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UV Ultraviolet 

Vis Visible 

DRS  Diffuse reflectance spectroscopy 

HPLC High pressure liquid chromatography 

GC  Gas chromatography 

GC-MS Gas chromatography - mass spectrometry 

TEM Transmission electron microscopy 

XRD X-ray diffraction 

BET  Brunauer Emmett Teller 

JCPDS Joint committee on powder diffraction standards 

TNT 

TNR 

Titania nanotubes 

Titania nanorods 

m-DNB meta-dinitrobenzene 

m-NA meta-nitroaniline 

m-PDA meta-phenylenediamine 

m-CNB meta-chloronitrobenzene 

m-CA meta-chloroaniline 

m-NBA meta-nitrobenzoic acid 

m-ABA meta-aminobenzoic acid 

m-NT meta-nitrotoluene 

p-DNB para-dinitrobenzene 

p-NA 

p-PDA 

para-nitroaniilne 

para-phenylenediamine 

BC Benzo[c]cinnoline 

BPD 1,1’ Biphenyl 2,2’-diamine 

BPO 

VB 

Benzo[c]cinnoline 5,6-dioxide 

Valence band 

CB Conduction band 

SC Semiconductor 
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M Metal 

P25-TiO2 

RNP 

Commercially available P25-TiO2 

Rutile nanospheres 

RNR Rutile nanorods 

ANP Anatase nanospheres 

ANR 

NC 

Anatase nanorods 

Nanocrystals 

1D One dimensional 

SP Surface Plasmon 

SPR Surface plasmon resonance 

vol% Volume percentage 

wt% Weight percentage 

L Length 

W Width 

mL Milli-litre 

µL Micro-litre 

min  Minute 

mol  Mole 

mM Milli molar 

nm  Nanometre 

AR Aspect ratio 

µM Micro moles 

PCA Photocatalytic activity 

a.u. Arbitrary unit 

c.a.  Calculated amount 

vol%  Volume percentage 
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Abstract 

This thesis presents a fine approach into many aspects of Titanium dioxide (TiO2) nanomaterials 

and their applications for photocatalytic reduction of nitroaromatics. Bare and metal loaded TiO2 

nanostructures viz., nanospheres and nanorods of different crystal phases viz., anatase and rutile 

have been synthesized to investigate the effect of size, shape, phase, nature of co-catalyst onto 

the change in absorbance, photoluminescence, relaxation lifetime and photocatalytic activity for 

the reduction of nitroaromatics. The present thesis is divided into five chapters: 

Chapter 1: Introduction, Preparation and Characterization Techniques  

The first chapter introduces the brief mechanism of TiO2 semiconductor photocatalysis, effect of 

metal loading onto TiO2, crystal phase, morphology, photoreduction of nitroaromatics with TiO2 

and literature survey on TiO2 nanostructures with photocatalysis as an application point of view.   

Further, various techniques used for synthesis and characterization of bare and metal loaded TiO2 

nanocomposites are discussed. TiO2 nanostructures of different morphologies viz.; nanospheres 

and nanorods as well different phase viz.; anatase and rutile have been synthesized by 

calcinations at temperature 400-800 ºC, hydrothermal, solvothermal and sol gel methods. 

Coinage and platinum group metals were deposited onto TiO2 surface by photodeposition 

techniques.  

The as synthesized materials have been characterized by diffused reflectance spectroscopy, 

photoluminescence; time resolved spectroscopy, transmission electron microscope, BET surface 

area analyzer and X-ray diffraction study. Photoreduction of nitroaromatics were conducted 

under UV light irradiations. Products and intermediates have been identified by high 

performance liquid chromatography, gas chromatography-mass spectroscopy, nuclear magnetic 

resonance spectroscopy and gas chromatography techniques.   

Chapter 2: 100% selective yield of m-nitroaniline by rutile TiO2 and m-phenylenediamine 
by P25-TiO2 during m-dinitrobenzene photoreduction 

The effect of rutile content, solvent, catalyst amount, irradiation time, crystallinity, surface area 

and electron withdrawing groups for selective photoreduction of m-dinitrobenzene have been 

discussed here. Photoreduction of m-dinitrobenzene (25 μmol) in the deaerated aqueous iso-

propanol exhibits 100% selective yield of m-nitroaniline (25 μmol) by rutile TiO2 (50 mg) or m-

phenylenediamine (25 μmol) by P25-TiO2 separately under 8 and 4 h of UV light irradiation 

(125 W Hg arc, 10.4 mW/cm2), respectively. It revealed that insertion of a second –NO2 group in 
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nitrobenzene ring has an important role in expediting –NO2 reduction to –NH2 as compared to a 

negligible reduction of nitrobenzene under similar conditions, indicating that electron 

withdrawing groups lower the electron density on –NO2 present on meta position and favor quick 

reduction of the –NO2 group. 

 
Chapter 3: Influence of coinage and platinum group metal co-catalysis for the 

photocatalytic reduction of m-dinitrobenzene by P25 and rutile TiO2 

In this chapter, the co-catalytic activity of 1 wt% coinage (Au, Ag and Cu) metals and platinum 

group (Pt, Pd and Rh) metals deposited P25 and rutile TiO2 (R-TiO2) have been relatively 

investigated for the optical absorption, emission, surface structural morphology and 

photocatalytic activity for the selective reduction of m-dinitrobenzene under UV light irradiation. 

An average particle size ~122 nm of R-TiO2 is increased after calcinations of P25-TiO2 (25-30 

nm) at 800 °C and Au and Pt deposits of size ~4.0‒6.5 nm were found to be uniformly distributed 

over TiO2 surface. Although the optical band gap does not alter much, but intense 

photoluminescence having several characteristic bands between 400-550 nm are significantly 

quenched depending on the nature of metal loading. Photoirradiation (125 W Hg arc, 10.4 

mWcm-2) of bare P25-TiO2 suspended in isopropanol (50 vol%) containing m-dinitrobenzene 

selectively produces 100% m-phenylenediamine, while metal deposited P25-TiO2 produces m-

nitroaniline as a major product after 4 h of UV light irradiation. However, bare R-TiO2 produces 

100% m-nitroaniline and metal loading does not alter the selectivity except the decrease in 

reduction efficiency of R-TiO2. The decrease in active Ti3+ sites available on the surface after 

metal loading might be responsible for the decrease in photocatalytic activity. 

 

Chapter 4: Selective formation of benzo[c]cinnoline by photocatalytic reduction of 2,2′-

dinitrobiphenyl using TiO2 and under UV light irradiation 

This chapter demonstrates that the photocatalytic reduction of 2,2′-dinitrobiphenyl (DNBP, 25 

μmol) in aqueous iso-propanol (50 vol%) and P25-TiO2 (50 mg) under argon atmosphere and 20 

h of UV light irradiation selectively produced 23.8 μmol of benzo[c]cinnoline (BC, 95%), and 

2,2′-biphenyldiamine (BPD, 5%) whose amount is gradually increased with irradiation time 

beyond 20-24 h due to further reduction of BC. It is also observed that the reduction process is 

accompanied by the simultaneous oxidation of iso-propanol (hole scavenger) to acetone whose 

amount is increased with (20 to 24 h) irradiation time, and no H2 production is detected by 
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photoexcited holes (h+) in the valence band under UV irradiation. Furthermore, over oxidation of 

acetone into CO2 was not observed. It is evident that DNBP undergoes intramolecular reductive 

cyclization reactions by TiO2 because of the close spatial proximity of the interacting NO2 groups 

that lie in two different benzene rings separately relative to their location in a same benzene 

moiety in various dintirobenzene. 

Chapter 5: Crystal phase and shape dependent photoactivity of titania for nitroaromatics 

reduction under UV light irradiation 

This chapter describes importance of different shapes and crystal phases of TiO2 nanostructures 

such as RNP, RNR, ANP, ANR and P25-TiO2 (70:30 anatase and rutile) for the PCA for m-

nitrotoluene (m-NT) and m-nitrobenzoic (m-NBA) photoreduction under UV light irradiation. 

RNR (L×W = 28-30 nm × 3.5-3.8 nm) showed superior photoactivity ( ̴ 3 times) as compared to 

RNP of size 122 nm for the photoreduction of m-NT into m-toluidine (m-TD) and m-NBA into 

m-aminobenzoic acid (m-ABA) under 8 h UV irradiation. The obtained results show that the 

long distance electron transport along longitudinal length, larger surface area (69 m2g-1), 

quenched PL emission, increased lifetime of charge carriers (1.8 ns) of RNR as compare to RNP 

having lower surface area (18 m2g-1) and charge carrier lifetime (1.1 ns)  collectively contribute 

to its enhanced PCA. Furthermore, ANP of size 8-10 nm having surface area 89 m2g-1 also shows 

higher PCA than anatase nanorods of size (L×W = 80-132 nm × 8-13 nm and surface area = 71 

m2g-1) and P25-TiO2 (25-30 nm) for m-NBA and m-NT photoreduction under 6 h UV light 

irradiation. The overall rate of reduction/hour for m-NBA and m-NT photoreduction with all of 

these catalysts has been found to vary in the following order ANP> P25-TiO2> RNR> ANR> 

RNP.  
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Fig. 1  Mechanism of TiO2 photocatalysis 

Chapter 1: Introduction, Preparation and Characterization Techniques 

1. Introduction   

TiO2 with remarkable optical and physicochemical properties is the most extensively used 

standard photocatalyst in the field of energy and environmental applications [1-4]. It is used in 

light-induced redox processes due to its electronic structure. Upon photo irradiation with light 

energy greater than or equal to the band gap energy of TiO2, electrons (e-) get excited from 

valence band (VB) to conduction band (CB) by leaving positively charged holes (h+) in the VB 

as shown in Fig. 1.  

When photogenerated e-/h+ pair 

comes in contact [5-8] with the 

absorbed H2O, it gets oxidized 

by positive holes and forms 

hydroxyl radicals (OH⋅) in the 

process, which are highly 

oxidizing and oxidize organic 

compounds completely. In the 

presence of oxygen, the 

intermediate radicals in the 

organic compounds and oxygen 

molecules undergo radical chain reactions and consume oxygen to finally give carbon dioxide 

and water as shown below: 

                                                      TiO2             
  hν

            (e
-/h+)                                                 

                                                    e- + h+                         heat 

TiO2 (h
+)    +   H2Oads                     TiO2      +   OHads

·   +   H+ 

                            TiO2 (h
+)    +    OHads

-                        TiO2      +   OHads
·    

                             OHads
·         +    organics                    CO2    +   H2O 

Under certain circumstances, organic substrates directly react with the positive holes (h+) and 

results in oxidative decomposition. On the other hand, in the existence of air, reduction of 

oxygen takes place in place of hydrogen generation and forms superoxide anions (O2
⋅-). O2

⋅-
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                               Anatase                                                          Rutile                                                 

Fig. 2 Stuctures of anatase and rutile.  

anions attach to the intermediate products in the oxidation reaction and form peroxide or convert 

to hydrogen peroxide and then to water as shown below: 

                             TiO2 (e
-)    +   O2,ads                            TiO2     +   O2

·
 ̄    

                            TiO2 (e
-)    +   H2O2,ads

                        TiO2   +   OH ̄  +  OHads
·    

On the other hand, when charge traps or scavengers are absent, CB electrons and VB holes 

recombine to dissipate energy as heat and no chemical transformation takes place. 

TiO2 exhibits three distinct polymorphs- anatase, rutile and brookite. Among these, anatase has 

proven to be more prominent for various environmental processes such as deodorization, water 

purification, air purification, sterilization, solar-energy conversion and photocatalytic reactions 

[4-9], whereas the use of rutile form is limited due to its poor photocatalytic activity. The 

structures of anatase and rutile are shown in Figure 2 and some of the structural and physical 

and properties of them are shown in Table 1.  

The difference in the behavior of rutile and anatase is attributed to the difference in the band gap 

of anatase (3.2 eV) and rutile (3.02 eV) which is due to the difference in the position of the 

conduction band (higher in anatase than that of rutile) and to the higher rate of e--h+ pairs 

recombination in rutile as compared to anatase. Rutile TiO2, generally obtained at higher 

temperatures, has very low density of superficial hydroxyl groups, which leads to poorer O2 
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Table 1 Structural and physical properties of Anatase and Rutile structure of TiO2 

 

Property Rutile Anatase 
Crystal structure Tetragonal Tetragonal 
TiO2 Formula units 
 per unit cell  

2 4 

Band gap 3.0 eV 3.21 eV 
Lattice Constants(Aº) a = 4.5936 

c = 2.9587 
a = 3.784 
c = 9.515 

Ti-O bond length (Aº) 1.949 (4) 
1.980 (2) 

1.937 (4) 
1.965 (2) 

Density (g/cm3) 4.13 3.79 
Dielectric constant 114 31 
Refractive index 2.75 2.55 
Specific gravity 4.0 3.9 
Molecular weight (g/mol) 79.88 79.88 
Boiling point (ºC) 2500~3000 2500~3000 

adsorption and such performance of rutile TiO2 could be ascribed to a better crystallized bulk 

[10-15] and surface state, which is not as much of favorable for a potential photocatalytic 

activity. However, recently rutile TiO2 (R-TiO2) has drawn considerable attention that is 

reflected in selective oxidation [16] of benzyl alcohol to benzaldehyde, reduction of m-

nitrotoluene [17] to m-aminotoluene, and other nitroorganics reduction [18,19] to aromatic 

amines and the experiments pointed the primary influence of crystallinity of rutile titania on the 

selectivity. Thus, photoactivity and product selectivity of TiO2 can also be influenced with the 

change of phase from anatase to rutile. The photocatalytic activity of TiO2 nanoparticles for 

selective reduction could further be enhanced by loading metals like Au, Ag, Cu, Pt, Pd, and Rh 

etc. In general the metal (M) deposited on the surface of TiO2 forms a metal-semiconductor 

Schottky barrier that act as a trap for photoexcited electrons [20−22], and thus improve the 

efficiency of charge separation for improved oxidation and reduction rate of the organic 

substrates adsorbed on the surface. It is reported that the charge separation and Fermi level [23-

25] equilibration (Fig. 1)  in M/TiO2 composites are further affected by the amount, nature, size 

of distribution, Fermi energy/work function, reduction potential, [26,27] and electronegativity of 

the metal deposited onto TiO2. This creates future scope of research interest to load different 
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Fig. 2 Change in band gap with the decrease in particles size. 

metals on TiO2 for organic functional group transformation based on oxidation-reduction 

reaction. 

Other factors on which photocatalytic activity of TiO2 depends are particle shape, size 

and specific surface area. Altering the size and shape of the particle, alters the extent of 

confinement of the electrons, and affects the electronic structure of the solid, in particular ‘band 

edges, which are tunable with particle size. When the size of particle is decreased to the extent 

that the relative proportions of the surface and bulk regions of the particle are comparable, the 

energy band becomes discrete and will exhibit chemical and optical properties different from 

those of the bulk material. This phenomenon is known as quantum size effect. Size quantization 

of particles [28,29] will lead to the change in the position of CB and VB to higher and lower 

respectively, resulting in the larger energy gap (Fig. 2) between them. Therefore, it would be 

possible to control the redox ability of photocatalyst nanoparticles by changing their size. Titania 
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nanotubes (TNT) and nanorods (TNR) are gaining importance due to their exceptional features 

which also includes larger specific surface area and higher photocatalytic ability. These titania 

nanostructures showed their potential in photocatalysis [30,31] hydrogen sensing, and solar cells.  

TiO2 photocatalyst has also been used  for  the  selective  photoreduction  and 

photooxidation of the  functional  groups  in  many organic  compounds  because  of  its  many 

positive advantages over conventional synthetic routes. Out of various organics, nitroaromatics 

and its reduction products aminoaromatics have wide-range applications in the synthesis of fine 

chemicals, agrochemicals, pharmaceutical products, food additives and dye products. Typically, 

amino aromatic compounds are synthesized [32-34] by reduction of nitro aromatic compounds 

using Fe, Sn, Zn, Au–Ni alloy, Au/Pt-Al2O3, Pt/TiO2, Fe2O3 and ZrO2 [35-40] etc. under harsh 

conditions such as high temperature and pressure, toxic solvents and strong reducing agents like 

NaBH4. The direct reduction of nitroaromatic compounds to their corresponding amino 

compounds can be appreciated by a photocatalytic route that is much more controlled, 

simplified, single step and a greener process by using TiO2. The reduction of nitroaromatics is 

performed by irradiating TiO2 suspended in alcohol under UV light in inert atmosphere. 

Photoexcited TiO2 produces the electron (e−) and positive hole (h+) pairs. The alcohol get 

oxidized by h+ and ketone and proton is produced. The photoreduction of nitroaromatics [18] by 

e− produces the corresponding aminoaromatics, via a formation of nitrosobenzene (Ar−NO) and 

N-phenylhydroxylamine (Ar−NHOH) intermediates as shown below: 

                                               TiO2      +         hν         
              (e-/h+)      

                                               (CH3)2CHOH                   (CH3)2CO   +    2H+     

                                               Ar-NO2                              Ar-NO      +     H2O 

                                               Ar-NO                     [Ar-NOH·]                  Ar-NHOH 

                                               Ar-NHOH                [Ar-NH·]   +   H2O               Ar-NH2 

The overall reaction is expressed as follows: 

  Ar-NO2    +   3(CH3)2CHOH                     Ar-NH2    +    3(CH3)2CO   +    2H2O 

The selective reduction of nitroaromatic compounds using TiO2 catalyst is practically 

feasible because the reduction potential of the nitro group is below the conduction band energy 

of TiO2. For example, the reduction potential [41-45] of nitrobenzene (-0.5 V versus SCE) is 

lower than that of the TiO2 (-0.85 V versus SCE) and easily reduced to aniline and other 

e-, H+ e-, H+ 

e-, H+ e-, H+ 

2e-, 2H+
 

2h+ 
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photoproducts. Also, nitro group can be selectively reduced over other functional groups (e.g. 

aceto (RCO-), ester (RCOOR’), cyano (CN) and aldehyde (-CHO) etc.) as their reduction 

potential [26] are high in comparison to the nitro group. Nitro group is selectively reduced in 4-

nitrobenzaldehyde using Au/TiO2 to obtain 4-aminobenzaldehyde [4] with 99.05% conversion 

and 96.8% selectivity. V. Brezova studied the effect of various solvents (methanol, ethanol, 1-

propanol, 2-propanol, 1-butanol, i-butanol) for the photoreduction of 4-nitrophenol [46] in TiO2 

suspensions and found that 4-aminophenol was selectively formed up to 92% in methanol 

suspension. The solvent properties like viscosity, solvent polarity, and solvent 

polarity/polarisibility can substantially affect the electron transfer kinetics in TiO2 mediated 

photocatalytic processes. 

Thus, there is a possibility to change the product selectivity and yield by changing the 

nature of TiO2 phase-anatase to rutile, surface morphology, size, shape, heat treatment and 

solvent. Moreover, the substitution of aromatic ring in nitroaromatics by electron withdrawing 

groups (EWG) and electron donating group (EDG) also affects the yield of a particular product. 

EWG lowers the electron density on a nitro group and facilitates the conversion of the nitro 

group into an amino group. Fernando Cardenas-Lizana group [47] examined the photocatalytic 

activity of 1 mol% Ag/TiO2 and Au/TiO2 in the gas phase hydrogenation of   various para-

substituted (–H, –Cl, –OCH3, –OH –CH3 and –NO2) nitroaromatics. The selective –NO2 group 

reduction was achieved with both of these catalysts and resulted into the only production of the 

corresponding aminoaromatics. The reaction proceeds via a nucleophilic mechanism where the 

presence of EWG served to elevate the rate of nitro group reduction in nitroarenes and EDG 

decreases the rate of reduction. 

Advantages of photocatalytic technique than conventional organic synthesis: 

(i) In photocatalytic reactions, heterogeneous catalysts are used, which are easy to separate from 

products, whereas in conventional reduction-oxidation processes, homogeneous catalysts are 

used, which are difficult to separate from the products.  

(ii)  Photochemical reaction is a single step reaction, but conventional reactions are multi-step 

reactions.  

(iii)  Photocatalytic reactions occur at the ambient temperatures [48] and pressure. So, drastic 

conditions as required in conventional reactions need not to be maintained.  
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(iv)  Both oxidation and reduction occur simultaneously on the photocatalyst particles but in 

conventional reactions different oxidizing agent and reducing agent is needed.  

(v) The redox reactions by e- and h+ leave no by-product that originated in the reductant and 

oxidant; this is contrastive to conventional redox reagents such as permanganate or LiAlH4, 

which leave manganese ion or aluminum hydroxide [49], respectively, after oxidation and 

reduction.  

(vi)  Greener solvent water or in some reactions, alcohol is used whereas in conventional 

reactions expensive solvents are used, which are difficult to dispose off. 

2.  Literature review 

Functional group transformations using different shapes and sizes of TiO2 nanoparticles becomes 

an active area of research. Ohtani et al. [48] studied that in most cases, oxidation steps involve 

cyclization in amino acids resulting in the dehydrogenation of ethanol or methanol to yield 

aldehyde and follow the reduction step that induces conversion of nitro and azo compounds into 

an amino or hydroxyl amino group which contains heterocyclic compounds without generating 

any byproduct. It is reported that acyclic and cyclic secondary amines can be formed from 

primary amines [50] bearing α-methylene group by the use of Pt loaded TiO2. Pan et al. [51] 

reported graphene-templated CdS−TiO2 nanosheets for enhanced photocatalytic selective 

reduction of nitroaromatics. It is reported [52] that aerobic oxidation of amines to nitriles (97%) 

under visible light irradiation was catalyzed by RuO2.xH2O/TiO2. Shiraishi et al. [53] reported 

high activity of Pt/P25 for selective photocatalytic oxidation of aniline to nitrosobenzene (90%) 

under visible light irradiation. It is demonstrated [54] that TiO2 particles with different surface 

areas shows deoxygenation of styrene oxide into styrene with very high selectivity (84−95%). 

Photoirradiation of Degussa P25-TiO2 in alcohols containing nitroaromatics at room temperature 

produces the corresponding imines with very high yields (80−96%) was reported. Pd 

nanoparticles supported on TiO2 with oxygen vacancies demonstrates [55] an excellent 

thermocatalytic activity toward rapid and efficient reduction of nitroaromatics in water. It is 

mentioned in one report [56] that Pt−TiO2 complex has a higher catalytic activity toward 

nitrobenzene conversion than pure Pt clusters. 

Dihydropyrazine (yield-20%) was synthesized [57] using 2 wt% TiO2/zeolite under UV 

irradiation in acetonitrile containing ethylenediamine and propylene glycol in oxygen saturated 
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condition. It is reported that mesoporous Au-TiO2 nanocomposites [58] exhibit a higher visible-

light photocatalytic activity for photocatalytic degradation of Rhodamine B in water, than that of 

the pristine TiO2 nanoparticles. The enhanced photocatalytic efficiency of Au/TNT and Pt/TNT 

is studied for methyl orange degradation [59], which is found to reach 96.1%. Zn ions surface-

doped TNT shows an improvement on the photocatalytic activity [60] for degradation of methyl 

orange in water as compared to Zn ions doped TiO2 nanoparticles. It was found that 

photooxidation of acetone with TNTs under thermal treatment (300–700 ºC), showed better 

photo catalytic activity [61] than P25-TiO2. Ag/TNR showed better photocatalytic activity for 

the photocatalytic decomposition of acid red 44 [62] as compared to TiO2 nanospheres and 

nanorods. 

Photoreduction of nitrobenzene with various catalysts gives the number of products viz. aniline, 

azoxybenzene, azobenzene, nitrosobenzene, N-(cyclohex-2-enyl) aniline. Nitrobenzene was 

reduced by using various semiconductors and yield of azoxybenzene by using TiO2, WO3, CdS 

in 11%, 41%, 28% respectively is reported [63]. Pal et al reported [64] the photoreduction of 

nitrobenzene by coating CdS by silica and by loading Rh metal on it, and the yield of 

azoxybenzene increased up to 68%. Photocatalytic conversion of nitrobenzene and its derivatives 

to quinaldines [65] using Ag–TiO2 in absolute ethanol is reported. Photocatalytic 2e- reduction of 

azobenzene to hydrazobenzene [66] using TiO2 is found to occur at λ > 300 nm while loading of 

nanometer-sized Pt particles on TiO2 induces N=N bond cleavage via 4e- reduction. 

Arylhydroxylamines were prepared by a controlled reduction of nitro compounds using zinc 

metal and ammonium chloride under ultrasonic activation [67] in very short reaction times. 

Reduction of m-dinitrobenzene to m-phenylenediamine (yield 60%) by using Pt loaded titania 

catalyst is reported [37]. In one report [68], 1, 2-dinitrobenzene was reduced to 2-

Alkylbenzimidazoles by using bare TiO2. Photoreduction of 4-nitrobenzaldehyde using (VOx)n 

/TiO2 led to the formation [69] of 4-amino-benzaldehyde with 100% selectivity. Sedat Yurdakal 

et al. reported [70] rutile TiO2 nanoparticles for the selective oxidation of aromatic alcohols to 

aromatic aldehydes in water suspensions. Selective photocatalytic oxidation of benzyl alcohol 

into benzaldehyde under visible-light irradiation over single crystalline rutile TiO2 nanorods [16] 

was done and about 99% product selectivity was achieved. Nitrobenzene photoreduction [71,72] 

by using TiO2 and Ag/TiO2 yields aniline with 88.5 and 84.3% respectively, was reported.   
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Finding from various research papers suggests that the photocatalytic conversion of many 

nitroaromatic compounds into useful products are carried out by TiO2 photocatalysis, and our 

concern is to convert these aromatic nitro compounds to its commercially important products 

photocatalyticaly with 90-100% conversion factor in comparison to conventional synthesis 

techniques.  

3.  Research Gap:  

1. In past, many researchers have been able to transform many functional groups by using bare 

TiO2. However, to the best of our knowledge, the use of metal loaded TiO2 in organic 

synthesis has not been studied widely despite its many positive effects.  

2. PCA of TiO2 nanoparticles for the selective photoreduction can be enhanced by changing 

shape and size (nanospheres, nanorods) or by metal loading onto them, where metal acts as a 

thermal catalyst and co-catalyst for functional group transformation. 

3. Till now most of the studies have been done using anatase/rutile TiO2 mixture and very few 

reports are present for selective photoreductions using bare or metal loaded R-TiO2 of 

different shapes and sizes. Rutile nanoparticles and nanorods have been recently found to be 

active for selective photoreductions and photooxidations.  

4. Nitroaromatics having one nitro group were studied by photocatalytic process but the 

influence of another nitro group present on same moiety has not been studied much. 

So, it is very interesting to study the effect of bare or M-TiO2 nanocomposites, thermal 

treatment, surface area and rutile content for the selective reduction of industrially important 

nitroaromatics into aminoaromatics.  

Keeping in view the above points, the following objectives have been designed.  

4. Objectives:  

(i) Preparation and characterization of bare and Metal -TiO2 nanocomposites.  

(ii)  To study photocatalytic activity of as synthesized nanoparticles.  

(iii)  To study the effect of rutile content of TiO2 and surface area on reduction of 

nitroaromatics.  

 
5.  Preparation and Characterization Techniques: The various materials and methods used 

for preparation of bare and metal-loaded titania nanoparticles of different size and shape, 



 

16 

 

detailed instrumental techniques used for characterization and analyzing the photoreduced 

samples of the studied compounds. 

5.1  Materials used 

Degussa P25-TiO2, Titanium tetrachloride (TiCl4), titanium (IV) isopropoxide, nitric acid, 

sodium hydroxide, methanol, ethanol, iso-propanol, n-propanol, silver nitrate (AgNO3), 

hydrogen tetrachloroaurate (III) hydrate (HAuCl4.3H2O), copper nitrate (CuNO3.4H2O), 

palladium chloride (PdCl2), hexachloroplatinic (IV) acid hexahydrate (H2PtCl6.6H2O), rhodium 

chloride (RhCl3), Nitrobenzene (C6H5NO2), aniline (C6H7N), m-Dinitrobenzene (C6H4N2O4), m-

Nitroaniline (C6H6N2O2), m-Phenylenediamine (C6H8N2), p-Dinitrobenzene (C6H4N2O4), p-

Nitroaniline (C6H6N2O2), p-Phenylenediamine (C6H8N2), m-Chloronitrobenzene (C6H4ClNO2), 

m-Chloroaniline (C6H6ClN), m-Nitrobenzoic acid (C7H5NO4), m-Aminobenzoic acid (C7H7N), 

m-Nitrotoluene (C7H7NO2), m-Toluidine (C7H9N) were purchased from Loba Chemicals. 2,2’-

dinitrobiphenyl (C12H8N2O4) was purchased from sigma Aldrich, Benzo[c]cinnoline (C12H8N2) 

was purchased from Alfa Aesar and used without further purification. An ultra filtration system 

(Milli-Q, Milipore) with conductivity 35 mho cm-1 at 25 °C was used to obtain deionized water. 

HPLC grade methanol and water were used for HPLC analysis.    

5.2 Methods for the preparation of bare TiO2 and metal-TiO2 nanostructures 

5.2.1 Preparation of sintered TiO2 nanoparticles 

1.0 g of commercially available Degussa P25-TiO2 powder was taken in a crucible and subjected 

to 2 h calcination at 400, 600 and 800 ◦C in a muffle furnace. After this, the as obtained TiO2 

powder was allowed to cool down at room temperature and its phase confirmation was done by 

X-ray diffraction [73]. Rutile nanoparticles (R-TiO2) were obtained at 800 ◦C. 

5.2.2 Synthesis of metal-TiO2 nanoparticles 

As prepared R-TiO2 or P25-TiO2 powder (50 mg) was taken in a test tube containing 5 mL of an 

aqueous isopropanol (50 vol%) solution [74]. An aqueous solution (0.01 M) of metal salts were 

prepared and subsequently added to above test tube corresponding to its 0.2-1 wt%. For 1 wt%: 

256 µL of HAuCl4.3H2O, 468 µL of AgNO3, 787 µL of Cu(NO3)2.4H2O, 256 µL of 

H2PtCl6.6H2O, 465 µL of PdCl2 and 495 µL of RhCl3 was added into the test tube. The test tube 

was sealed with a rubber septum, purged with argon gas for 15-20 min and irradiated by UV 

light (125 W Hg arc, 10.4 mWcm-2) under constant magnetic stirring for 2 h in a photochemical 
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reactor. Thus obtained solution was centrifuged, repeatedly washed with distilled water and 

ethanol, and dried in oven at 50 °C for 30 min.  

5.2.3 Synthesis of R-TiO2 nanorods (RNR) 

Pure R-TiO2 nanorods were synthesized through a seed-mediated growth process [75] by 

hydrolysing TiCl4 in highly acidic aqueous solution. Typically, 20 mL of aqueous TiCl4 (3 M) 

was added into 35 mL of nitric acid solution (15 M). The mixture was refluxed for 24 h at 120 

ºC. The residue thus obtained was centrifuged, washed three times with dilute nitric acid solution 

at pH=1. The centrifugated solid was then redispersed in dilute nitric acid solution (6 mL) at 

pH=1.  

Then a growth solution of dilute TiCl4 (0.3 M) was prepared and 20 mL of it was added into 

above seed solution and refluxed for 24 h at 120 ºC. The residue thus obtained was centrifuged, 

washed as mentioned above and dried in hot air oven at 70-80 ºC for 3-4 h. 

5.2.4. Synthesis of anatase nanorods (ANR) 

 ANR were synthesized by a hydrothermal method as reported elsewhere [76]. Briefly, 4.73 g of 

P25-TiO2 was mixed with 72 mL of NaOH (10 N) and then subjected to hydrothermal treatment 

at 130 ºC in a Teflon lined autoclave (80 mL capacity) for 20 h. The obtained slurry was washed 

repeatedly with 0.1 N HNO3, followed by water and methanol, and dried in a hot air oven  at 70-

80 ºC for 3 h. 3.2 g of obtained particles were further dissolved in 64 mL of water and the 

resulted slurry (pH= 5.6) was autoclaved at 175 ºC for 48 h. Thus obtained ANR were filtered, 

washed with water and ethanol, and dried in hot air oven at 70-80 ºC for 3 h. 

5.2.5 Synthesis of anatase nanoparticles (ANP) 

ANP were synthesized by sol-gel [77] method. Typically, 0.1M titanium (IV) isopropoxide 

solution was prepared in 150 mL of iso-propanol. Another solution of measured quantity of 

water and 150 mL iso-propanol was also prepared. Both solutions were separately sealed and 

subjected to rapid magnetic stirring so as to obtain homogeneous mixtures. The water solution 

was then added drop wise to the 0.1M titanium (IV) isopropoxide solution under continuous 

magnetic stirring for 5 h. This resulted into hydrolysis of titanium (IV) isopropoxide and white 

colored precipitates were formed. These as obtained precipitates were filtered and washed thrice 

with deionized water and dried at 80 ºC. The powder thus obtained was calcined at 450 ºC for 2 h 

and named as ANP catalyst.     
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5.3 Characterization: Sophisticated instrumental techniques had been carried out to 

characterize titania nanostructures to get an idea of their size, shape, crystal character, defects 

and surface area etc. 

5.3.1 UV-Vis diffuse reflectance Spectrophotometer (DRS) 

This technique was used to determine the reflectance/absorption of as prepared bare and metal 

deposited samples in the UV/visible region, and for determination of their band gap (Eg). The 

analysis has been on Avantes Diffuse reflectance spectrophotometer. Sample (2-5 mg) was 

taken on a glass slide and the light source probe was placed over the sample to record its 

reflectance/absorbance spectra by using BaSO4 as a reference.  

Bandgap calculations of as prepared samples were done by using Tauc relation [9,10],       

                                                             αhν = A(hν - Eg)
n  

where α is the absorption coefficient of the material, h is the Planck constant; ν is the frequency 

of light, A is a constant and Eg is the band gap of the material, exponent n is the type of the 

transition (n = ½ for direct, 2 for indirect band gap). The exact value of the band gap is 

determined by extrapolating the straight-line portion of αhν versus Eg graph to the x-axis. 

5.3.2 X-ray diffraction analysis (XRD) 

This technique was used to study the phase composition, structural variations and crystallinity of as 

prepared samples. The studies have been carried out by using X-ray diffractometer by PANalytical 

X’Pert PRO with Cu-Kα (λ = 1.54060˚A) radiation operated at 45 kV within the range of 20-80°. 

XRD samples were prepared by grinding dried TiO2 powder in a pestle and mortar to form fine 

powders.  

The fraction of rutile in each sample was calculated by using Spurr equation28 

 

 

 

 where IA is the intensity of (101) peak and IR is the intensity of (110) peak. 

The average size of the particles was calculated using the Scherrer’s equation [13];  

L = kλ/β cos θ, 

% Rutile    =                         1 

                         1 + 0.8[IA (101) / IR (110)] 
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where L is the average particle size, k is a constant of 0.9, λ is the wavelength of X-ray (1.5418 A°), 

β is the Full-Widths at Half-maximum (FWHM) of the (hkl) diffraction peak and θ is the Bragg 

angle. 

5.3.3 Surface area analysis (BET)  

BET surface area analysis was carried out in order to measure the specific surface area of the solids. 

The analysis of the porous surface was carried out by N2 adsorption/desorption techniques at 77 K. 

Adsorption isotherms were determined using a Smartsorb 92/93 instrument after preheating 100 

mg of samples at 150 °C for 1 h using N2:He :: 70:30 as calibration gases at cryogenic temperature..  

5.3.4 Photoluminescence measurement (PL) 

Photoluminescence technique deals with the transitions from the excited state to the ground state, 

complementary to UV-Vis spectroscopy. Perkin-Elmer LS55 spectrofluorimeter was used to study 

the possible defect and emission in as prepared bare and metal deposited titania nanoparticles. For 

PL analysis, 1mg/mL ethanol suspension of as prepared samples was photoexcited at 320 nm with 

xenon lamp at room temperature by using a slit width of 2.5: 5 with an average of 4 scans per 

sample.  

5.3.5 Transmission electron microscopy (TEM) 

TEM allows the imaging of individual particle and to some extent to evaluate the finest structural 

details and statistical distribution of sizes and shapes of the particles in sample. The samples were 

prepared by depositing a drop of a dilute ethanol dispersion of nanoparticles on carbon-coated 

copper grids and allowing the solvent to evaporate rapidly. The TEM analysis was performed on 

Hitachi 7500 model with resolution 2˚A operating at voltage 120 kV. 

5.3.6  Time resolved spectroscopy (TCSPC)  

The time resolve photoluminescence spectra was measured by time-correlated single photon 

counting (TCSPC) set up by Edinburgh FL920 model at room temperature on excitation with 

diode lasers at 390 nm in ethanol suspension. The average lifetime (τav), is related to band edge 

lifetime τ1 and trapping or defect’s states given by the following equation [5], 

τav = (a1τ1 + a2τ2) / a1 + a2 

 

where, a1 and a2 denote the amplitude of band edge excitonic and trapping state emission, 
respectively. 
 

5.4 Photocatalytic activity  

5.4.1 Photoreduction studies  
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The photoreduction of various nitroaromatics (Table 2.1) was carried out in a test tube containing 

bare or M/TiO2 powder (50 mg) suspended in 5 mL aqueous isopropanol (50 vol%) and nitro 

compound (25 µmol) using UV light irradiation (125 W Hg arc, 10.4 mW/cm2) under argon 

atmosphere and continuous magnetic stirring for different time intervals.  

Table 1 Nitroaromatics studied for photoreduction using various titania catalysts 

S. No. Substrate studied                                 Products analyzed 

 

1                 

NO2

                                                        

NH2

 

 

2 
              

NO2

NO2                                            

NO2

NH2           

NH2

NH2  

 

3 

                

NO2

NO2                                            

NO2

NH2                    

NH2

NH2  

 

4                

NO2

Cl                                        

NH2

Cl  

 

5  

NO2

CH3               

NH2

CH3 

 

6  

NO2

COOH                                            

NH2

COOH  

P25-TiO2, R-TiO2 

P25-TiO2, R-TiO2 

M/P25, M/R-TiO2 

P25-TiO2, R-TiO2 

P25-TiO2, R-TiO2 

P25-TiO2, R-TiO2 

ANP, ANR, RNR 

P25-TiO2, R-TiO2 

ANP, ANR, RNR 
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7 

 

                

NO2

NO2

                                               

N

N

O

             

N

N

 

                                                                                              

NH2

NH2

 

 

The reaction solutions obtained after photoreduction were analyzed by different techniques 
described below: 
 
5.4.2  High Performance Liquid chromatography (HPLC): spectra were acquired by Agilent 

1120 Compact LC equipped with a Qualisil BDS C-18 column (250 mm × 4.6  mm, 5 µm), at λ 

= 254 nm with flow rate 1 mL/min. The eluent consisted of: 70% methanol, 30% water aqueous 

solution. The reaction sample was centrifuged and filtered through cellulose filter (0.22 µm) and 

20 µL of it was injected into the HPLC. The retention times of the compounds were compared 

with those of authentic samples. 

5.4.3 Gas Chromatography-Mass Spectroscopy (GC-MS): spectra were measured by Shimadzu 

GC 2010 and MS QP 2010 Plus equipped with RTX-5 Sil MS column (30 m × 0.25 mm i.d.). 

Injection temperature was 270 °C, injection mode was split less, injection volume was 1 µL 

taken by using a 10 µL syringe, electron ionisation detector with temperature 310 °C, oven 

temperature was 100 °C, and carrier gas was helium with flow rate 1 mL/ min. The reaction 

solution (5 mL) obtained after photoreduction of DNBP was subjected to centrifugation, 

filteration (cellulose filter 0.22 μm), and then evaporated to dryness over rota-evaporator. 

Residue was dissolved in acetonitrile (5 mL) and injected (1 μL) for GC-MS analysis. 

5.4.4 Nuclear Magnetic Resonance Spectroscopy (1H NMR):  spectra were recorded on Jeol-

400 (1H, 400 MHz) spectrometer at ambient temperature using CDCl3 as solvent. Chemical 

shifts are reported in ppm from the solvent resonance. Data are reported as follows: chemical 

shift, multiplicity (d =doublet, dd =double doublet, m =multiplet, t =triplet, bs =broad spectrum), 

coupling constants and number of protons. Reaction solution from five test tubes was collected, 

centrifuged, filtered by cellulose filter (0.22 μm) and evaporated to dryness over rota evaporator. 

P25-TiO2 
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Residue was dissolved in CDCl3 (0.5 mL) for NMR analysis. The NMR spectra of authentic 

samples were taken by dissolving authentic DNBP (10 mg) and authentic BC (10 mg), separately 

in CDCl3 (0.5 mL).  

5.4.5 Gas chromatography (GC): The amount of acetone in the liquid phase was determined by 

Gas chromatograph [Bruker SCION 436-GC equipped with a fused-silica capillary column 

(BR-1, 10 m, 0.53 mm)] and flame ionization detector. The column oven temperature was kept at 

50 °C for 1 min, temperature programmed at 10 °C/min up to 250 °C. The injection port was 

maintained at 230 °C, and the detector was maintained at 230 °C. All the samples were studied 

by injecting 0.1 μL (using 1 μL syringe) of the sample solution with nitrogen as a carrier gas at a 

constant flow rate of 1 mL/min. The reaction solution (1 cm3) was added to a chloroform/water 

mixture (2:1 v/v, 3 cm3). After the mixture had been stirred for 10-15 min, acetone in the 

chloroform phase was analysed. 

The detection of CO2 evolution during the photoreduction of nitroaromatics was determined by 

injecting 1 mL of gaseous mixture from the reaction vessel (gas tight test tube) into NUCON-

5765 GC equipped with Thermal Conductivity Detector (TCD) and Porapak-Q column (2 m × 2 

mm i.d.)  having flow of nitrogen (30 mL/min) as carrier gas. Column oven was maintained at 40 
oC while injector and detector were isothermally kept at 70 and 80 oC, respectively. 

5.5 Photocatalytic reaction set up 

 

Photocatalytic reactor with Hg (UV) light source UV light source used here for all 

photoreduction reactions is made up of a low pressure mercury vapour lamp that emit light at 

254 nm wavelength. The Hg lamp (125 W; intensity 10.4 mW/cm2) was connected to power 

cords and set inside a quartz tube having a water jacket outside as shown in Fig. 3. A constant 

flow of cold water was circulated in the outer jacket to make it cool for longer time. A 15 mL 

capacity test tube containing 5 mL of reaction sample was placed at a distance of 2-3 cm from 

light source under magnetic stirring. The distance between magnetic stirrer and UV lamp was 

minimized in order to get optimum flux. This entire set up was placed in a wooden box to prevent 

the UV exposure as a safety purpose.  
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Fig. 3 Photocatalytic UV reactor set up 
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Chapter 2: 100% selective yield of m-nitroaniline by rutile TiO2 and 

m-phenylenediamine by P25-TiO2 during m-dinitrobenzene 

photoreduction 
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2.1 Introduction 

Aromatic amino compounds, such as m-phenylenediamine (m-PDA) and m-nitroaniline (m-NA) 

are important intermediates [1,2] for pharmaceuticals, food additives, agrochemicals and dye 

products. Typically, these are synthesized [3-8] by reduction of nitroaromatics using Fe, Zn, Sn, 

Au–Ni alloy, Au/Pt-Al2O3, Pt/TiO2, Fe2O3 and ZrO2 etc. under harsh conditions such as high 

pressure and temperature, toxic solvents and strong reducing agents like NaBH4, where metal 

nanoparticles transfer the electron [9] from negatively charged BH4
- to the nitro compound 

leading to its reduction. Generally, reduction of m-dinitrobenzene (m-DNB) to m-PDA proceeds 

via formation of m-NA, and the main challenge lies in the selective production of m-NA where 

the reduction [10,11] of both –NO2 groups favourably produce m-PDA. Therefore, finding an 

effective technique for the synthesis of m-NA or m-PDA from m-DNB under ambient conditions 

is of great industrial importance. The direct reduction of nitroaromatic compounds to their 

corresponding amino compounds can be appreciated by a photocatalytic route that is much more 

controlled, simplified, and a greener process. Nitroorganics reduction by irradiated TiO2 is a 

practically viable [12-16] because of the higher conduction band energy of TiO2 (-0.85 V) 

relative to -0.5 V vs SCE of ‒NO2 group preferably reduced over aceto, cyano, and aldehyde 

functionality present in the same compound. It has been found in literature that nitrobenzene 

(NB) was generally reduced [17-21] to aniline, azoxybenzene and azobenzene by CdS, WO3 and 

P25-TiO2 under UV light irradiation, whereas ZnO particles generate hydroxylamine [22], and 

core-shell SiO2@Rh-CdS nanocomposites [23] produced 70% azoxybenzene under 436 nm light 

exposure. Therefore, activity/selectivity of nitroorganics can be controlled by controlling the 

reaction conditions such as choice of catalyst, material composition and phase and choice of 

solvent. It is revealed that partial reduction of one –NO2 group of m-DNB to m-NA, and 

immediate further reduction of the second –NO2 group to m-PDA can limit the selectivity of P25-

TiO2. Recently, rutile TiO2 (R-TiO2) has attracted attention because of its superior ability that is 

reflected in selective oxidation [24] of benzyl alcohol to benzaldehyde, m-nitrotoluene  reduction 

[25] to m-aminotoluene, and other nitroorganics reduction [26,27] to aromatic amines. Thus, R-

TiO2 possessing low and slow reactivity could be effective for NA yield over PDA formation. 

Herein, we demonstrated for the first time the photocatalytic reduction of m-DNB in iso-

propanol suspension by R-TiO2 that displayed 100% yield of m-NA in comparison to negligible 

activity for NB reduction, whereas, anatase-rutile mixed P25-TiO2 produced 100% m-PDA yield. 
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2.2 Experimental section 

2.2.1 Preparation of sintered TiO2 samples 

The catalysts were obtained by sintering commercial Degussa P25-TiO2 at 400, 600 and 800 ºC 

as per discussed in section-5.2.1 of chapter 1. 

2.2.2 Characterization 

The characterization of as prepared TiO2 samples was done by XRD (section-5.3.2) and BET 

(section-5.3.3) techniques as mentioned in detailed in chapter 1.  

2.2.3 Photocatalytic study 

Photoreduction of NB or m/p-DNB (25 µmol) was carried out with as prepared sintered TiO2 

samples as per procedure given in section-5.4.1 (chapter-1). Reaction samples were analyzed by 

HPLC (section-5.4.2) and GC-MS (section-5.4.3) techniques, amount of acetone in the liquid 

phase was measured by GC (section-5.4.5) technique as given in chapter 1. 

2.3 Results and discussion 

2.3.1 Structural analysis of catalysts 

The rutile phase of sintered P25-TiO2 was confirmed with XRD spectra as shown in Fig. 1 and 

the peaks at 2θ = 27.5º, 36.5º, 41º, 54.1º, 56.5º are assigned to its rutile phase. The fraction of 

rutile in each sample was calculated by using Spurr equation [28] 

 

 

where IA is the intensity of (101) peak and IR is the intensity of (110) peak. With the increase in 

sintering temperature from 400-800 ºC, rutile content increases in P25-TiO2 and pure (99.4%) R-

TiO2 sample was obtained at 800 ºC. The BET surface area analysis exposed that surface area 

decreases from 56 m2g-1 of P25-TiO2 to 18 m2g-1 for pure R-TiO2 with increased rutile contents. 

2.3.2 Photocatalytic activity of sintered P25-TiO2 catalysts 

The various solvents viz. methanol, ethanol and n-propanol have been tested for the 

photoreduction of m-DNB by R-TiO2 using 8 h of UV light irradiation (Fig. 2a). Among various 

solvents, iso-propanol proved to be the best medium for 100% selective yield of m-NA, where 

46% m-PDA formation took place in ethanol. The higher hole scavenging ability of iso-propanol 

(secondary alcohol) as compare to other solvents (primary alcohols), avail more and more free  

% Rutile    =                         1 

                         1 + 0.8[IA (101) / IR (110)] 



 

Fig. 1 XRD patterns of 

Fig. 2 m-DNB photoreduction (25
effect of R-TiO2 content for 4 h UV irradiation.
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XRD patterns of sintered P25-TiO2 in air for 2 h at different temperature.

DNB photoreduction (25 µmol) by (a) R-TiO2 in different solvents under 8 h and (b
content for 4 h UV irradiation. 

in air for 2 h at different temperature. 

 
solvents under 8 h and (b) 



 

electrons for reduction process 

and makes it a suitable solvent for 

the selective reduction of various 

nitroaromatics [8] as reported in 

literature. Fig. 2b showed that 

DNB (25 µmol) is selectively 

reduced to 100% m-PDA (25 

µmol) by anatase-rutile mixed 

P25-TiO2 catalyst and thereafter 

decreases with gradual increase in 

m-NA yield as a function of 

increased rutile content, and 

reached to 100% m-NA yield by 

pure (99%) R-TiO2 after 4 h UV 

irradiation. 

 A comparative HPLC pattern 

(Fig. 3) shows a clear separation 

of m-PDA (tR =2.9 min), m-

(tR =3.6 min) and m-DNB (tR =4.6 

min) peaks in a mixture (5 mM) 

of authentic samples (Fig. 3a), 

m-DNB reduction by R-TiO2 

8 h irradiation (Fig. 3b) displayed 

m-NA formation at tR =3.6 min

and m-DNB reduction by P25

TiO2 displayed m-PDA formation

at tR =2.9 min (Fig. 3c). 

amount of m-DNB reduced is also 

subsequently decreased because 

of the low photoactivity  

The amount of m-DNB reduced is 

31 

Fig. 4 m-DNB photoreduction (25 µmol) by R
(50-200 mg) in iso-propanol for 8 h irradiation.
 

Fig. 3 HPLC pattern of (a) mixture of authentic 
m-NA, m-PDA (25 µmol each) and p
DNB (25 µmol) (b) with R-TiO2 produces 
µmol) during 8h (c) with P25-TiO2 produces
µmol) during 4 h UV irradiation. 
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(Fig. 3a),  

2 for 

displayed 
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DNB reduced is 
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propanol for 8 h irradiation. 
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produces m-PDA (25 
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Fig. 5 Time course of m-DNB reduction by (a) P25-TiO2 and (b) R-TiO2 under UV irradiation 

also subsequently decreased because of the low photoactivity of R-TiO2. Fig. 4 demonstrated 

that m-NA yield is highly improved with the increased amount of R-TiO2, and exhibits 

maximum m-NA yield by 50 mg catalyst, and beyond this amount, the second –NO2 group of m-

NA starts reducing to give m-PDA as the final product. This can be well explained on the basis 

of availability of higher number of active sites of rutile TiO2 for interaction with nitro group that 

resulted in rapid reduction of both –NO2 groups. The amount of m-DNB is gradually reduced 

with increased amount (17.9 µmol) of m-NA along with little amount (3 µmol) of m-PDA 

produced by P25-TiO2 during 2.5 h UV light irradiation and thereby, m-NA gets converted into 

100% m-PDA (25 µmol) after 4 h light exposure (Fig. 5a) In contrary, complete reduction of m- 

DNB to m-NA by R-TiO2 is clearly observed after 8 h reduction and thereafter irradiation (> 8 h) 

led to less amount of m-PDA formation as shown in Fig. 5b. The efficiency of –NO2 reduction to 

–NH2 group is further verified by simultaneous analysis of acetone formed [11] during oxidation 

of iso-propanol under photoirradiation. It found that the amount of acetone formed is higher 

when both the –NO2 groups are reduced to m-PDA than one –NO2 reduction to m-NA formation 

as evident in the differences in peak area/height of acetone (tR=1.2 min) in the GC chromatogram 

(Fig.6).  

The GC-MS analysis revealed that a single sharp peak at tR =5.5 min (Fig. 7a) for m-PDA and at 

tR =8.1 min for m-NA (Fig. 7b) production by P25 and R-TiO2 catalysts, respectively, evidencing 

cent percent yield and selectivity of the obtained products whose mass (Fig. 7c and 7d) 
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Fig. 6 GC pattern of (a) mixture of authentic acetone 
and toluene (1:1 v/v) and acetone produced during the 
photoreduction of m-DNB (25 µmol) into (b) m-PDA 
(25 µmol) with P25-TiO2 during 4 h UV irradiation 
(c) m-NA (25 µmol) with R-TiO2 during 8h UV 
irradiation.   

 

fragmentation is also matched with the 

respective authentic samples , confirmed 

 the purity of m-NA and m-PDA. Thus it 

was found that m-DNB efficiently and 

selectively reduced by the increased 

percentage of rutile content and reached 

to the highest rate by pure R-TiO2 as 

compared to no appreciable reduction of 

NB under low intensity of UV light. 

These findings are little different from 

the selective reduction [25] of –NO2 to –

NH2 group by R-TiO2 particles (obtained 

from P25-TiO2 with HF dissolution) 

using high power Xe lamp (2 kW, 27.3 

W/m2) illumination. This fact suggests 

that the substituent and the position of –

NO2 group on the NB ring have an 

important role in the reduction process 

because the electron withdrawing groups 

that lower the electron density on a –

NO2 group present on meta position 

favour the rapid conversion of the –NO2 

into –NH2 group and hence reduce the 

nucleophilicity of the resulting m-NA as 

observed in m-DNB reduction by P25-

TiO2. As the –NO2 group in para position imparted less electronic induction than meta –NO2 

group, the selectivity of p-DNB (24 µmol) reduction to p-NA (17 µmol, 69%) is notably 

decreased without any production of p-PDA by R-TiO2. This impact of –NO2 substituent are 

further supported by the fact that almost no reduction (1-2 µmol) of NB to aniline (1 µmol) 

occurs by R-TiO2 even after 8 h irradiation. However, P25-TiO2 being its mixed anatase-rutile 

phase has higher catalytic activity, hence, 25 µmol p-DNB is reduced to 20 µmol m-PDA (82%) 
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Fig. 7 GC chromatographs of photoreduction products of m-DNB (a) m-PDA with P25-TiO2 
after 4 h  (b) m-NA with R-TiO2 after 8 h, and (c, d) corresponding MS spectra with 
respective structural formulas (inset). 

and 5 µmol p-NA (17%) relative to 14 µmol  reduction of NB to 9 µmol aniline (66%) formation 

only after 4 h UV irradiation. Further, photoreduction of m-chloronitrobenzene by P25-TiO2 

gives m-chloroaniline (25 µmol) in 4 h, whereas R-TiO2 gives less yield of m-chloroaniline (4 

µmol) in 8 h as ‒Cl group is weakly electron withdrawing as compare to ‒NO2 group which 

signifies that effect of different substituent present on meta position will also influence ‒NO2 

group reduction rate.  

      The measured surface area 56 m2g-1 of P25 is notably reduced with increased rutile contents 

on increasing sintering temperature i.e., 38, 30 and 18 m2g-1 at 400, 600 and 800 °C respectively. 

Therefore, although m-DNB reduction rate is decreased from 6.25 to 3.12 µmol/h, till the 

selectivity of m-NA yield is considerably improved because of the drastic changes in surface 
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electronic properties of R-TiO2 with increased crystallinity [29] where fewer defect sites 

appeared to promote m-NA formation. The low photoreactivity of R-TiO2 may probably due to 

less surface OH concentration leading to poorer O2 adsorption essentially required for proficient 

capturing of photoexcited electron [30-32] and hence, exhibits fast recombination of e-–h+ pairs 

relative to P25-TiO2 catalyst. Many studies [24-33] have revealed that strong oxidation of TiO2 

at elevated temperatures leads to the formation of a metal-deficient oxide and predominant 

defects in TiO2 are oxygen vacancies that are important reactive agents for many surface 

reactions and thereby enhanced the photocatalytic activity due to mid gap induced states. The 

active sites for –NO2 reduction on R-TiO2 are the Ti3+ atoms [26,33] located at the oxygen 

vacancies on the R-TiO2 surface behave as the adsorption site for DNB and the trapping site for 

conduction band electrons. Experimental results showed that rutile particles possess {011} and 

{110} faces, and the anatase particles exposed with {001} and {011} crystal faces, where the 

electronic energy levels of the {110} face are found to be lower than {011} face helping the 

quick separation of photoexcited electrons and holes for the rutile [34,35] than anatase particles. 

This variation in surface energy of the conduction and valence band of different crystal faces and 

their atomic arrangements thus affect the TiO2 photoreactivity; hence facilitate the nitro-to-amine 

conversion by the surface-trapped electrons, enabling m-NA formation. 

2.4 Conclusions 

It is demonstrated that both the P25-TiO2 and R-TiO2 could be potentially utilized for the 

selective reduction of nitroaromatics possessing multifunctional reducible groups in ortho, meta 

and para position without any control of irradiation time. Thus proper selection of electron 

donating or withdrawing substituent’s in the aromatic moiety would be highly beneficial and 

have a wide scope of several other desired products to obtain. 
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Influence of coinage and platinum group metal co

catalysis for the photocatalytic reduction of m-dinitrobenzene by 

Influence of coinage and platinum group metal co-

dinitrobenzene by 
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3.1 Introduction 

     Mixed phase P25-TiO2 possessing a high surface adsorption affinity, more specific surface area, 

hydroxylated surface morphology, and better charge separation by rapid electron transfer from 

rutile (3.0 eV) to anatase (3.2 eV) crystal makes it superior photocatalyst [1−5] for many 

applications. Whereas, pure rutile TiO2 (R-TiO2) phase is generally regarded as less photoactive 

because of less surface OH concentration and poorer O2 adsorption essentially required for rapid 

capturing of photoexcited electrons. Hence, exhibits fast recombination of e-/h+ pairs [6−11] that 

reduced the R-TiO2 photocatalytic activity (PCA) relative to P25-TiO2 catalyst. Recently, TiO2 is 

utilized for selective reduction of nitroaromatics, benzonitrile to benzylamine, nitrobenzene to 

aniline and aryl azides to amines etc. and oxidation of alcohols to aldehydes, benzene to phenol 

[12−17] etc. under UV light irradiation. It revealed that though better PCA was achieved by 

either pure anatase or mixed P25-TiO2 crystals generally give a mixture of product distribution, 

however, desired selectivity in organic conversion is not obtained in many instances. Hence, R-

TiO2 is recently employed [18−21] for the selective oxidation of benzyl alcohol to benzaldehyde, 

reduction of nitrobenzene to aniline, m-nitrotoluene to m-aminotoluene and nitroorganics 

reduction. 

  As R-TiO2 is less active and more selective than anatase/P25, it takes longer duration of 

light irradiation for reduction of nitroaromatics, as also mentioned in our previous [22] report; R-

TiO2 gives 100% selectivity and yield of m-nitroaniline (m-NA) formation after 8 h irradiation as 

compared to 3−4 h irradiation in case of P25-TiO2 which produces m-NA and m-

phenylenediamine (m-PDA) during m-dinitrobenzene (m-DNB) reduction. The PCA for selective 

reduction can be further improved by Fe, Au, Ag, Cu, Pt, Pd, Ru and Rh etc. deposition onto 

TiO2 as evident in photooxidation [23−26] reactions. Generally metal (M) deposition on TiO2 

surface forms a metal-semiconductor Schottky barrier that serves as a trap for photoexcited 

electrons [27−29], and thereby improved the charge separation efficiency for enhanced 

oxidation-reduction rate of the surface adsorbed organic substrates. This charge separation and 

Fermi level equilibration in M/TiO2 composites are reported to be influenced by the nature, 

amount, size of distribution, reduction potential, Fermi energy/work function [30] and 

electronegativity of the deposited metal as depicted in Scheme 1. Metals which have lower 

reduction potential than the conduction band/Fermi energy of TiO2 are preferred, as more and 

more electrons get transfer to the metal and further to the reacting species and alter the reduction  
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Scheme 1: Schematic illustration of Fermi level equilibration and 
charge transfer process occur at various metal-TiO2 interfaces.  

efficiency. Although a few 

reports such as M-

TiO2/CdS composites (M = 

Pt, Pd, Rh and Fe) were 

studied for selective 

conversions [31] of lysine 

to pipecolinic acid 

formation, however, the 

effect of the different nature 

of metal loading on TiO2 

for selective reduction of 

nitroaromatics is not 

reported so far.  

  Hence, present research highlights the comparative effect of coinage (Au, Ag and Cu) 

and platinum group (Pt, Pd and Rh) metals co-catalysts deposition onto P25 and R-TiO2 for 

improving the PCA for m-DNB reduction to optimize the product selectivity and yield upon 

shorter duration of light illumination.  

3.2  Experimental section 

3.2.1  Preparation of R-TiO2 nanoparticles   

R-TiO2 nanoparticles were prepared by a standard method as reported elsewhere [22] and 

mentioned in section-5.2.1 of chapter 1.  

3.2.2 Metal (Au, Ag, Cu, Pt, Pd, Rh) photodeposition  

Metal loading (0.2-1 wt%) onto prepared R-TiO2 or P25-TiO2  powder was done by using a 

photodeposition technique [32] as mentioned in section- 5.2.2 of chapter 1.  

3.2.3  Characterization techniques 

As synthesized M/TiO2 samples were characterized by DRS (section-5.3.1), XRD (section-5.3.2) 

BET (section-5.3.3), PL (section-5.3.4) and TEM (section-5.3.5) techniques discussed in detail in 

chapter 1.  

3.2.4 Photocatalytic activity for m-DNB reduction: Photoreduction of m-DNB (25 µmol) was 

carried out with bare or M/TiO2 powder as per procedure given in section-5.4.1 (chapter 1). 

Reaction samples were analyzed by HPLC (section-5.4.2) and GC-MS (section-5.4.3) techniques 

as given in chapter 1. 
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Fig. 1 Absorption spectra of different (a) metal (1 wt%) deposited P25-TiO2 powders and 
(b) their colors. 
 

3.3  Results and discussion 

3.3.1 Optical, structural and morphological analysis of M/TiO2 composites  

Fig. 1a shows the absorption spectra of different metals (1 wt%) photodeposited P25-TiO2 

powder samples. The bare P25-TiO2 sample exhibited a strong peak at 386 nm, which is 

attributed to the electronic transition from oxygen 2p orbital’s in the valence band to the titanium 

3d orbital’s in the conduction band. In comparison to P25-TiO2, the absorption onset in slightly 

red-shifted to 403 nm in Cu/TiO2 and thereby varied to a little extent due to charge transfer 

transitions between the metal ion electrons and the TiO2 conduction, depending upon the nature 

of M deposits over TiO2 surface. However, Au and Ag loading displayed a characteristic surface 

plasmon resonance (SPR) band at 450 and 550 nm, respectively.  

 During UV light irradiation, the adsorbed metal ions on TiO2 are reduced by the photoexcited 

electrons in conduction band as Mn+ + ne- → M0, and randomly deposited over the surface. It is 

well reported [33−35] that Au3+, Ag+, Cu2+, Pt4+, Pd2+ and Rh3+ ions are generally reduced to 

their metallic state because of their suitable reduction potential/work function that lies below the 

conduction band position of TiO2. Hence, photoreduction of metal ions onto the respective  
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Fig. 2 Absorption spectra of (a) 1 wt% metal deposited rutile titania, and (b) their corresponding 
colors. 

titania nanoparticles led to a significant change in their colors, as shown in Fig.1b.  

 As shown in Fig. 2a, the absorbance onset at 413 nm for bare R-TiO2 does not induce any 

notable shift even after metal deposition, which is confirmed by the limit in color variation from 

light grey to dark grey (Fig. 2b). The decrease in intensity of absorption edge at 340 nm of R-

TiO2 relative to P25-TiO2 is due to enhanced scattering of light by larger crystallites [36] formed 

by the calcination of P25-TiO2, owing to the difference in surface morphologies, crystallite size, 

phase structure, and compositions.  

 The band gaps of bare and various metals deposited samples were calculated by using 

Tauc relation [37], which is given by αhν = A (hν - Eg)
n, where α is the absorption coefficient, hν 

is the photon energy, A is a constant and Eg is the band gap of the material, exponent n is the 

type of the transition (n = ½ for direct, 2 for indirect band gap). The exact value of the band gap 

is determined by extrapolating the straight-line portion of αhν versus Eg graph to the x-axis. It 

can be seen from the Fig. 3a that Au/P25 exhibits band gap energy 3.38 eV and Pt/P25 possess 

band gap of 3.24 eV relative to 3.2 eV for pure P25-TiO2 sample. While metals loading did not 

modify the band energy relative to 3.0 eV of pure R-TiO2, and comparative changes in band gap 

energy between different M/P25 and M/R-TiO2 did not demonstrate any significant difference 

except Ag, Au and Cu loading which increased the band gap energy in a small extent relative to 



 

Fig. 3 (a) The plot of (αhν)1/2 function versus the band gap energy of various pure and deposited 
samples.  (b) Variation in the band gap energy of pure and metal deposited samples.
 

Fig. 4 Change in photoluminescence spectra of (a) P25 and (b) rutile after 1 wt% loading of 
different metals.   
 

bare TiO2 as observed in Fig. 3b.

a small extent relative to bare TiO

The photoluminescence (PL) spectra in Fig. 4a showed that P25

emission bands in the range of 400

not much crystalline due to the presence of many surface defect

attributed to band edge emission

pair’s and the emission bands at 423 nm, 446 nm, 460 nm 

absorption band edge emission, 
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function versus the band gap energy of various pure and deposited 
samples.  (b) Variation in the band gap energy of pure and metal deposited samples.

Change in photoluminescence spectra of (a) P25 and (b) rutile after 1 wt% loading of 

as observed in Fig. 3b. Ag, Au and Cu loading which increased the band gap energy in 

a small extent relative to bare TiO2 as observed in Fig. 3b. 

The photoluminescence (PL) spectra in Fig. 4a showed that P25-TiO2 

emission bands in the range of 400-550 nm indicated that commercial available P25 material is 

the presence of many surface defect sites. The band at 404 nm is 

edge emission; originate from the recombination of photoexcited electron

pair’s and the emission bands at 423 nm, 446 nm, 460 nm is assigned to shallow

edge emission, correspond to the presence of oxygen vacancies, 

 

function versus the band gap energy of various pure and deposited 
samples.  (b) Variation in the band gap energy of pure and metal deposited samples. 

 

Change in photoluminescence spectra of (a) P25 and (b) rutile after 1 wt% loading of 

Ag, Au and Cu loading which increased the band gap energy in 

2 exhibited a set of the 

commercial available P25 material is 

sites. The band at 404 nm is 

; originate from the recombination of photoexcited electron-hole 

assigned to shallow-trap state near 

correspond to the presence of oxygen vacancies, [38] whereas,  
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Fig. 5 TEM images of (a) P25-TiO2 (b) Rutile TiO2 (c) 1 wt% Au/TiO2 (d) 1wt% Au/R-TiO2 (e) 
1 wt%  Pt/TiO2  and (f) 1wt%  Pt/R-TiO2 composites. 
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Fig. 6 Size distribution P25, rutile and 1 wt% Au & Pt 
loaded TiO2 nanocomposites. 

 

bands at 486 nm and 530 nm corresponds to the deep-trap states far below the band edge 

emissions and collectively called surface state emissions. These charge carriers are generally 

trapped by oxygen vacancies and surface hydroxyl groups, which contribute in their visible 

luminescence [39]. After deposition of 1 wt% M onto the TiO2 surface always quench the PL 

intensity depending on the kind of M deposits, where Ag and Pt loading led to a maximum 

reduction in PL intensity as compared to Au deposition and bare P25 catalysts. While Rh, Pt and 

Ag deposition displayed higher PL quenching relative to bare and Au loaded R-TiO2. This could 

be attributed to effective shuttling of photogenerated photo generated charge carriers from TiO2 

surface to deposited M islands 

that prevent the recombination 

and hence quench the PL 

emission. Similar defects have 

been observed in case of R-TiO2 

except the band at 404 nm as 

shown in Fig. 4b and the 

intensity of emission peak at 423 

nm is higher than that of 400 nm 

indicates that the M/TiO2 

nanoparticles having more 

surface states dominate the 

excitonic emission.  

TEM photographs in Fig. 5 

revealed that pure P25 and R-

TiO2 having size around 25 nm 

and 122 nm. This large 

difference in the size distribution 

of P25 and R-TiO2 was probably 

due to the induced growth of 

crystallite size after high 

temperature calcination at 800 
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°C. Many smaller Au nanoparticles of average size ~4 nm and ~5 nm were found to be uniformly 

deposited over P25-TiO2 and R-TiO2 surface, respectively, while Pt nanoparticles of size ~6 nm 

were found to be homogeneously distributed on both the TiO2 (evaluated by considering 20 

particles) follows Gaussian curve fitting (Fig. 6). It can be seen from the XRD pattern (Fig. 7) 

that the characteristic mixed anatase-rutile P25-TiO2 and rutile TiO2 phase has been observed 

with a good degree of crystallinity. Notably, 1 wt% M loading did not show any characteristic 

diffraction peak because of their low concentration in the sample.  
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Fig. 7 X-ray diffraction pattern of pure and 1 wt% metal (M = Au, Ag and Cu) deposited TiO2 
nanocomposites.  



 

Fig. 8 m-DNB photoreduction pro
deposited P25-TiO2 catalysts.
 

3.3.2  Photocatalytic study 

Fig. 8 shows the reduction of 

and their distribution with 0.2

found that always m-DNB (25 µmol) is selectively reduced to 100% 

and thereby m-NA formation started increased upto 80% (20 µmol) with decreasing 

yield (5 µmol) with increased amount (0.2

the same trend is also observed in case of Pt and Pd loaded P25

(<12 µmol) of m-PDA and (59%) 

evidencing higher co-catalytic activity of Au and Ag than Pt and Pd metal imparted to TiO

photocatalysts. The GC-MS pattern
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DNB photoreduction products with different amount of Au, Ag, Pt and Pd 
catalysts. 

shows the reduction of m-DNB to m-PDA and m-NA formation after

and their distribution with 0.2−1 wt% metals (Au, Ag, Pt and Pd) loaded P25

DNB (25 µmol) is selectively reduced to 100% m-PDA by bare P25

NA formation started increased upto 80% (20 µmol) with decreasing 

yield (5 µmol) with increased amount (0.2-1 wt%) of Au and Ag loading as in F

me trend is also observed in case of Pt and Pd loaded P25-TiO2 with relatively low

PDA and (59%) m-NA (~14.7 µmol) during m-

catalytic activity of Au and Ag than Pt and Pd metal imparted to TiO

MS patterns are as shown in Fig. 9. 

Au, Ag, Pt and Pd 

after 4 h UV irradiation 

Pt and Pd) loaded P25-TiO2 catalysts. It 

PDA by bare P25-TiO2 

NA formation started increased upto 80% (20 µmol) with decreasing m-PDA 

Au and Ag loading as in Fig. 8. Notably, 

with relatively low yield 

-DNB photoreduction, 

catalytic activity of Au and Ag than Pt and Pd metal imparted to TiO2 
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Fig. 9 GC –MS analysis of m-DNB photoreduction samples. GC pattern of (a) m-PDA 
produced by P25 in 4 h (b) m-NA produced by R-TiO2 in 8 h (c) Products of 1 wt% 
Ag/TiO2 in 4 h (d) m-NA produced by 1 wt% Pt/R-TiO2 in 8 h. MS pattern of (e) m-DNB 
(f) m-NA (g) m-PDA 

 

 

 



 

Fig. 10 m-DNB reduction by 1 
TiO2 under 4 h UV light irradiation.
  Fig. 10 showed comparative products distribution, where 

significantly enhanced by coinage metal loading relative to 100% 

TiO2 during 4 h irradiation. Whereas, bare R

100% selective reduction of m

reduced the photoreactivity even after 8 h

 The selectivity of the photocat

specific reactive sites on rutile crystals which is predominantly terminated by {110}, {100} and 

{011} faces, whereas the anatase particles exposed with {001} and {011} faces. It is reported 

[43, 44] that reduction plane associated with anatase {011} face contains a rich array of defects 

compared to reduction plane of R

behave as an active site [20

conversion of nitro group to amine. Further

contribute to the product selectivity obtained during the 

that surface area (Table 1) 56 m

particle size after high temperature treatment and 1 

surface area of P25 and R-TiO

have any beneficial  
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DNB reduction by 1 wt% coinage metal and platinum group metals  loaded P25
under 4 h UV light irradiation. 

showed comparative products distribution, where m-NA selectivity and yield is 

significantly enhanced by coinage metal loading relative to 100% m-PDA yield 

h irradiation. Whereas, bare R-TiO2 always exhibited the highest photoactivity for 

m-DNB to m-NA formation, and 1 wt% metals loading significantly 

even after 8 h light irradiation as shown in Fig. 

photocatalytic reduction is ascribed [40−42] to the presence of face 

specific reactive sites on rutile crystals which is predominantly terminated by {110}, {100} and 

anatase particles exposed with {001} and {011} faces. It is reported 

] that reduction plane associated with anatase {011} face contains a rich array of defects 

compared to reduction plane of R-TiO2 {110}. These defect sites are identified as Ti

0] on the TiO2 surface and are necessary for adsorption and 

conversion of nitro group to amine. Further, the improved crystallinity [45

contribute to the product selectivity obtained during the photo reduction photoreduction

) 56 m2g-1 of P25 is reduced to 18 m2g-1 for R-

particle size after high temperature treatment and 1 wt% M deposition always decreased the 

TiO2 to 45-35 m2g-1 and 4-8 m2g-1 , respectively, does not seem to 

 

coinage metal and platinum group metals  loaded P25-

NA selectivity and yield is 

PDA yield by bare P25-

always exhibited the highest photoactivity for 

NA formation, and 1 wt% metals loading significantly 

ig. 11. 

] to the presence of face 

specific reactive sites on rutile crystals which is predominantly terminated by {110}, {100} and 

anatase particles exposed with {001} and {011} faces. It is reported 

] that reduction plane associated with anatase {011} face contains a rich array of defects 

{110}. These defect sites are identified as Ti3+ which 

surface and are necessary for adsorption and the 

5] of R-TiO2 may also 

photoreduction. It found 

-TiO2 due to increased 

deposition always decreased the 

, respectively, does not seem to 



 

Fig. 11 m-DNB reduction by 1 
TiO2 under 8 h UV light irradiation.

effects to PCA. This decreased surface area of TiO

loading probably because of the surface coverage [2

smaller metal nanoparticles on the porous surface of TiO

The fluctuation in the co-catalytic activity of coinage and 

platinum group metals could be attributed [

differences in the Fermi energy, work function, electron 

affinity and redox potential etc. which usually facilitate 

electron accumulation in the metal nanodeposits depending 

upon the extent of Fermi level eq

conduction band electrons of TiO

1). It is evident that owing to lower work function 4.2 eV of Pt 

than 5.5 eV of Au, the conduction band electrons of TiO

be easily transferred to Pt deposits. It is also reported

metals like Pt quickly discharge electrons to the 

unlike Au and Ag, which store a fraction 

from conduction band of TiO
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DNB reduction by 1 wt% coinage and platinum group loaded R
irradiation. 

Table 1.
area of 1 wt% M/TiO
nanocomposites. 

Sample

P25-TiO
Au/P25
Ag/P25
Cu/P25
Pt/P25
Pd/P25
Rh/P25
R-TiO

Au/R-TiO
Ag/R-TiO
Cu/R-TiO
Pt/R-TiO
Pd/R-TiO
Rh/R-TiO

 

effects to PCA. This decreased surface area of TiO2 by M 

loading probably because of the surface coverage [23] of 

smaller metal nanoparticles on the porous surface of TiO2. 

catalytic activity of coinage and 

group metals could be attributed [46, 47] to the 

differences in the Fermi energy, work function, electron 

affinity and redox potential etc. which usually facilitate 

electron accumulation in the metal nanodeposits depending 

upon the extent of Fermi level equilibration between 

conduction band electrons of TiO2 and loaded metals (Scheme 

1). It is evident that owing to lower work function 4.2 eV of Pt 

than 5.5 eV of Au, the conduction band electrons of TiO2 may 

be easily transferred to Pt deposits. It is also reported [48] that 

metals like Pt quickly discharge electrons to the substrate, 

unlike Au and Ag, which store a fraction of electrons captured 

from conduction band of TiO2 and thus exhibiting higher co-

 

R-TiO2 under R-

1. Specific surface 
area of 1 wt% M/TiO2 
nanocomposites.  

Sample Surface area 
(m2g-1) 

TiO2 56.00 
Au/P25 42.00 
Ag/P25 35.00 
Cu/P25 38.00 
Pt/P25 41.00 
Pd/P25 45.00 
Rh/P25 38.87 

TiO2 18.00 
TiO2 3.87 
TiO2 5.40 
TiO2 6.70 
TiO2 7.80 
TiO2 4.50 
TiO2 5.50 
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catalytic activity of 1 wt% Pt/TiO2 that simultaneously reduced two NO2 groups of m-DNB to 

selective formation of m-PDA relative to one -NO2 group reduction to m-NA formation by 1 

wt% Au/TiO2 after 4 h UV irradiation. Moreover, plasmonic interaction of platinum group 

metals having characteristics absorption bands in the UV-region could impart crucial effects on 

the charge transfer kinetics and energetic for superior co-catalytic activity of M-TiO2 

photocatalysis under UV light irradiations.  

3.4  Conclusion 

In summary, 1 wt% metal loading on P25 and R-TiO2 does not seem to improve the PCA except 

the improved selectivity by M/P25 which is opposite to high PCA for oxidation reactions by 

M/TiO2 catalysts generally observed. Coinage metals e.g., Ag/P25 exhibit higher selectivity 

(80%) and yield for m-NA formation. Irrespective of the nature of metal loading, the m-DNB 

photoreduction is always notably reduced as compared to the highest photoreactivity of bare R-

TiO2 that produces 100% m-NA. This decrease in PCA for the nitro group reduction by all 

M/TiO2 could thus be attributed to the decrease in active Ti3+ sites available on the surface after 

metal nanodeposits loading that might also act as a recombination centre for photoexcited charge 

species.  
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Chapter 4: Selective formation of benzo[c]cinnoline by 

photocatalytic reduction

under UV light irradiation
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: Selective formation of benzo[c]cinnoline by 

photocatalytic reduction of 2,2’-dinitrobiphenyl using TiO

under UV light irradiation 

 

 

 

: Selective formation of benzo[c]cinnoline by 

dinitrobiphenyl using TiO2 and 
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NO2

NO2

N

N

TiO2, IPA (50 vol%)

20 h, Ar atm

(95%)
Scheme 1. Photocatalytic reduction of 
DNBP to BC by TiO2 under UV irradiation.  

4.1 Introduction 

Benzo[c]cinnoline (BC) is a very important organic compound used in manufacturing of dyes, 

electrochromic polymers, coloured polyamide fibres and it has microbial and herbicidal activities 

[1-3]. It is typically synthesized by reduction of  2,2′-dinitrobiphenyl (DNBP) [4,5] with Raney 

Ni [6] and Pd-C [7,8], Zn [9], Fe+2 oxalate [10], Fe [11], LiAlH4 [12,13], triethyl phosphate [14], 

Fe-carbonyl [15], and by electrochemical methods [16]. These conventional methods require 

harsh conditions such as strong reducing agents, high pressure and temperature, expensive 

solvents, and leave toxic by-products. Hence, a greener, environmentally benign and mild 

photocatalytic reaction process by nontoxic TiO2 catalyst under light irradiation could have 

beneficial advantages for the highly selective production of BC from DNBP reduction under 

ambient conditions.  

 Nitroaromatics reduction by TiO2 under UV irradiation has been recently reported [17,18] to 

be feasible due to its higher conduction band energy (− 0.85 V) than the reduction potential −0.5 

V vs. SCE of –NO2 group [19,20]. Nitrobenzene reduction to aniline and azoxybenzene by 

photoirradiated CdS, WO3, ZnO, TiO2, and SiO2@Rh–CdS composites [21-25], formation of 4-

ethoxy-1,2,3,4-tetrahydroquinoline [26] and cyclic imino acids [27], synthesis of 2-

methylpiperazine by (TiO2 or CdS)–zeolites [28], etc. are demonstrated. Photocatalytic reduction 

of m-dinitrobenzene for selective formation of m-phenylenediamine (100%) by P25-TiO2 and m-

nitroaniline (100%) by rutile TiO2, and p-dinitrobenzene to a mixture of products is reported [29] 

to be due to the electron withdrawing effect and the position of the –NO2 group in the benzene 

moiety. However, little information has been known to date about the reduction behaviour of –

NO2 groups present in two separate benzene rings of biphenyl compounds. 

In this context, this research demonstrated for 

the first time that photocatalytic reduction of 

DNBP led to highly selective yield of  BC 

(Scheme 1) along with small amount of other 

amino derivatives by P25-TiO2 (Degussa, a 

mixture of 70% anatase and 30% rutile) under 

controlled UV light irradiation. 

4.2 Experimental section 



 

Fig. 1 GC pattern of authentic (a) DNBP (25 µmol) (b) BC (7.5 µmol) and photoreduction 
products of DNBP (25 µmol) by TiO
irradiation. 

 4.2.1 Photoreduction reaction

 The reduction  was carried out in a rubber capped

propanol (IPA, 50 vol%), 50 mg P25

argon atmosphere with constant magnetic stirring and UV light 

irradiation for different time periods. The reaction products are quantitatively analysed by 

(section -5.4.2), GC-MS (section

chapter 1.  

4.3 Results and discussion 

56 GC pattern of authentic (a) DNBP (25 µmol) (b) BC (7.5 µmol) and photoreduction 
products of DNBP (25 µmol) by TiO2 after (c) 8 h (d) 15 h (e) 20 h (f) 24 h UV 

Photoreduction reaction 

The reduction  was carried out in a rubber capped-sealed test tube containing 5

%), 50 mg P25-TiO2 (TiO2) and 25 µmol DNBP suspension under 

argon atmosphere with constant magnetic stirring and UV light (125 W Hg arc, 10.4 mW

irradiation for different time periods. The reaction products are quantitatively analysed by 

section-5.4.5) and NMR (section-5.4.4) techniques

     

GC pattern of authentic (a) DNBP (25 µmol) (b) BC (7.5 µmol) and photoreduction 
after (c) 8 h (d) 15 h (e) 20 h (f) 24 h UV 

sealed test tube containing 5 mL aqueous iso-

) and 25 µmol DNBP suspension under an 

(125 W Hg arc, 10.4 mWcm-2) 

irradiation for different time periods. The reaction products are quantitatively analysed by HPLC 

techniques as discussed in 



 

Fig. 2 Mass spectral analysis of DNBP and its reduction 

 Fig. 1a and b showed the GC chromatographs of 

DNBP (25 µmol) at tR = 14.5 min and BC (7.5 µmol) at t

DNBP reduction by TiO2 during 8 h irradiation, a number of GC peaks at t

and 16.9 min including few smaller peaks evolved due to the form

products. The peak height at t

and with the passage of 15-24 h irradiation (Fig. 1d

except a smaller peak at tR = 11.6

significantly enhanced (Fig. 1e) after DNBP reduction for 20 h irradiation. The peak at t

min is not observed after 15 h, whereas the peak intensity at t

same upto 20 h and beyond that it is notably increased with simultaneous decrease in the peak 

height at tR = 12.9 min after 20

The mass spectrum analysis of authentic 

the formation of BC (Fig. 2b) at t

and benzo[c]cinnoline dioxide (
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Mass spectral analysis of DNBP and its reduction products.

b showed the GC chromatographs of the authentic sample showing a single peak of 

= 14.5 min and BC (7.5 µmol) at tR = 13 min. Fig. 1c reveals

during 8 h irradiation, a number of GC peaks at t

and 16.9 min including few smaller peaks evolved due to the formation of various reduction 

products. The peak height at tR = 14.2 min for DNBP is decreased due to its complete reduction, 

24 h irradiation (Fig. 1d-f), the intensity of all the peaks is

= 11.6 min, and a major peak at tR = 12.9-13.0 min is found to be 

significantly enhanced (Fig. 1e) after DNBP reduction for 20 h irradiation. The peak at t

min is not observed after 15 h, whereas the peak intensity at tR = 11.6 min is seen to be almost 

ame upto 20 h and beyond that it is notably increased with simultaneous decrease in the peak 

= 12.9 min after 20-24 h UV light irradiation. 

e mass spectrum analysis of authentic DNBP (Fig. 2a) and its reduction products, confirmed 

formation of BC (Fig. 2b) at tR = 12.9 min, biphenyldiamine(BPD, Fig. 2c) at t

dioxide (BCD, Fig. 2d) at tR = 15.7 min, during DNBP reduction by 

 

products. 

authentic sample showing a single peak of 

= 13 min. Fig. 1c reveals that after 

during 8 h irradiation, a number of GC peaks at tR = 11.6, 12.9, 15.7 

ation of various reduction 

= 14.2 min for DNBP is decreased due to its complete reduction, 

e intensity of all the peaks is reduced 

13.0 min is found to be 

significantly enhanced (Fig. 1e) after DNBP reduction for 20 h irradiation. The peak at tR = 15.7 

= 11.6 min is seen to be almost 

ame upto 20 h and beyond that it is notably increased with simultaneous decrease in the peak 

DNBP (Fig. 2a) and its reduction products, confirmed 

(BPD, Fig. 2c) at tR = 11.6 min, 

during DNBP reduction by TiO2 



 

Fig. 3 (a) Time course graph (peak height variation) of different products of DNBP reduction 
and (b) BC yield and selectivity as a function of UV irradiation time.

for different time periods. Fig. 3a shows the 

variation in the peak heights o

reduction products BCD, BC and BPD with 

decreased DNBP concentration and increased UV 

irradiation time. 

It is found that DNBP almost selectively reduced 

to BC along with the formation of a BPD 

h. It further revealed that BCD is formed upto 15 

h irradiation, whereas BPD is increased with 

decrease in the amount of BC form

24 h reduction. By comparing 7.5 µmol 

commercial authentic BC samples, the yield and 

selectivity of BC obtained by DNBP (25 

reduction using TiO2 under UV irradiation for 8

24 h gradually increased from 67% to a maximum 

of 23.8 μmol (95%) of BC during 20 h and 

thereby, remarkably decreased 

irradiation due to its self-reduction 
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(a) Time course graph (peak height variation) of different products of DNBP reduction 
and (b) BC yield and selectivity as a function of UV irradiation time. 

Fig. 4 HPLC Chromatograms of (a) 
DNBP authentic (25 µmol) (b) BC 
authentic (25 µmol) (c) reduction 
products of DNBP (25 µmol) with 
by 20 h light irradiation
µmol BC. 

different time periods. Fig. 3a shows the 

peak heights of three major 

reduction products BCD, BC and BPD with 

decreased DNBP concentration and increased UV 

It is found that DNBP almost selectively reduced 

the formation of a BPD after 20 

BCD is formed upto 15 

h irradiation, whereas BPD is increased with a 

decrease in the amount of BC formed beyond 20-

24 h reduction. By comparing 7.5 µmol 

commercial authentic BC samples, the yield and 

selectivity of BC obtained by DNBP (25 μmol) 

er UV irradiation for 8-

gradually increased from 67% to a maximum 

mol (95%) of BC during 20 h and 

thereby, remarkably decreased beyond 20-24 h 

reduction to BPD. HPLC 

 

(a) Time course graph (peak height variation) of different products of DNBP reduction 

 

HPLC Chromatograms of (a) 
DNBP authentic (25 µmol) (b) BC 
authentic (25 µmol) (c) reduction 

ucts of DNBP (25 µmol) with TiO2 
light irradiation produced 23.7 



 

Fig. 5 GC pattern of authentic DNBP (5 mM = 25 µmol)  (b) its mass spectra (c) blank 
reaction after 20 h of UV irradiation and (d) its mass spectra showing mass of  DNBP 
corresponding to peak at tR = 14.5 min .
 

analysis (Fig. 4) also revealed the

reduction of DNBP occurred without 

thus confirming the photocatalytic nature

further judged by another set of experiment

produced ~23.2 μmol of BC relative to 23.8 

  

 

 

 

 

 

The 1H-NMR (400 MHz, CDCl

authentic at d 8.20 (d,  2H,  J =  8.24  Hz,  ArH),  7.70  (t,  2H,  

J =  8.24  Hz,  ArH),  7.30  (dd,  2H,  

(m, 2H, ArH), 8.59–8.57 (m, 2H, ArH), 7.94

photoreduction shows NMR (Fig. 6c

ArH),  and  7.94–7.91  (m, 4H,

of other unidentified products) with the characteristic NMR spectra of the authentic BC sample.

BPD produced after 24 h irradiation
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GC pattern of authentic DNBP (5 mM = 25 µmol)  (b) its mass spectra (c) blank 
reaction after 20 h of UV irradiation and (d) its mass spectra showing mass of  DNBP 

= 14.5 min . 

) also revealed the formation of ~23.7 μmol of BC. In a bl

occurred without the TiO2 catalyst after 20 h of UV light irradiation (Fig. 

the photocatalytic nature of DNBP reduction reaction. The reproducibility was 

further judged by another set of experiments carried out under similar condition

relative to 23.8 μmol in the first run.  

NMR (400 MHz, CDCl3) spectral analysis (Fig.  6) shows the peaks observed for: DNBP 

=  8.24  Hz,  ArH),  7.70  (t,  2H,  J =  7.32  Hz,  ArH), 7.60

=  8.24  Hz,  ArH),  7.30  (dd,  2H,  J =  7.76  Hz,  ArH); BC authentic (Fig. 

8.57 (m, 2H, ArH), 7.94–7.89 (m, 4H, ArH). BC formed by DNBP

duction shows NMR (Fig. 6c) peaks at d 8.77–8.74 (m,  2H,  ArH),  8.61

7.91  (m, 4H, ArH) that almost closely  match  (except  for  some  small peaks 

of other unidentified products) with the characteristic NMR spectra of the authentic BC sample.

irradiation showed peaks at δ 7.54-7.50 (m, 4H, ArH)

 

GC pattern of authentic DNBP (5 mM = 25 µmol)  (b) its mass spectra (c) blank 
reaction after 20 h of UV irradiation and (d) its mass spectra showing mass of  DNBP 

of BC. In a blank test, no such 

catalyst after 20 h of UV light irradiation (Fig. 5), 

of DNBP reduction reaction. The reproducibility was 

carried out under similar conditions, which 

) shows the peaks observed for: DNBP 

=  7.32  Hz,  ArH), 7.60 (t,  2H,  

authentic (Fig. 6b) at d 8.76–8.74 

7.89 (m, 4H, ArH). BC formed by DNBP 

8.74 (m,  2H,  ArH),  8.61–8.59  (m,  2H,  

ArH) that almost closely  match  (except  for  some  small peaks 

of other unidentified products) with the characteristic NMR spectra of the authentic BC sample. 

7.50 (m, 4H, ArH), 7.30 (t, 2H, J =  



 

Fig. 6. NMR spectra of authentic (a) DNBP  (b) BC and DNBP reduction product by TiO
after (c) 20 h and (d) 24 h UV irradiation

7.8 Hz, ArH) and 7.23 (d, 2H, J = 8.24 Hz, ArH) and a typical broad peak for NH

4.23 (bs, 4H, NH2) is also seen 

DNBP and BC. On the basis of obtained detected reduction products, it 

determining step for DNBP photocatalytic reduction using

via some transient intermediates; nitroso and hydroxylamine derivatives BCD, azoxy compounds 

and few unidentified products 

that this intermediate sequence 

nitroaromatics photoreduction. 

lived products (e.g., BCD) disappeared with increasing irradiation time.

place to a lesser extent via direct reduction of 

hours (8-20 h), and beyond that more amount of BPD (path
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NMR spectra of authentic (a) DNBP  (b) BC and DNBP reduction product by TiO
(d) 24 h UV irradiation. 

7.23 (d, 2H, J = 8.24 Hz, ArH) and a typical broad peak for NH

) is also seen in Fig. 6d which are quite different from the NMR 

On the basis of obtained detected reduction products, it is 

DNBP photocatalytic reduction using TiO2 is the selective formation of BC 

some transient intermediates; nitroso and hydroxylamine derivatives BCD, azoxy compounds 

and few unidentified products by following reaction pathways in scheme 2

that this intermediate sequence RNO2-RNO-RNHOH-RNH2 is generally formed during 

nitroaromatics photoreduction. GC chromatographs (Fig. 1) also further support that these short 

(e.g., BCD) disappeared with increasing irradiation time. 

direct reduction of the hydroxylamine derivative

20 h), and beyond that more amount of BPD (path-II) is formed probably

 

NMR spectra of authentic (a) DNBP  (b) BC and DNBP reduction product by TiO2 

7.23 (d, 2H, J = 8.24 Hz, ArH) and a typical broad peak for NH2 protons at 

which are quite different from the NMR spectra of 

is revealed that the rate 

is the selective formation of BC 

some transient intermediates; nitroso and hydroxylamine derivatives BCD, azoxy compounds 

scheme 2. It is reported [30,25] 

generally formed during many 

phs (Fig. 1) also further support that these short 

 BPD production took 

derivative (path-I) during initial 

probably due to 
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Scheme 2. Possible reaction pathways of DNBP reduction by TiO2 and UV light irradiation. 

 

Fig. 7 GC chromatographs of (a) Standard CO2 of 180 ppm (b) DNBP reaction with TiO2 

after 24 h of UV light irradiation (no peak for CO2 at 1.25 min).  

  self-reduction of as-produced BC during 8-20 h irradiation. The photoexposure of TiO2 (band 

gap energy = 380-390 nm) with UV light generates electrons in the conduction band and holes in 

the valence band,  where two NO2 groups of DNBP are sequentially reduced to NH2 groups in 

BPD by 12e-, and complete reduction of DNBP by irradiated TiO2 required 8e- for the BC 
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Fig. 8 GC pattern of (a) authentic acetone 
sample (b) acetone produced by the 
photoreduction of DNBP (25 µmol) by TiO2 
during 20 h and (c) 24 h UV irradiation.   

formation through various intermediate reduction steps. Furthermore, over oxidation of acetone 

into CO2 was not observed as confirmed by GC analysis (Fig. 7).  It is also observed that the 

reduction process is accompanied by the simultaneous oxidation of iso-propanol (hole 

scavenger) to acetone (tR = 1.2 min) whose amount (Fig. 8) increased with (20 to 24 h) 

irradiation time, and no H2 production is detected by photoexcited holes (h+) in the valence band 

under UV irradiation. 

The phoreduction reaction of DNBP with pure rutile TiO2 nanoparticles was also performed 

under UV light irradiation upto 24 h, under similar experimental conditions. The HPLC and GC 

data showed no change in the DNBP peak height and not formation of any other product. Hence, 

DNBP was not reduced with pure rutile TiO2 nanoparticles.This could be attributed due to slow 

photoactivity of rutile TiO2 nanoparticles 

under UV light irradiation. Also, it is reported 

in literature that higher surface area may also 

play a major role in adsorption of reactants 

resulting in higher photocatalytic activity.  

The rutile samples in the present study, exhibit 

lower surface area of 18 m2g-1 as compare to 

P25-TiO2 nanoparticles which posses a higher 

surface area of 56 m2g-1 and the reactions 

were performed under UV light irradiation.    

Thus, it is evident that DNBP undergoes 

intramolecular reductive cyclization reactions 

by TiO2 because of the close spatial proximity 

[5] of the interacting NO2 groups that lie in 

two different benzene rings separately relative 

to their location in the same benzene moiety in 

various dintirobenzenes. Such redox combined 

photocatalytic reactions like selective 

photoreduction of o-dinitrobenzene to 
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benzimidazole (96%) by TiO2 [31], and formation of pipecolinic acid [32] from L-lysine 

irradiation are reported to be highly efficient for practical applications. Depending on the 

position (1:2, 1:3 and 1:4) of -NO2 functionality [29,31] and the extent of the electron 

withdrawing effect of -NO2 groups imparted to benzene ring, dinitrobenzene is reduced to a 

variety of reduction products by both P25-TiO2 and rutile TiO2 under controlled UV irradiation. 

However, the pure rutile TiO2 nanoparticles of size    nm  does not have any photoreactivity for 

DNBP reduction upto 24 h under experimental conditions.  

4.4 Conclusion 

The non-conventional production of BC from DNBP reduction by TiO2 and UV light where the 

yield and selectivity could be simply tuned by light irradiation under ambient conditions without 

using any costly toxic solvent and reducing agents is experimented for the first time using 

inexpensive and non-toxic titania catalyst. This photoreduction process could be extended to 

synthesis of other N-heterocyclic compounds, which requires harsh experimental conditions in 

conventional techniques. 

We are grateful to Prof. Ashok Kumar Malik, Punjabi University, Patiala, India for GC-MS 

analysis. 
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Chapter 5: Crystal phase and shape dependent photoactivity of 

titania for nitroaromatics reduction under UV light irradiation  
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5.1 Introduction 

Titanium dioxide (TiO2) semiconductor, nowadays is used for greener synthesis of 

aminoaromatics by one step reduction [1-4] of nitroaromatics. The production of aminoaromatics 

from nitroaromatics is of great interest because aminoaromatics are important intermediates for 

the synthesis [5-8] of dyes, antioxidants, herbicides, polymers, pharmaceuticals and other fine 

chemicals. These can be prepared easily by the reduction of nitroaromatics using catalytic 

hydrogenation, zinc, tin, iron, Au/SiO2, Au/Al2O3, Pd/TiO2, Pt-Ne bimetallic nanoparticles [9-

16] and Pt-TiO2 a variety of other reduction conditions. The draw backs of all these methods 

include the requirement of toxic solvents, strong reducing agents like NaBH4, expensive metals 

like Au/Pt, reactions at high pressure and temperature and generation of toxic byproducts. 

Whereas the use of titania for the photoreduction of nitroaromatics is highly advantageous over 

all these methods because it is a cheap, non-toxic, generates no harmful byproduct and require 

room temperature and pressure conditions. Also, conduction band energy of TiO2 is −0.85 V in 

comparison to −0.5 V vs SCE of the –NO2 group, so NO2 is preferably reduced [17-21] over 

aceto, cyano, and aldehyde functionality present in the same compound.  

It is reported that anatase TiO2 usually shows much higher photocatalytic activity than rutile 

TiO2. However, some recent reports show the improved selectivity of rutile TiO2 nanoparticles 

[22-25] for selective oxidation of aromatic alcohols to aldehydes, photoreduction of 

nitroaromatics to aminoaromatics such as m-nitrotoluene photoreduction to m-aminotoluene. 

Further, it is reported [26] that rutile nanoparticles show 100% yield and selectivity of m-

dinitrobenzene photoreduction to m- nitroaniline. Also, metal (coinage and platinum group) 

loading also improves the selectivity of P25-TiO2 for the photoreduction of m-dinitrobenzene 

[27] while metal loading does not shows significant improvement in rutile TiO2 nanoparticles 

photoactivity. 

Further, the photocatalytic activity of anatase and rutile nanoparticles can also be improved by 

changing their morphology [28-31] from spherical to rod. The advantages of one-dimensional 

nanorods over nanospheres as photocatalyst are that the one-dimensional geometry facilitates 

fast and long distance electron transport, exhibit higher specific surface area, light absorption 

increases because of the larger length-to-diameter ratio. The improved photoactivity of rutile 

nanorods [32] has been observed for Rhodamine B degradation (low temp) and gas-phase 

decomposition of acetaldehyde. Herein, we investigated the potential application of anatase and 
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rutile titania nanorods and nanospheres for the improved photoreduction of nitroaromatics such 

as m-nitrobenzoic acid (m-NBA) and m- nitrotoluene (m-NT). 

5.2 Experimental section 

5.2.1 Synthesis of titania nanostructures of different crystal phase, size and shape 

 ANR were synthesized by a hydrothermal method as reported elsewhere [33] and briefly 

described in section 5.2.4 of chapter 1. ANP were synthesized by sol-gel [34] method as 

mentioned in section 5.2.5 of chapter 1. RNP were synthesized by the calcination of 

commercially available Degussa P25 TiO2 powder at 800 ◦C in a muffle furnace for 2 h. RNR 

were synthesized through a seed-mediated growth process [35] as discussed in section 5.2.3 of 

chapter 1. 

5.2.2 Characterization techniques 

As synthesized TiO2 samples were characterized by DRS (section-5.3.1), XRD (section-5.3.2) 

BET (section-5.3.3), PL (section-5.3.4), TEM (section-5.3.5), TCSPC (section-5.3.6) as 

discussed in chapter 1.  

5.2.3 Photocatalytic activity for nitroaromatics reduction 

Photoreduction of m-NBA (25 µmol) and m-NT was carried out with as prepared TiO2 samples 

as per procedure given in section-5.4.1 (chapter 1). Reaction samples were analyzed by HPLC 

(section-5.4.2) techniques as given in chapter 1.  

5.3 Results and discussion 

5.3.1  Structural analysis 

Crystalline phase of P25 TiO2 and as prepared samples was analyzed by using XRD and are 

shown in Fig. 1. XRD profile of RNP shows highly intense peaks of rutile titania whereas RNR 

exhibited comparatively less intense peaks of rutile phase at 2θ = 27.5°, 36.5°, 41°, 54.1° and 

56.5° and are assigned to the (110), (101), (200), (111), (210), (211) and (220) planes (JCPDS 

no. # 21-1276). However, ANP and ANR exhibited diffraction peaks at 2θ = 25.4°, 37.9°, 47.9°, 

53.9° and 54.9° are assigned to (101), (004), (200), (105) and (211) planes (JCPDS no. # 21-

1272) of anatase phase.  BET surface area analysis exposed that surface of P25 is 45 m2g-1 while 

that of ANP and ANR exihibited increased surface area of 89 m2g-1 and 71 m2g-1, respectively. 

The surface area of RNP is 18 m2g -1 while it increases to 69 m2g-1 for RNR. 

 



 

5.3.2. Morphological analysis

Morphology of the prepared 

samples was investigated 

through TEM analysis. TEM 

image of P25-TiO2 exhibited 

spherical nanoparticles of 

average size 25˗30 nm, RNP 

also exhibited spherical 

particles with the size of 120

130 nm while RNR exhibited 

rod like morphology with the 

size range (L×W = 28-30 nm × 

3.5-3.8 nm) as shown in Fig. 2. 

TEM micrographs of ANP  

shows spherical nanoparticles 

of average size 8-10 nm and 

ANR shows the formation of 

rice like nanorods with size 

(L×W = 80-132 nm × 8-13 

nm).  

5.3.3 Optical properties 

Optical properties of as prepared TiO

spectra and emission spectra. 

the absorption onset for ANP and ANR is blue shifted to 380 and 384 n

the absorption onset of RNP occurs at 413 nm which is further red shifted to 418 nm in RNR. 

Further, the band gap values of all these samples were calculated from Tauc plot using the 

equation   
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Fig. 1 XRD patterns of as prepared titania nanoparticles of 
different morphology. 

analysis 

Morphology of the prepared 

samples was investigated 

through TEM analysis. TEM 

exhibited 

spherical nanoparticles of 

nm, RNP 

also exhibited spherical 

120-

nm while RNR exhibited 

rod like morphology with the 

30 nm × 

as shown in Fig. 2. 

hows spherical nanoparticles 

and 

shows the formation of 

ice like nanorods with size 

13 

as prepared TiO2 samples were studied by recording UV

 In Fig. 3 absorption onset of P25-TiO2 appears at 386 nm, whereas 

the absorption onset for ANP and ANR is blue shifted to 380 and 384 nm respectively. However, 

the absorption onset of RNP occurs at 413 nm which is further red shifted to 418 nm in RNR. 

Further, the band gap values of all these samples were calculated from Tauc plot using the 

 

XRD patterns of as prepared titania nanoparticles of 

were studied by recording UV-vis absorption 

appears at 386 nm, whereas 

m respectively. However, 

the absorption onset of RNP occurs at 413 nm which is further red shifted to 418 nm in RNR. 

Further, the band gap values of all these samples were calculated from Tauc plot using the 
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Fig. 2 TEM images of as prepared titania nanostructures 

     



 

Fig. 4 (a) The plot of (αhν)1/2 function versus the band gap energy of various titania samples (b) 
Variation in the band gap energy of titania samples.

             αhν = A(hν˗Eg)
n 

where α = absorption coefficient,

 hν = energy of photon, 

 A = constant, 

 Eg = band gap of the material

 and n = index and its value depends 

upon on the nature of the electronic 

transition responsible for the 

absorption (n = 2 for indirect, 1/2 for 

direct band gap).  

The band gap of the samples were 

calculated by extrapolating the 

straight-line portion of αhν versus 

Eg graph to the x-axis as shown in Fig. 4a. The band gap values varies from 3.0 eV for RNP to 

3.21 eV for ANR (Fig. 4b) depending upon the phase and morphology. The low band gap 

exhibited by RNP and RNR expected to facilitate the efficient elect

an efficient photocatalyst.  

The emission in nanocrystalline TiO

ions, oxygen vacancies, chemisorbed surface species, which result in the localized intra

states that serve as electron traps. 

TiO2 nanostructures exhibit th

occurrence of various surface defect sites.
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Fig. 3 Absorption spectra of different titania nanostructures

function versus the band gap energy of various titania samples (b) 
Variation in the band gap energy of titania samples. 

absorption coefficient, 

gap of the material 

value depends 

upon on the nature of the electronic 

transition responsible for the 

, 1/2 for 

gap of the samples were 

calculated by extrapolating the 

α ν versus 

axis as shown in Fig. 4a. The band gap values varies from 3.0 eV for RNP to 

(Fig. 4b) depending upon the phase and morphology. The low band gap 

exhibited by RNP and RNR expected to facilitate the efficient electron transfer and may serve as 

The emission in nanocrystalline TiO2 is due to the defects resulting from under coordinated Ti

vacancies, chemisorbed surface species, which result in the localized intra

states that serve as electron traps. The photoluminescence (PL) spectra in Fig. 5a showed that 

the emission bands from 400 to 550 nm range

surface defect sites. The emission peak, 403 nm, corresponds to a direct 

 

Absorption spectra of different titania nanostructures 

 

function versus the band gap energy of various titania samples (b) 

axis as shown in Fig. 4a. The band gap values varies from 3.0 eV for RNP to 

(Fig. 4b) depending upon the phase and morphology. The low band gap 

ron transfer and may serve as 

is due to the defects resulting from under coordinated Ti4+ 

vacancies, chemisorbed surface species, which result in the localized intra-band gap 

The photoluminescence (PL) spectra in Fig. 5a showed that 

range which indicates the 

The emission peak, 403 nm, corresponds to a direct 



 

Fig. 6 Time resolved decay curves of 

band emission of the 

fundamental band gap (3.2 eV) 

of anatase TiO2, whereas the 

emission peak, 423 nm, is 

attributed to the self trapped

excitons. The peak, 446 nm, 

relates to the emission process 

of oxygen vacancy defects in 

TiO2 and the emission signal, 

485 nm corresponds to the 

charge-transfer from Ti3+ to 

oxygen anion in a TiO6

complex, related with oxygen 

vacancies at the TiO2 surface

[36-39]. The emission, 529 nm, can be 

nanoparticles. The strong quenching in PL emission, in the case of RNR nanopar

attributed to the decrease in recombination rate of photo

The average lifetime [40] of photoexcited e

decays (Fig. 5) has been found to be gradually increased as 1.2, 1.5 and 2.1 ns for P25 TiO

ANP, ANR and respectively, confirming better delocalization of e
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Fig. 5 Photoluminescence spectra of various titania 
nanostructures.  

Time resolved decay curves of titania nanostructures 

band emission of the 

fundamental band gap (3.2 eV) 

, whereas the 

emission peak, 423 nm, is 

self trapped 

peak, 446 nm, 

relates to the emission process 

of oxygen vacancy defects in 
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Conclusions 

Summary of the work 

Chapter 1: covers the brief introduction to the mechanism of TiO2 photocatalysis, effect of shape, 

size, crystal phase and metal loading onto TiO2, functional group transformations using TiO2, related 

reports in the literature and the scope for selective photoreduction photo reduction of nitroaromatics 

by TiO2 nanostructures. 

 Further, the detailed experimental methods and characterisation techniques used in the present study 

are also explained. This includes, synthesis of bare (nanospheres and nanorods), different crystal 

phase (anatase and rutile) and metal (Au, Ag, Cu, Pt, Pd, Rh) loaded titania nanostructures, the 

procedure for photoreduction of various nitroaromatics with as prepared catalysts, characterisation 

and product analysis techniques: Diffused reflectance spectroscopy (DRS), photoluminescence (PL), 

time resolved spectroscopy (TCSPC),  X-ray diffraction (XRD), Transmission electron microscope 

(TEM), BET surface analyzer, High Performance Liquid Chromatography (HPLC), Gas 

chromatography-mass spectroscope (GC-MS), Gas chromatography (GC), Nuclear magnetic 

resonance spectroscope (NMR).  

Chapter 2: Describes the effect of rutile TiO2 content, solvent, catalyst amount, irradiation time, 

crystallinity, surface area and electron withdrawing groups for selective photoreduction of m-

dinitrobenzene by P25-TiO2 and R-TiO2. Also, the photoreduction studies were carried out for 

nitrobenzene, p-dinitrobenzene and m-chloronitrobenzene for comparison. It is concluded from 

the work that both the P25-TiO2 and R-TiO2 could be potentially utilized for the selective 

reduction of nitroaromatics possessing multifunctional reducible groups in ortho, meta and para 

position. Further, the insertion of a second –NO2 group in nitrobenzene ring has an important 

role in expediting –NO2 reduction to –NH2 as compared to a negligible reduction of nitrobenzene 

under similar conditions, indicating that electron withdrawing groups lower the electron density 

on –NO2 present on meta position and favor quick reduction of the –NO2 group. Thus proper 

selection of electron donating or withdrawing substituent’s in the aromatic moiety would be 

highly beneficial and have a wide scope of several other desired products to obtain. 

 

 Chapter 3: Demonstrates the influence of coinage (Au, Ag and Cu) and platinum group metal 

(Pt, Pd, Rh) co-catalysis for the photocatalytic reduction of m-dinitrobenzene by P25 and R-
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TiO2. It has been concluded from the work that 1 wt% metal loading on P25 and R-TiO2 does not 

seem to improve the PCA except the improved selectivity by M/P25 which is opposite to high 

PCA for oxidation reactions by M/TiO2 catalysts generally observed. Further, coinage metals 

e.g., Ag/P25 exhibit higher selectivity and yield for m-NA formation. Irrespective of the nature 

of metal loading, the m-DNB photoreduction is always notably reduced as compared to the 

highest photoreactivity of bare R-TiO2 that produces 100% m-NA. This decrease in PCA for the 

nitro group reduction by all M/TiO2 could thus be attributed to the decrease in active Ti3+ sites 

available on the surface after metal nanodeposits loading that might also act as a recombination 

centre for photoexcited charge species.  

 

Chapter 4: Describes the selective formation of benzo[c]cinnoline by photocatalytic reduction 

of 2,2′-dinitrobiphenyl using P25-TiO2 under UV light irradiation. It is observed from the study 

that the non-conventional production of benzo[c]cinnoline from 2,2′-dinitrobiphenyl 

photoreduction by P25-TiO2 and UV light, where the yield and selectivity could be simply tuned 

by light irradiation under ambient conditions without using any costly toxic solvent and reducing 

agents are experimented for the first time using inexpensive and non-toxic titania catalyst. This 

photoreduction process could be extended to other N-heterocyclic compounds synthesis that 

requires harsh experimental conditions in conventional techniques. 

Chapter 5: Presented a fine insight for the crystal phase and shape dependent photoactivity of 

titania for nitroaromatics reduction under UV light irradiation. This chapter describes importance 

of different shapes and crystal phases of TiO2 nanostructures such as RNP, RNR, ANP, ANR 

and P25-TiO2 (70:30 anatase and rutile) for the PCA for m-nitrotoluene (m-NT) and m-

nitrobenzoic (m-NBA) photoreduction under UV light irradiation. RNR showed superior 

photoactivity ( ̴ 3 times) as compared to RNP for the selective photoreduction of m-NT into m-

toluidine (m-TD) and m-NBA into m-aminobenzoic acid (m-ABA) under 8 h UV irradiation.  

The obtained results show that the long distance electron transport along longitudinal length, 

larger surface area, quenched PL emission, increased lifetime of charge carriers of RNR as 

compare to RNP having lower surface area and charge carrier lifetime collectively contribute to 

its enhanced PCA. Futhermore, ANP of size 8-10 nm having surface area 89 m2g-1 also shows 

higher PCA than anatase nanorods of size (L×W = 80-132 nm × 8-13 nm and surface area = 71 
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m2g-1) and P25-TiO2 (25-30 nm) for m-NBA and m-NT photoreduction under 6 h UV light 

irradiation. The overall rate of reduction/hour for m-NBA and m-NT photoreduction with all of 

these catalysts has been found to vary in the following order ANP> P25-TiO2> RNR> ANR> 

RNP. Thus, the photoactivity of rutile TiO2 for the selective photoreduction of nitroaromatics 

can be enhanced by tuning the morphology from spheres to rods. Also, the effect of available 

surface area for reduction, crystal phase also plays an important role in the reduction of 

nitroaromatics. 

Future Scope 

After concluding the present work, it can be suggested that efforts are required for the selective 

reduction of nitroaromatics which possess multifunctional reducible groups in ortho, meta and 

para position with rutile nanoparticles, nanorods and P25 titania nanostructures. Synthesis of N-

heterocyclic compounds that requires harsh experimental conditions in conventional techniques 

can also be investigated with P25-TiO2.  
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Selective formation of benzo[c]cinnoline by
photocatalytic reduction of 2,20-dinitrobiphenyl
using TiO2 and under UV light irradiation†

Jaspreet Kaur and Bonamali Pal*

Photocatalytic reduction of 25 lmol 2,20-dinitrobiphenyl in 50%

aqueous iso-propanol and 50 mg P25-TiO2 under an argon atmo-

sphere and 20 h UV light irradiation selectively produced 23.8 lmol

of benzo[c]cinnoline (95%), and 2,20-biphenyldiamine (5%) whose

amount gradually increased with the irradiation time beyond

20–24 h due to further reduction of benzo[c]cinnoline.

Benzo[c]cinnoline (BC) is a very important organic compound
used in manufacturing of dyes, electrochromic polymers,
coloured polyamide fibers and has microbial and herbicidal
activities.1–3 It is typically synthesized by reduction of 2,20-
dinitrobiphenyl (DNBP)4,5 with RANEYs Ni6 and Pd-C,7,8 Zn,9

Fe+2 oxalate,10 Fe,11 LiAlH4,12,13 triethyl phosphite,14 Fe-carbonyl,15

and by electrochemical16 methods. These conventional methods
require harsh conditions such as strong reducing agents, high
pressure and temperature, expensive solvents, and leave toxic
byproducts. Hence, a greener, environmentally benign and mild
photocatalytic reaction process using a nontoxic TiO2 catalyst
under light irradiation could have beneficial advantages for the
highly selective production of BC from DNBP reduction under
ambient conditions.

Nitroaromatics reduction by TiO2 under UV irradiation has
been recently reported17,18 to be feasible due to its higher
conduction band energy (�0.85 V) than the reduction potential
�0.5 V vs. SCE of the –NO2 group.19,20 Nitrobenzene reduction
to aniline and azoxybenzene by photoirradiated CdS, WO3,
ZnO, TiO2, and SiO2@Rh–CdS composites,21–25 formation of
4-ethoxy-1,2,3,4-tetrahydroquinoline26 and cyclic imino acids,27

synthesis of 2-methylpiperazine by (TiO2 or CdS)–zeolites,28 etc.
are demonstrated. Photocatalytic reduction of m-dinitrobenzene
for selective formation of m-phenylenediamine (100%) by P25-TiO2

and m-nitroaniline (100%) by rutile TiO2, and p-dinitrobenzene
to a mixture of products is reported29 to be due to the electron

withdrawing effect and the position of the –NO2 group in the
benzene moiety. However, little information has been known to
date about the reduction behaviour of –NO2 groups present in two
separate benzene rings of biphenyl compounds.

In this context, this research demonstrated for the first time
that photocatalytic reduction of DNBP led to highly selective
yield of BC (Scheme 1) along with a small amount of other
amino derivatives by P25-TiO2 (Degussa, a mixture of 70%
anatase and 30% rutile) under controlled UV light irradiation.
The reduction was carried out in a rubber capped-sealed test
tube containing 5 mL aqueous iso-propanol (IPA, 50 vol%),
50 mg P25-TiO2 (TiO2) and 25 mmol DNBP suspension under an
argon atmosphere with constant magnetic stirring and UV light
(125 W Hg arc, 10.4 mW cm�2) irradiation for different time
periods. The reaction products are quantitatively analysed by
HPLC, GC-MS and NMR techniques (ESI†).

Fig. 1a and b show the GC chromatographs of the authentic
sample showing a single peak of DNBP (25 mmol) at tR = 14.5 min
and BC (7.5 mmol) at tR = 13 min. Fig. 1c reveals that after DNBP
reduction by TiO2 during 8 h irradiation, a number of GC peaks
at tR = 11.6, 12.9, 15.7 and 16.9 min including few smaller peaks
evolved due to the formation of various reduction products. The
peak height at tR = 14.2 min for DNBP is decreased due to its
complete reduction, and with the passage of 15–24 h irradiation
(Fig. 1d–f), the intensity of all the peaks is reduced except for
a smaller peak at tR = 11.6 min, and a major peak at tR = 12.9–
13.0 min is found to be significantly enhanced (Fig. 1e) after DNBP
reduction for 20 h irradiation. The peak at tR = 15.7 min is not
observed after 15 h, whereas the peak intensity at tR = 11.6 min is

Scheme 1 Photocatalytic reduction of DNBP to BC by TiO2 under UV
irradiation.
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seen to be almost the same up to 20 h and beyond that it is notably
increased with a simultaneous decrease in the peak height at
tR = 12.9 min after 20–24 h UV light irradiation.

The mass spectrum analysis of authentic DNBP (Fig. 2a) and
its reduction products confirmed the formation of BC (Fig. 2b)
at tR = 12.9 min, biphenyldiamine (BPD, Fig. 2c) at tR = 11.6 min,
and benzo[c]cinnoline dioxide (BCD, Fig. 2d) at tR = 15.7 min
during DNBP reduction by TiO2 for different time periods. Fig. 3a
shows the variation in the peak heights of three major reduction
products BCD, BC and BPD with decreased DNBP concentration
and increased UV irradiation time. It is found that DNBP almost
selectively reduced to BC along with the formation of a small
amount of BPD after 20 h. It further revealed that BCD is formed
up to 15 h irradiation, whereas BPD is increased with a decrease
in the amount of BC formed beyond 20–24 h reduction. By
comparing 7.5 mmol commercial authentic BC samples, the yield
and selectivity of BC obtained by DNBP (25 mmol) reduction using

TiO2 under UV irradiation for 8–24 h gradually increased from
67% to a maximum of 23.8 mmol (95%) of BC during 20 h and
thereby, remarkably decreased beyond 20–24 h irradiation due to
its self-reduction to BPD. HPLC analysis (Fig. S1, ESI†) also
revealed the formation of B23.7 mmol of BC. In a blank test,
no such reduction of DNBP occurred without the TiO2 catalyst
after 20 h of UV light irradiation (Fig. S2, ESI†), thus confirming

Fig. 1 GC pattern of authentic (a) DNBP (25 mmol), (b) BC (7.5 mmol) and photoreduction products of DNBP (25 mmol) by TiO2 after (c) 8 h, (d) 15 h,
(e) 20 h, (f) 24 h UV irradiation.

Fig. 2 Mass spectral analysis of DNBP and its reduction products.

Fig. 3 (a) Time course graph (peak height variation) of different products
of DNBP reduction and (b) BC yield and selectivity as a function of UV
irradiation time.
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the photocatalytic nature of DNBP reduction reaction. The repro-
ducibility was further judged by another set of experiments
carried out under similar conditions, which produced B23.2 mmol
of BC (Fig. S3c, ESI†) relative to 23.8 mmol in the first run.

The 1H-NMR (400 MHz, CDCl3) spectral analysis (Fig. S4,
ESI†) shows the peaks observed for: DNBP authentic at d 8.20
(d, 2H, J = 8.24 Hz, ArH), 7.70 (t, 2H, J = 7.32 Hz, ArH), 7.60
(t, 2H, J = 8.24 Hz, ArH), 7.30 (dd, 2H, J = 7.76 Hz, ArH); BC
authentic (Fig. S4b, ESI†) at d 8.76–8.74 (m, 2H, ArH), 8.59–8.57
(m, 2H, ArH), 7.94–7.89 (m, 4H, ArH). BC formed by DNBP
photoreduction shows NMR (Fig. S4c, ESI†) peaks at d 8.77–8.74
(m, 2H, ArH), 8.61–8.59 (m, 2H, ArH), and 7.94–7.91 (m, 4H,
ArH) that almost closely match (except for some small peaks
of other unidentified products) with the characteristic NMR
spectra of the authentic BC sample. BPD produced after 24 h
irradiation showed peaks at d 7.54–7.50 (m, 4H, ArH), 7.30
(t, 2H, J = 7.8 Hz, ArH) and 7.23 (d, 2H, J = 8.24 Hz, ArH), and a
typical broad peak for NH2 protons at 4.23 (bs, 4H, NH2) is also
seen in Fig. S4d (ESI†) which are quite different from the NMR
spectra of DNBP and BC.

On the basis of the obtained detected reduction products,
it is revealed that the rate determining step for DNBP photo-
catalytic reduction using TiO2 is the selective formation of BC
via some transient intermediates; nitroso and hydroxylamine
derivatives BCD, azoxy compounds and few unidentified products
by following reaction pathways in Scheme 2. It is reported25,30 that
this intermediate sequence RNO2–RNO–RNHOH–RNH2 is gener-
ally formed during many nitroaromatics photoreduction. GC
chromatographs (Fig. 1) also further support that these short lived
products (e.g., BCD) disappeared with increasing irradiation time.
BPD production took place to a lesser extent via direct reduction of
the hydroxylamine derivative (path-I) during initial hours (8–20 h),
and beyond that more amount of BPD (path-II) is formed probably
due to self-reduction of as-produced BC during 8–20 h irradiation.
The photoexposure of TiO2 (band gap energy = 380–390 nm) with
UV light generates electrons in the conduction band and holes in
the valence band, where two NO2 groups of DNBP are sequentially
reduced to NH2 groups in BPD by 12e�, and complete reduction of

DNBP by irradiated TiO2 required 8e� for the BC formation
through various intermediate reduction steps. It is also observed
that the reduction process is accompanied by the simultaneous
oxidation of iso-propanol (hole scavenger) to acetone (tR = 1.2 min)
whose amount (Fig. S5, ESI†) increased with (20 to 24 h) irradia-
tion time, and no H2 production is detected by photoexcited holes
(h+) in the valence band under UV irradiation. Furthermore, over
oxidation of acetone to CO2 was not observed as confirmed by GC
analysis (Fig. S6, ESI†).

Thus, it is evident that DNBP undergoes intramolecular
reductive cyclization reactions by TiO2 because of the close
spatial proximity5 of the interacting NO2 groups that lie in two
different benzene rings separately relative to their location in
the same benzene moiety in various dinitrobenzenes. Such
redox combined photocatalytic reactions like selective photo-
reduction of o-dinitrobenzene to benzimidazole (96%) by TiO2,31

and formation of pipecolinic acid32 from L-lysine irradiation are
reported to be highly efficient for practical applications. Depend-
ing on the position (1 : 2, 1 : 3 and 1 : 4) of –NO2 functionality29,31

and the extent of the electron withdrawing effect of –NO2 groups
imparted to the benzene ring, dinitrobenzene is reduced to a
variety of reduction products by both P25-TiO2 and rutile TiO2

under controlled UV irradiation. However, the pure rutile TiO2

phase does not have any photoreactivity for DNBP reduction
under the same experimental conditions.

The non-conventional production of BC from DNBP reduction
by TiO2 and UV light where the yield and selectivity could be
simply tuned by light irradiation under ambient conditions
without using any costly toxic solvent and reducing agents
is experimented for the first time using an inexpensive and
non-toxic titania catalyst. This photoreduction process could be
extended to synthesis of other N-heterocyclic compounds, which
requires harsh experimental conditions in conventional techniques.

We are grateful to Prof. Ashok Kumar Malik, Punjabi Uni-
versity, Patiala, India, for GC-MS analysis.
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Dinitrobenzene photoreduction
Photoreduction ofm-dinitrobenzene (25 μmol) in the deaerated aqueous iso-propanol exhibits 100% selective yield
of m-nitroaniline (25 μmol) by rutile TiO2 (50 mg) or m-phenylenediamine (25 μmol) by P25-TiO2 separately
under 8 and 4 h of UV light irradiation (125 W Hg arc, 10.4 mW/cm2), respectively. It revealed that insertion of a
second –NO2 in nitrobenzene ring has an important role in expediting –NO2 reduction to –NH2 as compared to a
negligible reduction of nitrobenzene under similar conditions, indicating that electron withdrawing groups lower
the electron density on –NO2 present onmeta position and favor quick reduction of the –NO2 group.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The selective production of m-phenylenediamine (m-PDA) and
m-nitroaniline (m-NA) derived from nitroaromatics reduction is very
important for their use in pharmaceuticals, food additives, agrochemicals
and dye products [1,2]. These are typically synthesized [3–6] by reduction
of different nitroaromatics using Fe, Zn, Sn, Au–Ni alloy, Au/Pt-Al2O3, Pt/
TiO2, Fe2O3 and ZrO2 etc. catalysts under harsh experimental conditions
such as high pressure and temperature, toxic solvents and strong reduc-
ing agents like NaBH4, where metal nanoparticles transfer the electron
[7] fromnegatively charged BH4

− to the nitro compound and thus leading
to its reduction. Generally, reduction of m-dinitrobenzene (m-DNB) to
m-PDA proceeds via the formation of m-NA, and the main challenge
lies in the selective production of m-NA where the reduction [8,9] of
both –NO2 groups favorably produces m-PDA. Therefore, finding an
effective catalytic process for the synthesis of m-NA or m-PDA from
m-DNB under ambient conditions is of great industrial importance.
Nitroorganic reduction by TiO2 photocatalysis [10,11], a greener process
is practically viable [12–14] because of the higher conduction band
energy of TiO2 (−0.85 V) relative to −0.5 V vs SCE of the –NO2 group
preferably reduced over aceto, cyano, and aldehyde functionality
present in the same compound. It has been found that nitrobenzene
(NB) generally reduced [15–17] to aniline, azoxybenzene andazobenzene
ochemistry, Thapar University,
by CdS, WO3 and P25-TiO2 under UV irradiation, whereas ZnO parti-
cles generate hydroxylamine [18], and core–shell SiO2@Rh–CdS
nanocomposites [19] produced 70% azoxybenzene under 436 nm
light exposure. Therefore, activity/selectivity of nitroaromatics can be
controlled by the choice of catalyst, its crystal phase, composition and
suitable solvent. It revealed that partial reduction of one –NO2 group of
m-DNB to m-NA followed by subsequent reduction of the second –NO2

group to m-PDA can limit the selectivity of P25-TiO2 catalyst. Recently,
rutile TiO2 (R-TiO2) has attracted much attention because of its superior
ability for selective oxidation [20] of benzyl alcohol to benzaldehyde,
m-nitrotoluene reduction [21] tom-aminotoluene, andother nitroorganic
reduction [22,23] to aromatic amines. Thus, R-TiO2 possessing low and
slow reactivity could be effective for NA yield over PDA formation. Herein,
we report that the photocatalytic reduction of m-DNB by R-TiO2 in
iso-propanol suspension led to 100% selective yield of m-NA for the first
time in comparison to negligible activity for NB reduction, whereas,
anatase–rutile mixed P25-TiO2 produced 100% m-PDA yield under the
same reaction conditions.

2. Experimental

2.1. Preparation, characterization and photocatalytic study of sintered TiO2

samples

Commercial Degussa P25-TiO2 was sintered at 400, 600 and 800 °C
for 2 h to get the desired catalyst. Photoreduction was carried out in a
test tube containing TiO2 (50 mg) suspended in 5 ml (50%) of aqueous
iso-propanol and NB, or m/p-DNB (25 μmol) using UV irradiation (125

http://crossmark.crossref.org/dialog/?doi=10.1016/j.catcom.2014.04.019&domain=pdf
http://dx.doi.org/10.1016/j.catcom.2014.04.019
mailto:bpal@thapar.edu
http://dx.doi.org/10.1016/j.catcom.2014.04.019
http://www.sciencedirect.com/science/journal/15667367
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W Hg arc, 10.4 mW/cm2) under argon atmosphere and magnetic stir-
ring. Reaction samples were analyzed by high performance liquid chro-
matography (HPLC) and gas chromatography–mass spectroscopy (GC–
MS). The details of other characterizations of samples are given in
supporting information.

3. Results and discussion

3.1. Structural analysis of catalysts

The rutile phase of sintered P25-TiO2 was confirmed with XRD
spectra as shown in Fig. 1 and the peaks at 2θ = 27.5°, 36.5°, 41°,
54.1°, and 56.5° are assigned to its rutile phase. The fraction of rutile in
each sample was calculated by using the Spurr equation [24]

%Rutile ¼ 1
1þ 0:8 IA 101ð Þ=IR 110ð Þ½ �

where IA is the intensity of the (101) peak and IR is the intensity of
the (110) peak. With the increase in sintering temperature from 400
to 800 °C, rutile content increases in P25-TiO2 and pure (99.4%)
R-TiO2 sample was obtained at 800 °C. The BET surface area analysis
exposed that the surface area decreases from 56 m2 g−1 of P25-TiO2

to 18 m2 g−1 for pure R-TiO2 with increased rutile content.

3.2. Photocatalytic activity of sintered P25-TiO2 catalysts

The various solvents viz. methanol, ethanol and n-propanol have
been tested for the photoreduction of m-DNB by R-TiO2 under 8 h of
UV light irradiation (Fig. 2a). Among various solvents, iso-propanol
proved to be the best medium for 100% selective yield ofm-NA, whereas,
46%m-PDA formation took place in ethanol solvent. It was reported that
iso-propanol can be oxidized to acetone in a photocatalytic reaction, thus
effecting the simultaneous reduction of the compound that is dissolved in
it. Being a secondary alcohol, iso-propanol has a better hole scavenging
capacity [6] than other primary alcohols and exhibits superior electron
donating ability for the reduction process.

A comparative HPLC pattern (Fig. A1 in the supporting information)
shows a clear separation ofm-PDA (tR= 2.9 min),m-NA (tR= 3.6min)
and m-DNB (tR = 4.6 min) peaks in a mixture (5 mM) of authentic
Fig. 1. XRD patterns of sintered P25-TiO2 for 2 h at different temperatures.

Fig. 2.m-DNB photoreduction (25 μmol) by (a) R-TiO2 in different solvents under 8 h and
(b) effect of R-TiO2 content for 4 h and (c) amount of R-TiO2 in iso-propanol for 8 h
irradiation.
samples, and m-DNB reduction by R-TiO2 for 8 h irradiation displayed
m-NA formation at tR = 3.6 min andm-PDA at tR = 2.9 min.

Fig. 2b showed thatm-DNB (25 μmol) is selectively reduced to 100%
m-PDA (25 μmol) by anatase–rutile mixed P25-TiO2 catalyst and there-
after decreases with a gradual increase in m-NA yield as a function of
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increased rutile content, and reached to 100%m-NA yield by pure (99%)
R-TiO2 after 4 h UV irradiation.

The amount of m-DNB reduced is also subsequently decreased
because of lower photoactivity of R-TiO2. Fig. 2c demonstrated that
m-NA yield is highly improved with the increased amount of R-TiO2,
and exhibits maximum m-NA yield by 50 mg catalyst, and beyond this
amount, the second –NO2 group ofm-NA starts reducing to givem-PDA
as a final product. This can be explained on the basis of increased per
molecule interactions of m-DNB with increasing amount of R-TiO2 and
availability of a higher number of active Ti3+ sites that imparted in
rapid reduction of both –NO2 groups.

The amount ofm-DNB is gradually reducedwith an increased amount
(17.9 μmol) of m-NA along with a little amount (3 μmol) of m-PDA
produced by P25-TiO2 during 2.5 h UV irradiation and, thereby, m-NA
gets converted into 100% m-PDA (25 μmol) after 4 h light exposure
(Fig. 3a). In contrary, complete reduction of m-DNB to m-NA by R-TiO2

is clearly observed after 8 h reduction and thereafter irradiation (N8 h)
led to less amount ofm-PDA formation as shown in Fig. 3b. The efficiency
of –NO2 reduction to –NH2 group is further verified by simultaneous
analysis of acetone formed [11] during oxidation of iso-propanol under
photoirradiation. It found that the amount of acetone formed is higher
when both the –NO2 groups are reduced tom-PDA than one –NO2 reduc-
tion tom-NA formation as evident in the differences in peak area/height
of acetone (tR= 1.2min) in the GC chromatogram (Fig. A2 in supporting
information).

The GC–MSanalysis revealed that a single sharp peak at tR=5.5min
(Fig. 3c) form-PDA and at tR=8.1min form-NA (Fig. 3d) production by
P25 and R-TiO2 catalysts, respectively, evidencing cent percent yield
and selectivity of the obtained products whose mass (Fig. 3e and f)
fragmentation is also matched with the respective authentic samples,
confirmed the purity of m-NA and m-PDA. Thus, it was found that
m-DNB was efficiently and selectively reduced by the increased percent-
age of rutile content and reached to the highest rate by pure R-TiO2 as
compared to no appreciable reduction of NB under low intensity of UV
light. These findings are little different from the selective reduction [21]
of –NO2 to –NH2 group by R-TiO2 particles (obtained from P25-TiO2

with HF dissolution) using high power Xe lamp (2 kW, 27.3 W/m2)
Fig. 3.Time course ofm-DNB reduction by (a) P25-TiO2 and (b) R-TiO2 underUV irradiation, (c–d
photoreduction ofm-DNB by P25-TiO2 and R-TiO2 catalysts, respectively.
illumination. This fact suggests that the substituent and the position
of–NO2 groupon theNB ring have an important role in the reductionpro-
cess because the electron withdrawing groups that lower the electron
density on a –NO2 group present onmeta position favor the rapid conver-
sion of the –NO2 into the –NH2 group and hence reduce the nucleophilic-
ity of the resultingm-NA as observed inm-DNB reduction by P25-TiO2. As
the –NO2 group in the para position imparted less electronic induction
than themeta –NO2 group, the selectivity of p-DNB (24 μmol) reduction
to p-NA (17 μmol, 69%) is notably decreased without any production of
p-PDA by R-TiO2. This impact of –NO2 substituent is further supported
by the fact that almost no reduction (1–2 μmol) of NB to aniline
(1 μmol) occurs by R-TiO2 even after 8 h irradiation. However, P25-TiO2

being its mixed anatase–rutile phase has higher catalytic activity; hence,
25 μmol p-DNB is reduced to 20 μmol m-PDA (82%) and 5 μmol p-NA
(17%) relative to 14 μmol reduction of NB to 9 μmol aniline (66%) forma-
tion only after 4 h UV irradiation. It also observed that reduction of
25 μmol m-chloronitrobenzene by P25-TiO2 gives 100% m-chloroaniline
(25 μmol), whereas R-TiO2 gives only 4 μmol of m-chloroaniline after 4
and 8 h light irradiation, respectively, probably because of the poor
electron withdrawing nature of –Cl as compared to the –NO2 group.

Themeasured surface area 56m2 g−1 of P25 is notably reducedwith
increased rutile content on increasing sintering temperature i.e., 38, 30
and 18m2 g−1 at 400, 600 and 800 °C, respectively. Therefore, although
the m-DNB reduction rate is decreased from 6.25 to 3.12 μmol/h, the
selectivity ofm-NAyield is considerably improved because of the drastic
changes in the surface electronic properties of R-TiO2 with increased
crystallinity [25] where fewer defect sites appeared to promote m-NA
formation. The low photoreactivity of R-TiO2 may probably be due to
less surface OH concentration leading to poorer O2 adsorption essentially
required for proficient capturing of photoexcited electron [26–28] and
hence, exhibits fast recombination of e−/h+ pairs relative to P25-TiO2

catalyst. Many studies [20–29] have revealed that strong oxidation
of TiO2 at elevated temperatures leads to the formation of a metal-
deficient oxide and predominant defects are oxygen vacancies that
are important reactive agents for enhanced photocatalytic activity. The
active sites for –NO2 reduction on R-TiO2 are the Ti3+ atoms [22,29]
located at the oxygen vacancies on the R-TiO2 surface which behave as
) and (e–f) chromatograph andmass spectra ofm-PDAandm-NA formation by 4 h and 8h
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the adsorption site for DNB and the trapping site for conduction band
electrons. Experimental results showed that R-TiO2 particles possess
{011} and {110} faces, and the anatase particles are exposed with {001}
and {011} crystal faces, where the electronic energy levels of the {110}
face are found to be lower than the {011} face helping the quick
separation of photoexcited electrons and holes for the rutile [30,31]
than anatase particles. This variation in the surface energy of the
conduction and valence band of different crystal faces and their atomic
arrangements thus affect the TiO2 photoreactivity; hence facilitating the
nitro-to-amine conversion by the surface-trapped electrons, enabling
m-NA formation.

4. Conclusions

It is demonstrated that both the P25-TiO2 and R-TiO2 could be poten-
tially utilized for the selective reduction of nitroaromatics possessing
multifunctional reducible groups in ortho,meta and para positionwithout
any control of irradiation time. Thus, proper selection of electron donating
or withdrawing substituent's in the aromatic moiety would be highly
beneficial for several other products to obtain.
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The co-catalytic  activity of  1 wt%  coinage (Au,  Ag and Cu) metals and  platinum group (Pt,  Pd  and  Rh)
metals deposited  P25 and  rutile TiO2 (R-TiO2) have  been  relatively investigated  for  the  optical absorp-
tion, emission,  surface structural  morphology  and  photocatalytic activity for the  selective  reduction  of
m-dinitrobenzene under  UV  light  irradiation.  An  average particle  size  ∼122  nm  of R-TiO2 is  increased  after
calcinations  of P25-TiO2 (25–30 nm) at 800 ◦C  and Au  and  Pt  deposits of size  ∼4.0–6.5 nm  were  found
to be  uniformly distributed  over TiO2 surface.  Although  the  optical  band  gap  does  not alter  much, but
intense  photoluminescence  having several characteristic bands between 400  and  550  nm  are  significantly
quenched  depending on the  nature of metal  loading. Photoirradiation  (125 W  Hg arc,  10.4  mW  cm−2) of
bare  P25-TiO2 suspended  in isopropanol  (50  vol%) containing  m-dinitrobenzene selectively  produces
itroaromatics reduction
iO2 photocatalysis

100% m-phenylenediamine,  while metal  deposited  P25-TiO2 produces m-nitroaniline  as  a major product
after  4 h of UV light irradiation.  However,  bare R-TiO2 produces 100% m-nitroaniline  and metal  load-
ing  does not alter  the  selectivity  except  the  decrease  in reduction efficiency  of R-TiO2.  The decrease  in
active  Ti3+ sites  available on the  surface  after  metal  loading  might  be  responsible  for  the  decrease  in
photocatalytic activity.

© 2014  Elsevier B.V.  All  rights  reserved.
. Introduction

Mixed phase P25-TiO2 possessing a  high surface adsorption
ffinity, more specific surface area, hydroxylated surface morphol-
gy, and better charge separation by rapid electron transfer from
utile (3.0 eV) to anatase (3.2 eV) crystal makes it superior pho-
ocatalyst [1–5] for many applications. Whereas, pure rutile TiO2
R-TiO2)  phase is generally regarded as less photoactive because
f less surface OH concentration and poorer O2 adsorption essen-
ially required for rapid capturing of photoexcited electrons. Hence,
xhibits fast recombination of e−/h+ pairs [6–11] that reduced the
-TiO2 photocatalytic activity (PCA) relative to P25-TiO2 catalyst.
ecently, TiO2 is  utilized for selective reduction of nitroaromat-

cs, benzonitrile to benzylamine, nitrobenzene to aniline and aryl
zides to  amines etc. and oxidation of alcohols to aldehydes, ben-
ene to  phenol [12–17] etc. under UV light irradiation. It revealed

hat though better PCA was achieved by  either pure anatase or

ixed P25-TiO2 crystals generally give a mixture of product dis-
ribution, however, desired selectivity in organic conversion is not

∗ Corresponding author. Tel.: +91 175 2393443; fax: +91 175 2364498.
E-mail address: bpal@thapar.edu (B. Pal).

ttp://dx.doi.org/10.1016/j.molcata.2014.11.007
381-1169/© 2014 Elsevier B.V. All  rights reserved.
obtained in  many instances. Hence, R-TiO2 is  recently employed
[18–21] for the selective oxidation of benzyl alcohol to benzal-
dehyde, reduction of nitrobenzene to aniline, m-nitrotoluene to
m-aminotoluene and nitroorganics reduction.

As R-TiO2 is less active and more selective than anatase/P25, it
takes longer duration of light irradiation for reduction of nitroaro-
matics, as also mentioned in  our previous [22] report; R-TiO2 gives
100% selectivity and yield of m-nitroaniline (m-NA) formation after
8 h irradiation as compared to  3–4 h irradiation in case of P25-TiO2
which produces m-NA and m-phenylenediamine (m-PDA) during
m-dinitrobenzene (m-DNB) reduction. The PCA for selective reduc-
tion can be  further improved by Fe, Au, Ag, Cu, Pt, Pd, Ru and Rh
etc. deposition onto TiO2 as evident in  photooxidation [23–26]
reactions. Generally metal (M)  deposition on TiO2 surface forms
a metal-semiconductor Schottky barrier that serves as a trap for
photoexcited electrons [27–29],  and thereby improved the charge
separation efficiency for enhanced oxidation–reduction rate of  the
surface adsorbed organic substrates. This charge separation and
Fermi level equilibration in M/TiO2 composites are reported to  be

influenced by the nature, amount, size of distribution, reduction
potential, Fermi energy/work function [30] and electronegativity
of the deposited metal as depicted in  Scheme 1.  Metals which have
lower reduction potential than the conduction band/Fermi energy

dx.doi.org/10.1016/j.molcata.2014.11.007
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcata.2014.11.007&domain=pdf
mailto:bpal@thapar.edu
dx.doi.org/10.1016/j.molcata.2014.11.007
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cheme 1. Schematic illustration of Fermi level equilibration and charge transfer
rocess occur at various metal–TiO2 interfaces.

f TiO2 are preferred, as more and more electrons get transfer to
he metal and further to the reacting species and alter the reduction
fficiency. Although a  few reports such as M–TiO2/CdS composites
M = Pt, Pd, Rh and Fe) were studied for selective conversions [31]
f lysine to pipecolinic acid formation, however, the effect of the
ifferent nature of metal loading on TiO2 for selective reduction of
itroaromatics is not  reported so far.

Hence, present research highlights the comparative effect of
oinage (Au, Ag and Cu) and platinum group (Pt, Pd  and Rh) metals
o-catalysts deposition onto P25 and R-TiO2 for improving the PCA
or m-DNB reduction to optimize the product selectivity and yield
pon shorter duration of light illumination.

. Experimental

.1. Materials

Degussa P25-TiO2,  hydrogen tetrachloroaurate (III) hydrate
HAuCl4·3H2O), silver nitrate (AgNO3), copper nitrate (CuNO3·
H2O), hexachloroplatinic (IV) acid hexahydrate (H2PtCl6·6H2O),
alladium chloride (PdCl2), rhodium chloride (RhCl3), m-DNB
C6H4N2O4), m-NA (C6H6N2O2) and m-PDA (C6H8N2) were pur-
hased from Loba Chemicals and used without further purification.
eionized water was obtained using an ultra filtration system

Milli-Q, Milipore) with a measured conductivity 35 mho  cm−1 at
5 ◦C.
.2. Preparation of R-TiO2 nanoparticles

R-TiO2 nanoparticles were prepared by a  standard method
s reported elsewhere [22].  Briefly, commercial Degussa P25

Fig. 1. Absorption spectra of different (a) metal (1 wt%) d
sis A: Chemical 397 (2015) 99–105

TiO2 (1.0 g) powder was  placed into a crucible, followed by
calcinations at 800 ◦C in  a  muffle furnace for 2 h. After the
thermal treatment, the powder was  allowed to cool down at
room temperature and characterized by X-ray diffraction (Fig. S2,
Supporting information) to  confirm the presence of  pure rutile
phase.

2.3. Metal photodeposition

As  prepared R-TiO2 or P25 TiO2 powder (50 mg)  was taken in
a  test tube containing 5 ml  of an aqueous isopropanol (50 vol%)
solution [32].  An aqueous solution (0.01 M)  of  metal salts were
prepared and subsequently added to  above test tube corre-
sponding to its 1 wt%  i.e., 256 �l of HAuCl4·3H2O,  468 �l  of
AgNO3,  787 �l  of Cu(NO3)2·4H2O, 256 �l  of H2PtCl6·6H2O, 465 �l
of PdCl2 and 495 �l  of RhCl3 (details of calculations are given
in Supporting information). The test tube was capped with
a septum, purged with argon gas for 15–20 min  and irradi-
ated by UV light (125 W Hg arc, 10.4 mW/cm2) under constant
magnetic stirring for 2 h in  a  photochemical reactor. Finally,
the solution was centrifuged, washed repeatedly with distilled
water and ethanol followed by drying in oven at 50 ◦C for
30 min.

2.4. Characterization techniques

The optical absorption spectra of M/TiO2 samples were
recorded with a  diffuse reflectance spectrophotometer by Avantes
using BaSO4 as reflectance standard. Photoluminescence (PL)
spectra were recorded by using a spectrofluorimeter by Perkin-
Elmer LS55 at room temperature on excitation with xenon
lamp (�ext) at 320 nm in ethanol suspension. Transmission elec-
tron microscope (TEM) photographs were taken on the Hitachi
7500 model with resolution 2 Å operating at voltage 120 kV.
The crystallographic studies have been carried out by  using
X-ray diffractometer by PANalytical X’Pert PRO with Cu-K�
(k = 1.54060 Å) radiation operated at 45 kV. The specific surface
area was  determined by N2 adsorption method using a Smart Sorb
92/93 instrument after preheating 100 mg  of samples at 150 ◦C for
1 h.

2.5. Photocatalytic activity for  m-DNB reduction
The photoreduction was carried out in a test tube containing
50 mg  of bare or  M/TiO2 powder suspended in 5 ml isopropanol
(50 vol%) and 5 mM of m-DNB (25 �mol) in  argon atmosphere under

eposited P25-TiO2 powders and (b) their colours.
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Fig. 2. Absorption spectra of (a) 1 wt%  metal depo

ontinuous magnetic stirring and UV light irradiation. The reac-
ion solution after m-DNB photoreduction was centrifuged, filtered
hrough cellulose filter (0.22 �m)  and the product was analyzed by
PLC [Agilent 1120 Compact LC equipped with a  Qualisil BDS C-18

olumn (250 mm  × 4.6 mm,  5 �m)]  at � =  254 nm with a  flow rate
f 1 ml/min using MeOH:H2O (70:30) as mobile phase and by Gas
hromatography–mass spectroscopy (GC-MS-QP 2010 plus) using
TX-5Sil-MS column (15 m × 0.25 mm × 0.25 �m).

ig. 3. (a) The plot of (˛h�)1/2 function versus the band gap energy of various pure and de
amples.

Fig. 4. Change in photoluminescence spectra of (a)  P25 a
rutile titania, and (b) their corresponding colours.

3. Results and discussion

3.1. Optical absorption of M/TiO2 composites
Fig. 1a  shows the absorption spectra of different metals (1  wt%)
photodeposited P25-TiO2 powder samples. The bare P25-TiO2 sam-
ple exhibited a  strong peak at 386 nm,  which is attributed to the
electronic transition from oxygen 2p orbital’s in  the valence band

posited samples. (b) Variation in the band gap energy of pure and metal deposited

nd (b) rutile after 1 wt% loading of different metals.
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Fig. 5.  TEM images of (a) P25-TiO2,  (b) rutile TiO2,  (c) 1 wt% Au/TiO2,

o the titanium 3d orbital’s in the conduction band. In comparison to
25-TiO2, the absorption onset in  slightly red-shifted to 403 nm in
u/TiO2 and thereby varied to a  little extent due to  charge transfer
ransitions between the metal ion electrons and the TiO2 conduc-
ion, depending upon the nature of M deposits over TiO2 surface.
owever, Au and Ag loading displayed a  characteristic surface plas-
on  resonance (SPR) band at 450 and 550 nm,  respectively.
During UV light irradiation, the adsorbed metal ions on TiO2

re reduced by the photoexcited electrons in conduction band as
n+ + ne− → M0,  and randomly deposited over the surface. It  is well

eported [33–35] that Au3+,  Ag+,  Cu2+,  Pt4+,  Pd2+ and Rh3+ ions are
enerally reduced to  their metallic state because of their suitable

eduction potential/work function that lies below the conduction
and position of TiO2.  Hence, photoreduction of metal ions onto the
espective titania nanoparticles led to  a  significant change in their
olours, as shown in Fig. 1b.
wt% Au/R-TiO2, (e) 1 wt% Pt/TiO2 and (f) 1 wt% Pt/R-TiO2 composites.

As  shown in Fig. 2a, the absorbance onset at 413 nm for bare R-
TiO2 does not induce any notable shift even after metal deposition,
which is confirmed by the limit in  colour variation from light grey
to dark grey (Fig. 2b). The decrease in intensity of absorption edge at
340 nm of R-TiO2 relative to P25-TiO2 is due to enhanced scattering
of light by larger crystallites [36] formed by the calcination of  P25-
TiO2,  owing to the difference in surface morphologies, crystallite
size, phase structure, and compositions.

The band gaps of bare and various metals deposited samples
were calculated by using Tauc relation [37],  which is  given by
˛h� = A(h� − Eg)n,  where  ̨ is  the absorption coefficient, h� is  the
photon energy, A is  a  constant and Eg is  the bandgap of the mate-

rial, exponent n is the type of the transition (n =  1/2 for direct, 2 for
indirect band gap). The exact value of the bandgap is determined
by extrapolating the straight-line portion of ˛h� versus Eg graph
to the x-axis. It  can be seen from Fig. 3a  that Au/P25 exhibits band
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Fig. 6. m-DNB photoreduction products with different

ap energy 3.38 eV and Pt/P25 possess band gap of 3.24 eV relative
o 3.2 eV for pure P25-TiO2 sample. While metals loading did not

odify the band energy relative to 3.0 eV of pure R-TiO2,  and com-
arative changes in band gap energy between different M/P25 and
/R-TiO2 did not demonstrate any significant difference except Ag,

u and Cu loading which increased the band gap energy in a  small
xtent relative to  bare TiO2 as observed in Fig. 3b.

The photoluminescence (PL) spectra in  Fig. 4a  showed that
25-TiO2 exhibited a  set of the emission bands in  the range of
00–550 nm indicated that commercial available P25 material is
ot much crystalline due to  the presence of many surface defect
ites. The band at 404 nm is  attributed to band edge emission; orig-
nate from the recombination of photoexcited electron–hole pair’s
nd the emission bands at 423 nm,  446 nm,  460 nm is assigned
o shallow-trap state near absorption band edge emission, corre-
pond to  the presence of oxygen vacancies [38], whereas, bands
t 486 nm and 530 nm are corresponds to the deep-trap states far
elow the band edge emissions and collectively called surface state
missions. These charge carriers are generally trapped by oxygen
acancies and surface hydroxyl groups, which contribute in their
isible luminescence [39]. After deposition of 1 wt%  M  onto the TiO2
urface always quench the PL intensity depending on the kind of

 deposits, where Ag and Pt  loading led to a  maximum reduction
n PL intensity as compared to  Au  deposition and bare P25 cata-
ysts. While Rh, Pt and Ag deposition displayed higher PL  quenching
elative to  bare and Au loaded R-TiO2.  This could be attributed to
ffective shuttling of photogenerated charge carriers from TiO2 sur-
ace to  deposited M  islands that prevent the recombination and
ence quench the PL emission. Similar defects have been observed

n case of R-TiO2 except the band at 404 nm as shown in Fig. 4b
nd the intensity of emission peak at 423 nm is  higher than that
f 400 nm indicates that the M/TiO2 nanoparticles having more
urface states dominate the excitonic emission.
TEM photographs in Fig. 5 revealed that pure P25 and R-
iO2 having size  around 25 nm and 122 nm.  This large difference
n the size distribution of P25 and R-TiO2 was  probably due
o the induced growth of crystallite size after high temperature
nts of Au, Ag, Pt and Pd deposited P25-TiO2 catalysts.

calcination at 800 ◦C. Many smaller Au nanoparticles of  average
size ∼4 nm and ∼5 nm were found to be  uniformly deposited over
P25-TiO2 and R-TiO2 surface, respectively, while Pt nanoparticles
of size ∼6 nm were found to  be homogeneously distributed on both
the TiO2 (evaluated by considering 20 particles) follows Gaussian
curve fitting (Fig. S1, Supporting information). It  can be seen from
the XRD pattern (Fig. S2, Supporting information) that the char-
acteristic mixed anatase-rutile P25-TiO2 and rutile TiO2 phase has
been observed with a  good degree of crystallinity. Notably, 1 wt%
M loading did not show any characteristic diffraction peak because
of their low concentration in  the sample.

3.2. Photocatalytic study

Fig. 6 shows the reduction of m-DNB to  m-PDA and m-NA for-
mation (GC-MS pattern in Fig. S3, Supporting information) after
4 h UV irradiation and their distribution with 0.2–1 wt% metals
(Au, Ag, Pt and Pd) loaded P25-TiO2 catalysts. It  found that always
m-DNB (25 �mol) is  selectively reduced to  100% m-PDA by bare
P25-TiO2 and thereby m-NA formation started increased upto 80%
(20 �mol) with decreasing m-PDA yield (5 �mol) with increased
amount (0.2–1 wt%) of Au and Ag loading as in  Fig. 6.  Notably, the
same trend is  also observed in case of Pt  and Pd loaded P25-TiO2
with relatively low yield (<12 �mol) of m-PDA  and (59%) m-NA
(∼14.7 �mol) during m-DNB photoreduction, evidencing higher co-
catalytic activity of Au and Ag than Pt and Pd metal imparted to
TiO2 photocatalysts. Fig. 7a  showed comparative products distri-
bution, where m-NA  selectivity and yield is  significantly enhanced
by coinage metal loading relative to  100% m-PDA yield by  bare P25-
TiO2 during 4 h irradiation. Whereas, bare R-TiO2 always exhibited
the highest photoactivity for 100% selective reduction of m-DNB
to m-NA  formation, and 1 wt%  metals loading significantly reduced
the photoreactivity even after 8 h light irradiation as shown in Fig. 8.
The selectivity of the photocatalytic reduction is ascribed
[40–42] to the presence of face specific reactive sites on rutile
crystals which is predominantly terminated by {110}, {100} and
{011} faces, whereas the anatase particles exposed with {001}
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ig. 7. m-DNB reduction by 1  wt%  coinage metal and platinum group metals loaded
25-TiO2 under 4 h UV light irradiation.

nd {011} faces. It is  reported [43,44] that reduction plane asso-
iated with anatase {011} face contains a rich array of defects
ompared to  reduction plane of R-TiO2 {110}. These defect sites
re identified as Ti3+ which behave as an active site [20] on the
iO2 surface and are necessary for adsorption and the conversion
f nitro group to amine. Further, the improved crystallinity [45]
f R-TiO2 may  also contribute to  the product selectivity obtained
uring the photoreduction. It  found that surface area (Table S1, Sup-
orting information) 56 m2 g−1 of P25 is  reduced to 18 m2 g−1 for
-TiO2 due to  increased particle size  after high temperature treat-
ent and 1 wt% M deposition always decreased the surface area

f P25 and R-TiO2 to 45–35 m2 g−1 and 4–8 m2 g−1,  respectively,
oes not seem to have any beneficial effects to PCA. This decreased
urface area of TiO2 by M loading probably because of the surface
overage [23] of smaller metal nanoparticles on the porous surface
f TiO2.

The fluctuation in the co-catalytic activity of coinage and plat-
num group metals could be  attributed [46,47] to the differences in
he Fermi energy, work function, electron affinity and redox poten-
ial etc. which usually facilitate electron accumulation in the metal
anodeposits depending upon the extent of Fermi level equilibra-
ion between conduction band electrons of TiO2 and loaded metals
Scheme 1). It is  evident that owing to lower work function 4.2 eV
f Pt than 5.5 eV of Au, the conduction band electrons of TiO2 may
e easily transferred to Pt deposits. It  is also reported [48] that

etals like Pt quickly discharge electrons to the substrate, unlike Au

nd Ag, which store a  fraction of electrons captured from conduc-
ion band of TiO2 and thus exhibiting higher co-catalytic activity of

ig. 8. m-DNB reduction by 1 wt% coinage and precious metal loaded R-TiO2 under
 h UV light irradiation.
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[
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[

[
[

[
[
[
[

[
[
[
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1 wt% Pt/TiO2 that simultaneously reduced two NO2 groups of  m-
DNB to selective formation of m-PDA relative to  one NO2 group
reduction to m-NA formation by 1 wt%  Au/TiO2 after 4 h UV irradi-
ation. Moreover, plasmonic interaction of platinum group metals
having characteristics absorption bands in the UV-region could
impart crucial effects on the charge transfer kinetics and energetic
for superior co-catalytic activity of M–TiO2 photocatalysis under
UV light irradiations.

4. Conclusion

In  summary, 1 wt% metal loading on P25 and R-TiO2 does not
seem to  improve the PCA except the improved selectivity by M/P25
which is  opposite to high PCA for oxidation reactions by M/TiO2
catalysts generally observed. Coinage metals e.g., Ag/P25 exhibit
higher selectivity (80%) and yield for m-NA  formation. Irrespec-
tive of the nature of metal loading, the m-DNB photoreduction is
always notably reduced as compared to the highest photoreactivity
of bare R-TiO2 that produces 100% m-NA. This decrease in  PCA for
the nitro group reduction by all M/TiO2 could thus be attributed to
the decrease in active Ti3+ sites available on the surface after metal
nanodeposits loading that might also act as a  recombination centre
for photoexcited charge species.
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