations of NaOH were also used to study the effect of precipitation solution 

concentration when required. Specific volumes of aqueous solutions of Cu(NO3)2.3H2O and 

Ni(NO3)2.6H2O were then added dropwise to the TiO2 dispersion with continuous stirring. 

The resulting dispersions were sonicated for 15 min and then stirred for further 30 min. 

Finally, the Cu(OH)2 and Ni(OH)2 impregnated TiO2 photocatalysts were collected by 

vacuum filtration, washed several times with water and dried in air at 80 °C for  overnight 

(scheme 2.2). The nominal weight percentages of Ni and Cu in the photocatalysts were 

1.0Cu(OH)2, 1.0Ni(OH)2, 0.5Cu(OH)2-0.5Ni(OH)2, 0.8Cu(OH)2-0.2Ni(OH)2 and 

0.2Cu(OH)2-0.8Ni(OH)2, where prefixes represent the weight percentage of each metal.   

 

Scheme 2.2: A schematic representation of stepwise synthesis of Cu(OH)2-Ni(OH)2/TNs and 

Cu(OH)2-Ni(OH)2/TNL.  
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Table 2.2: List of synthesized photocatalysts based on TNR and TNL with different variables 

Sr. 

No. 

Photocatalyst formulation Hydrothermal 

temp. (°C) 

Calcination 

temp. (°C) 

Metal 

loading 

wt.% 

Molarity 

of NaOH 

      

1 TNR110-400-800 110 400-800 - - 

2 TNR130-400-800 130 400-800 - - 

3 TNR150-400-800 150 400-800 - - 

4 TNL170-400-800 170 400-800 - - 

5 1.0Ni(OH)2/TNR130-400 130 400 1 0.5 

6 1.0Cu(OH)2/TNR130-400 130 400 1 0.5 

7 0.8Cu(OH)2-0.2Ni(OH)2/TNR130-400 130 400 1 0.5 

8 0.5Cu(OH)2-0.5Ni(OH)2/TNR130-400 130 400 1 0.5 

9 0.2Cu(OH)2-0.8Ni(OH)2/TNR130-400 130 400 1 0.5 

10 0.8Cu(OH)2-0.2Ni(OH)2/TNR130-600 130 600 1 0.5 

11 0.8Cu(OH)2-0.2Ni(OH)2/TNR130-800 130 800 1 0.5 

13 0.8Cu(OH)2-0.2Ni(OH)2/TNR110-400 110 400 1 0.5 

14 0.8Cu(OH)2-0.2Ni(OH)2/TNR150-400 150 400 1 0.5 

15 0.8Cu(OH)2-0.2Ni(OH)2/TNR170-400 170 400 1 0.5 

16 0.8Cu(OH)2-0.2Ni(OH)2/TNR130-400 130 400 0.5 0.5 

17 0.8Cu(OH)2-0.2Ni(OH)2/TNR130-400 130 400 1.5 0.5 

18 0.8Cu(OH)2-0.2Ni(OH)2/TNR130-400 130 400 2 0.5 

19 0.8Cu(OH)2-0.2Ni(OH)2/TNR130-400 130 400 3  0.5 

20 0.8Cu(OH)2-0.2Ni(OH)2/TNR130-400 130 400 0.5 0.2 

21 0.8Cu(OH)2-0.2Ni(OH)2/TNR130-400 130 400 1.5 1 

22 0.8Cu(OH)2-0.2Ni(OH)2/TNR130-400 130 400 2 1.5 

*Hydrogen production was performed over all samples 

2.1.4 Synthesis of TiO2 supported MOF-199 derived Cu-Cu2O nanoparticles 

2.1.4.1 Synthesis of MOF-199, [Cu3(BTC)2(H2O)3]n 

The synthesis of MOF-199 can be found elsewhere in literature [585]. Briefly, 0.72 g            

(3 mmol) copper nitrate trihydrate was dissolved in 20 mL of dimethylformamide (DMF). 

Trimesic acid (1,3,5-benzene tricarboxylic acid), 0.21g (1 mmol) was dissolved in 10 mL 

DMF separately in the presence of 1 mL triethylamine (Et3N). Both these solutions were 

mixed together, stirred and heated to obtain blue precipitates of MOF-199. The product 



53 
 

obtained was filtered, washed with DMF and dried at 70 °C for 12 hours (scheme 2.3). The 

purity of MOF-199 was confirmed by PXRD analysis [586].  

 

Scheme 2.3: Stepwise synthesis of MOF-199, [Cu3(BTC)2(H2O)3]n [586]. 

2.1.4.2 Synthesis of Cu-Cu2O/TiO2 (Anatase) 

MOF-199 was vacuum dried at 200 °C and 250 mbar pressure (using Fistreem furnace with 

Vacuubrand 2008/05 vacuum pump) for 3 h to remove all the solvent molecules present in 

the pores. A required amount of evacuated MOF-199 was suspended in 10 mL of isopropanol 

by sonication for 15 min. 2 mL of titanium (IV) isopropoxide was added in above suspension 

and stirred for 1 h. A water-isopropanol 50:50 mixture was then added dropwise by using a 

burette until a greenish slurry was formed, which was left stirring for 24 h. The slurry was 

then transferred in a Teflon lined autoclave and heated at 80 °C for 12 h. Finally, the light 

green particles of TiO2-MOF-199 composites were collected by filtration, washed with water 

and dried at 80 °C for 12 h. The Cu-Cu2O nanoparticles supported on TiO2 were obtained by 

calcining the TiO2-MOF-199 composites at 350, 400, 450 and 500 °C. A colour change from 

light green to reddish brown indicated the conversion of MOF-199 core to Cu-Cu2O species, 

which was later confirmed upon characterization. Photocatalyts with various metal wt.% 

loadings were also synthesized by varying the amount of MOF in TiO2-MOF composite 

accordingly (scheme 2.4). TiO2 anatase was also synthesized by the same method as above 

without the MOF particle incorporations.   
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   Scheme 2.4: Stepwise synthesis of MOF-199 derived Cu-CuOx/TiO2 photocatalysts.  

Table 2.3: List of synthesized photocatalysts based on MOF-199 derived Cu-CuOx/TiO2 

photocatalysts with different variables.  

Sr. 

No. 

Materials formulation Metal loading 

wt. % 

Calcination 

temp. (°C) 

Hydrothermal 

Temp. (°C) 

1 TiO2 (anatase) - - 80 

2 MOF-199  - - 

3 CuO (MOF-199) - 400 - 

4 TiO2-MOF-199-Composite 0.5-2 - 80 

5 Cu-Cu2O/TiO2(anatase) 1 350 80 

6 Cu-Cu2O/TiO2(anatase) 1 400 80 

7 Cu-Cu2O/TiO2(anatase) 0.5 400 80 

8 Cu-Cu2O/TiO2(anatase) 1.5 400 80 

9 Cu-Cu2O/TiO2(anatase) 2 400 80 

10 CuOx/TiO2(anatase) 1 450 80 

11 CuOx/TiO2(anatase) 1 500 80 
  *Hydrogen production was performed over all samples except sample number 2,3 and 4. 
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2.2 CdS based photocatalysts  

2.2.1 Synthesis of CdS nanoparticles  

CdS nanoparticles were synthesized by the sol-gel method using equimolar amounts of 

Cd(NO3)2.4H2O (Sigma-Aldrich, ≥ 99.0%) and Na2S.9H2O (Kanto Chemicals, ≥ 95.5%). 

Briefly, 2.1 g of Cd(NO3)2 was dissolved in 50 mL of isopropanol in a beaker and stirred 

vigorously. After 45 minutes, 50 mL of an aqueous Na2S.9H2O solution (0.136 M) was added 

drop wise over a period of one hour using a burette. The mixture was further stirred for two 

hours. The orange precipitates obtained were vacuum-filtered, washed five times with 

distilled water to remove surplus ions, and subsequently heat treated at different temperatures 

overnight in air or an inert atmosphere (N2) with the aim of increasing the proportion of the 

more catalytically active hexagonal CdS phase (scheme 2.5). 

Scheme 2.5: Stepwise synthesis of cubic and hexagonal CdS   

2.2.2 Loading of Au nanoparticles over h-CdS 

2.2.2.1 A novel KI reduction method   

Au loading was performed using a novel and facile iodide reduction method. Briefly, an 

aqueous solution of KI (15 mL, 5 mM, Sigma-Aldrich, ≥ 99.5%) was added to 0.1g of CdS 

powder. The mixture was stirred vigorously to make homogeneous slurry. Appropriate 

amounts of an aqueous HAuCl4.3H2O solution (5 mM, Sigma-Aldrich, ≥ 99.999%) were 

added to the slurry to achieve the desired Au loading. The mixture was then sonicated for 20 

min in an Elmasonic sonicator (80 watt, 50/60 Hz output frequency) until the purple color of 

iodine was visible. The reaction takes place as given below;                          

                        Mn+ + nIˉ → M + 
2

n I2      (28) 

The slurry was immediately subjected to vacuum filtration and washed with excess water to 

remove unreacted anions and I2. The Au/CdS powders obtained were dried at 110 °C 

overnight in air before characterization and photo-catalytic H2 production tests (scheme 2.6). 
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Scheme 2.6: Stepwise deposition of Au nanoparticles over h-CdS (A novel Iodide reduction 

method) 

2.2.2.2 Deposition precipitation (DP) method   

In the case of deposition precipitation (DP), 0.1g of CdS was added to 50 mL of 0.5 M NaOH 

and sonicated well to give a homogeneous CdS dispersion. Specific volume of aqueous 

solution of HAuCl4.3H2O (0.01 M) was then added dropwise to the CdS dispersion with 

continuous stirring. The resulting dispersions were sonicated for 10 min and then stirred for a 

further 2 h. Finally, HAuCl4.3H2O impregnated CdS photocatalyst was collected by vacuum 

filtration and dried at 110 °C overnight (scheme 2.7).  

.

Scheme 2.7: Stepwise deposition of Au nanoparticles over hex-CdS (deposition precipitation 

(DP) method 

2.2.2.3 Photodeposition (PD) method   

In the case of photodeposition, CdS powder (0.1 g) was suspended in 50 mL of an aqueous 

solution of isopropanol (50 vol. %) in a 140 mL pyrex reactor. The appropriate amount of 

aqueous solution of HAuCl4.3H2O (0.01 M) was injected into the reactor sealed with             

a rubber septum. The reactor was purged with argon (N2) gas for 10–15 min to remove      

any traces of oxygen. The final solution was photo-irradiated by UV light (100 W high 

pressure Hg arc, 10.4 mW/cm2) under magnetic stirring for 2 h. Thus, Au3+ was reduced 
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(Au3+(HAuCl4) → Au°) by photogenerated electrons of CdS and thereby deposited on its 

surface. After this, the solution was centrifuged, washed repeatedly with distilled water and 

isopropanol to remove any impurities and the powder was collected after drying (scheme 2.8) 

[540]. 

 

Scheme 2.8: Stepwise deposition of Au nanoparticles over hex-CdS (Incipient wetness 

impregnation (WI) method) 

2.2.2.4 Incipient wet impregnation (WI) method  

In the case of incipient wet impregnation method (WI), 0.1 g of CdS was added into 

appropriate amount of aqueous solution of HAuCl4 (0.01 M). The solution pH was lower than 

1.0. The solution was then aged at room temperature (RT) for 1 h and was washed twice with 

doubly distil water (50 mL). The solution was then centrifuged and the solid thus obtained 

was dried under vacuum at room temperature for 2h and dried at 110 oC to get final powder 

photocatalysts (scheme 2.9) [541]. 

 

Scheme 2.9: Stepwise deposition of Au nanoparticles over hex-CdS (Incipient wetness 

impregnation (WI) method) 
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 Table 2.4: List of synthesized CdS based photocatalysts with different variables.  

Sr. 

No. 

Materials 

formulation  

Calcination temp. 

(°C) of CdS  

Calcination 

atmosphere  

Overall metal 

loading wt.% 

Loading 

method  

1 Cubic CdS 0 - - - 

2 Cubic CdS  100-400 Air  - - 

3 Cd(SO4)2 500 Air - - 

4 Hexagonal CdS 600 Nitrogen  - - 

5 Hexagonal CdS 800 Nitrogen - - 

6 Au/c-CdS 400 Air 3 KI 

7 Au/h-CdS 600 Nitrogen 1 KI 

8 Au/h-CdS 600 Nitrogen 2 KI 

9 Au/h-CdS 600 Nitrogen 3 KI 

10 Au/h-CdS 600 Nitrogen 4 KI 

11 Au/h-CdS 600 Nitrogen 5 KI 

12 Au/h-CdS 600 Nitrogen 1 PD 

13 Au/h-CdS 600 Nitrogen 2 PD 

14 Au/h-CdS 600  Nitrogen 3 PD 

15 Au/h-CdS 600  Nitrogen 4 PD 

16 Au/h-CdS 600  Nitrogen 1 DP 

17 Au/h-CdS 600  Nitrogen 2 DP 

18 Au/h-CdS 600  Nitrogen 3 DP 

19 Au/h-CdS 600  Nitrogen 4 DP 

20 Au/h-CdS 600  Nitrogen 1 WI 

21 Au/h-CdS 600  Nitrogen 2 WI 

22 Au/h-CdS 600  Nitrogen 3 WI 

23 Au/h-CdS 600  Nitrogen 4 WI 
*Hydrogen production was performed over all samples except sample number 3 

2.3 g-C3N4 based photocatalysts  

2.3.1 Synthesis of Pd-Ag/g-C3N4 photocatalysts  

All reagents used were of analytical grade and used without further purifications. The g-C3N4 

was fabricated by directly heating the melamine in semi-closed system to retard melamine 

sublimation. In a typical synthesis 2g of melamine was placed in an alumina crucible covered 

with a lid and heated at 520-560 °C for 4 h at a heating rate of 10 °C min-1 in a muffle 

furnace. A light yellow powder of g-C3N4 was collected and ground to a fine powder  

(scheme 3.10). To deposit Ag and Pd nanoparticles, 0.5g of g-C3N4 powder was thoroughly 

dispersed in 25 mL of distilled water by sonication for 2h followed by stirring at room 

temperature for 30 min. an appropriate amount of Pd(CH3COO)2 and AgNO3 salt solutions 

were added dropwise with continuous stirring. To reduce the metal nanoparticles, freshly 

prepared 0.1 M NaBH4 (NaBH4/metal, mol/mol=10) was added dropwise. The resulting 

slurry was left stirring for further one hour. The photocatalyst Pd-Ag/g-C3N4 was recovered 

by vacuum filtration, washed with water and dried at 90 °C for overnight. The as prepared 

powder was calcined at 350 °C for 2 hours to get final Pdx-Agy/g-C3N4 photocatalysts (where 
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x and y are nominal metal loadings) (scheme 3.11). The nominal weight percentages of Pd 

and Ag in photocatalyts were Ag1.0, Pd1.0, Pd0.7-Ag0.3, Pd0.5-Pd0.5, Pd0.3-Ag0.7 with overall 1 

wt.% loading, where subscripts represents the nominal weight percentage of each metal. 

Photocatalyts with various metal wt.% loadings were also synthesized by varying the amount 

Pd and Ag salts accordingly. The BET surface area of the as prepared g-C3N4 was ca. 8 m2 g-1 

in all the photocatalysts.   

 

Scheme 2.10: Synthesis of g-C3N4 from condensation of melamine    

 

Scheme 2.11: Stepwise deposition of Pd-Ag nanoparticles over g-C3N4 

        Table 2.5:  List of synthesized photocatalysts based g-C3N4 with different variables 

Sr. 

No. 

Materials formulation Condensation 

temp. (°C) 

Overall metal 

loading wt. % 

Calcination 

temp. (°C) 

1 g-C3N4(from melamine) 520-560 - - 

2 Ag1/g-C3N4 - 1 350 

3 Pd1/g-C3N4 - 1 350 

4 Pd0.3-Ag0.7/g-C3N4 - 1 350 

5 Pd0.5-Ag0.5/g-C3N4 - 1 350 

6 Pd0.7-Ag0.3/g-C3N4 - 1 350 

7 Pd0.7-Ag0.3/g-C3N4 - 0.5 350 

8 Pd0.7-Ag0.3/g-C3N4 - 1.5 350 

9 Pd0.7-Ag0.3/g-C3N4 - 2 350 

10 Pd0.7-Ag0.3/g-C3N4 - 3 350 

11 Pd0.7-Ag0.3/g-C3N4 - 1 400 

12 Pd0.7-Ag0.3/g-C3N4 - 1 450 

13 Pd0.7-Ag0.3/g-C3N4 - 1 500 
       *Hydrogen production was performed over all samples  
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2.3.2 Hydrogen production experiments over TiO2 based photocatalysts 

Photocatalytic hydrogen production tests were conducted in a Pyrex reactor (140 mL). Initial 

tests were conducted in which catalyst amounts were changed (0.0025, 0.005, 0.01, and 0.02 

g). Maximum H2 production rate was obtained with 0.0025 g. Photocatalyst (2.5 mg, 

Cu(OH)2-Ni(OH)2/P25, Cu(OH)2-Ni(OH)2/TNRs or Cu-Cu2O/TiO2) was loaded in the 

reactor containing 25 mL of an aqueous alcohol-water mixture (20 vol. % ethanol or 5 vol.% 

glycerol). Prior to the start of each photocatalytic experiment, the reactor was continuously 

bubbled with nitrogen at a flow rate of 10 mL min-1 for 30 min to remove dissolved and 

headspace oxygen. Molecular oxygen can trap electrons from the TiO2 conduction band to 

produce superoxide radicals which can subsequently oxidize organic sacrificial agents [587]. 

A Spectroline model SB-100P/F lamp (100 W, 365 nm) at a distance of 10 cm from the 

reactor was used for UV light excitation of the photocatalysts. The photon flux measured at 

the sample was ~6.5 mW cm-2 (comparable to UV flux in sunlight). Hydrogen generation was 

monitored by taking head space gas samples (0.5 mL) at regular time intervals with gas tight 

syringe and injecting them into the gas chromatograph (Shimadzu GC 2014) equipped with a 

TCD detector and molecular sieve capillary column (Length =25 mm; ID = 0.32 mm; average 

thickness 0.50 µm). H2 produced through photoreaction was quantified against an internal 

calibration curve. The photocatalytic tests for each sample were repeated at least three times 

for accuracy.  

Table 2.6: List of different parameters for hydrogen production experiments (TiO2 based 

photocatalysts)   

Sr. 

No. 

Photocatalyst tested  Amounts 

tested (mg) 

Optimal 

amount  

Light source  Light intensity 

mW/cm2  

Sacrificial 

reagents  

1 Cu(OH)2-Ni(OH)2/P25 2.5-20 2.5 SB-100P/F lamp 

(100 W, 365 

nm) 

~6.5 20% 

ethanol-

water  

2 Cu(OH)2-Ni(OH)2/P25 2.5-20 2.5 SB-100P/F lamp 

(100 W, 365 

nm) 

~6.5 5% 

glycerol-

water  

3 Cu(OH)2-Ni(OH)2/TNRs 2.5-20 2.5 SB-100P/F lamp 

(100 W, 365 

nm) 

~6.5 20% 

ethanol-

water  

4 Cu(OH)2-Ni(OH)2/TNRs 2.5-20 2.5 SB-100P/F lamp 
(100 W, 365 

nm) 

~6.5 5% 
glycerol-

water  

5 Cu-Cu2O/TiO2 (Anatase) 2.5-20 2.5 SB-100P/F lamp 

(100 W, 365 

nm) 

~6.5 5% 

glycerol-

water  

6 Cu(OH)2-Ni(OH)2/P25 

Calcined 400 °C 

2.5-20 2.5 SB-100P/F lamp 

(100 W, 365 

nm) 

~6.5 20% 

ethanol-

water  
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Figure 2.1: Lab set up for photocatalytic hydrogen production measurements 

2.3.2.1 Photocatalyst recyclability tests  

The recyclability of 0.8Cu(OH)2-0.2Ni(OH)2/P25, 0.8Cu(OH)2-0.2Ni(OH)2/TNRs was 

investigated in 20 vol. % ethanol-water mixtures and for Cu-Cu2O/TiO2 photocatalyst in 5 

vol. % glycerol-water mixtures for 16 h. Hydrogen production in each case was continuously 

monitored for a fixed time period of 4 h. After the completion of each run the reactor was 

purged with nitrogen at same flow rate to remove hydrogen produced during previous run.  

2.3.3 Hydrogen production experiments over CdS based photocatalysts  

Photoreactions over the Au/CdS were conducted in ethanol, water-electrolyte (0.1M Na2S, 

0.02M Na2SO3; pH = 13) and a mixture of both at a total volume of 25 mL in a 140 mL 

Pyrex reactor. Initial tests were conducted in which catalysts amounts were changed (0.005, 

0.01, and 0.02 g).  Maximum H2 production rate was obtained with 0.01 g. Hydrogen 

production tests, therefore, carried out the tests at this catalyst concentration (0.4g/LLiquid). 

The decrease in H2 production rate with a further increase in catalyst amount might be related 

to shadowing of some of catalyst particles by other particles directly in front of the light 

source and is further explained in the result and discussion section. Prior to the start of each 

photocatalytic experiment, the reactor was continuously bubbled with nitrogen at a flow rate 

of 10 mL min-1 for 30 min to remove dissolved and headspace oxygen. A 500 W Warrior 

WEHL halogen bulb lamp with irradiation flux of 35 mW cm-2 at a distance of ca. 30 cm 

from the reactor was used as a light source. The mixture was continuously stirred with a 

magnetic stirrer and cooled with an electric fan to maintain a constant temperature of ca. 25 
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oC. Gas samples (1 mL) were taken after appropriate intervals typically 15-30 minutes with a 

gas tight syringe and analyzed using a Shimadzu Gas Chromatograph Model GC 2014 

equipped with a TCD detector and molecular sieve capillary column (Length = 25 m; ID = 

0.32 mm; average thickness 0.50 µm). Hydrogen quantification was performed using a 

calibration curve. The apparent quantum yield was calculated under similar photo-catalytic 

reaction condition using the following equation [588]. 

Apparent quantum yield = 100
photonsincident  ofNumber 

2  produced molecules H ofNumber 2 


  (29) 

The lamp produced radiation within the 350-900 nm range. However, CdS with band gap of 

2.4 eV can be excited only by radiations below ca. 520 nm. The lamp power was calculated 

using wavelength versus intensity curve (fig. 2.20) and by comparing the area under radiation 

capable of excitation with the total integrated area under curve. The apparent quantum yield, 

based on the reactor configuration and the area of reactor exposed to light (13.93 cm2) was 

found equal to 16.3%. The apparent quantum yield based on the complete radiation spectrum 

of the lamp was equal to ca. 4%. 

 

Figure 2.2: Wavelength versus intensity curve for radiation from a 500 W Warrior WEHL 

halogen bulb lamp with irradiation flux of 35 mW cm-2 at a distance of ca. 30 cm from the 

reactor. Shaded area represents the fraction of radiation capable of CdS excitation. 

2.3.3.1 Photocatalyst recyclability tests  

The recyclability of all Au/CdS photocatalyst was investigated in ethanol-water-electrolyte 

mixtures for 16 h. Hydrogen production in each case was continuously monitored for a fixed 
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time period of 4 hours. After the completion of each run the reactor was purged with nitrogen 

at the same flow rate to remove hydrogen produced during the previous run. 

2.3.4 Hydrogen production experiments over g-C3N4 based photocatalysts 

Photocatalytic hydrogen production tests were conducted in a Pyrex reactor (140 mL). 

Photocatalyst (2.5 mg) was loaded in the reactor containing 10% triethanolamine water 

mixtures. Prior to the start of each photocatalytic experiment, the reactor was continuously 

bubbled with nitrogen at a flow rate of 10 mL min-1 for 30 min to remove dissolved and 

headspace oxygen. All experiments were performed between 10.00 am to 4.00 pm in clear 

days of March, 2017. The reactor was placed (33o 44’50’N 73o 08’20’E, Islamabad 45320, 

Pakistan) under direct sunlight. The average horizontal global solar irradiation during 

experiments was measured using handheld pyranometer type 105HP from SolData 

Instruments and was found equal to 840 Wm-2 (300-1100 nm). Hydrogen generation was 

monitored by taking gas head space samples (0.5 mL) at regular time intervals and injecting 

them into the gas chromatograph (Shimadzu GC 2014) equipped with a TCD detector and 

molecular sieve capillary column (Length = 25 mm; ID = 0.32 mm; average thickness 0.50 

µm). H2 produced during photoreaction was quantified against an internal calibration curve.  

Table 2.7: List of all parameters for hydrogen production experiments for CdS and g-C3N4 

based photocatalysts.  

Sr. 

No. 

Photocatalyst tested  Amounts 

tested (mg) 

Optimal 

amount  

Light source  Light 

intensity 

mW/cm2  

Sacrificial 

reagents  

1 0.5-5wt.% Au/CdS 

(KI method) 

5-20 10 500 W Warrior 

WEHL halogen 

lamp 

~35 8-92 vol.% 

ethanol-water 

electrolyte mix.   

2 3wt.% Au/CdS 

(KI method) 

5-20 10 500 W Warrior 

WEHL halogen 

lamp 

~35 0.1M Na2S, 

0.02M Na2SO3  

3 3wt.% Au/CdS 

(KI method) 

5-20 10 500 W Warrior 

WEHL halogen 
lamp 

~35 8% ethanol-

water mixtures 

4 0.5-5wt.% Au/CdS 

(WI method) 

5-20 10 500 W Warrior 

WEHL halogen 

lamp 

~35 8-92 vol.% 

ethanol-water 

electrolyte mix 

5 0.5-5wt.% Au/CdS 

(PD method) 

5-20 10 500 W Warrior 

WEHL halogen 

lamp 

~35 8-92 vol.% 

ethanol-water 

electrolyte mix 

6 0.5-5wt.% Au/CdS 

(DP method) 

5-20 10 500 W Warrior 

WEHL halogen 

lamp 

~35 8-92 vol.% 

ethanol-water 

electrolyte mix 

7 Pd-Ag/g-C3N4 2.5-10 10 Halogen lamp ~35 10 vol.% 

triethanolamine 
water mixtures 
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2.3.4.1 Photocatalyst recyclability tests  

The activity and stability of Pd0.7-Ag0.3/g-C3N4 photocatalyst was investigated in 10 vol. % 

triethanolamine-water mixture. Photocatalytic hydrogen production was observed over the 

duration of the experiments (16 h). After the completion of each run the reactor was purged 

with nitrogen at the same flow rate to remove hydrogen produced during the previous run. 

2.3.5 Dye degradation experiments over Cu(OH)2-Ni(OH)2/P25 photocatalysts 

Rhodamine B dye degradation experiments were performed over P25, 1.0Ni(OH)2/P25, 

1.0Cu(OH)2/P25 and 0.8Cu(OH)2-0.2Ni(OH)2/P25 to study the electron transfer mechanisms 

(discussed later). Rhodamine B photodegradation experiments were conducted in a 140 mL 

pyrex reactor containing 40 mL of aqueous Rhodamine B (12 mg L-1) and 10 mg of 

photocatalyst. Prior to starting an experiment, the reaction mixture was stirred in the dark for 

one hour to establish the adsorption-desorption equilibrium of the dye on the catalyst surface. 

The same irradiation set up was used as described in the hydrogen production experiment 

section. At regular intervals, a small portion of reaction mixture was collected by pipette, 

centrifuged to remove suspended photocatalyst particles and the absorbance (400-600nm) 

was measured by UV spectrophotometer (lambda 25 Perkin Elmer). For radical trap 

experiments, 5 mL of 50 mmol solutions of Na2EDTA or benzoquinone were added directly 

in the initial reaction mixture. Negligible Rhodamine B degradation was observed under UV 

in the absence of a photocatalyst. 

2.3.6 Photocatalysts characterization  

The synthesized photocatalysts were fully characterized i.e. structurally, morphologically, 

optically, and to find out the surface characteristics, via using following analytical tools and 

specific instruments. 

2.3.6.1 Powder X-ray diffraction (PXRD) 

Powder XRD patterns were collected on a Siemens D5000 Diffractometer equipped with a 

curved graphite filter monochromator. XRD data was collected over the 2θ range 20-70o (step 

size 0.05o, scan rate 2o min-1) using Cu Kα X-rays (λ= 1.5418 Å, 40 mA, 40 kV). Anatase and 

rutile crystallite sizes (L) were determined using the Scherrer equation (L = 0.9λ/cosθ) and 

line-widths of the anatase (101) reflection at 2θ = 25.3o and the rutile (110) reflection at 2θ = 

27.4o, respectively. The particle size of g-C3N4 was calculated by taking the line width of the 

(002) reflection at 2θ =27.4o interlayer stacking of aromatic systems.  
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PXRD Principle: It is one of the primary techniques used for the identification and 

characterization of materials based on their diffraction patterns to evaluate their structural 

phases. A powder material sample is placed in a holder, then the sample is illuminated with 

x-rays of a fixed wave-length and the intensity of the reflected radiation is recorded using a 

goniometer. This data is then analyzed for the reflection angle to calculate the inter-atomic 

spacing (D value in Angstrom units - 10-8 cm) by sing Bragg’s law nλ = 2d Sin θ. 

where 

λ = wavelength of the incident X-ray 

d =Interplaner spacing of the crystal 

θ = angle between the lattice plane and the X-rays 

n = an integer   

 

Figure 2.3: Illustration of Bragg’s law  

2.3.6.2 UV-visible diffused reflectance spectroscopy 

UV–vis absorbance spectra of the photocatalysts were collected over the wavelength range of 

200–900 nm at the slit width of 2 nm on a Thermo Fisher Scientific UV–Vis 

spectrophotometer equipped with praying mantis diffuse reflectance accessory and an 

integrating sphere, having a 60 mm internal diameter. The base-line correction was 

performed using BaSO4 as the reference.  

2.3.6.3 Transmission electron microscopy (TEM) 

TEM analyses were performed by using a Philips CM 200 field emission TEM operating at 

an accelerating voltage of 200 kV, with a Bruker SDD (silicon drift detector) EDAX system 

was used for transmission electron microscopy.  The microscope is also equipped with a SIS 

CCD camera, which enables high-resolution digital imaging. In order to analyse the sample 

with TEM, it is necessary to disperse the particles in a solvent. A small quantity of the solid 
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sample was mixed with 2 mL of toluene and sonicated for 10 - 15 mins. 1-2 drops of this 

dispersion were deposited onto a 200 mesh carbon grid with a Pasteur pipette. These grids 

were then mounted onto sample holders and inserted into the TEM, allowing the sample to be 

viewed and imaged (in transmission) at near-atomic scale. 

2.3.6.4 X-ray photoelectron spectroscopy (XPS) 

XPS data was collected using a Kratos Axis UltraDLD equipped with a hemispherical 

electron energy analyzer operated in the hybrid lens mode at 90o take off angle with respect 

to the specimen surface and an analysis chamber at base pressure ~1×10-9 Torr. Samples were 

excited using monochromatic Al Kα X-rays (1486.69 eV) with X-ray source operating at   

150 W. Samples were gently pressed into thin pellets of ~0.1 mm thickness for the analyses. 

A charge neutralization system was used to alleviate sample charge build up during analysis. 

Survey scans were collected at a pass energy of 80 eV over the binding energy range 1200-0 

eV, while core level scans were collected with a pass energy of 20 eV. The spectra were 

calibrated against the C1s signal at 284.80 eV from adventitious hydrocarbons. The relative 

concentration of the identified elements were calculated using peak areas of Ti2p, O1s, C1s 

and Cu2p core level signals where the peak fitting was performed using Casa XPS Version 

2.2.88 software package. Relative sensitivity factors, based on instrument modified Schofield 

cross-sections were used in the quantification procedure (7.81, 2.93, 1 and 25.39 for Ti2p, O 

1s, C1s and Cu2p respectively). The chemical states of Ti, O, C and Cu were determined 

from narrow scan spectra taken at pass energy of 20 eV over the Ti2p, O1s, C1s and Cu2p 

regions (50 sweeps/150 ms dwell time), respectively. For Au/CdS systems the surface 

chemical states of the elements present were determined from narrow scan spectra taken at 

pass energy 20 eV over the C1s, O1s, and S2p, Au4f and Cd3d regions (30 sweeps/150 ms 

dwell time). The raw XPS data was deconvoluted using Casa XPS peak fitting software using 

a Shirley background for C1s, O1s, S2p and Au4f peaks whilst a Tougaard background was 

used for the Cd3d peaks as the Shirley back-ground could not be applied due to the linear 

background between Cd 3d3/2and Cd 3d5/2 peaks.  

XPS Principle  

The XPS can be used to gain information about elemental composition of the surface (top   

1–10 nm usually) except hydrogen and helium with a detection limit as low as 0.3 %, 

chemical or electronic state of each element in the surface, elemental composition across the 

surface (line profiling or mapping), and as a function of ion beam etching (depth profiling). 

The process of acquiring XPS data starts from the preparation of the solid samples which are 
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then placed in a vacuum environment with a base pressure of ca. 10–8 torr. The sample 

surface is irradiated with X–ray photons which interact with an inner shell electron of the 

atom as a result of which the energy of the X–ray photon is transferred to the electron. If the 

electron receives enough energy it escapes the surface of the sample creating a photoelectron 

of a specific energy. The photoelectrons are separated and counted according to the 

difference in energy which is related to the atomic or molecular environment of their origin.  

The energy of the incident photons can be given by the Einstein relation: 

E hv                                       (30) 

Where,  

h = Planck’s constant (6.62 × 10–34 Js) 

v = Frequency (Hz) of the radiation 

The kinetic energy EK of emitted photoelectron is measurable, so the binding energy of the 

electron EB can be calculated from the Einstein equation: 

B KE hv E   
                   (31) 

Where,  

EB = Binding energy of the electron  

EK = Kinetic energy of the emitted photoelectron 

hv = Energy of the incident X–ray beam 

Φ = Work function of the solid 

Binding energy is unique for each element and is used to identify the sample composition. 

Also the number of photoelectrons emitted has a direct relationship to the concentration of 

the emitting atom in the sample under study. An electron energy analyser is used to measure 

the kinetic energy distribution of the emitted photoelectrons to give an XPS peak. 

2.3.6.5 Brunauer–Emmett–Teller (BET)  

Brunauer Emmett Teller (BET) is used to measure the surface area of solid samples by 

physical adsorption of gas molecules on a solid surface. In this technique probing gases are 

utilized as adsorbate that does not react chemically with the solid material surfaces. N2 is the 

most frequently used adsorbate for surface probing by BET methods. For this reason, 

standard BET analysis is often performed at N2 (77 K) boiling temperature. N2 physisorption 

isotherms were collected on Micromeritics Tristar 3000 at liquid N2 temperature (‒195 °C). 

Specific surface areas were calculated according to the Brunauer–Emmett–Teller (BET) 

https://en.wikipedia.org/wiki/Solid
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method [589]. Cumulative pore volumes and average pore diameters were calculated from 

the adsorption isotherms by the Barrett–Joyner–Halenda (BJH) method [590]. The samples 

were degassed at 50 °C under vacuum for 1 h prior to analysis. 

2.3.6.6 Steady-state and time-resolved photoluminescence (PL) 

Steady-state and time-resolved photoluminescence (PL) measurements were carried out using 

a Flau Time 300 (FT-300) steady state and life-time spectrometer, PicoQuant GmbH, 

Germany. The PL was measured following pulsed LED laser excitation source, PLS-300, 

centered at 305 nm with full width half maximum (FWHM) of ~ 416 ps and pulse energy 

0.077 pJ. The PL curves were fitted by using Easy Tau and FluoFit software. Samples were 

prepared by dispersing the powder in methanol to make homogeneous slurry. The fine layer 

of slurry was then deposited over glass slides and dried at 60 °C for 30 min.  

2.3.6.7 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis of MOF-199 [Cu3(BTC)2(H2O)3]n was carried out in a 

TGA/SDT851e (MettlerToledo-Switzerland) thermo-balance under N2 flow with the 

temperature ramp of 10 °C min-1 from 50 - 500 °C. Weight loss versus temperature was 

continuously recorded during the experiment. Vacuum Fistreem furnace with Vacuubrand 

2008/05 vacuum pump was used to dry samples.   

2.3.6.8 Inductively coupled plasma optical emission spectroscopy 

In order to monitor elemental composition of various photocatalysts, inductively coupled 

plasma optical emission spectroscopy (ICP-OES; Model: Optima 8300, Perkin-Elmer) 

measurement were carried out. The samples for the ICP-OES measurements were prepared 

by dissolving powder samples in HNO3:H2O solution. 
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Chapter-3                     Results, Discussion and Conclusions   

3.1 TiO2 based photocatalysts 

3.1.1 Cu(OH)2-Ni(OH)2/P25 and Cu(OH)2-Ni(OH)2/TiO2 nanostructures 

(nanorods and nanoleaves) photocatalysts  
In this section characterization results of bimetallic hydroxide loaded nanostructures supports 

and typical TiO2 support P25 (80% anatase +20% rutile) are thoroughly discussed. A 

comparison is made between the hydrogen production rates with the aim to fabricate highly 

efficient and economical (noble metal free) photocatalysts for hydrogen production from 

water in the presence of other renewable (ethanol or glycerol).  

3.1.1.1 Powder XRD analysis  

Powder XRD patterns for all Cu(OH)2-Ni(OH)2/P25 photocatalysts are shown in Fig.3.1 and 

are dominated by peaks due to anatase and rutile.  No obvious change in the anatase and 

rutile diffraction peak positions is seen suggesting that the metal hydroxide species are finely 

dispersed over the support. The low loadings would also make identification of Ni(OH)2 and 

Cu(OH)2 difficult. Anatase and rutile crystallite size determined using the Scherrer equation 

were 28 nm and 36 nm, respectively. Characteristic anatase and rutile peaks are labeled. 

 

Figure 3.1: Powder XRD patterns of (a) 1.0Cu(OH)2/P25 (b) 1.0NiOH)2/P25 (c) 

0.2Cu(OH)2-0.8Ni(OH)2/P25  (d)  0.5Cu(OH)2-0.5Ni(OH)2/P25 (e) 0.8Cu(OH)2-0.2Ni(OH)2 

/P25  and (f) 0.8Cu(OH)2-0.2Ni(OH)2/P25 (calcined).   

mailto:Cu0.8-Ni0.2@P25
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In order to prepare the highly crystalline and higher surface area TiO2 nanorods from titanate 

precursors, a quick screening was carried out to find the suitable hydrothermal and post 

calcination temperature. The PXRD patterns (Fig. 3.2a) show that as prepared titanate 

nanostructures at hydrothermal temperatures ranging from 130-150 °C show good crystalline 

behavior. A reasonable explanation for this is that temperature lower than 130 °C lead to less 

cleavage of Ti–O–Ti bonds to form Ti–O–Na, which is the initial stage in synthesizing 

titanate nanostructures. Treatment at higher temperature than 130 °C would start to destroy 

the lamellar Na2Ti3O4, an intermediate in the TiO2 nanostructures TNRs formation process 

[455]. Hydrothermal treatment at temperatures higher than 150 °C almost completely 

destroys the lamellar layers of Na2Ti3O7 which transform into a nanoleaves morphology (Fig. 

3.6). The maximum BET surface area was found for nanotubes like structures synthesized at 

110-130 °C (Table 3.1).  

           Table 3.1:  BET surface area values of TiO2 nanorods and leaves. 

HT Treatment 

(°C) 

BET Surface 

Area (m2 g-1) 

BET Surface Area (m2 g-1) after calcination 

400 °C 600 °C 800 °C 

110 129 79 51 18 

130 148 48 38 24 

150 108 35 28 21 

170 15 14 14 13 

Previous studies suggested that calcination of H2Ti3O7 in air at 350 °C for few hours is 

sufficient for the complete transformation of H2Ti3O7 → 3TiO2 + H2O [591].  Fig. (3.2a-b) 

shows the XRD patterns H2Ti3O7 nanostructures as prepared and after calcination for 2 h at 

400 °C, 600 °C and 800 °C. For the calcination temperatures between 400 °C and 600 °C, 

anatase was the only phase identified by XRD, with the characteristic anatase reflections that 

sharpen and intensify with an increase in temperature indicating better ordering of the crystal 

lattices. The anatase to rutile phase transition temperature is known to depend upon the 

method of synthesis and the initial anatase crystallite size [74–78]. Many studies have been 

suggested that the anatase crystallite size needs to reach 30 nm prior to the commencement of 

phase transition to rutile [592, 593]. The XRD data suggest that the onset temperature for 

anatase to rutile phase transition decreases with increasing the hydrothermal temperature. 

Nanostructures prepared at 170 °C exhibit anatase to rutile conversion temperature below 600 

°C. The nanotube like structures prepared at 110 °C to 150 °C show higher transition 

temperatures due to higher thermal stability. It is also well known that with the increase of 
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crystallinity the surface area decreases due to an increase of crystallite sizes. Therefore, 

nanorods prepared at 130 hydrothermal and 400 °C calcination temperatures were selected 

for further investigation due to higher surface area and crystallinity. 

 

Figure 3.2: PXRD results of TiO2 nanorods prepared at 110-170 °C hydrothermal 

temperature and post calcined from 400-800 °C. 

3.1.1.2 UV-visible diffuse reflectance measurements  

Fig. 3.3(a) shows UV-visible diffuse reflectance spectra for the different mono and bimetallic 

photocatalysts using P25 support, whilst Fig. 3.3b compares fresh and used 0.8Cu(OH)2-

0.2Ni(OH)2/P25. All catalysts showed intense absorption below 400 nm, due to the P25 

support (Eg = 3.15 eV). The absorption edges of all metal containing photocatalysts showed 

absorption in the visible region due to overlap between the TiO2 and metal hydroxide 

complexes absorption. It has been reported that Ni3d and Cu3d states can mix with the TiO2 

conduction band at the interface region and decrease the band gap energy between Ti3d and 

O2p states of TiO2 [594]. The absorption spectra of fresh bimetallic photocatalysts show a 

broad band centred above 600 nm and a small absorption shoulder at 450 nm. The absorption 

shoulder at 450 nm is partly due to the interfacial charge transfer (IFCT) from TiO2 

conduction band to M2+ cations (where M = Cu and Ni) [504, 595, 596]. The enhanced 

absorption above 600 nm can be assigned to Ni2+ d-d (600-800 nm) and Cu2+ d-d (700-800 
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nm) transitions. The increased absorption around 450-600 nm for the used photocatalyst in 

fig.3.3b is likely due to the formation of Cu1+ oxide species during photoreactions [597]. 

 

Figure 3.3: (a) UV-Vis spectra of P25, “as prepared” mono- and bimetallic photocatalysts as 

indicated; (b) UV-Vis of as prepared and used 0.8Cu(OH)2-0.2Ni(OH)2/TiO2. 

Optical properties of other TiO2 nanostructures prepared at different hydrothermal conditions 

and followed by calcination at various temperatures are shown in fig.3.4. The absorption edge 

of TiO2 nanostructures (rods and leaves) is slightly blue shifted to 390 nm as compared to 

P25 due to the presence of the anatase phase. The comparison of optical absorption of 

nanostructures prepared at different hydrothermal treatments and calcination temperature is 

given in fig 3.4. Uncalcined nanotube like structures prepared at different hydrothermal 

temperatures show the same absorption except nanoleaves like structures prepared at 170 °C 

which show extended absorption in the visible range up to 550 nm (fig.3.4a). This might be 

due to the scattering and trapping of light in the nanoleaves morphology that disappear after 

calcination at 600 °C due to destruction of the nanoleaves morphology to anatase 

nanoparticles. All nanostructures calcined at 800 °C show a red shift in absorption and have 

similar optical behaviour due to the formation of a rutile phase and probably destruction of 

nanorods/nanoleaves morphology at high temperature (fig.3.4d). The UV-visible diffuse 

reflectance spectra for the different mono and bimetallic hydroxides over TNR130-400, are 

shown in Fig. 3.4e whilst Fig. 3.4f compares the absorption of TNR130, TNR130-400 and fresh 

0.8Cu(OH)2-0.2Ni(OH)2/TNR130-400. It is important to note that both mono and bimetallic 

supported titania nanorods showed more intense absorbance in the visible range as compared 
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to P25 nanoparticles. There are two main reasons behind this; 1) the development of more 

intimate contacts between hydroxides and nanorods support due to greater anatase phase as 

compared to P25 (discussed later). 2) Enhanced visible light trapping by the nanorods 

morphology. 

 

Figure 3.4: UV/Vis spectra of (a-d) TiO2 nanostructures prepared at various hydrothermal 

and calcination temperatures. (e-f) TNR130-400, “as prepared” mono and bimetallic 

photocatalysts as indicated, UV/Vis comparison of TNR130, TNR130-400 and 0.8Cu(OH)2–0.2 

Ni(OH)2/ TNR130-400.   

3.1.1.3 TEM and SEM analysis 

TEM images for 1Cu(OH)2/P25 photocatalyst are shown in Fig. 3.5 at different 

magnifications. P25 is known to compose of small spherical anatase crystallites of average 
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size 20–30 nm and larger rutile crystallites with average size 40–60 nm, both of which are 

evident in the TEM images. It is very difficult to discern metal hydroxide nanoparticles on 

the surface of the TiO2 using TEM due to the similarity in the atomic number of Ni, Cu and 

Ti among other factors (fig. 3.5a & b). It has been reported that hydroxide nanoparticles on 

TiO2 support could only be identified with any certainty at a metal loadings of greater than 5 

wt. % M(OH)2 loading (M = Ni, Cu) [434, 598]. It is likely that the hydroxide nanoparticles 

are present in a very small size (1-3 nm) as seen in the magnified TEM image only (Fig. 

3.5b). The presence of small metal hydroxide particles suggests a strong interaction with P25 

support.  

 

Figure 3.5: TEM images of fresh 1Cu(OH)2/P25 photocatalyst. 

 

Fig. 3.6 (a-d) shows the SEM images of (H2Ti3O4) titanate nanostructures precursors obtained 

at 110-170 °C. It is clear from the images that on going from 110 to 150 °C hydrothermal 

treatments of titanate nanotube precursors aggregates are gradually converted into loosely 

and randomly tangled structures. Surprisingly, when the temperature was increased beyond 

150 °C, these nanotubes like structures were converted into new leaf like morphology fig. 3.6 

(d). The maximum surface area ranging from 110 to 150 °C hydrothermal treatments was 

observed for nanostructures precursors synthesized at 130 °C. Titanate nanotubes precursor 

aggregates obtained at 110-150 °C hydrothermal treatment were converted into TiO2 

nanorods on calcination.  
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Figure 3.6: SEM images of a) TNRs110 b) TNRs130 c) TNRs150 and d) TNRs170. 

 

Fig. 3.7 (a-c) shows the TiO2 nanorods obtained after calcination of titanate nanostructure 

precursors (110-150 °C) at 400 °C.  Well shaped TiO2 nanorods are formed by calcining 

titanate nanotube like precursors at 400 °C formed at 130 and 150 °C hydrothermal 

temperature fig. 7(b-c). The fig. 3.7(d) represents a TEM image of Cu and Ni bimetallic 

hydroxides loaded over nanorods obtained by calcining nanotube precursors obtained at 130 

°C hydrothermal and 400 °C calcination temperatures (TNR130-400), which shows an average 

rod length of 35-40 nm and 4-6 nm diameter. Highly dispersed bimetallic hydroxide 

nanoparticles of 1-3 nm size can be clearly spotted over entire length of the nanorods. Very 

small and highly dispersed metal hydroxide nanoparticles are responsible for higher metal to 

support interface ratio which facilitates the greater number of charge carriers transferred to 

the metal cocatalysts for proton reduction. The presence of Cu and Ni is also confirmed by 

energy dispersive spectroscopy (EDS) (fig.3.7 bottom). Fig.3.7d inset represents a fast 

Fourier transform (FFT) image of TNR130-400 further validating that nanorods prepared are 

purely comprised of anatase phase.     
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Figure 3.7: (top) SEM images of a) TNR110-400 b) TNR130-400 c) TNR150-400 and d) TEM 

images of M(OH)2-TNR130-400 (bottom) Energy dispersive spectroscopic (EDS) analysis of 

M(OH)2-TNR130-400. 

3.1.1.4 XPS studies  

The XPS Cu2p region for different Cu oxidation states has been studied thoroughly and has 

shown in Fig. 3.8b [599-601]. Typical XPS Cu2p3/2 values for Cu0 and Cu+ are observed 

between 932.3-932.5 eV making Cu0 and Cu+ difficult to distinguish while that of Cu2+ is 1 

eV higher at about 933.6 eV. XPS Cu2p of Cu2+ has characteristic satellites at about 6 eV 

above Cu2p3/2 peak due to the open 3d9 shell structure giving rise to multiple splitting [173, 

602]. Fig. 3.8a shows the reference Ni2p spectra for different Ni oxidation states. The binding 
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energy position of Ni2p peaks at 855.6 eV and 873.2 eV and the presence of additional strong     

non-symmetrical features on the higher binding energy side of both Ni2p peaks indicate that 

Ni is present as Ni2+. Ni2+ is a paramagnetic ion which shows additional ‘‘shake-up’’ satellite 

features at ~ 6 eV above the main Ni2p3/2 peaks. 

 

Figure 3.8: Reference Cu2p and Ni2p XPS spectra.   

 

Fig. 3.9 presents Cu2p, Ni2p, Ti2p, C1s and O1s XPS spectra of fresh 0.8Cu(OH)2-

0.2Ni(OH)2/P25 photocatalyst and Cu2p, Ni2p spectra of all fresh photocatalysts. Nitrogen 

was the only other element detected with overall atomic % less than 0.5%. It can be noted 

that copper is detected in its reduced state (Cu0/Cu1+) while nickel is detected as Ni(OH)2 in 

0.98 and 0.19 at. %, respectively (Table 3.2). Ni2p3/2 and Ni2p1/2 peaks are observed at 855.6 

eV and 873.2 eV, respectively. The binding energy position, presence of multiple splitting 

and additional ‘‘shake-up’’ satellite features at ~ 6 eV above the Ni2p peaks indicate that Ni 

is present as Ni(OH)2. Fig. 3.10 presents Cu2p and Ni2p XPS spectra of 1.0Cu(OH)2/TNR130-

400 and 1.0Ni(OH)2/TNR130-400 photocatalysts. A surprise detection of Cu in reduced state 

in all cases in present study is due to Cu2+ reduction in sub-nanometeric Cu(OH)2 precipitates 

by the transfer of electrons from the TiO2 conduction band under high intensity X-rays. 

Photocatalyst preparation conditions and strong absorption of Cu (II) d-d (700-800 nm) 

observed in the case of UV-VIS studies is a solid evidence of copper presence as Cu2+ in 

fresh samples [603]. The absence of multiple split of Ni2p peaks indicates that Ni2+ is mainly 

present in the form of its hydroxide. This is due to the fact that Ni2+ in Ni(OH)2 cannot be 
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reduced during XPS measurements as its redox potential is more negative than the redox 

potential of conduction band electrons (discussed in later section in detail).  

 

 

Figure 3.9: XPS results of fresh bimetallic Cu(OH)2-Ni(OH)2/P25 photocatalysts. 
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Figure 3.10: XPS analysis of 1.0Cu(OH)2/TNR130-400 and 1.0Ni(OH)2/TNR130-400. 

 

Table 3.2: XPS analysis of fresh bimetallic 0.8Cu(OH)2-0.2Ni(OH)2/P25 photocatalyst. 

Chemical 

Comp. 

Core 

Level 

Peak 

Position 

FWHM 

(eV) 

at.% 

Conc. 

 

TiO2 

 

Ti2p3/2 458.7 1.0 

33.8 
Ti2p1/2 464.4 

1.9 

Metal oxide 

O1s 

530 1.1 

46.4 Metal 

hydroxide 
532.1 

2.1 

Carbon (adv.) 

C1s 

284.8 1.4 

19.6 C-O-C (adv.) 286.4 1.3 

C-O=C (Adv.) 288.6 1.3 

Cu/Cu2O 
Cu2p3/2 932.4 1.7 

0.39 
Cu2p1/2 952.2 2.1 

Ni(OH)2 
Ni2p3/2 855.6 2.1 

0.10 
Ni2p1/2 873.2 2.5 

 

3.1.2 Photoreactions 

3.1.2.1 H2 production 

Photocatalytic H2 production was evaluated using either ethanol or glycerol as sacrificial 

agent. Degussa P25 and TNR130-400 showed negligible activity because of rapid conduction 

band electrons and valence band holes recombination rate of TiO2 and due to the absence of 

atomic hydrogen· recombination center for hydrogen evolution [111, 604]. Fig. 3.11a-b 

shows the effect of precipitation solution concentration (during catalyst preparation) on 

hydrogen production rate using 0.5Cu(OH)2-0.5Ni(OH)2/P25 and 0.8Cu(OH)2-

0.2Ni(OH)2/TNR130-400 photocatalysts respectively. The decrease in hydrogen production 
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rate with an increase or decrease in NaOH concentration around optimum is probably due to 

better dispersion or agglomeration of metal hydroxides particles on TiO2 support surface, 

respectively. The effect of metal loading concentration was studied by increasing the overall 

loading amount from 0.5-3 wt. % (fig. 3.11c-d). Optimum hydrogen production rate was 

obtained for nominal loading amount of 1 wt. %. A slight decrease in activity at 1.5 wt. % 

metal loading was observed after that a sharp decrease in activity was observed from 2-3% 

loadings. The decrease in photocatalytic activity with increasing metal loading has been 

observed by many other workers for which no clear explanation is yet known [605-609]. 

Upon increasing of metal particle coverage, a larger fraction of the semiconductor surface 

may become unavailable for light adsorption. It can also result in increasing surface defects at 

metal-semiconductor inter-face leading to an increase in electron-hole recombination centers. 

For further study, the overall nominal metal loading was kept at 1 wt. % and 0.5 M NaOH 

solution was used as the precipitating agent.  

 

Figure 3.11: (a-b) Effect of NaOH concentration as precipitation solution for H2 production 

and (b-c) Effect of metal loading amount on H2 production in 20 vol. % ethanol-water 

mixtures over 0.5Cu(OH)2-0.5Ni(OH)2/P25 and 0.8Cu(OH)2-0.2Ni(OH)2/TNR130-400 

photocatalysts respectively. 
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Comparison of hydrogen production in 20 vol. % ethanol-water mixtures on various samples 

is shown in fig. 3.12 & 3.13. Hydrogen production experiments in different ethanol to water 

volume ratios on 0.8Cu(OH)2-0.2Ni(OH)2/P25 catalyst were also performed. An increase in 

rates with an increase in ethanol proportion as seen in fig. 3.14 was noticed. Further 

investigations were performed in 20 vol. % ethanol-water mixture to afford reliable 

measurement due to the amount of hydrogen produced with our experimental set up while 

keeping the ethanol concentration as minimum as possible. 1.0Ni(OH)2/P25 and 1.0Ni(OH)2/ 

TNR130-400 were the least active catalysts with hydrogen production rate two times less when 

compared to 1.0Cu(OH)2/P25 and 1.0Cu(OH)2/TNR130-400. Hydrogen production rates 

increase with increase in Cu wt. % ratio in bimetallic catalysts.  0.8Cu(OH)2-0.2Ni(OH)2/P25 

and 0.8Cu(OH)2-0.2Ni(OH)2/TNR130-400 were found to be the most active photocatalysts. 

However, 0.8Cu(OH)2-0.2Ni(OH)2/P25 catalyst losses its activity considerably if calcined at 

300 oC.  Since the BET surface area of TiO2 P25 did not change upon calcination at 300 oC, 

the deactivation could be linked to the formation of particles of oxides of Cu and Ni that are 

more difficult to reduce and therefor do not provide the needed Schottky barrier for electron 

transfer to occur. It was important to note that the hydrogen production rate over 

0.8Cu(OH)2–0.2Ni(OH)2/P25 (10.25 mmol h-1g-1) was ~2.5 times less than 0.8Cu(OH)2–

0.2Ni(OH)2/TNR130-400 (26.6 mmol h-1g-1) photocatalyst from 20 vol. % ethanol-water 

mixtures. The enhanced activity of TNR130-400 as compared to TiO2 nanoparticles can be 

ascribed to their outstanding charge transport and long carrier lifetime properties due to 

following characteristics i) effective vectorial charge transfer due to nanorod structure ii) the 

charge carriers can not only easily move along the longitudinal direction of the nanostructure, 

they also have to cover short distance to emerge at the surface transversely iii) lower number 

of surface defects, thus small number of recombination centers [610].  

In comparison with ethanol-water mixture, glycerol-water mixture showed higher rate of 

hydrogen production (fig. 3.15 & 3.16). In general, alcohols with lower oxidation potential, 

larger number of α-H atoms and hydroxyl groups deliver higher hydrogen production rates 

[611]. The oxidation potential, number of α-H atoms and hydroxyl groups are 0.004V, 5 and 

3 for glycerol while it is 0.084 V, 2 and 1 for ethanol, respectively [612]. In alcohol-water 

mixture, the photoreaction is initiated by the reaction of an alcohol with hole in the TiO2 

valence band to form α-hydroxyl radicals. The formation of alpha hydroxyl radicals have 

been identified previously on TiO2 using EPR and has been proposed by many others [170, 

613-615]. Lower hydrogen production rate was observed for glycerol concentrations greater 

than 20 vol. % (data not shown) due to an increase in reaction mixture viscosity.   
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Figure 3.12: Comparison of the photocatalytic activities of 0.8Cu(OH)2-0.2Ni(OH)2/P25, 

1.0Cu(OH)2/P25, 0.5Cu(OH)2-0.5Ni(OH)2/P25, 0.2Cu(OH)2-0.8Ni(OH)2/P25, 1.0Ni(OH)2/ 

P25 and 0.8Cu(OH)2-0.2Ni(OH)2/P25 (calcined) samples for the photocatalytic H2 production 

in 20 vol. % ethanol-water mixture. 

 

Figure 3.13: Comparison of the photocatalytic activities of 0.8Cu(OH)2–0.2Ni(OH)2/ 

TNR130-400, 1.0Cu(OH)2/TNR130-400, 0.5Cu(OH)2–0.5Ni(OH)2/TNR130-400, 0.2Cu(OH)2–

0.8Ni(OH)2 /TNR130-400, 1.0Ni(OH)2/TNR130-400 samples for the photocatalytic H2 

production in 20 vol.% ethanol-water mixture.  
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Figure 3.14: Comparison of hydrogen production on 0.8Cu(OH)2-0.2Ni(OH)2/P25 from 

aqueous solution with different ethanol volume percentages. 

 

Figure 3.15: Comparison of the photocatalytic activities of 0.8Cu(OH)2-0.2Ni(OH)2/P25, 

0.2Cu(OH)2-0.8Ni(OH)2/P25, 0.5Cu(OH)2-0.5Ni(OH)2/P25, 1.0Cu(OH)2/P25 and 1.0NiOH)2/ 

P25 samples for the photocatalytic H2 production from 5 vol. % glycerol-water mixture. 
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Figure 3.16: Comparison of the photocatalytic activities of 0.8Cu(OH)2–0.2Ni(OH)2/ 

TNR130-400, 1.0Cu(OH)2./TNR130-400, 0.5Cu(OH)2–0.5Ni(OH)2/TNR130-400, 0.2Cu(OH)2–

0.8Ni(OH)2/TNR130-400, 1.0Ni(OH)2/TNR130-400 samples for the photocatalytic H2 

production in 5 vol.% glycerol-water mixture. 

Inspection of the hydrogen production with time indicates an induction period in both cases. 

Two particular points are however, worth mentioning. First, Ni(OH)2 catalysts had the longer 

induction period in both cases, also others Ni containing catalysts showed longer induction 

periods that increased with concentration. Second, glycerol and water mixtures showed a 

much shorter induction period when compared to that of ethanol and water mixture. In a 

previous work [611] a relationship between hydrogen production rates and the exponential of 

redox potential has been shown, following Marcus theory [616].The rates for glycerol were 

about twice as fast when compared to those for ethanol reactions. The results reported in this 

study on Cu and Ni are thus not too different indicating that the main drive for the reaction (at 

least on TiO2) is the difference of oxidation potential of the donor molecules and the valence 

band of the semiconductor. From Table 3.3, it can be noted that better hydrogen production 

rates are obtained with the bimetallic composition used in this study when compared to 

monometallic catalysts reported in literature. 

 

.  
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Table 3.3: Comparison of hydrogen production rates over Cu and Ni containing 

photocatalysts reported in literature with the present study. 

Metal Loading 

(Deposition method) 

Sacrificial 

Reagents 

Irradiation 

Source  

H2 

(mmol h-1g-1) 

Ref. 

1 wt. % Cu-Ni/TNR130-400 

(Impregnation ) 

5% glycerol-water 100W (UV) 35.1 Present 

study 

1 wt. % Cu-Ni/P25 

(Impregnation) 
5 % glycerol-water 

100W lamp 

(UV) 
22.32 

Present 

study 

1 wt. % Cu-Ni/P25 

(Solvothermal0 

37% methanol-

water 

300W (UV) 13.5 2015 

[617] 

29 mol% Cu(OH)2/P25 

(Precipitation) 

0.09M ethylene 

glycol-water 

3W (UV) 3.42 2011 

[326] 
1.25 wt.%  CuO/TiO2 

(Complex precipitation) 

80% ethanol-water 100W (UV) 20.3 2013 

[378] 

1.3 wt%  CuO/P25 

Impregnation 

0.1M glycerol-

water 

3W (UV) 2.06 2011 

[419] 

0.5 mol% Ni(OH)2/P25 

(DP) 

25% methanol-

water 

3W (UV) 3.056 2011 

[618] 

1 wt% Cu2O/P25 

(Impregnation) 

20% ethanol-water 200W (UV) 3.48 2009 

[343] 

8 atom %Cu/P25 

(Chemical reduction) 

10% methanol –

water 

400W (UV) 20 2010 

[381] 

1.25 wt%  Ni/P25, 
(Complex precipitation) 

95% ethanol- water 100W (UV) 20.7 2015 
[619] 

1.2 wt% Cu/TiO2 (anatase) 

(Incipient wetness) 

30% methanol-

water 

208W (UV) 3.2 2004 

[50] 

1.5 wt% NiO/TiO2 (anatase) 

(Single step sol gel) 

10% methanol-

water 

300W (UV) 0.162 2005 

[375] 

0.5 mol% Ni(OH)2/P25 

(DP) 

25% methanol-

water 

3W (UV) 3.056 2011 

[618] 

4wt% Au/P25, 

Photodeposition 

5% ethanol-water 450W (UV-

Vis) 

6.12 2013 

[543] 

0.8 wt% Au/TiO2 (anatase) 

(Photodeposition) 

25% methanol-

water 

400W (UV) 1.54 2014 

[620] 

1 wt% Au/TiO2(anatase) 
(Flam spray pyrolysis) 

6% methanol-water 250W  (UV-
Vis) 

8 2008 
[92] 

1 wt% Au/TiO2 (anatase) 

(Photodeposition) 

50% methanol-

water 

2.4W  (UV) 8.4 2012 

[621] 

0.5Au-0.5Pt/TiO2 (anatase) 

(Impregnation) 

50% ethanol-water 125W (UV 8 2013 

[622] 

1 wt% Pd/TiO2 (anatase + 

rutile nanofibres) 

50% ethanol-water 8W UV-B 16.2 2015 

[623] 

1.5%Au/P25 

(DP with Urea) 

80%  ethanol-water 100 W (UV) 32.2 2015 

[584] 

0.25Au-0.75Pd/P25 25% glycerol-water 100W (UV) 19.6 2014 

[624] 

1% Pt/P25 

(DP with Urea) 

10% glycerol water 200 W (UV) 27.1 2015 

[625] 

2% NiO/TiO2 

(anatase + rutile) 

(Impregnation) 

16% glycerol-water 500W (UV) 1.23 2016 

[342] 

 

 

The activity and stability of both 0.8Cu(OH)2-0.2Ni(OH)2/P25 and 0.8Cu(OH)2-

0.2Ni(OH)2/TNR130-400 catalysts were investigated in 20 vol. % ethanol-water mixture. As 

can be seen from Fig. 3.17a, stable photocatalytic hydrogen production was observed over 
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0.8Cu(OH)2-0.2Ni(OH)2/P25 for the duration of the experiments (16 h). The slight decrease 

in rate with time (<15% for forth run) was due to the deposition of photocatalysts particles 

(clearly seen with naked eye) on reactor walls with time, thus effecting the incoming 

radiations. When recyclability tests were performed over 0.8Cu(OH)2-0.2Ni(OH)2/TNR130-

400 with similar bimetallic loading, no decrease in hydrogen production rates was observed 

over same length of time due to less deposition of nanorods with reactor walls Fig. 3.17b. 

 

Figure 3.17: Recyclability of hydrogen production on 0.8Cu(OH)2-0.2Ni(OH)2/P25 and 

0.8Cu(OH)2–0.2Ni(OH)2/TNR130-400 catalysts using 20 vol. % ethanol-water mixture.  

 

Photoreaction tests were performed over 0.8Cu(OH)2–0.2Ni(OH)2/TNRx-T to investigate the 

effect of hydrothermal treatment and calcination temperature (where x= 110 °C, 130 °C, 150 

°C, and 170 °C and T= 400 °C, 600 °C and 800 °C). As it was shown in fig. 3.18a, the 

maximum hydrogen production rate is observed on 0.8Cu(OH)2–0.2Ni(OH)2/TNR130-400 due 

to high surface area and high crystallinity obtained under these conditions. Albeit TNRs 

fabricated at 110 °C have slightly lower surface area but lower hydrogen production rate was 

observed due to less crystallinity as well as distorted (amorphous) TNRs symmetry as 

observed in XRD and TEM analysis. The effect of calcination temperature over   
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0.8Cu(OH)2–0.2Ni(OH)2/TNR130 for hydrogen production was also studied and shown in fig. 

3.18b. High rate of hydrogen production achieved at 400 °C calcination temperature might be 

due to the optimization between crystallinity and surface area. No matter how much 

crystallinity is increased on increasing the calcination temperature beyond 400 °C, less 

amount of hydrogen production was observed due to increase of particle size which decreases 

the surface area. 

 

Figure 3.18: Effect of hydrothermal treatment and calcination temperature on 0.8Cu(OH)2–

0.2Ni(OH)2/TNR.   

Fig. 3.19 shows digital photographs of the mono and bimetallic hydroxide supported over 

TiO2 (P25) photocatalysts as-prepared and under UV light. In each case 20 mg of 

photocatalyst was suspended in 20 vol. % ethanol-water mixture with total volume of 25 ml. 

For the as-prepared photocatalysts, the light blue-green color increased with an increase in 

Cu(OH)2 loading due to the presence of octahedrally coordinated Cu2+ ions [626]. The grey 

color of calcined 0.8Cu(OH)2-0.2Ni(OH)2/P25 catalyst indicates the formation of metal 

oxides [606]. Under photoreaction conditions, colour change increases gradually with an 

increase in amount of Cu(OH)2 while no change is observed in Ni(OH)2 containing catalysts. 

The later observation might be due to the fact that Ni2+ in Ni(OH)2 cannot be reduced under 

given conditions. Upon exposure to air the change in Cu(OH)2/P25  colour reverted back to 

the original colour most likely due to re-oxidation of Cu0.  
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Figure 3.19: Digital photographs of as prepared and slurry phase catalysts before and during 

UV irradiation (3h). 

3.1.3 Electron/hole transfer  

3.1.3.1 Steady-state and time-resolved PL studies  

 

 
Figure 3.20: (a) Steady-state PL (b) time-resolved PL spectra following excitation at 305 nm 

(c) Steady-state PL as function of Ni loading in Ni(OH)2/P25. 

 

In order to get insight regarding the electron transfer dynamics, steady-state and time-

resolved PL of the P25, 1.0Cu(OH)2/P25 and 1.0Ni(OH)2/P25 samples were conducted and 

results are presented in Fig. 3.20a & b. Fig. 3.20a demonstrates that 1.0Cu(OH)2/P25 exhibits 

PL ~2 times lower in intensity as compared to P25. This is a clear indication of photo-excited 

electron transfer from the conduction band of the P25 to the Cu(OH)2. On the contrary, P25 

and 1.0NiOH)2/P25  exhibit similar intensities. The presence of Ni may also passivates the 

surface thus resulting in slight increase in the PL intensity. To confirm this, PL measurements 

as function of Ni(OH)2 loading were performed (fig. 3.20c). PL intensity was observed to 

increase with an increase in loading. In order to get understanding regarding the electron 
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transfer rate time-resolved PL were conducted. A decrease in PL life-times of 

1.0Cu(OH)2/P25 was anticipated as a result of electron transfer from the photo-excited P25 to 

Cu(OH)2 as compared to P25. But rather the same PL kinetics behaviour was observed for all 

three samples. This strongly suggests that the electron transfer occurs much faster than the 

instruments response function ~500 ps of our time-correlated single photon set-up. The 

measured PL kinetics was best fitted by the built-in single exponential model (Ԏ=Ae-kt, where 

Ԏ, A, k and t are time constant, amplitude in counts, first order rate constant and time, 

respectively) suggesting a time constant of ~1.24 ns ± 0.006 ns, indicating the PL is 

originating through the same state for all three samples 

3.1.3.2 Rhodamine B dye degradation studies  

Table 3.4 presents Rhodamine B dye degradation over P25, 1.0Ni(OH)2/P25, 

1.0Cu(OH)2/P25 and 0.8Cu(OH)2-0.2Ni(OH)2/P25, catalyst in the absence or presence of 

either a hole (Na2EDTA) or an electron scavenger (benzoquinone) [627].  The objective here 

is to further probe into the electron/hole transfer process in the presence of Cu and Ni 

hydroxides. The absorption spectra were collected in 400-600 nm range during the 

monitoring process. To test the activity, a fixed time was taken for the dye degradation (the 

time needed to decompose 80% of the dye).  It was noted that the time required to degrade 

the dye is longer in the case of metal loaded catalysts as compared to P25 alone in all cases. 

This indicates that doping TiO2 with these elements decreases its activity, in sharp contrast 

with hydrogen production. More specifically, the dye degradation time is longer over all Cu 

supported catalysts as compared to 1.0Ni(OH)2/P25 (comparable to that of TiO2 alone). It is 

to be noted that this is also opposite to hydrogen production results. The reason is most likely 

competition of CB electrons. In other words, the suitable reduction potential of Cu in 

Cu(OH)2/P25 as a result of which there is competition between (Cu2+ + 2e-(CB) → Cu0) and 

(𝑂2 + 𝑒−(𝐶𝐵) → 𝑂2
−.) reaction. However, in the case of Ni(OH)2/P25, the conduction band 

electrons are unable to reduce Ni in Ni(OH)2 which are therefore exclusively used to form 

superoxide radicals that in turn oxidize the dye. To probe further into this, we have 

investigated the effect of hole and electron scavengers on the dye degradation time. In the 

presence of Na2EDTA, a hole scavenger, the rate of dye degradation over the all catalysts 

was close to that obtained without any scavenger. However, the degradation was much 

slower in the presence of benzoquinone as a superoxide radical scavenger (Table 3.4). These 

results also suggest that role of oOH radicals or h+ is negligible in this degradation process 

while electrons/superoxide radical are the main active species.    
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            Table 3.4: Results of Rhodamine B dye degradation over different photocatalysts.     

            Degradation is taken as that needed to decompose 80% of the dye. 

Photocatalyst 
Hole 

scavenger 

Superoxide 

scavenger 

Degradation 

time (minutes) 

P25 - - 32 

1.0NiOH)2/P25  - - 38 

1.0NiOH)2/P25 Na2EDTA  38 

1.0NiOH)2/P25  Benzoquinone 70 

1.0Cu(OH)2/P25 - - 110 

1.0Cu(OH)2/P25 Na2EDTA - 105 

1.0Cu(OH)2/P25 - Benzoquinone 170 

0.8Cu(OH)2-0.2Ni(OH)2/P25 - - 90 

0.8Cu(OH)2-0.2Ni(OH)2/P25 Na2EDTA - 90 

0.8Cu(OH)2-0.2Ni(OH)2/P25 - Benzoquinone 135 

 

3.1.4 Hydrogen production mechanism 
Both P25 and TNR130-400 themselves exhibit negligible hydrogen production activity (0.104 

& 0.087 mmol h-1 g-1). However, activity is remarkably improved after 1 wt. % Cu loading to 

(ca. 14.19 & 17.5 mmol h-1g-1) for glycerol-water mixtures, respectively. The reduction 

potential of Cu(OH)2/Cu is slightly lower than the conduction band potential of anatase and 

rutile TiO2 (Cu(OH)2 + 2e- = Cu + 2OH-,  Eo = -0.224 V (Fig. 3.21). Under photoreaction 

conditions, electrons can directly transfer from the CB of TiO2 to Cu(OH)2 nanoclusters to 

reduce Cu2+ to Cu0 as shown in Fig. 3.22 & 3.23. This direct conversion can be supported by 

four observations in this study. i). Instant colour change on exposing the catalysts slurry to 

UV radiations in the presence of a sacrificial regent. This change in colour gradually 

decreases with a decrease in Cu content (Fig. 3.19). ii). The presence of Cu in its reduced 

state in all XPS results due to the excitation of TiO2 electrons by X-rays and their subsequent 

transfer to Cu(OH)2 nanoclusters. iii). Two times lower PL intensity in the case of 

1.0Cu(OH)2/P25 as compared to P25 indicating photo-excited electron transfer from the CB 

of the P25 to the Cu(OH)2. iv). About three times decrease in dye degradation rate on 

Cu(OH)2 loaded P25 as compared to P25 alone due the competition between electron transfer 

from conduction band of TiO2 to Cu(OH)2 and dye molecule probably via superoxide radical 

(O2
−.) formation. This is further supported by an increase in dye degradation time in the 

presence of superoxide scavenger benzoquinone while no change in dye degradation time 
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was observed in the presence of a hole scavenger Na2EDTA (Table 3.4) [627]. In the metallic 

state Cu acts as a co-catalyst for electron transfer to proton for hydrogen production [85].  

The rate of hydrogen production observed with similar loading of Ni was far less as 

compared to that of Cu loading (Figs. 3.15 & 3.16). The reduction potential of Ni (OH)2/Ni 

(Ni(OH)2 + 2e- = Ni +2OH-  Eo = - 0.76 V) is more negative than the conduction band 

potential of TiO2 (fig. 3.21). Thus, the electron transfer from CB band of TiO2 to Ni(OH)2 is 

thermodynamically unfavourable. While there is clear evidence from photoluminescence 

experiments and dye degradation experiments that Ni(OH)2 level lies above the TiO2 CB for 

the photocatalysts used in this study, stable H2 production on monometallic Ni(OH)2     

loaded catalysts is observed during hydrogen production experiments. Further,    

0.8Cu(OH)2-0.2Ni(OH)2/P25 exhibit higher activity as compared to both 1.0Ni(OH)2/P25 and 

1.0Cu(OH)2/P25. These observations reject the possibility of Ni(OH)2 to remain inactive 

under photoreaction conditions. Typically in a photoreaction experiment involving ethanol or 

glycerol as sacrificial agent, the pH of the reaction mixture drops to ca. 4 within the first hour 

due to their oxidation to produce CO2. There is a possibility of Ni(OH)2 dissolution in the 

reaction mixture as a Ni2+ concentration of 0.1mole L-1 at pH = 6 is predicted in equilibrium 

with Ni(OH)2 [628]. To confirm this, we performed photoreactions with increased amount of 

1% Ni(OH)2/P25 catalyst (100 mg) to allow the Ni2+ detection in the reaction mixture filtrate 

using dimethylglyoxime (DMG) as a complexing agent. The appearance of red colour after 

3h clearly indicated the dissolution of Ni2+ in alcohol-water mixture. Based on these 

observations, stable hydrogen production and the appropriate redox potential of Ni2+/Ni 

couple (-0.23 V), it is proposed that Ni(OH)2 is first dissolved into the reaction mixture and 

Ni2+(aq) thus formed is then photo-deposited on over P25 or TNRs as shown in Fig. 3.22 & 

3.23. This is also supported by the observation that relatively longer induction time is needed 

to observe hydrogen production in the case of Ni containing catalysts (Fig. 3.12, 3.13, 3.15 

and 3.16).   

Considerable hydrogen production rates in the case of 1.0Cu(OH)2/P25 and 

1.0Cu(OH)2/TNR130-400 was due to its appropriate work function (5.1 eV). A very high rate 

of hydrogen production 22.32 mmol h-1g-1 on 0.8Cu(OH)2-0.2Ni(OH)2/P25 and 35.1 mmol   

h-1g-1 on 0.8Cu(OH)2-0.2Ni(OH)2/TNR130-400 in 5 vol. % glycerol-water mixture observed as 

compared to other catalysts with similar overall wt. % metal loading can be ascribed to 

synergistic effect of Cu deposited directly from Cu(OH)2 precipitates and re-adsorption of Ni0 

from the Ni2+ cations in the solution. These Ni2+ ions may selectively be photo-deposited over 

electron rich sites on P25 or TNRs surface which are away from Cu nanoclusters or on Cu 

mailto:Cu0.8-Ni0.2@P25
mailto:Cu0.8-Ni0.2@TiO2
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nanoclusters themselves forming Cu/Ni alloy (Fig. 3.22 & 3.23). It is also reported that 

proper composition of Cu/Ni alloy has the more suitable Schottky barrier height [617]. The 

reducibility of Ni is enhanced in Cu/Ni alloy due to a considerably less negative ∆Go of Cu 

oxide formation (-129 kJ mol-1) when compared to that of Ni oxide formation (-430 kJ mol-1) 

[629, 630], which is favourable for water reduction [617]. The decrease of hydrogen 

production rate from 0.5Cu(OH)2-0.5Ni(OH)2 to 0.2Cu(OH)2-0.8Ni(OH)2 is due to the 

gradual decrease of Cu amount. A very little hydrogen production rate observed on 

0.8Cu(OH)2-0.2Ni(OH)2/P25 calcined at 300 oC in air might be due to conversion of Cu(OH)2 

and Ni(OH)2 to their respective oxides (CuO and NiO, respectively) and their subsequent 

growth to larger particle size by sintering. CuO/Cu redox potential is above that of TiO2 

conduction band such that electrons cannot be transferred from TiO2 to CuO (Fig. 3.21). This 

explanation is also in line with what has been reported previously where a decrease in H2 

production  rate with an increase of CuO particle size was observed [606].  

 

 

Figure 3.21: Schematic illustration for hydrogen production, charge transfer, separation and 

chemical conversions in Ni(OH)2 and Cu(OH)2 nano-clusters modified TiO2 system [631]. 
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Figure 3.22: Schematic illustration for hydrogen production, charge transfer, separation and 

chemical conversions in Ni(OH)2-Cu(OH)2/P25 systems under photoreaction conditions 

[631]. 

 

Figure 3.23: Schematic illustration for hydrogen production, charge transfer, separation and 

chemical conversions in Ni(OH)2-Cu(OH)2/TNR130-400 systems under photoreaction 

conditions.  

3.1.5 Conclusions 
From above results and discussion it can be concluded that highly crystalline Titania 

nanorods with different phase compositions and surface areas can be fabricated by calcination 
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of hydrogen titanate (H2Ti3O7) precursors obtained by treating P25 (TiO2) hydrothermally in 

10 M NaOH followed by HCl washing. It is found that nanotube like morphology prevailed 

up to 150 °C hydrothermal treatment. However, nanotube like morphology is dramatically 

transformed into nanoleaves above 150 °C. The nanotubes precursor prepared at 130 °C show 

maximum surface area of ca. 148 m2/g that decreases with further increasing of the 

temperature. Treatment at higher temperatures than 130 °C starts to destroy the lamellar 

Na2Ti3O4, an intermediate in the TiO2 nanostructure formation process.  Among the nanorods 

series prepared, nanorods prepared at 130 °C and calcined at 400 °C showed very high 

hydrogen production rates after depositing bimetallic hydroxides by co-deposition-

precipitation (total metal loading ~ 1 wt.%). To compare these hydrogen production results 

with typical TiO2 support P25 (80% Anatase + 20% rutile), a series of Cu(OH)2-Ni(OH)2/P25 

photocatalysts were prepared by co-deposition-precipitation (total metal loading ~ 1 wt.%), 

characterized and their performance for H2 production was evaluated. Both 0.8Cu(OH)2-

0.2Ni(OH)2/P25 and 0.8Ni(OH)2-0.2Cu(OH)2/TNR130-400 photocatalyst demonstrated very 

high hydrogen production rates (10 & 26.6 mmol h-1g-1) in 20 vol. % ethanol-water mixture 

and (22 & 35.1 mmol h-1g-1) from 5 vol.% glycerol-water mixtures, respectively. Detailed 

analyses based on reaction kinetics, photoluminescence, XPS and charge carrier scavenging 

suggest that both working catalysts are composed of Cu and Ni metals in their active phase. 

Cu0 is produced directly by the transfer of electrons from the conduction band of TiO2 to 

surface Cu(OH)2 nano-clusters, whilst Ni0 is formed indirectly through a process of gradual 

dissolution of Ni(OH)2 to yield aqueous Ni2+ due to the acidic environment of the medium, 

followed by Ni2+ reduction by electron from the conduction band of the semiconductor. The 

high rates of H2 production that matches those obtained with noble metals can be explained 

by the following rationale. An oxidized Ni atom in contact with a Cu atom may become 

reduced due to a considerably less negative ∆Go of Cu oxide formation (-129 kJ mol-1) when 

compared to that of Ni oxide formation (-430 kJ mol-1) [629, 630]. This may increase 

hydrogen production due to the possibility of an increase in metallic character of Cu [632, 

633]. The present work suggests that bimetallic Cu-Ni catalysts formed on TiO2 nanorods are 

promising alternatives to noble metals for hydrogen production [607, 611].  

3.1.6 Novel MOF-199 derived Cu-Cu2O nanoparticles decorated TiO2 

photocatalysts  
This section comprises of characterization results and thorough discussion of novel MOF-199 

derived highly dispersed Cu-Cu2O nanoparticles decorated TiO2 photocatalysts for hydrogen 

mailto:Cu0.8-Ni0.2@P25
mailto:Cu0.8-Ni0.2@P25
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production and their comparison with Cu decorated TiO2 prepared with conventional method 

by using aqueous metal salts. The aim of this study is to develop highly efficient and 

economical (noble metal free) photocatalysts for hydrogen production from water in the 

presence of other renewable (glycerol).   

3.1.6.1 TGA analysis   

MOF-199 has a large surface area of 1925 m2g-1, a total pore volume of 0.333 cm3g-1 and a 

pore size of 9×9 A° [586]. The copper oxide building block units in MOF-199 are separated 

at relatively large distances by the organic linkers, thus calcination resulted in highly 

dispersed particles of Cu/Cu-oxide (fig. 3.24). The TGA curve of pure MOF-199 (fig. 3.24) 

indicates that all guest molecules like triethylamine (TEA) base (8%) and dimethylformamide 

(DMF) solvent (28.5%) trapped in the cages of MOF-199 are removed at about 250 °C. The 

third and predominant weight loss in the TGA curve (66.5%) at ~ 250-350 °C [431] is due to 

the thermal decomposition of the organic framework of MOF-199 itself. Beyond 350 °C 

there is no weight change indicating the completion of CuO nanostructures formation. 

Therefore, the calcination was always carried out beyond 350 °C in order to ensure the 

complete decomposition of MOF-199. 

3.1.6.2 PXRD analysis   

Fig. 3.24 bottom (a-e) shows powder x-ray diffraction PXRD patterns of synthesized 

materials. Fig. 3.24a and b show diffraction pattern of MOF-199 and TiO2-MOF composite 

respectively where the latter clearly shows the diffraction peaks of anatase TiO2 and MOF-

199. There is slight shift in MOF-199 peaks in TiO2-MOF composite due to interaction of 

TiO2 with the MOF network. After calcining the MOF-TiO2 composite at temperature 400 

°C, Cu/Cu2O are formed over anatase TiO2 as confirmed by both DRS and XPS results. 

Diffraction patterns of the Cu species over TiO2 were not observed in PXRD because the 

overall metal loading is too low (0.5-1.5%).  It is clear from fig. 3.24e that pure CuO is 

formed by heating the MOF-199 at 400 °C in air without the formation of any residual 

carbon. The broad and relatively less well defined PXRD TiO2 peaks in TiO2 -MOF 

composite are due to its lower crystallinity and % presence in the composite.  However, 

anatase TiO2 patterns become prominent after calcining the TiO2-MOF composite at 400 °C 

due to an increase in the crystallinity of TiO2 at higher temperatures. TiO2 peaks are even 

sharper in fig. 3.24d, which corresponds to the anatase TiO2 synthesized by the same method 

without the MOF-199 particles. In addition, no significant variation in lattice parameters was 

observed for Cu-Cu2O/TiO2 catalysts, suggesting that the Cu species were deposited over the 
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surface of TiO2 rather than being incorporated into the TiO2 lattice. It is also interesting to 

note that the TiO2 particle size and BET surface area were constant by calcining the MOF-

TiO2 composite from 350-500 °C (Table 3.7) due to the incorporation of MOF during 

hydrolysis of TiO2 precursor. The TiO2 particle size was calculated by powder XRD data 

using the Scherrer equation and line-widths of the anatase (101) reflection at 2θ = 25.3°. 

 

Figure 3.24: Top: (left) Framework of MOF-199 viewed down the [100] direction, showing 

nanochannels with a fourfold symmetry (right) TGA plot of MOF-199 at a temperature rate 

of 10 °C min−1. Bottom: (a) PXRD patterns of MOF-199, (b) the TiO2–MOF composite, (c)   

Cu–Cu2O/TiO2-400, (d) anatase SG-400 and (e) MOF-199-400.  
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3.1.6.3 UV-visible diffuse reflectance measurements   

Fig. 3.25(a) shows UV-visible diffuse reflectance spectra for the different photocatalysts, 

whilst Fig. 3.25b compares anatase TiO2 and TiO2-MOF composite. All catalysts showed 

intense absorption below 400 nm, due to the anatase TiO2 support (Eg = 3.15 eV). Deposition 

of Cu species caused the samples to absorb strongly in the visible region, though the visible 

absorption spectra differed considerably depending on the nominal Cu loading. The 

absorption edges of Cu containing photocatalysts were shifted towards the visible region due 

to overlap between the TiO2 absorption and the absorption signals of the Cu2O & Cu. The 

absorption spectra of fresh Cu-Cu2O/TiO2 photocatalysts show two broad absorption bands, 

one enhanced absorption band extending  from 400-650 nm caused by fingerprint absorption 

of Cu2O (Eg=2.1eV) species [597, 634, 635] and other relatively small band extends from 700 

to 900 attributed to the surface plasmon resonance of Cu0 [636]. Cu2+ ions also show the 

absorption at 700-900 nm however XPS results revealed the complete absence of Cu as Cu2+. 

A small absorption shoulder at 450 nm in the case of TiO2-MOF composite (fig. 3.25b) is 

partly due to the interfacial charge transfer (IFCT) from TiO2 conduction band to Cu2+ in 

MOF-199 [637-639]. Pure anatase TiO2 does not show any absorption above 400 nm.  

Figure 3.25: (A) UV-vis spectra of the TiO2–MOF composite & 0.5–1.5% Cu-Cu2O/TiO2-

400. (B) Comparison of the MOF–TiO2 composite and anatase TiO2; the insets are pictures of 

(a) MOF-199, (b) TiO2 anatase, (c) the TiO2–MOF-199 composite, (d) Cu–Cu2O/TiO2-400 

°C , and (e) MOF-199-400 °C. 
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3.1.6.4 TEM analysis 

 

Figure 3.26: (a–c) TEM images of the TiO2–MOF-199 composite and (d–f) Cu–Cu2O/TiO2-

400 °C. 

Fig. 3.26 shows the TEM images of the TiO2–MOF-199 composite and that calcined at 400 

°C. TEM images of the uncalcined composite reveal that semi-crystalline TiO2 completely 

envelopes the MOF particles of 6–8 nm size (fig. 3.26a–c). After calcining the TiO2–MOF-

199 composite at higher temperatures, beyond 350 °C, the oxidation of the benzene 

tricarboxylic framework occurs which finally results in the production of highly dispersed Cu 
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and Cu2O nanoparticles. Finally, well dispersed Cu and Cu2O nanoparticles of ∼0.5–1.5 nm 

size can be clearly seen in Fig. 3.26e and f. Banerjee and co-workers synthesized CuO 

nanoparticles of size 30-40 nm by calcining the MOF-199 at 550 °C [431]. Khan and co-

workers produced Cu, Cu2O and CuO particles supported over porous carbon by calcining the 

MOF-199 at 700-800 °C in an inert atmosphere, but metal nanoparticles were not clearly seen 

[585]. In the present study, very finally dispersed metal and metal oxide nanoparticles can be 

easily spotted over TiO2 nanoparticles of 15-17 nm (Fig. 3.26d-f). The presence of very small 

particles suggests an intimate interaction of metal particles with TiO2 support, which provides 

greater surface for H+ adsorption and subsequent reduction by electron transfer from support. 

4-6 nm Cu agglomerates are formed by calcining TiO2-MOF composite at 500 °C (fig. 3.27).  

 

 Figure 3.27: TEM images of TiO2-MOF-500 °C. 

3.1.6.5 XPS analysis  

XPS analysis of MOF derived Cu species loaded TiO2 catalyst is presented in Fig. 3.28 and 

Table 3.5. A survey spectrum of the MOF-derived catalyst clearly indicates the presence of 

C, Ti, O and Cu species. The relative concentration of each element (Ti, O, C and Cu) on the 

catalyst surface was calculated from Ti2p, O1s, C1s and Cu2p core–level peak areas. The 

surface elemental composition was found to be 0.73 at.%, 35.2 at.%, 55.8 at.%, and 8.2 at.% 

for Cu, Ti, O and C, respectively. This corresponds to 1.7 wt.% Cu loading on the surface. 

The apparent large concentration of Cu can be attributed to the fact that most of Cu atoms 

present on the surface were analyzed due to their small size, whereas all of the Ti and O 

atoms in the relatively large TiO2 particles cannot be analyzed using XPS (a surface-sensitive 

technique with an X-ray penetration depth = approx. 10 nm). This also indicates that Cu is 
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very well distributed on the surface in the form of small particles. The Ti2p3/2 and Ti2p1/2 

peaks were located at the binding energies of 458.9 eV and 464.6 eV respectively consistent 

with Ti+4 values in TiO2 lattice [640]. The core level spectrum of O1s, due to its metallic 

oxide Ti-O bond, showed its main peak at 530.1 eV (87.5% of total surface O). A broad peak 

at 531.7 eV may be assigned to oxygen atoms of hydroxyl/carboxyl groups embed on the 

surface (12.5% of total surface O). The core level spectrum of C1s main peak at 284.8 eV 

was observed corresponding to the adventitious carbon (72.5% of total surface C) at the 

sample surface and peaks at 286.5 eV and 288.8 eV can be attributed to C-O bonds of C-O-C 

(18.8% of total surface C) and carboxylic species (8.7% of total surface C), respectively.  

 

Figure 3.28: XPS survey scan and core level spectra of Ti2p, O1s, C1s and Cu2p for MOF 

derived 1 wt% Cu/TiO2-400 °C. 

The peak position of Cu2p XPS spectra indicated that Cu is present mainly in the form of 

Cu2O  (Cu2p3/2 = 931.8 eV; Cu2p1/2 = 951.8 eV) [641]. The absence of any satellite above Cu 

2p peaks clearly indicates the absence of CuO. However, Cu may also be present in the form 

of Cu° as it is almost impossible to distinguish between Cu and Cu2O using XPS [642]. We 

tried to map Cu LMM auger peaks to distinguish between Cu0, Cu1+ and Cu2+, however, we 

cannot resolved between three Cu species due to very low loading of Cu, lower intensity of 

auger peaks and interference of relatively large Ti2S peak intensity (fig. 3.29).The presence 

of Cu2O was clearly indexed in optical characterization by the fingerprint absorption of Cu2O 
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at 400-650 nm and absorption centered at 700-900 nm validating the presence of Cu°. Khan 

and coworkers observed the reduction of Cu2+ to Cu+ and Cu0 due to presence of carbon 

while calcining MOF-199 at 700-800 °C [585]. The formation of Cu0 and Cu2O species over 

TiO2 surface in this study might be due to the formation of intermediate carbon acting as 

reducing agent during calcination process [643]. Further, as for as the existence of metallic 

Cu at high temperature is concerned, the existence of metallic Cu at 700 °C while calcining 

the MOF-199 over g-C3N4 has been very recently reported [644]. 

 

  Figure 3.29: Cu LMM auger spectrum for Cu-Cu2O/TiO2. 

 From the XPS analysis it is clear that functional groups like OH and COOH are embedded 

during calcination at 400 °C. The XPS analysis of TiO2-MOF-500 °C is shown in fig. 3.30. 

The peak position of Cu2p XPS spectra indicated that there are two kinds of Cu species. Cu 

2p3/2 peaks at binding energy values of 932.9 eV and 934.2 eV corresponds to Cu2O and CuO 

form, respectively [645]. The absence of any emission peak around 930 eV clearly indicates 

the absence of copper in metallic form. The presence of shake up structure clearly indicates 

that Cu2+ is the dominant copper species. 
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Figure 3.30: XPS core level spectra of Ti2p, O1s, C1s and Cu2p for TiO2-MOF-500 °C. 

 

Table 3.5: Surface elemental and % distribution of MOF derived 1wt.% Cu/TiO2-400.  

Element 
Core 

Level 

Position 

(eV) 

FWHM 

(eV) 

Elem. 

Comp.   

(at. %) 

% Elem. 

Distribution 

Cu 
2p3/2 931.8 2.0 

0.73 Cu = 100 
2p3/2 951.8 2.3 

Ti 
2p3/2 458.9 1.1 

35.2 TiTiO2 = 100 
2p3/2 464.6 2.0 

O 
1s 530.1 1.2 

55.8 
OTiO2 = 87.5 

1s 531.7 1.8 OOH = 12.5 

C 

1s 284.8 1.4 

8.2 

Cadv. = 72.5 

1s 286.5 1.4 Cc-o-c = 18.8 

1s 288.8 1.5 CCOOH = 8.7 
 

3.1.7 H2 production photoreactions  

Fig. 3.32 shows the comparison of photocatalytic activity of the 1wt.% Cu/TiO2 materials 

(1wt. % Cu=Cu-Cu2O) calcined at different temperatures for hydrogen production from 

water, with glycerol as a sacrificial reducing agent. Hydrogen production experiments in 

different glycerol to water volume ratios on 1 wt.% Cu/TiO2-400 catalyst were also 

performed. An increase in rates up to 20 vol. % glycerol proportion was observed (Fig.3.31). 

A further increase in glycerol concentration beyond 20 vol. % resulted in a decrease in 
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hydrogen production rate due to increase in viscosity of the reaction mixture which decreases 

the dispersion of catalyst particles in the reaction mixture. Further investigations were 

performed in 5 vol. % glycerol-water mixture to afford reliable measurement due to the 

amount of hydrogen produced with our experimental set up while keeping the glycerol 

concentration as minimum as possible. 

 

Figure 3.31: H2 production rates over 1 wt.% Cu/TiO2-400 from different concentrations of 

glycerol.   

Fig. 3.32 shows that 1 wt.% Cu/TiO2 -500 is the least active catalysts and showed hydrogen 

production rate five times less (2.4 mmol h-1g-1) as compared to 1 wt.% Cu/TiO2-400 catalyst. 

This might be due to oxidation of Cu and Cu2O species to CuO at relatively higher 

temperature and subsequent growth of CuO to larger particle size by sintering (fig. 3.27 & 

3.30). It has been reported that with the increase of CuO particle size its conduction band 

potential becomes less negative than proton reduction potential and electrons flow to proton 

becomes thermodynamically unfavourable [646]. The oxidation of Cu1+ to Cu2+ at higher 

temperature is also reported by many others [647, 648]. A relatively lower rate of hydrogen 

production (9.4 mmol h-1g-1) compared to 1 wt.% Cu/TiO2-400 was observed over 1 wt.% 

Cu/TiO2-350. This might be due to remnants of carbon particles (not detected in XRD) 

because this catalyst was prepared by calcining the TiO2-MOF composite at temperature near 

to complete oxidation of organic framework of MOF-199. 

As for as the role of carbon in photocatalytic processes is concerned, there are controversies 

in literature about it. It is reported that despite their potential ability to aid in the quenching of 
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electron and hole recombination, the carbon supported titania catalysts are in fact not capable 

of producing measurable amounts of H2 via photoactivation [649]. In another study, it was 

reported that the presence of carbon as a much more conductive material than TiO2 able to 

attract electrons to its domain enabling effective e-/h+ separations for enhancing 

photocatalytic water splitting [650]. Moreover, the rate of hydrogen production over 1wt.% 

Cu/TiO2-350 is increased rapidly with time due to the formation of Cu0 from Cu2O during 

photoirradiation. The lower rate at 1wt.% Cu/TiO2-350 °C as compared to 1 wt.% Cu/TiO2-

400 may be also attributed to the lower TiO2 crystallinity at 350 °C as compared to one 

obtained at 400 oC [651-653]. A very high rate of hydrogen production 15.13 mmol h-1g-1 

was observed over 1 wt.% Cu/TiO2-400 due to synergy among optimum Cu-Cu2O species 

distribution, dispersion and crystallinity of TiO2 support. For comparison, CuO/TiO2 was 

prepared by conventional deposition precipitation method with overall 1% Cu loading and 

calcined at 400 °C but it produced a much lower rate of hydrogen production (6.52 mmol      

h-1g-1).  From Table 3.6, it can be noted that comparatively better rates of hydrogen 

production are obtained over Cu supported TiO2 photocatalyst used in this study as compared 

to photocatalysts prepared by conventional Cu deposition methods reported in literature. A 

few reports in table 3.6 show slightly better results. In these studies either a very high 

concentration of sacrificial reagent is used or higher amount of Cu is deposited over TiO2.  

 

Figure 3.32: Comparison of the photocatalytic activities of 1% Cu/TiO2-350, 1wt.% 

Cu/TiO2-400, 1wt.% Cu/TiO2-450 and 1wt.% Cu/TiO2-500 samples for the photocatalytic H2 

production from 5 vol. % glycerol-water mixtures. 



105 
 

 

Figure 3.33: Effect of metal loading amount on hydrogen production from 5 vol. % glycerol-

water mixtures over TiO2-MOF composite calcined at 400 °C. 

Fig. 3.33 shows that optimum hydrogen production rate was achieved for 1 wt. % nominal 

loading of Cu. A slight decrease in activity at 1.5 wt.%  metal loading was observed after that 

a sharp decrease in activity was observed for 2 wt.%  loadings. The decrease in photocatalytic 

activity with increasing metal loading has been observed by many other workers for which no 

clear explanation is yet known [607, 646, 654-656]. Upon increasing of metal particle 

coverage, a large fraction of the semiconductor surface may become unavailable for light 

absorption. It can also result in increasing surface defects at the metal-semiconductor inter-

face, leading to an increase in e-/h+ recombination centres. A decrease in activity was also 

observed at 0.5 wt.% metal loading because metal loading below the optimum value 

generates fewer active sites for electron transfer as well as recombination of atomic hydrogen 

to generate final molecular hydrogen. There is always controversy about the overall amount 

of metal loading over the TiO2. In many studied overall 1wt.% loading is considered as 

optimum for hydrogen production as also in the present study [603, 617]. In some other 

studies, 0.5 wt.% loading is reported as the optimum value [657]. In the previous section  

hydrogen production was studied over Cu(OH)2-Ni(OH)2/TiO2 where 0.5wt.% overall metal 

loading was active for hydrogen production after 1wt.% metal loading [603]. The reason 

behind it is that on increasing metal loading maximum number of metal catalytic hot spots for 
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hydrogen production are formed but at the same time it blocks the light reaching the 

semiconductor support. In the case of 0.5% loading instead of having fewer numbers of metal 

particles for hydrogen production, a good rate is observed due to maximum dispersion of 

metal nanoparticles which allows maximum light to reach the support. 

Table 3.6: Comparison of hydrogen production rates over Cu loaded photocatalysts reported 

in literature with that of present study. 

Photocatalyst 

(Metal loading 

method) 

Sacrificial 

reagents (vol. %) 

Irradiation 

Source 

H2 production 

mmol h-1g-1 
Ref. 

1 wt. % Cu/TiO2-

Anatase 

MOF templated 

5 % glycerol-

water 

100W lamp 

(UV) 
15.13 Present study 

1.25 wt.%  CuO/TiO2 

(Complex 

precipitation) 

80 % ethanol-

water 

100W lamp 

(UV) 
20.3 2013[646] 

0.5% Cu-

0.5%Ni@P25 

(Solvothermal) 

37.5 methanol-

water 

300 W Xe 

lamp 
13.5 2015[658] 

29 mol % 

Cu(OH)2/P25 

(Precipitation) 

0.09M ethylene 

glycol-water 

3W LEDs 

(UV) 
3.42 2011[659] 

1.3 wt.% CuO/P25 

(Impregnation) 

0.1M glycerol-

water 

3W LEDs 

(UV) 
2.06 2011[660] 

8 atom %Cu/P25 

(Chemical reduction) 

10 % methanol –

water 

400W lamp 

(UV) 
20 2010[661] 

1 wt. % Cu2O/P25 

(Impregnation) 

20 % ethanol-

water 

200W lamp 

(UV) 
3.48 2009[662] 

1.2 wt. % Cu/TiO2-

Anatase (Incipient 

wetness) 

30% methanol-

water 

208W (UV) 

lights 
3.2 2004[663] 

1.3wt% CuO/TiO2-

Anatase 

(Impregnation) 

0.1M glycerol-

water 

3W UV-LED 

(365 nm) 
2.06 2011[660] 

2.5wt% CuO/TiO2-

Anatase, (oil micro- 

emulsion) 

50% ethanol-

water 

125W  Hg 

lamp 
2.7 2009[664] 

10 wt. %Cu/TiO2-

Anatase 

(Complex 

precipitation) 

6% menthol-

water 

500W  Hg 

lamp 
0.4 2009[597] 

0.5wt.%Cu/P25 

(Impregnation) 

10% methanol 

water 

300 W Xe 

lamp 
1.134 2014[647] 

As can be seen from Fig. 3.34, stable photocatalytic hydrogen production was observed over 

the duration of the experiments (16 h). The slight increase in rate with time (~8.5 %) in 

second run was due to the reduction of Cu2O under photoreaction condition as observed by 

others [665]. Third cycle also shows increase in hydrogen production rate (~6.5%) over the 
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second run. This is due to the further formation of Cu in metallic form. A slight decrease in 

the hydrogen production rate (~4.5 %) in fourth run is due to the deposition of catalyst 

particles with the walls of reactor with time, thus scattering the incoming light. 

Figure 3.34: Cyclic runs for the hydrogen production experiments over 1wt.%  Cu/TiO2-400 

photo catalysts by using 5 vol. % glycerol-water mixtures. 

Table 3.7: Summarized structural, chemical composition and hydrogen production data for 

TiO2 supports and the 1 wt.%  Cu/TiO2 photocatalysts. 

Catalyst 

BET 

surface 

area (m2/g) 

TiO2 

crystallite 

size (nm) 

Cu wt.% by 

XPS & EDX 

Cu particle 

size (TEM) 

(nm) 

H2 production 

(mmol h-1g-1) 

TiO2-400 85.2 (A) 15 - - - 

1 wt.% Cu/TiO2-350 86 (A) 15 - - 9.4 

1 wt.% Cu/TiO2-400 85.7 (A) 15 0.73 & 0.85 0.5-1.5 15.32 

1 wt.% Cu/TiO2-450 85.5 (A) 15.12 - - 4 

1 wt.% Cu/TiO2-500 85 (A) 15.32 - 8-10 2.5 

3.1.8 Hydrogen production mechanism 
Both the XPS and DRS results strongly confirm the presence of Cu species mainly as Cu2O 

and relatively less amount of Cu. Anatase TiO2 has an optical band gap of 3.15 eV which lies 

in UV region whereas CuO and Cu2O have optical band gaps of 1.7 and 2.1 eV, respectively 

and absorb in visible region. Under UV light irradiation valence band electrons in TiO2 are 

promoted to the conduction band and at the same time electrons excited in the Cu2O 

conduction band also thermodynamically transferred to the conduction band of TiO2. Finally, 
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electrons from the conduction band of TiO2 are transferred to the Cu nanoparticles thus 

shifting the fermi level of the composite catalyst to more negative values. A negative shift in 

the fermi level in the composite photocatalytic system is an indication of better charge 

separation and more reductive power. The fermi level of semiconductor TiO2 (9.95 eV) lies 

above the fermi level of Cu (7.1 eV) [666]. On loading Cu onto TiO2, electrons flow from the 

former into the metal with simultaneous alignment of the fermi levels and formation of a 

Schottky barrier at the interface [667, 668]. The Schottky barrier allows the migration of 

electrons from TiO2 into the Cu. When the sample is further exposed to UV radiation, the 

fermi level of TiO2 shifts to a new quasi fermi level due to the photo-induced electrons [669]. 

The previous thermodynamic equilibrium state for electron transfer established at the barrier 

is destroyed to allow the flow of more electrons to the metal, where they can react with 

adsorbed H+ to convert them to atomic H. These H atoms then combine to produce H2 on Cu 

metal. The photo-induced holes are then free to diffuse to the TiO2 surface where they react 

with sacrificial agent to convert them into carbonyl compounds [670]. 

 

Figure 3.35: Hydrogen production mechanism over Cu-Cu2O/TiO2 and energy band position 

of Cu2O and TiO2.  

At the same time after photoexcitation a part of the conduction band electrons in TiO2 is 

directly used to reduce Cu+ in Cu2O to Cu0 (Fig. 3.35). The H:H recombination rate constant 

on Cu is higher than that of Cu2O and even higher than Au [665]. Once metallic Cu is formed 

it solely acts as electron transfer center and H:H recombination site for final molecular 

hydrogen production. Recently, Joo and co-workers established that electron transfer as well 

as electron recombination sites are required for higher rate of hydrogen production over 
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semiconductor photocatalytic systems [649]. Once photons have been stopped Cu0 is 

gradually oxidized back to Cu+. It appears that the main driving force for the high activity in 

this study is the higher dispersion of Cu species and the formation of reduced Cu at close 

proximity with TiO2, further accelerating molecular hydrogen recombination. These findings 

suggest a new pathway to augment the performance of water-splitting photocatalysts beyond 

traditional approaches, such as the p-n-junction as reported in the previous studies [671-673]. 

3.1.9 Conclusions 

From the above results and discussion it can be concluded that highly dispersed Cu-Cu2O 

nanoparticles can be deposited over TiO2 by using a metal organic framework (MOF) as a 

templating agent for metal nanoparticles. The TiO2-MOF composite was prepared by 

hydrolysing titanium isopropoxide precursor over MOF nanoparticles by a solvothermal 

method, followed by the calcination of the composite at temperatures in the range of 350-500 

°C.  It was found that photocatalyst Cu-Cu2O/TiO2-400 prepared by calcining the TiO2-MOF 

composite at 400 °C showed maximum activity for hydrogen production from 5% glycerol-

water mixture. The activity of the photocatalyst was further augmented by the formation of 

Cu° from Cu2O reduction during photoreaction by conduction band electrons of TiO2. 

Hydrogen production activity was sharply decreased by further increasing the composite 

calcination temperature 400-500 °C due to the oxidation of Cu-Cu2O to CuO and subsequent 

growth of CuO to larger particle size by sintering. Photocatalyst Cu-Cu2O/TiO2-350 showed 

slightly less activity than the Cu-Cu2O/TiO2-400 due to the presence of carbon as remnants of 

the organic framework at lower calcination temperatures. The present work presents a new 

strategy to develop highly dispersed metal nanoparticle over semiconductor supports by 

selecting MOFs containing the desired metal.  

 

3.2 CdS based photocatalysts 
 Au/CdS (hexagonal phase) photocatalysts are the focus of this study. The main objective of 

this work is to study the effect of metal deposition methods on Au particle size and 

distribution for hydrogen production over Au/CdS systems in an ethanol water-electrolyte 

mixture and the nature of the aqueous media on the enhancement of photocatalytic activity. 

Au nanoparticles were deposited over hexagonal CdS particles using a novel and simple 

method involving reduction of Au3+ ions with iodide ions and finally this novel method was 

compared with other conventional Au loading methods. In Au/CdS system hydrogen 

production studies are mostly conducted in water-electrolyte mixtures. In the present work 
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hydrogen production was studied from a mixture of an inorganic electrolyte and organic 

sacrificial agent, ethanol for the first time. The role of α-hydroxyethyl radical produced from 

the reaction of ethanol and oOH radicle as an addition hole scavenger was discussed and the 

mechanism of hydrogen production from ethanol water-electrolyte mixture over Au-CdS is 

also proposed for the first time. This study also probed the catalyst structure after the reaction 

in order to probe into the restructuring of the material that has been occurred.   

3.2.1 PXRD analysis  
The XRD results indicate that the as-prepared CdS crystallizes mainly in the cubic phase with 

< 10% of the hexagonal phase (fig. 3.36A). The cubic phase remains the dominant CdS phase 

on heating in air up to 400 oC, while a further increase in temperature to 500 oC leads to 

complete oxidation to white CdSO4 in less than one hour. However, heating the as-prepared 

cubic CdS at 600 oC in an inert environment (ca. 120 mL/min of N2 flow rate) prevented the 

oxidation of CdS to CdSO4 and converted cubic CdS to its hexagonal structure [48]. In the 

case of 3 wt. % Au/CdS prepared by the KI method, Au diffraction peak (111) can be clearly 

observed (fig. 3.36B). The growth of Au (111) peaks with loading amount (1-5 wt.%) in 

samples prepared by the KI method is presented in fig. 3.36C. The BET surface area was 

found equal to 33 ± 1.5 and 5 ± 0.4 m2g-1 for cubic (as-prepared) and hexagonal phase (600 

oC-annealed) respectively. Further effects of heat treatment details can be found in Table 3.8 

and fig. 3.36A.  

Table 3.8: Effect of heat treatment on CdS nanoparticles prepared by the sol-gel method. 

No 
Overnight Heat 

Treatment 

CdS Phase 

(XRD) 

Crystallite Size 

(XRD) 

Surface Area 

(BET) 

1 100 oC, air Cubic - 34 m2g-1 

2 200 oC, air Cubic 13 nm 35 m2g-1 

3 300 oC, air Cubic 14 nm 35 m2g-1 

4 400 oC, air Cubic 15 nm 32 m2g-1 

5 500 oC, air 
CdSO4 white 

powder 
- 

-  

6 600 oC, N2 flow Hexagonal phase 112 nm 5 m2g-1 

7 800 oC, N2 flow Hexagonal phase 224 nm 1 m2g-1 
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Figure 3.36: PXRD patterns for CdS (A) after annealing in air at (a) 100 oC (b) 200 oC (c) 

300 oC (d) 400 oC and in continuous N2 flow at (e) 600 oC and (f) 800 oC (B) comparison of 3 

wt.% Au/CdS with (a) as prepared (b) 400 oC (c) 600 oC  (C) growth of Au (111) peak with 

loading amount. 

3.2.2 Surface properties 

Surface properties such as pore diameter, pore volume and surface area of various CdS 

phases are shown in fig. 3.37 and table 3.9. Au was loaded on hexagonal CdS with a nominal 

Au wt. % loading equal to 1-5 % using a novel KI method and three other conventional 

methods. Actual Au loadings for 3 wt. % nominal loadings were determined using X-ray 

fluorescence (XRF) and ICP-OES analysis (Table 3.13). The lower Au amounts measured in 
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the case of KI and WI methods indicated that some of the Au is lost during filtration and 

centrifugation processes of these two methods, respectively. However, in the case of PD and 

DP method almost all of the Au is deposited on the catalyst surface. The decrease in surface 

area of 3wt. % Au/CdS photocatalyts prepared by different methods by the increase of Au 

loading amount is also observed (Table 3.13). This decrease in surface area is more 

prominent in the case of DP and PD methods due to maximum Au loading. It must be noted 

that, for the PD method, low radiation intensities similar to reported in this study are an 

absolute requirement. We tried to perform Au loading with same set up at radiation 

intensities 5 times higher than reported in this study. The deposition of Au layers on the wall 

of the pyrex reactor was clearly visible at the end of the experiments. In another work about 

Ag-photodeposition on TiO2 we observed silver mirror formation on the wall of the reactor at 

relatively high radiation intensities. 

 

Figure 3.37: (a) Nitrogen adsorption isotherms (red) and pore size distribution (black) 

calculated by BJH method (b) N2 adsorption isotherm for hexagonal CdS-600 °C. 

         Table 3.9: Surface properties of various CdS phases.  

CdS 

phase(XRD) 

Overnight 

heat treatment 

Cumulative 

Pore volume  

cm3 g‒1 

Average pore 

diameter 

Nm 

BET surface 

area m2g‒1 

Cubic  as prepared  0.1560 5.302 98.7435 

Cubic  400 °C 0.0725 12.321 32 

Hexagonal  600 °C 0.0217 20.840 5.120 

Hexagonal  800 °C 0.00895 37.253 1 

 

      a) b) 
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3.2.3 TEM analysis  

 

Figure 3.38: TEM images of (a) h-CdS, (b-c) 3 wt. % Au/h-CdS(KI), (d-e) 3 wt. % Au/h-

CdS(DP), (f-g) 3 wt. % Au/h-CdS(WI) and (h-i) 3 wt. % Au/h-CdS(PD). 

Fig. 3.38 (a–i) shows TEM images of as prepared hexagonal CdS and various Au/CdS 

(hexagonal) photocatalysts prepared by photo-deposition (PD), deposition precipitation (DP), 

incipient wetness impregnation (WI) and novel iodide reduction method (KI). TEM image 

(fig.3.38a) indicates a spherical particle shape of hexagonal CdS phase with an average 

particle size of 105 ± 5 nm. TEM images (fig. 3.38b & c) indicate that Au nanoparticles 

deposited by the KI method are finely dispersed over CdS with an average Au nanoparticles 

size of ca. 4 ± 0.6 nm (fig. 3.39a). Both DP (fig 3.38d &e) and WI (fig. 3.38f & g) loading 

methods produced smaller Au particles of more or less similar size with only a difference in 

the presence of very small fraction of widely dispersed larger Au particles in the former case. 

The average Au particle size in both cases was ca. 2 nm (fig. 3.39 b & c).  Only one type of 
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very sparsely dispersed particles having size of 2-3 nm can be observed over photocatalyst 

fabricated by WI method. In the case of the PD method the Au particles grew into larger 

sizes, approximately 6 ± 2 nm due to continuous deposition of Au particles over electron rich 

Au nucleation cathodic sites on the CdS surface (fig. 3.38h & i). Further, the Au particles 

were spatially localized on some CdS particles while they were absent on others. The size of 

Au particle observed can be arranged in accordance with Au loading method as PD>DP>KI 

>WI (fig. 3.39).  

Figure 3.39: Au particle size distribution on 3 wt. % Au/CdS prepared by (a) KI method (b) 

DP method (c) WI method (d) PD method. 

Fig. 3.40 shows TEM images for Au/h-CdS-KI photocatalysts as a function of Au loading. 

The average Au nanoparticle size increased with Au loading in the 1-5 wt. % range. At 

loadings of 1, 3 and 5 wt. % Au, the mean particle sizes of Au metal were ca. 2.1±0.5, 4±1.6 

and 4.5±1.5 nm. Although the average Au particle size was about the same in the case of 3 
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and 5 wt. % loading, however there is a higher fraction of larger Au particles in the case of 

the 5 wt. % Au sample (Fig. 40 (bottom). a-c). This increase in Au particle size with loading 

amount is in accordance with the growth of Au(111) peak with loading amount in PXRD 

results (fig. 3.36 c).  

 

Figure 3.40:  TEM images of hexagonal CdS, 1 wt. % Au/h-CdS, 3 wt. % Au/h-CdS, 5 wt.% 

Au/h-CdS with corresponding Au particle size distribution indicated by graphs (a), (b) and (c) 

respectively. 

3.2.4 UV-visible diffuse reflectance measurements    
UV–visible diffused reflectance spectroscopy confirmed the intrinsic band gaps of the cubic 

and hexagonal CdS phases to be 2.2 eV and 2.35 eV corresponding to 564 nm and 528 nm, 
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respectively (fig. 3.41a) [674]. The sharp absorption edge observed for the hexagonal phase is 

attributed to the higher crystallinity [675]. Defect states act as trap centers for charge carriers 

thereby increasing e-/h+ recombination rates and thus a lower number of charge carriers 

available for reactions at the surface of CdS. Au nanoparticles exhibit strong surface plasmon 

resonance (SPR) absorption at around 520 nm [676]. It has been shown that SPR absorption 

occurs in near ultraviolet, visible, and near or mid infrared regions depending on the size and 

shape of the gold nanoparticles as well as the refractive index of the surrounding medium 

[120, 677-681]. Therefore, the broad absorption band in the wavelength range of ca. 400–700 

nm with a peak maximum at ca. 530–610 nm is attributable to LSPR of gold particles on 

CdS.    

Figure 3.41: UV–visible diffused reflectance spectra of (a) cubic CdS and hexagonal CdS (b) 

3%Au/h-CdS photocatalysts prepared by four different methods and (c) 1-5 wt. % Au/h-CdS 

prepared by KI method.  
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SPR absorption of Au is shifted towards longer wavelength with an increase in Au particle 

size. As observed in inset of fig. 3.41b, the intensity of the SPR absorption of the 

photocatalysts decreased in the order PD> DP = KI> WI, reflecting a corresponding decrease 

in the mean Au nanoparticle size. Such an extent of SPR red-shift is consistent with earlier 

studies [120, 591]. Cybula and co-workers observed a wide SPR band from 550 to 750 nm 

for Au/TiO2 nanoparticles calcined at 350 and 400 ∘C where Au particles were present in a 

wide distribution range [682].  Kowalska and co-workers attributed absorption at 560–610 

nm to surface plasmon resonance (SPR) of larger Au nanoparticles (30–60 nm) [683]. For Au 

colloids in solution, the dependence of the SPR intensity on the Au particle size is well 

established [120].  Further, the intensity of the SPR response can be related to the actual 

amount of Au loading as determined by the XRF and ICP-OES analysis where the response is 

proportional to amount of Au present. Fig. 3.41c clearly shows the increase in Au plasmon 

peak with increasing Au wt. %. In this case, the SPR absorption of Au is also shifted towards 

longer wavelength with increasing Au loading. The amount of Au loaded was measured 

independently by XRF analysis and was almost identical with the nominal loading 

(± 0.2 wt. %). 

3.2.5 XPS analysis 
XPS analysis of the as-prepared cubic CdS sample (fig. 3.42a) gave binding energies of 404.8 

eV for Cd3d5/2 and 161.8 eV for S2p core level peaks, confirming the synthesis of pure CdS 

[684]. These binding energy values were unchanged following the temperature-induced 

transformation of cubic CdS to hexagonal CdS (fig. 3.42b). However, the FWHM of the Cd 

3d peaks decreased after high temperature treatment, suggesting Cd 3d core hole lifetimes 

were longer for the hexagonal CdS. Core hole lifetime has an inverse relationship with the 

width of the peak in XPS measurement; FWHM = h/ where  is the core-hole life time and h 

is Plank’s constant [685]. In addition core hole lifetimes reflect crystallinity and electrical 

conductivity in the samples, both of which are clearly higher for the hexagonal CdS phase 

here. Other studies have related this effect to static fluctuations in valence charges due to 

bond length and bond angle variations in amorphous materials thus decreasing the core hole 

life times as compared to their crystalline counterparts [686, 687]. This was also reflected in 

the S2p spectra, in which the S2p1/2 and 2p3/2 peaks are well-resolved in the case of the 

hexagonal CdS sample but poorly resolved in the case of the cubic CdS sample.  
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 Table 3.10: XPS data for the as-prepared cubic CdS and hexagonal CdS. 

Core Level 
Position (eV) and [FWHM (eV)] 

Cubic Phase Hexagonal phase 

Cd 3d5/2 404.8 [1.37] 404.8 [0.91] 

S 2p3/2 161.8 [1.21] 161.8 [0.85] 

Figure 3.42: X-ray photoelectron spectra of the Cd3d, S2p and Au 4f regions for (a) as-

prepared cubic CdS (b) ripened hexagonal CdS and 5 wt. % Au/h-CdS sample. 

Fig. 3.43 presents the XPS analysis of as prepared (red) and used (black) Au/h-CdS-KI 

photocatalyst. In the case of survey scan, presence of peaks due to Au, Cd and S along with O 

and C can be clearly seen. As-prepared sample gave binding energies of 404.8 eV for Cd3d5/2

and 161.8 eV for S2p3/2 core level peaks, confirming the synthesis of pure CdS [688]. These 

binding energy values were unchanged following the photocatalytic tests (fig. 3.43).  A 

binding energy of 84.1 eV for the Au 4f7/2 peak of the Au/h-CdS-KI sample before and after 

photocatalytic tests indicates that Au is present in the metallic state in both cases. S (in S2- 

form): Cd ratios were found 0.91 and 0.75 for as prepared and tested catalysts respectively. 

The decrease in ratio is due to the formation of SO4
2-/SO3

2- on the CdS surface during 

photocatalytic reactions. The formation of SO4
2-/SO3

2- can be noted by the appearance of S 2p 

doublet with S2p3/2 at 168 eV. The SO4
2-/SO3

2- are formed by the oxidation of S2- into S6+/S4+ 

due to the reaction of lattice S2- with photo-generated holes and OH- species formed during 
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photoreaction as indicated in the reaction mechanism schematic (fig. 3.53). The self-photo-

corrosion of CdS has been noted by many authors [689-691]. XPS results are summarized in 

Table 3.11. The increase in FWHM of S 2p3/2 peak in the case of used sample is due to 

the formation of more than one S species i.e. S
6+and S4+ in this case. The presence of 

O1s peak is due to surface H2O/OH species while that of C1s is due to adventitious carbon 

species. 

Figure 3.43: XPS analysis of 3 wt. % Au/h-CdS (KI) photocatalysts before (red) and after 

(black) H2 generation experiments 

Table 3.11: XPS data for the as-prepared cubic CdS, hexagonal CdS and 3wt.% 

Au/h-CdS-KI samples. 

Core Level 
Position (eV) and [FWHM (eV)] 

As prepared Used 

Cd3d5/2 404.8 [0.91] 404.8 [0.91] 

S2p3/2 161.8 [0.85] 
161.8 [0.85]; 168.1 

[0.95] 

Au4f7/2 84.1 [1.18] 84.1 [1.18] 

O1s 531.2[1.73] 531.2 [1.87] 
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3.2.6 H2 production photoreactions  
Photocatalytic Hydrogen production was performed over various Au/CdS photocatalyts 

prepared by four different Au loading methods namely, incipient wet impregnation method 

(WI), deposition precipitation method (DP), photodeposition method (PD) and a newly 

developed method involving reduction of Au3+ ions by iodide ions using potassium iodide 

(KI), in ethanol water-electrolyte mixtures (0.1M Na2S, 0.02M Na2SO3; pH = 13). The 

validity of the newly developed method in comprison to the other three conventionl methods 

was established. Photo-catalytic hydrogen production tests were conducted on both phases. 

The hexagonal phase was found active while the cubic phase was found almost inactive 

(results are not shown as the cubic phase showed very low activity and was considered 

almost inactive). It is reported that distortion in CdS4 tetrahedron units results in the 

formation of an electronic dipole moment and internal electric field in hexagonal CdS crystal 

structure. The presence of such internal electric field is beneficial for the efficient separation 

and diffusion of photoinduced charge carriers. Contrarily, none of the CdS4 distortion, 

internal electric field and electronic dipole moment is present in cubic CdS.  This is one of 

the prime reasons why the hexagonal CdS is usually more active in photocatalytic 

performance than the cubic CdS. Moreover, the calculated charge carrier effective masses of 

hexagonal CdS are smaller than those of cubic CdS. The smaller effective mass of 

photoinduced charge carriers in hexagonal CdS facilitates the mobility, reduces the 

recombination rate and improves photocatalytic activity [692, 693]. This was further 

supported by even higher H2 rates per unit surface area for hexagonal phase obtained at 800 

∘C compared to that obtained at 600 ∘C (not shown). Phase transformation can also be behind 

the considerable change in reaction rate. Such an increase in H2 production rate has been 

noted in the case of TiO2 for example where the anatase phase was found to be more active 

than the rutile phase [694].  

Fig. 3.44 shows H2 production performed over 1-5 wt. % Au loadings by the KI method over 

h-CdS from ethanol water-electrolyte mixtures. It was noted that a very high rate of H2 

production 10.5 mmol h-1g-1 was observed over photocatalyst at 3 wt.% Au loading because 

this loading produced maximum Au particles dispersion along with optimum Au particle size 

(4-6 nm) for maximum hydrogen production. Fig. 3.45 compares the H2 production activity 

over a 3 wt. % Au/CdS photo-catalyst in ethanol, water-electrolyte and ethanol water-

electrolyte mixtures. A weak H2 production rate of ca. 1.38 mmol h-1 g-1 was found in pure 

ethanol or ethanol water system (volume ratio = 2:23), whilst no noticeable activity was 

observed in pure water (not shown due to extremely low hydrogen production rate as 
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compared to others). The rate of hydrogen production of ca. 10.80 mmol h-1g-1 with (8:92) 

ethanol water-electrolyte mixture was found which is about two times higher than that 

obtained with water electrolyte alone (the most studied reactant system for CdS photo-

catalysts). 

 

Figure 3.44: Comparison of the photocatalytic activities of h-CdS and 1-5wt. % Au/h-CdS-

KI from (8:92) ethanol water-electrolyte mixtures. 

 

Figure 3.45: Photo-catalytic H2 production over 3 wt. % Au/h-CdS using; ethanol, water-

electrolyte and ethanol water-electrolyte system in (8:92) ratio. 
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It can be noted that Au enhances the rate of hydrogen production up to a 3 wt. % Au loading 

because photo-excited electrons in CdS under visible light are trapped by Au particles due to 

the lower fermi level and higher work function of Au as compared to CdS. These trapped 

electrons are further transferred to surface adsorbed H+ to reduce them to H2 [332].  Although 

this view has been challenged recently where the role of Au is proposed to only help in the 

hydrogen recombination rather than in electron trapping [111]. An increase in photo catalytic 

activity with increased Au loading might be related to the increase in the area of Au/CdS 

interface as indicated by Fig. 3.46 b. A decrease in activity with Au loading above 3 wt. % is 

observed. The decrease in photo catalytic hydrogen production with increasing metal 

deposition has been observed by many other workers for which no clear explanation is yet 

known [478-480, 608, 609]. This decrease in activity with Au loading beyond 3 wt. % was 

due to three reasons; on increasing the metal particle coverage, large fraction of the 

semiconductor surface may become unavailable for light absorption, increase in the surface 

defects at metal-semiconductor interface leading to an increase in electron-hole 

recombination centers and an increase in the particles size. H2 production rate is drastically 

decreased by increasing the particle size as Subramanian and co-workers observed a 60 mV 

negative shift in flat band potential in 3 nm diameter Au particles as compared to 20 mV shift 

in 8 nm Au nanoparticles [695]. A negative shift in the Fermi level in composite 

photocatalytic system is an indication of better charge separation and more reductive power. 

A lower hydrogen production rate observed for Au loading below 3wt. % by the KI method 

was due to the production of fewer metal cathodic sites for proton reduction or atomic 

hydrogen recombination. The hydrogen production rates for 1-5 wt.% Au/CdS catalysts 

prepared by KI method are listed in Table 3.12. The third column contains the corrected XPS 

Au4f/Cd3d peak area ratios for Au/Cd. The last column shows the reaction rate in hydrogen 

molecules/(Auatom s-1) (considering that 1 m2 contains ca. 5 x 1018 atoms of Cd or S). 

Table 3.12:  Rate of photo catalytic H2 production and TOF (s-1) from water-ethanol 

electrolyte mixtures over Au/h-CdS-KI as a function of Au loading 

Au 

(wt. %) 

Mean Au particle 

size (nm) 

XPS 

Au 4f/ Cd3d 

(At. %) 

 TOF 

H2 production rate 

molecules Au-1
atom s-1 

H2 production rate 

mmol h-1g-1 

0 - - 0.612 - 

1 2.0±0.34 0.032 3.6 0.8 

3 4.0±1.6 0.076 10.8 1 

5 4.5±1.5 0.121 3.6 0.2 

 



123 
 

 

Figure 3.46: (a) Rate of photo-catalytic H2 production from ethanol water-electrolyte mixture 

(8:92) over Au/h-CdS-KI as a function of Au loading (b) the total number of Au particles and 

% of catalyst surface area covered for 0.01 g of catalyst as a function of Au loading. 

 

The number of Au atoms was calculated by multiplying XPS Au 4f/Cd 3d ratio (table 3.12 

column 3) with total number of Cd or S atoms in a given surface area. The following formula 

was used to obtain TOF. 

 

Fig. 3.46 (a) shows the rate of H2 production from an ethanol water-electrolyte mixture as a 

function of Au loading on h-CdS. In fig. 3.46 (b) the total number of Au particles were 

calculated from the mean size of Au particles present on Au/h-CdS using TEM images and 

the Au metal size (1.44 Å). Surface coverage was calculated from the area covered by each 

individual particle within a given distribution of metal particles normalized to total number of 

particles at each loading assuming that the area covered by single metal particle will be equal 

to the area inside its circumference [696]. Increasing the wt. % from 1 to 3% resulted in 

increasing the hydrogen production by about the same factor per unit mass. The nominal 

hydrogen production rate molecules per Au atom increased by ca. 25% (from 0.8 to 1.0 s-1) 

while the surface coverage increased by 2.3 times [(0.076/0.032)]. Increasing the amount of 

Au did not substantially increase its dispersion but made larger particles instead (fig. 3.40). 

Still the increase of the rate with increasing Au wt. % together with increasing particle size 
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may indicate that on CdS, larger particles of Au (≈ 4-6 nm) are either  as active as smaller 

particles ( ≈ 2-3 nm) or slightly more active (last column in table 3.12).  This result may 

indicate that the role of Au might be (in addition to acting as electron sink) linked to the 

electric field generated upon illumination; due to its plasmonic resonance. In other words, the 

larger the particle size, the larger is the local electric field. Wang and co-workers very 

recently calculated that a local field enhancement factor |E|2/|Eo|
2 of 5.3 can be obtained for 

Au/Fe2O3 system with Au particle size in 13-20 nm range with respect to Au particle size in 

3.5-13 nm range [546]. This also indicates the absence of appreciable influence of hot 

electrons in the catalytic reaction as production of hot electrons is a dominant process for 

smaller nanostructures [548, 697, 698]. This interpretation might be in line with energy 

transfer (not electron transfer) scheme recently proposed [699] and is more in line with the 

role of metals in photo-catalytic hydrogen production where electron transfer occurs (if any) 

from the conduction band to the metal and not the other way around [111].  

A TEM study of the 5 wt. % Au/h-CdS-KI photo-catalyst was undertaken to monitor the 

possible changes in the structure of the photo-catalyst during photoreaction (fig. 3.47). It was 

opted to monitor the activity of a 5 wt. % Au/h-CdS-KI instead of the 3 wt. % as it had larger 

particle size making structural analysis less prone to errors. The as-prepared 5 wt. %       

Au/h-CdS-KI photo-catalyst (fig. 3.47a) had Au particle size distribution in the 1-8 nm range. 

Au particle size increased with increasing irradiation time, reaching a maximum size of ca. 20 

nm after 80 minutes (fig. 3.47b-d). After 90 minutes, steady H2 production rate is obtained 

(fig. 3.44), after which the rate did not change significantly with continuous testing over a 

further 4.5 hours. Some of the catalysts were tested for longer periods of time to examine the 

effects of the sacrificial reagent concentration and surface corrosion. A decline in H2 

production rate was observed after 18 hours due to a decrease in sacrificial agent 

concentration by ca. 70-80% which in turn may have resulted in enhanced surface corrosion 

indicated by the enhanced roughness of CdS particles surface (image 3.47d). The tendency of 

smaller Au particles to form larger ones at the start of the reaction may be due to the strong 

absorption of incoming light by Au nanoparticles (plasmon resonance) due to their larger 

number and subsequent conversion of light energy into thermal energy. This results in an 

increase in the local temperature which in turn accelerates particle diffusion and leads to 

agglomeration [700]. The diffusion of Au on CdS single crystals has been noticed earlier and 

diffusion coefficient (D = 3.33 x 10-20 m2s-1at 300 oC) has been calculated [701].   
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Figure 3.47:  TEM images of 5 wt. % Au/h-CdS-KI photo-catalyst at various stages of the 

photoreaction; (a) before photoreaction, after (b) 30 minutes, (c) 90 minutes and (d) 24 hours.  

Au nanoparticle size increases with increasing irradiation time. 

As the reaction proceeds, an increase in light absorption by CdS itself due to a decrease in the 

Au particles density is expected. This results in enhanced probability of electron-hole pair 

generation. The electrons in the conduction band of CdS migrate onto Au particles, after 

some specific time ca. 70-90 minutes, equilibrium is established and a constant rate of 

hydrogen production is observed, as indicated in Fig. 3.44. This observation is in line with 

the results obtained as a function of a catalyst amount (fig. 3.48). With a fixed irradiation 

intensity and reactor configuration, a longer induction time will be expected as the catalyst 

amount is increased i.e. more photo-catalyst means more photons will need to be supplied 

before light-induced surface aggregation of Au nanoparticles reach an equilibrium stage and a 

steady state reaction condition is achieved. The decreased hydrogen production in the PD and 
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DP methods is due to initial large Au particles size that increases further during 

photoreactions.  

 

Figure 3.48: Photo-catalytic hydrogen production from ethanol water-electrolyte (0.1M 

Na2S, 0.02M Na2SO3; pH = 13) over 3 wt. % Au/h-CdS with different catalyst amounts; 

0.005g, 0.01g and 0.02g.  

 

Figure 3.49: Comparison of the photocatalytic activities a) 1-4wt. % Au loading over h-CdS 

by WI, DP and PD methods for H2 production from ethanol water-electrolyte mixture. 
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Hydrogen production rate as a function of Au loading amount for the other three Au loading 

methods are listed in fig. 3.49. The deposition precipitation and photodeposition methods 

showed maximum hydrogen production at 2 wt. % rather than 3 wt. % Au loading amount as 

in KI method due to maximum amount of Au deposition in these two methods as indicated by 

XRF and ICP results. Hydrogen production amount over 2 wt% loadings in the PD and DP 

methods is still less than 3 wt. % Au loading by the KI method.  

 

Figure 3.50: Comparison of the photocatalytic activities among 3% wt. Au/h-CdS-KI, 3 wt. 

% Au/h-CdS-DP, 3 wt. % Au/h-CdS-WI and 3 wt. % Au/h-CdS-PD photocatalysts for H2 

production from ethanol water-electrolyte mixture. 

Fig. 3.50 shows hydrogen production over 3wt. % Au/CdS photocatalysts prepared by KI 

method and three other conventional Au loading methods. It was observed that conventional 

deposition precipitation methods (DP) generated less hydrogen 8.85 mmol h-1g-1 and 8.07 

mmol h-1g-1 at 2 and 3 wt.% Au loading respectively. As discussed earlier in TEM studies 

(fig. 3.38) that DP methods produced nonhomogeneous Au particles, very small particles of 

ca. 2 nm and larger particles of 8-9 nm, this non homogeneity of Au particles dispersion 

might be responsible for lower hydrogen production. Despite of very small Au particles ca. 2 

nm the wet impregnation method (WI) produced 7.024 mmol h-1g-1 hydrogen less than DP 
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method most likely due to lower overall Au loading of 2.4 ±2 wt. % as determined by XRF 

analysis (Table 3.13). Finally, the PD method produced hydrogen far less than all deposition 

methods 3.64 mmol h-1g-1. It is clearly seen in TEM images that this methods produced larger 

Au particles (5-6 nm) over the CdS support, allowing for lower H2 production per unit weight 

of Au loading. It is interesting to note that Au particles deposited by the PD method showed 

maximum plasmonic effect (fig. 3.41b) but the lowest hydrogen production of all 

photocatalysts. Despite of offering a strong SPR effect in the visible region, the larger Au 

nanoparticles offer little surface for the adsorption of H+ ion recombination. This observation 

indicates that optimization among particle size and plasmonic effect is necessary for 

enhanced hydrogen production in CdS. These results suggest that the contribution of SPR in 

H2 production enhancement is very small in the case of Au/h-CdS photocatalysts.  

 

Table 3.13: Mean particle sizes and rates of H2 production in ethanol water-electrolyte 

system over Au/h-CdS prepared by four different methods. BET surface area 5 ± 0.5 m2. 

Loading method 
Mean Au 

particle 

size 

 

Total wt. % Au loading  BET 

surface 

area  

Total H2 

production 

in 5 hours 

H2 production 

rate 

 mmolh-1g-1 (XRF) (ICP-OES) 

Iodide reduction 

(KI) 

3.5 ± 0.5 2.5 ± 0.3 2.4 ± 0.5 4.92 52.5 10.5 

Incipient wet 

impregnation (WI) 

 

1.8 ± 0.5 2.4 ± 0.2 2.2± 0.5 

 

4.96 

 

35.1 7.02 

 

Deposition 

precipitation (DP) 

2.3 ± 0.5 2.7 ± 0.3 2.7± 0.3 4.65 40.03 8.06 

Photo-deposition 

(PD) 

6 ± 1 2.8 ± 0.2 2.7± 0.3 4.56 18.2 3.64 

    

The activity and stability of most active catalyst 3 wt. % Au/h-CdS-KI was investigated in 

ethanol water-electrolyte (0.1M Na2S, 0.02M Na2SO3; pH = 13) mixtures. As can be seen 

from Fig. 3.51, a stable photocatalytic hydrogen production was observed over the duration 

of the experiments (16 hours). The slight decrease in rate with time (<10% for forth run) was 

due to the deposition of photocatalyst particles on reactor walls, thus affecting the incoming 

radiations and a decrease in sacrificial reagents concentration by ca. 70–80% which in turn 

may have resulted in enhanced surface corrosion. However, if the concentration of the 

sacrificial reagents is maintained, no considerable change in catalytic activity is noticed on its 

re-use. 
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Figure 3.51: Cyclic H2 production on 3 wt. % Au/h-CdS-KI photocatalysts using ethanol 

water-electrolyte mixtures. 

 

Figure 3.52: Photocatalytic H2 and acetaldehyde production from 8% ethanol-92% water 

electrolyte mixture (0.1M Na2S, 0.02M Na2SO3; pH = 13) and ethanol over 0.5 wt.%       

Au/h-CdS-KI. 

3.2.7 Hydrogen production mechanism  
 The increased hydrogen production rates over various Au/h-CdS photocatalyst prepared by 

four different methods from ethanol water-electrolyte mixture (0.1M Na2S, 0.02M Na2SO3; 



130 

pH = 13) compared to water electrolyte alone (the most studied reactant system for CdS 

photo-catalysts) can be explained by the reaction mechanism shown in Fig. 3.53. During the 

first step, the H2O molecule is dissociated on the Cd–S surface to produce adsorbed Cd–OH 

and S–H species (step 1). Upon irradiation, electrons are promoted to the conduction band 

leaving holes in the valence band (step 2). A chemical reaction is initiated due to the reaction 

of aqueous S2− ions (S2−/S2
2−; E = −0.14 eV versus NHE at pH = 7 [702]  with the valence 

band holes indicated by step 5 (E = + 1.7 eV versus NHE at pH = 7 [703]. Subsequently, 

some of the electrons in the conduction band are trapped by Au particles on the surface (step 

3) or migrated to the surface of CdS. These electrons are poised to reduce surface adsorbed

H+ to H2 (step 4). In addition surface OH groups adsorbed on Cd atoms can react with the 

holes in the valence band to produce °OH radicals (step 6a) [89]. The CdS surface can be 

regarded mainly as comprising of nonpolar (1120) and (1010) faces, both of which have an 

equal number of Cd and S atoms [704-706]. Ethanol may react with these °OH radicals to 

produce α-hydroxyethyl radical and protonate the adsorbed OH to produce water (step 6b). 

Ethanol may also react directly with the holes to give the same intermediate and a proton. 

This α-hydroxyethyl radical (E = +1.38 at pH = 7 eV versus NHE [93]) further reacts with a 

hole in the valence band to produce acetaldehyde and a proton (step 7). These protons 

produced are converted to gaseous hydrogen by the trapped electrons on Au (step 4). There 

was negligible reaction for Au/CdS in water or ethanol under visible light irradiation (fig. 

3.45). This implies that the first step is the reaction of valence band holes with the sulfide 

sacrificial agent enabling conduction band electrons to migrate onto Au particles or the 

surface of CdS and react with surface H+ to give H2. However, the α-hydroxyethyl radical 

produced also acts as a hole scavenger once the reaction has started, thus producing 

acetaldehyde and H+ ions. This results in increased hydrogen production rates and 

consequently reduces the amount of sulfide sacrificial agent consumed. Acetaldehyde 

production in the gas phase was monitored and presented in fig. 3.52. It is worth noting that 

acetaldehyde is a reaction intermediate as it will (like most oxygen containing organic 

compounds) react to give further products that ultimately result in CO2 (the final 

thermodynamic compound for organic oxidation). The reaction of gas phase acetaldehyde 

was studied under photo-irradiation over TiO2 (110) single crystal [707], TiO2 powders [708] 

but we are not aware of reported reaction on CdS in alkaline environment. One of the 

properties of acetaldehyde is its fast oxidation to acetate/acetic acid in the presence of 

oxygen. It has previously been shown that acetates/acetic acid react on TiO2 via the photo-

Kolbe reaction to give CH4, C2H6 and CO2 [709, 710]. These products were looked for in this 
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work but were not found. The low miscibility of CH4 and C2H6, and their relative stability in 

the liquid phase at room temperature would make their detection possible if they are formed. 

In other words, their absence in the gas phase indicates that this pathway is not favoured on 

CdS at the present experimental conditions. Yet for CO2 the situation is more complex 

because of its high solubility in the alkaline medium. This high solubility, associated with the 

expected small concentration, is probably the reason why it is not seen in the gas phase. Most 

likely the reaction would follow a photo-reforming, which is analogous to thermal reforming 

(CH3CHO + 3H2O → 5H2+ 2CO2) and this would explain the increase in hydrogen 

production rate. 

 

Figure 3.53: Schematic representation of the mechanism for hydrogen production from 

ethanol–water electrolyte mixture over Au/ h-CdS photocatalysts. 

3.2.8 Conclusions  
From the above results and discussion it can be concluded that nanosized CdS particles can 

be prepared by sol-gel method and subsequently calcined under air and inert atmosphere of 

nitrogen with the aim to get highly crystalline and photocatalytically active hexagonal CdS 

phase for hydrogen production. The crystallinity of the h-CdS photocatalyst can be monitored 

by PXRD. A decrease in the FWHM of 0.5 eV for Cd3d and 0.4 eV for S2p for the highly 

crystalline semiconductor is noticed due to an increase in the core hole life time in the 

crystalline phase. Au nanoparticles were deposited over hexagonal CdS by three conventional 

methods including; deposition precipitation (DP), incipient wet impregnation (WI), photo-

deposition (PD) and a novel reductive deposition method (KI) to develop catalysts with 
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different overall Au loading and particle size distribution, despite of same initial nominal 

loading. Subsequently these photocatalysts were used as model compounds to study the effect 

of metal deposition method on the Au particle size and distribution. The effect of reaction 

medium on hydrogen production over Au/h-CdS photocatalyts prepared by KI method from 

ethanol water-electrolyte mixture was also thoroughly elaborated. The reductive deposition 

(KI) method produced Au nanoparticles with mean particle sizes between 2 nm to 5 nm by 

changing the initial nominal Au wt.% (from 1 to 5).  The optimum rate for hydrogen 

production was found over 3 wt.% Au/CdS photocatalyst prepared by the KI reduction 

method that yielded Au particles with mean particle size of 4 nm with relatively lower 

experimentally determined Au loading (2.5 ± 0.3 wt. %) as compared to PD and DP methods. 

Prolonged photocatalytic reaction time over 0.5 wt.% Au/h-CdS-KI resulted in an increase in 

particle size up to 20 nm without a noticeable decrease in catalytic reactivity. Despite of very 

small Au particles (2-3 nm) the Au/h-CdS prepared by the WI method produced lower 

hydrogen production than the KI method due to lower experimentally determined Au 

loadings. Non-homogeneity and larger Au particle size were produced in the DP and PD 

methods respectively and were responsible for lower hydrogen production. This work 

supports the electron transfer mechanism from semiconductor to metal, which may further be 

facilitated by metal to semiconductor energy transfer mechanism due to Au surface plasmon 

resonances. It is interesting to note that Au/CdS photocatalyst showing higher plasmonic 

effect does not always produce more hydrogen in the visible spectral range. These results 

clearly suggest that optimization among particle size distribution, overall wt. % loading and 

plasmonic effect is required for enhanced performance. The addition of ethanol to the 

electrolyte (Na2S/Na2SO3) further increased the production of hydrogen via additional use of 

holes by α-hydroxyethyl radical from the valence band of CdS, allowing for more H+ to be 

reduced by the capture of electrons. 

3.3 g-C3N4 based photocatalysts 
Low visible light absorption efficiency and a high rate of photogenerated charge carrier 

recombination are the two major problems encountered in graphitic carbon nitride (g-C3N4) 

based photocatalysts for hydrogen production from water in the presence of other renewables. 

In the present work, Pd-Ag bimetallic as well as monometallic nanoparticles were decorated 

on graphitic carbon nitride photocatalysts by a simple chemical reduction method and 

evaluated for their ability to produce H2 during water splitting reaction. High activity of Pd-

Ag/g-C3N4 photocatalyst was attributed to the inherent property of palladium metal to quench 
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photogenerated electrons by the schottky barrier mechanism and strong silver absorption in 

the visible range by surface plasmon resonance mechanism (SPR). The physical and 

photophysical characteristics of the as-prepared Pd-Ag/g-C3N4 photocatalysts were studied 

by X-ray diffraction (XRD), UV-visible diffuse reflection spectroscopy (DRS), Transmission 

electron microscope (TEM), X-ray photoelectron spectroscopy (XPS) and steady state 

photoluminescence. The Pd0.7-Ag0.3/g-C3N4 photocatalyst with overall 1 wt. % metal loading 

showed very high H2 evolution activity (1250 µmol h‒1g‒1), 1.5 and 5.7 times higher than 

Pd/g-C3N4 and Ag/g-C3N4 photocatalysts, respectively. Photocatalysts showed high stability 

upto continues 16 hours runs. A possible mechanism for enhanced hydrogen production over 

Pd-Ag/g-C3N4 due to increased visible light absorption and electron-hole recombination 

quenching is proposed. 

3.3.1 PXRD and UV-visible diffuse reflectance analysis 

PXRD patterns were used to determine the sample phase. Fig. 3.54a represents the PXRD 

patterns of melamine, g-C3N4 prepared at 520 °C and Pd-Ag loaded g-C3N4. The diffraction 

peaks of g-C3N4 at 2θ values of 13.1° and 27.4° confirm the presence of graphitic like 

structure. The strong diffraction peak observed at 2θ = 27.4° (002) for both g-C3N4 and Pd-

Ag/g-C3N4 is characteristic of interlayer stacking of aromatic systems similar to melon like 

networks [711]. Peak sharpness indicates close packing of g-C3N4 and strong interlayer 

binding. The peak at 13.128° (210) is assigned to in-planar ordering of tri-s-triazine units. 

The absence of any diffraction patterns for Pd and Ag suggests that metal nanoparticles are 

highly dispersed over the support and low loading also makes the metal particles 

identification difficult. The average crystallite size determined for the g-C3N4 from PXRD 

data using Scherrer equation is approximately ~25 nm.  

To get further insight into the bimetallic nature of cocatalysts, the PXRD patterns of Ag5/g-

C3N4, Pd5/g-C3N4 and Pd3.5-Ag1.5/g-C3N4 composite photocatalyst with overall 5 wt. % 

loadings prepared under similar experimental conditions are shown in fig. 3.54b. PXRD 

patterns of Ag5/g-C3N4 shows the main diffraction patterns at 39.8 and 47.1 due to Ag0 (111) 

and Ag2O (220) planes and Pd5/g-C3N4 has main patterns at 33.8, 41.2, 54.9  and 60.5  due to 

PdO (101), Pd0(111), PdO(112) and PdO(103) planes. All these patterns are replicated in the 

PXRD patterns of composite Pd3.5-Ag1.5/g-C3N4 without any shift. However, clear sharpening 

of Ag0 (111) peak and appearance of new peak at 46.2 due to Ag0 (200) plane and absence of 

any diffraction peaks due to AgxOy clearly indicates the increased reducibility of Ag in 
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bimetallic particles. The average crystallite size determined for the g-C3N4 from PXRD data 

using Scherrer equation is ca. 25 nm.  

Figure 3.54: (a) PXRD patterns of melamine, g-C3N4-520 °C and Pd0.7-Ag0.3/g-C3N4. (b) 

PXRD patterns of g-C3N4-520 °C, Pd3.5-Ag1.5/g-C3N4  Pd5/g-C3N4 and Ag5/g-C3N4 with 

overall 5wt. % metal loading  c) UV-visible diffused reflectance spectra of g-C3N4, Ag1/ g-

C3N4, Pd1/ g-C3N4 and various Pdx-Agy/ g-C3N4 photocatalyts.  

The optical properties of as-prepared g-C3N4, Pd1.0/g-C3N4, Ag1.0/g-C3N4 and Pdx-Agy/g-C3N4 

photocatalysts were probed by using UV-visible diffused reflectance spectra (DRS) and 
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shown in fig. 3.54c. The pristine g-C3N4 sample, which has a pale yellow colour, shows 

absorbance at 461 nm, corresponding to a band gap of 2.7 eV, indicating comparatively 

limited visible light utilization ability. The steepness of the absorbance curve indicates that 

this absorption is attributed to the band gap electronic transitions. Metal nanoparticles show 

strong absorption all the way upto 800 nm extending into the strong intrinsic g-C3N4 

absorption due to surface plasmon resonance (SPR) as well as d-d transitions of both metals. 

This effect was much more pronounced as compared to individual metal deposition. It must 

be noted that Ag nanoparticles of similar size as observed in this study exhibit SPR at 410-

480 nm, however, it can shift over a wide range of wavelength depending upon their size, 

shape and refractive index of the surrounding medium [117, 712]. In the present study instead 

of strong plasmon peak of silver nanoparticle an extended absorption in the visible region 

was observed. The absence of this peak strongly confirmed that Ag particles are small and 

uniformly dispersed as a result of which their SPR peak might be buried in the strong g-C3N4 

absorption [712]. Pd metal always shows extended absorbance in the visible range up to 650 

nm [713]. On loading both Pd and Ag nanoparticles, a striking visible light absorbance was 

observed due to positive electronic synergism among Pd, Ag and g-C3N4 support. On 

depositing Pd and Ag nanoparticles the colour of g-C3N4 changed to grey which enormously 

increased the visible light absorption by conspicuous band gap reduction of 0.2 eV. The Pd-

Ag nanoparticles loaded g-C3N4 clearly exhibits much stronger light absorption in visible 

region as compared to individual Pd and Ag supported g-C3N4 indicating the formation of 

bimetallic nanoparticles in addition to monometallic particles. In summary, the DRS results 

show that the simultaneous deposition of Pd and Ag metals could highly improve 

photocatalytic ability of g-C3N4 by expanding its visible light absorption range. 

3.3.2 HRTEM and XPS analysis  
HR-TEM analyses of the photocatalysts were performed to investigate the morphology, size 

and structures of composite photocatalysts. The pristine g-C3N4 sample displays an 

aggregated morphology showing large size and the layer structure of g-C3N4 (fig. 3.55a). The 

HR-TEM images at low and high magnifications indicate the presence of highly dispersed 

metal nanoparticles on the g-C3N4 Fig. 3.55(c-e). Fig. 3.55d is showing a conspicuous 

interface between support and metal nanoparticles clusters. The uniformly dispersed metal 

nanoparticles on g-C3N4 surface develop an intimate contact with g-C3N4 and facilitate 

charge transfer between metal nanoparticles and semiconductor support. Careful inspection 

of metal nanoparticles sizes revealed three kind of metal particles including ~8-10 nm 
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bimetallic, ~3-5 nm Ag monometallic and sub nanometeric Ag monometallic particles. The 

existence of bimetallic Pd-Ag nanoparticles (~8-10 nm) can be validated by carefully 

measuring the lattice parameters. Two different kinds of lattice fringes with crystal spacing 

equal to 0.236 nm and 0.225 nm can be ascribed to face centred cubic Ag (111) and Pd (111) 

crystallographic planes, respectively. The existence of bimetallic as well as monometallic 

nature was further confirmed by energy dispersive spectroscopy (EDS) analysis when 

electron beam was focused on each of these particles individually (fig. 3.55e). Similar metal 

particle composition and size distribution has been observed and reported in detail on TiO2. 

The deposition of mono and bimetallic nanoparticles highly improves the visible light 

absorbance (DRS) as well as photocatalytic activity (photoreactions). 

  

Figure 3.55: High resolution transmission electron microscopy (HR-TEM) images of Pd0.7-

Ag0.3/g-C3N4 photocatalysts at low and high magnification (a-d) and Energy Dispersive 

spectroscopy analysis of  metal nanoparticle from figure d (bottom). 
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Figure 3.56: XPS results of fresh bimetallic Pd0.7-Ag0.3/g-C3N4 photocatalyst. 

XPS analysis was conducted to elucidate the surface structure of g-C3N4 and chemical states 

of Pd and Ag. The C1s can be fitted for three distinct peaks at 285, 288.5 and 294 eV. The 

first peak can be attributed to adsorbed carbon and defect containing sp2-hybridized carbon 

atoms present in graphitic domains. The second dominant peak at 288.5 eV belongs to sp2-

hybradized carbon in g-C3N4 lattice [714]. Third peak at 294 eV binding energy is assigned to 

π-excitation [715]. The N1s XPS peaks can be deconvoluted into four peaks centered at 

399.9, 401.1, 402.3 and 405.7 eV. The predominant peak at a binding energy of 399.9 eV is 

attributed to the sp2-hybridized nitrogen atoms in triazine rings, which dominate g-C3N4 

structure [569, 716]. The peak at about 401.1 eV is assigned to the tertiary nitrogen N‒(C)3 

[715]. The peak at 402.3 eV indicates the presence of amino functional group (C‒N‒H), 

which might be related to the structural defects and incomplete condensation in the 

polymerization process [716]. The additional weak peak at 405.7 eV could be ascribed to π-

excitation [714]. All these peaks are shifted to higher binding energy values as compared to 

bare g-C3N4 indicating a strong interaction of Pd-Ag with the support. The two peaks at 
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approximately 368.6 and 374.7 eV can be attributed to Ag3d5/2 and Ag3d3/2, respectively. 

These two peaks can be further deconvoluted into two peaks, at about 368/368.7 eV and   

374/ 374.8 eV, respectively. The peaks at 368 and 374 eV are attributed to Ag1+ of Ag2O 

(44.2%), and those at 368.7 and 374.8 eV are ascribed to the metal Ag0. This is in line with 

the earlier studies where Ag in higher oxidation states has been observed to possess lower 

binding energies as compared to metallic Ag [717]. These results indicate that Ag is present 

mainly as Ag0 [712]. Furthermore, the Pd 3d spectra of Pd0.7-Ag0.3/g-C3N4 could be fitted into 

asymmetric peaks, suggesting the existence of two states of Pd species. The Pd 3d5/2 peak at 

335.5 eV and Pd 3d3/2 peak at 340.8 eV are attributed to the metallic Pd0, where the binding 

energy peaks shown at 337.3 and 342.4 eV are originated form of Pd2+, respectively. XPS 

results clearly indicate that the reducibility of Ag is increased due to close proximity of Pd 

over g-C3N4 under present conditions suggesting the bimetallic nanoparticles formation in 

addition to monometallic particles in line with UV-Vis and XRD results [718, 719].  

         Table 3.14: XPS analysis of bimetallic Pd0.7-Ag0.3/g-C3N4 photocatalyst. 

Element 
Core 

level 

Position 

(eV) 
FWHM 

% Elem. 

Comp 
Speciation 

C 

C1s 285.0 1.3 

43.3 

9.8 

C1s 288.5 1.1 85.3 

C1s 294.0 2.1 4.9 

N 

N1s 399.9 1.1 

52.6 

65.7 

N1s 401.1 1.4 16.6 

N1s 402.3 1.6 14.3 

N1s 405.7 1.6 3.4 

Pd 

Pd3d3/2 337.3 1.5 

0.35 

75.2 
Pd3d1/2 342.4 1.7 

Pd3d3/2 335.5 1.5 
24.8 

Pd3d1/2 340.8 1.6 

Ag 

Ag3d3/2 368.7 1.2 

0.09 

60.0 
Ag3d1/2 374.8 1.3 

Ag3d3/2 368.0 1.3 
44.2 

Ag3d1/2 374.0 1.3 

O 

O1s 531.9 2.0 

3.3 

53.4 

O1s 533.3 2.1 33.4 

O1s 535.4 2.4 13.1 

 

3.3.3 H2 production photoreactions  
The photocatalytic hydrogen production activities of various photocatalysts were evaluated in 

10 vol.% triethanolamine (TEOA)-water mixture under visible light irradiations. Fig. 3.57 

displays the H2 production over different photocatalysts. The pure g-C3N4 sample without 
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metal particle loading showed negligible hydrogen production ability due to higher 

recombination rates of photogenerated charge carriers. After introducing each 1 wt% of Pd 

and Ag over g-C3N4 the hydrogen production was suddenly increased to 840 and 220 µmmol 

h-1g-1 respectively. Recently Pd is emerging as a very active co-catalyst for hydrogen 

production even more than Au and Pt. The enhanced activity of Pd as compared to its rivals 

might be related to its following properties. 1) Its maximum dispersion on semiconductor 

surface and optimized Schottky barrier formation [720]. 2) It has higher density of states in 

the vicinity of the semiconductor fermi level as compared to Pt and Au. The fermi level of Pd 

is around 0.2 eV higher than the Fermi level of Pt (-10.8 eV) [721]. 3) Pd also has much 

lower electron affinity and hence electron trapping capability which may enable facile 

electron transfer from Pd to proton [168]. Silver can increase the H2 production rate due to 

enhanced visible light absorption related to its strong surface plasmon effect.  It was observed 

in the present study that on increasing the silver loading in Pd-Ag nanoclusters a decrease in 

the hydrogen production rate was seen while an increase in the Pd loading increases the rate. 

This trend can be attributed to higher catalytic activity of Pd than Ag for H2 production 

reaction, mainly due to the appropriate Schottky barrier among other factors. However, this 

trend is disrupted for Pd0.3-Ag0.7/g-C3N4 photocatalyst which gave a maximum H2 production 

rate (1250 µmol h-1g-1) even greater than Pd1.0/g-C3N4 (840 µmol h-1g-1). This indicates that 

apart from electron trapping via Schottky barrier formation, some other mechanism is 

operative. The highest rate obtained at Pd0.7-Ag0.3/g-C3N4 is due to positive synergism 

achieved by enhanced visible light absorption by Ag plasmonic mechanism and photoexcited 

electrons trapping by Pd Schottky enhanced mechanism.  

Fig. 3.58a represents the effect of overall metal loading amount over g-C3N4. A maximum 

hydrogen production rate was achieved at an overall nominal metal loading amount of 1 

wt.%. A slight decrease in hydrogen production activity at 1.5 wt. % loading was observed 

and after that a sharp decrease in activity was observed for 2 to 3 wt. % loadings. This 

decrease in activity by increasing metal loading has been observed by many others; however, 

no clear explanation for this is given yet. This decrease in activity might be due to the 

increase in the opacity of photocatalyst samples which decreases the light transmission to the 

support. Higher metal loadings can also result in increased surface defects at the metal–

semiconductor interface, leading to an increase in e-/h+ recombination centers. Lower 

amounts of hydrogen production were also observed at 0.5 wt. % loading. This is because the 

generation of less number of active metal sites over g-C3N4 for proton reduction or hydrogen 

recombination. As a consequence, a suitable content of Pd-Ag nanoparticles is crucial for 
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optimized photocatalytic performance of Pd-Ag/g-C3N4 photocatalysts. To gain insight into 

the electron scavenging ability of different cocatalysts, steady-state photoluminescence (PL) 

of g-C3N4, Pd1.0/g-C3N4, Ag1.0/g-C3N4 and Pd0.7-Ag0.3/g-C3N4 samples were conducted and 

the results are presented in Fig. 3.58b. It can be observed that Pd1.0/g-C3N4 exhibits lowest PL 

intensity. This clearly indicates that Pd metal is highly active in trapping photo-excited 

electron present in the conduction band of the g-C3N4. Conversely, there is less difference in 

PL intensities of g-C3N4 and Ag1.0/g-C3N4. This shows that Ag is not as active for electron 

trapping as Pd. The photocatalyst Pd0.7-Ag0.3/g-C3N4 is also showing good electron trapping 

behaviour but less than Pd1.0/g-C3N4. These results indicate that electron trapping is not the 

only factor to enhance hydrogen production rate at least over metal supported g-C3N4 under 

present conditions. 

 

Figure 3.57: Comparison of H2 production over Pd1.0/g-C3N4, Ag1.0/g-C3N4, Pd0.7-Ag0.3/g-

C3N4, Pd0.5-Ag0.5/g-C3N4, Pd0.3-Ag0.7/g-C3N4 photocatalyst from 10 vol% triethanolamine-

water mixtures. 

The activity and stability of Pd0.7-Ag0.3/g-C3N4 photocatalyst was investigated in 10 vol. % 

triethanolamine-water mixture. As can be seen from Fig. 3.59, stable photocatalytic hydrogen 

production was observed over the duration of the experiments (16 h). The slight decrease in 

rate with time was due to the deposition of catalyst particles on the reactor walls with time, 
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thus scattering away the incoming light radiation and also due to decrease of triethanolamine 

concentration as sacrificial reagent. 

 

Figure 3.58: (a) Effect of metal loading amount on H2 production in 10 vol.% 

triethanolamine-water mixtures (b) steady state photoluminescence (PL) measurements. 

 

Figure 3.59: Cyclic runs for the hydrogen production experiments with Pd0.7-Ag0.3/g-C3N4 

catalysts using 10 vol% triethanolamine-water mixtures. 

In order to further probe into the effect of visible light harvesting and electron scavenging 

abilities of Pd0.7-Ag0.3/g-C3N4 photocatalysts, rhodamine B dye degradation experiments were 
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carried under direct solar irradiations for fixed time intervals of 70 min. The absorption 

spectra were collected in 400-600 nm range during the monitoring process. For comparison, 

the performances of pure g-C3N4, Ag1.0/g-C3N4 and Pd1.0/g-C3N4 photocatalyst were also 

investigated under similar conditions (Fig. 3.60a). It was observed that the photocatalytic 

activity of pristine g-C3N4 for rhodamine B degradation is very little due to the absence of 

electron transfer site to generate𝑂2
−.

, a photocatalytically active species for rhodamine B dye 

degradation. There is a great debate in literature about the nature of active species for dye 

degradation over semiconductor photocatalyst. However, most of the studies depicted 

superoxide radicles as an active species for rhodamine B degradation. Again Pd0.7-Ag0.3/g-

C3N4 photocatalyst showed the superior activities for dye degradation as compared to 

monometallic counterparts.  

 

Figure 3.60: Rhodamine B dye degradation over different mono and bimetallic photocatalyst 

for 70 min irradiation time b) effect of active species scavengers for dye degradation over 

Pd0.7-Ag0.3/g-C3N4 photocatalyst during 70 min of degradation time.  

In present study, different scavengers were also employed to detect active species; 50 mM 

isopropanol (IPA) (as a OH− quencher), 50 mM AgNO3 as an electron quencher, 50 mM 

benzoquinone (BQ) as a 𝑂2
−. quencher and 50 mM ethylenediamine tetraacetic acid  (EDTA) 

as a holes quencher (Fig. 3.60b). The photocatalytic degradation of rhodamine B is not 
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affected by the addition of isopropanol (IPA) while the degradation is quenched drastically in 

the presence of benzoquinone (BQ) and partially due to AgNO3. Therefore, it can be 

concluded that the superoxide anions (𝑂2
−.) and electrons are the main reactive species 

generated by the photocatalysts for dye degradation under sunlight irradiation. In the 

presence of Na2EDTA, a hole scavenger, the rate of dye degradation was even higher than 

those of obtained without any scavenger. A plausible explanation for this is that in the 

presence of hole scavenger more electrons will be available for formation of superoxide 

radicals. These results suggest that role of OH− radicals or h+ is negligible in this degradation 

process while electrons/superoxide radical are the main active species. So, the highest activity 

of Pd0.7-Ag0.3/g-C3N4 as compared to Pd1.0/g-C3N4 and Ag1.0/g-C3N4 is explained on the same 

rationale that supports hydrogen production. Pd is more active for electron transfer from the 

conduction band of g-C3N4 to generate superoxide radicals whereas Ag is mainly associated 

to increase the electron population in the g-C3N4 by visible light absorption as well as by hot 

electron transfer and energy transfer surface plasmon effect.      

3.3.4 Hydrogen production Mechanism  
 

Based on characterization results, unique optical properties, very efficient visible light 

hydrogen production and rhodamine B degradation on bimetallic photocatalysts, a possible 

mechanism for photocatalytic H2 production is proposed and illustrated in Fig. 3.61. Upon 

visible light irradiation, e-/h+ pairs are generated in the polymeric semiconductor g-C3N4. 

However, these photoinduced e-/h+ are likely to recombine without any metal co-catalyst. The 

enhanced rate of H2 evolution over Pd0.7-Ag0.3/g-C3N4 can be attributed to synergistic effect 

between Pd-Ag nanoparticles. By introducing Pd-Ag nanoparticles in optimized amounts, 

two concurrent factors operate synergistically. One of the major drawbacks of g-C3N4 is that 

it absorbs very limited amount of visible light (< 515 nm). The Ag nanoparticles present in 

nanoclusters, in addition to acting as hydrogen production cathodic sites, mainly scavenging 

the visible light by surface plasmon effect that can result from direct energy transfer (DET), 

resonant energy transfer (RET) as well as field effect. On the other hand Pd-Ag present in the 

nanoclusters mainly quenches the recombination rate by accepting the conduction band 

electrons. At the same time, holes in the valence band of g-C3N4 are consumed by 

triethanolamine (TEOA) sacrificial regent. Therefore, the e-/h+ recombination process is 

effectively prohibited by the presence of Pd-Ag and visible light absorption efficiency is 
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enhanced by Ag SPR effect, resulting in improvement of H2 production for the Pd-Ag/g-C3N4 

photocatalyst. 

 

 

Figure 3.61: Schematic illustration of the hydrogen production and charge transfer in          

Pd0.7-Ag0.3/g-C3N4 photocatalysts under visible light irradiations. 

3.3.5 Conclusions  
The present work addressed the two main issues of g-C3N4, i) limited visible light absorption 

and ii) high recombination rate of photoinduced charge carriers in photocatalytic water 

splitting reaction. The Ag and Pd co-catalysts were successfully deposited over g-C3N4 by 

simple chemical reduction method. The UV-VIS, HRTEM and XPS studies revealed that 

both metals are mainly present in the form of mono- as well as bimetallic nanoparticles. The 

Ag as monometallic nanoparticles extends the visible light absorption by surface plasmon 

effect while Ag-Pd bimetallic nanoparticles decrease the e-/h+ recombination rate by forming 

highly rectifying schottky barrier with appropriate height. The Pd0.7-Ag0.3/g-C3N4 

photocatalyst with overall 1 wt. % metal loading showed very high H2 evolution activity 

(1250 µmol h‒1g‒1), 1.5 and 5.7 times higher than Pd/g-C3N4 and Ag/g-C3N4 photocatalysts, 

respectively. Photocatalysts showed high stability up to continuous 16 h run. A possible 

mechanism for enhanced hydrogen production over Pd-Ag/g-C3N4 due to increase in visible 

light absorption and electron-hole recombination quenching is proposed.  
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3.4 Summary of work 
The main focus of present study was to fabricate economical, highly stable and efficient 

photocatalysts for hydrogen production from water in the presence of other renewable ( water 

in the presence of methanol, ethanol, glycerol, triethanol amine and inorganic electrolytes). 

The work has been started with the synthesis of highly crystalline TiO2 nanorods with 

different phase compositions and surface area by the calcination of hydrogen titanate 

(H2Ti3O7) precursors obtained by treating P25 (TiO2) hydrothermally in 10 M NaOH 

followed by washing with HCl solution. The nanorod aggregates prepared at 130 °C showed 

maximum surface area of ca. 148 m2/g that decreases with the further increase in the reaction 

temperature. Hydrothermal reaction at a temperature greater than 130 °C resulted in 

destruction of lamellar Na2Ti3O4, an intermediate in the nanorod formation process. Among 

the nanorod series prepared, nanorods prepared at 130 °C and calcined at 400 °C showed 

very high hydrogen production rates after depositing bimetallic hydroxides by co-deposition-

precipitation (total metal loading ~ 1 wt.%). The hydrogen production activity of nanorods 

was then compared with typical TiO2 support P25 (80% Anatase + 20% rutile). Both 

0.8Cu(OH)2-0.2Ni(OH)2/P25 and 0.8Ni(OH)2-0.2Cu(OH)2/TNR130-400 photocatalysts 

demonstrated very high hydrogen production rates (10 & 26.6 mmol h-1g-1) in 20 vol. % 

ethanol-water mixture and (22 & 35.1 mmol h-1g-1) from 5 vol.% glycerol-water mixtures, 

respectively. Detailed analyses based on reaction kinetics, photoluminescence, XPS and 

charge carrier scavenging suggest that both working catalysts are composed of Cu and Ni 

atoms in the metallic phase. Cu0 is produced directly by the transfer of electrons from the 

conduction band of TiO2 to the surface of Cu(OH)2 nano-clusters, whilst Ni0 is formed 

indirectly through a process of gradual dissolution of Ni(OH)2 to yield aqueous Ni2+ due to 

the acidic environment of the medium, followed by Ni2+ reduction by the electron from the 

conduction band of the semiconductor. The high rates of H2 production matches with those 

obtained from noble metals based photocatalysts can be explained by the following rationale. 

An oxidized Ni atom in contact with a Cu atom may become reduced due to a considerably 

less negative ∆Go of Cu oxide formation (-129 kJ mol-1) when compared to that of Ni oxide 

formation (-430 kJ mol-1). This may increase hydrogen production due to the possibility of an 

increase in metallic character of Cu. This work suggests that bimetallic Cu-Ni catalysts 

formed on 1D TiO2 nanorods are promising alternatives to noble metals for hydrogen 

production.  Following this work, a new strategy was introduced to produce highly dispersed 

Cu-Cu2O nanoparticles over TiO2 by using a metal organic framework (MOF) as a 

templating agent. The TiO2-MOF composite was prepared by hydrolysing titanium 

mailto:Cu0.8-Ni0.2@P25
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isopropoxide precursor over MOF nanoparticles by a solvothermal method, followed by the 

calcination of the composite at temperatures in the range of 350-500 °C.  It was found that 

the photocatalyst Cu-Cu2O/TiO2-400 prepared by calcining the TiO2-MOF composite at 400 

°C showed maximum activity for hydrogen production from 5% glycerol-water mixture. The 

activity of the photocatalyst was further augmented by the formation of Cu0 from Cu2O 

reduction by photoexcited conduction band electrons in TiO2. Hydrogen production activity 

was sharply decreased by further increasing the composite calcination temperature 400-500 

°C due to the oxidation of Cu-Cu2O to CuO and subsequent growth of CuO to larger particle 

size by sintering. Photocatalyst Cu-Cu2O/TiO2 -350 produced at 350 °C showed slightly less 

activity than the Cu-Cu2O/TiO2-400 due to the presence of carbon as remnants of the organic 

framework at lower temperatures. In order to improve photocatalytic hydrogen production in 

visible light, smaller band gap semiconductors CdS and g-C3N4 were focused on for further 

study. The nanosized CdS particles were prepared by sol-gel method and subsequently 

calcined under air and inert atmosphere of nitrogen with the aim to get highly crystalline and 

photocatalytically active hexagonal CdS phase for hydrogen production. Au nanoparticles 

were deposited over hexagonal CdS by three conventional methods including; deposition 

precipitation (DP), incipient wet impregnation (WI), photo-deposition (PD) and a novel 

reductive deposition method (KI) to fabricate catalysts with different overall Au loadings and 

particle size distribution despite of same initial nominal loading. Subsequently these 

photocatalysts were used as model compounds to study the effect of metal deposition method 

on the Au particle size and distribution. The effect of reaction medium on hydrogen 

production over Au/h-CdS photocatalyts prepared by KI method from ethanol water-

electrolyte mixture was also thoroughly elaborated. Reductive deposition (KI) method 

produced Au nanoparticles with mean particles sizes between 2 nm to 5 nm by changing the 

initial nominal Au wt.% (from 1 to 5). The optimum rate for hydrogen production was found 

over 3 wt.% Au/CdS photocatalyst prepared by KI reduction method that yielded Au particles 

with mean particle size of 4 nm with relatively lower experimentally determined Au loading 

(2.5 ± 0.3 wt. %) as compared to PD and DP methods. Prolonged photocatalytic reaction time 

over 0.5 wt.% Au/h-CdS-KI resulted in increase in particle size up to 20 nm without 

noticeable decrease in catalytic reactivity. Despite of very small Au particles (2-3 nm) the 

Au/h-CdS prepared by WI method produced lower hydrogen production than KI method due 

to less experimentally determined Au loadings. Non-homogeneity and larger Au particle size 

produced in DP and PD methods respectively, were responsible for lower hydrogen 

production. This work supports the electron transfer mechanism from semiconductor to metal 
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which may further be facilitated by metal to semiconductor energy transfer mechanism due to 

Au surface plasmon resonance. It is interesting to note that Au/CdS photocatalyst showing 

higher plasmonic effect is not always produce more hydrogen in visible range. These results 

clearly suggest that optimization among particle size distribution, overall wt. % loading and 

plasmonic effect is required for enhanced performance. The addition of ethanol to the 

electrolyte (Na2S/Na2SO3) further increased the production of hydrogen via additional use of 

holes by α-hydroxyethyl radical from the valence band of CdS allowing for more H+ to be 

reduced by the capture of electrons. In the final part of this study, a fruitful effort was 

attempted to address two main issues of g-C3N4, i) limited visible light absorption and ii) high 

recombination rate of photoinduced charge carriers. In this context Pd-Ag bimetallic as well 

as monometallic nanoparticles were successfully deposited over g-C3N4 by simple chemical 

reduction method. A highly positive synergistic response both in optical and photocatalytical 

properties was observed in resulting photocatalysts in which sliver nanoparticles extends the 

visible light absorption by surface plasmon effect and Pd-Ag bimetallic nanoparticles 

decreases the e-/h+ recombination rate by forming highly rectifying schottky barrier.  The 

Pd0.7-Ag0.3/g-C3N4 photocatalyst with overall 1 wt. % metal loading showed very high H2 

evolution activity (1250 µmol h‒1g‒1), 1.5 and 5.7 times higher than Pd/g-C3N4 and Ag/g-

C3N4 photocatalysts, respectively. Photocatalysts showed high stability upto continues 16 

hours run. A possible mechanism for enhanced hydrogen production over Pd-Ag/g-C3N4 due 

to increase in visible light absorption and electron-hole recombination quenching is proposed. 
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