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Abstract

This thesis presents a fine approach into manycéspé Titanium dioxide (Tig) nhanomaterials
and their applications for photocatalytic reductamitroaromatics. Bare and metal loaded 10
nanostructures viz., nanospheres and nanoroddferfedit crystal phases viz., anatase and rutile
have been synthesized to investigate the efiesize, shape, phase, nature of co-catalyst onto
the change in absorbance, photoluminescence, telaXdetime and photocatalytic activity for

the reduction of nitroaromatics. The present thissivided intofive chapters:

Chapter 1: Introduction, Preparation and Characterization Techniques

The first chapter introduces the brief mechanisii@f, semiconductor photocatalysis, effect of
metal loading onto Tig) crystal phase, morphology, photoreduction ofoaitomatics with TiQ
and literature survey on TManostructures with photocatalysis as an appbicgioint of view.
Further, various techniques used for synthesischadacterization of bare and metal loaded,TiO
nanocomposites are discussed. Jli@anostructures of different morphologies viz.; gepheres
and nanorods as well different phase viz.; anats# rutile have been synthesized by
calcinations at temperature 400-800 °C, hydrothermalvothermal and sol gel methods.
Coinage and platinum group metals were depositdd @iO, surface by photodeposition
techniques.

The as synthesized materials have been charactebyediffused reflectance spectroscopy,
photoluminescence; time resolved spectroscopysitnassion electron microscope, BET surface
area analyzer and X-ray diffraction study. Photaotidn of nitroaromatics were conducted
under UV light irradiations. Products and interna¢es have been identified by high
performance liquid chromatography, gas chromatdgrapass spectroscopy, nuclear magnetic
resonance spectroscopy and gas chromatographydaeln

Chapter 2: 100% selectiveyield of m-nitroaniline by rutile TiO, and m-phenylenediamine

by P25-TiO, during m-dinitrobenzene photoreduction

The effect of rutile content, solvent, catalyst am irradiation time, crystallinity, surface area
and electron withdrawing groups for selective phedaction ofm-dinitrobenzene have been
discussed here. Photoreductionnefdinitrobenzene (2%umol) in the deaerated aqueous iso-
propanol exhibits 100% selective yieldrofnitroaniline (25umol) by rutile TiGQ (50 mg) orm-
phenylenediamine (2hmol) by P25-TiQ separately under 8 and 4 h of UV light irradiation
(125 W Hg arc, 10.4 mW/cf) respectively. It revealed that insertion of ecsel —NQ group in
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nitrobenzene ring has an important role in expegittNQ reduction to —NKHas compared to a
negligible reduction of nitrobenzene under simileonditions, indicating that electron
withdrawing groups lower the electron density orO-dresent on meta position and favor quick

reduction of the -N@group.

Chapter 3: Influence of coinage and platinum group metal co-catalysis for the
photocatalytic reduction of m-dinitrobenzene by P25 and rutile TiO,

In this chapter, the co-catalytic activity of 1 wiinage (Au, Ag and Cu) metals and platinum
group (Pt, Pd and Rh) metals deposited P25 ante raiD, (R-TiO;) have been relatively
investigated for the optical absorption, emissiosyrface structural morphology and
photocatalytic activity for the selective reductioim-dinitrobenzene under UV light irradiation.
An average particle size ~122 nm of R-7i® increased after calcinations of P25-71@5-30
nm) at 800C and Au and Pt deposits of size ~6@ nm were found to be uniformly distributed
over TiO, surface. Although the optical band gap does ndér amuch, but intense
photoluminescence having several characteristid$dretween 400-550 nm are significantly
guenched depending on the nature of metal loadtgtoirradiation (125 W Hg arc, 10.4
mWecnmi®) of bare P25-Ti@ suspended in isopropanol (50 vol%) containinglinitrobenzene
selectively produces 100%-phenylenediamine, while metal deposited P25,Tp@ducesm
nitroaniline as a major product after 4 h of U\hligrradiation. However, bare R-Ti@roduces
100% menitroaniline and metal loading does not alter Hadectivity except the decrease in
reduction efficiency of R-Ti@ The decrease in active®Tisites available on the surface after

metal loading might be responsible for the decr@aghotocatalytic activity.

Chapter 4: Selective formation of benzo[c]cinnoline by photocatalytic reduction of 2,2'-
dinitrobiphenyl using TiO; and under UV light irradiation

This chapter demonstrates that the photocatalgticiation of 2,2dinitrobiphenyl (DNBP, 25
umol) in aqueous iso-propanol (50 vol%) and P255T&D mg) under argon atmosphere and 20
h of UV light irradiation selectively produced 2380l of benzo[c]cinnoline (BC, 95%), and
2,2-biphenyldiamine (BPD, 5%) whose amount is graguaicreased with irradiation time
beyond 20-24 h due to further reduction of BCsltlso observed that theduction process is
accompanied by the simultaneous oxidation of isgpanol (hole scavenger) to acetone whose

amount is increased with (20 to 24 h) irradiationet and no K production is detected by



photoexcited holes (hin the valence band under UV irradiation. Funthere, over oxidation of
acetone into C®was not observed. It is evident that DNBP undesgogamolecular reductive
cyclization reactions by Ti§ébecause of the close spatial proximity of the edéng NQ groups
that lie in two different benzene rings separatelative 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 ekagnd crystal phases of Li@anostructures
such as RNP, RNR, ANP, ANR and P25-7iJ0:30 anatase and rutile) for the PCA fior
nitrotoluene -NT) and m-nitrobenzoic M-NBA) photoreduction under UV light irradiation.
RNR (LxW = 28-30 nm x 3.5-3.8 nm) showed superiomotpactivity ¢ 3 times) as compared to
RNP of size 122 nm for the photoreductionn®NT into m-toluidine (n-TD) andm-NBA into
m-aminobenzoic acidntABA) under 8 h UV irradiation. The obtained resuthow that the
long distance electron transport along longituditerigth, larger surface area (69°gM),
guenched PL emission, increased lifetime of chasggers (1.8 ns) of RNR as compare to RNP
having lower surface area (1&git) and charge carrier lifetime (1.1 ns) collectvebntribute

to its enhanced PCA. Furthermore, ANP of size 8whithaving surface area 8%git also shows
higher PCA than anatase nanorods of size (LxW £3Dnm x 8-13 nm and surface area = 71
m’g?) and P25-Ti@ (25-30 nm) form-NBA and m-NT photoreduction under 6 h UV light
irradiation. The overall rate of reduction/hour f;NBA and m-NT photoreduction with all of
these catalysts has been found to vary in thevialig order ANP> P25-Tie> RNR> ANR>
RNP.



Chapter 1: Introduction, Preparation and Characterization Techniques

1. Introduction

TiO, with remarkable optical and physicochemical prtpsris the most extensively used
standard photocatalyst in the field of energy amdrenmental applications [1-4]. It is used in
light-induced redox processes due to its electratrigcture. Upon photo irradiation with light
energy greater than or equal to the band gap erdrdyO,, electrons (¢ get excited from
valence band (VB) to conduction band (CB) by legviositively charged holes*(hin the VB

as shown irFig. 1.
When photogenerated/te” pair E/(\SHE)
comes in contact [5-8] with the -1
S A
absorbed bD, it gets oxidized L0 CB% S ZA—
by positive holes and forms 1E, ~ < A
- H'T;;___
hydroxyl radicals (OH in the n 2 Metal
process, which are highly I
oxidizing and oxidize organic 43 VB s D
T
xidation
compoundscompletely. In the 44 C :
TiO, D
presence of oxygen, the L
intermediate radicals in the
_ Fig. 1 Mechanism of Ti@ photocatalysis
organic compounds and oxygen

molecules undergo radical chain reactions and ecoasoxygen to finally give carbon dioxide
and water as shown below:
Tio, ™, (eh)
e+h 5 heat
TiOp (") + HOas —> Ti@ + OHygys + H
Tigh) + OHgs —> Ti@ + OHugs
Olds + organics— GO+ HO
Under certain circumstances, organic substratetijirreact with the positive holes*jhand
results in oxidative decomposition. On the othendhan the existence of air, reduction of

oxygen takes place in place of hydrogen generadimh forms superoxide anions ( O,”



anions attach to the intermediate products in si@adion reaction and form peroxide or convert
to hydrogen peroxide and then to water as showobel

TiEe) + Quads — TO + O

TiE) + HOzass —>  Ti@+ OH™ + OHugs
On the other hand, when charge traps or scavemgerabsent, CB electrons and VB holes
recombine to dissipate energy as heat and no chktraasformation takes place.

TiO, exhibits three distinct polymorphs- anatase, ewihd brookite. Among these, anatase has
proven to be more prominent for various environmakeptocesses such as deodorization, water
purification, air purification, sterilization, sat@nergy conversion and photocatalytic reactions
[4-9], whereas the use of rutile form is limitededto its poor photocatalytic activity. The
structures of anatase and rutile are showRigure 2 and some of the structural and physical
and properties of them are showrTiable 1

)
Y |

Anatase Rutile

Fig. 2 Stuctures of anatase and rutile.

The difference in the behavior of rutile and anatasattributed to the difference in the band gap
of anatase (3.2 eV) and rutile (3.02 eV) which u® do the difference in the position of the
conduction band (higher in anatase than that dfejuand to the higher rate of-k" pairs
recombination in rutile as compared to anataseildRTiO,, generally obtained at higher

temperatures, has very low density of superficirbxyl groups, which leads to poorer O
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Table 1 Structural and physical properties of AnataseRntile structure of TiQ

Property Rutile Anatase
Crystal structure Tetragonal Tetragonal
TiO, Formula units 2 4
per unit cell
Band gap 3.0eVv 3.21eV
Lattice Constants(A°) a =4.5936 a=3.784
c = 2.9587 c=9.515
Ti-O bond length (A°) 1.949 (4) 1.937 (4)
1.980 (2) 1.965 (2)
Density (g/cr) 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 (°C) 2500~3000 2500~3000

adsorption and such performance of rutile J@uld be ascribed to a better crystallized bulk
[10-15] and surface state, which is not as mucHagbrable for a potential photocatalytic
activity. However, recently rutile TiD(R-TiO;) has drawn considerable attention that is
reflected in selective oxidation [16] of benzyl @tol to benzaldehydeageduction of m-
nitrotoluene [17] tom-aminotoluene, and other nitroorganics reductio8,12] to aromatic
amines and the experiments pointed the primaryenite of crystallinity of rutile titania on the
selectivity. Thus, photoactivity and product sekett of TiO, can also be influenced with the
change of phase from anatase to rutile. The phtatiytia activity of TiQ, nanopatrticles for
selective reduction could further be enhanced bgiltg metals like Au, Ag, Cu, Pt, Pd, and Rh
etc. In general the metal (M) deposited on theasarfof TiQ forms a metal-semiconductor
Schottky barrier that act as a trap for photoercigéectrons [2622], and thus improve the
efficiency of charge separation for improved oxiolatand reduction rate of the organic
substrates adsorbed on the surface. It is reptredhe charge separation and Fermi level [23-
25] equilibration Fig. 1) in M/TiO, composites are further affected by the amountjreasize

of distribution, Fermi energy/work function, rediect potential, [26,27] and electronegativity of
the metal deposited onto TiOThis creates future scope of research interetdad different



metals on Ti@ for organic functional group transformation basea oxidation-reduction

reaction.

Band Gap

Energy

h*
VB

h+

Other factors on which photocatalytic activity ofd} depends are particle shape, size

Fig. 2Change in band gap with the decrease in partictes s

and specific surface area. Altering the size anapshof the particle, alters the extent of
confinement of the electrons, and affects the mlaat structure of the solid, in particular ‘band
edges, which are tunable with particle size. Whendize of particle is decreased to the extent
that the relative proportions of the surface antik begions of the particle are comparable, the
energy band becomes discrete and will exhibit chalrand optical properties different from
those of the bulk material. This phenomenon is kmaw quantum size effect. Size quantization
of particles [28,29] will lead to the change in thesition of CB and VB to higher and lower
respectively, resulting in the larger energy ¢Bg. 2) between them. Therefore, it would be

possible to control the redox ability of photocgsalnanoparticles by changing their size. Titania
10



nanotubes (TNT) and nanorods (TNR) are gaining mapoe due to their exceptional features
which also includes larger specific surface area lsigher photocatalytic ability. These titania
nanostructures showed their potential in photogsi®[30,31] hydrogen sensing, and solar cells.
TiO, photocatalyst has also been used for the se&ectphotoreduction and

photooxidation of the functional groups in mamganic compounds because of its many
positive advantages over conventional syntheti¢eouOut of various organics, nitroaromatics
and its reduction products aminoaromatics have ‘nadge applications in the synthesis of fine
chemicals, agrochemicals, pharmaceutical prodémts] additives and dye products. Typically,
amino aromatic compounds are synthesized [32-34dyction of nitro aromatic compounds
using Fe, Sn, Zn, Au—Ni alloy, Au/Pt-&Ds, PU/TIO,, FeO; and ZrQ [35-40] etc. under harsh
conditions such as high temperature and pressaxe, solvents and strong reducing agents like
NaBH,. The direct reduction of nitroaromatic compounds their corresponding amino
compounds can be appreciated by a photocatalytite réhat is much more controlled,
simplified, single step and a greener process yguBiO,. The reduction of nitroaromatics is
performed by irradiating Ti@suspended in alcohol under UV light in inert atniesp.
Photoexcited Ti@ produces the electron (eand positive hole (i pairs. The alcohol get
oxidized by fiand ketone and proton is produced. The photoremtucti nitroaromatics [18] by
e produces the corresponding aminoaromatics, viaradon of nitrosobenzene (AXNO) and
N-phenylhydroxylamine (AfNHOH) intermediates as shown below:

O+ hv —>  (&h’)

(QWCHOH —X» (CH,CO + 2H

AN 2,  ARNO  + @

AN =H»  [Ar-NOH =Hy  Ar-NHOH

AHOH =M [A-NH + HO —<H»  Ar-NH
The overall reaction is expressed as follows:

Ar-NO, + 3(CH),CHOH —> Ar-NW + 3(CH).CO + 2HO
The selective reduction of nitroaromatic compoundsg TiQ, catalyst is practically

feasible because the reduction potential of th® mjtoup is below the conduction band energy
of TiO,. For example, the reduction potential [41-45] dfabbenzene (-0.5 V versus SCE) is
lower than that of the Ti©(-0.85 V versus SCE) and easily reduced to aniéind other

11



photoproducts. Also, nitro group can be selectivelyuced over other functional groups (e.g.

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

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

nitrobenzaldehyde using Au/T3Qo obtain 4-aminobenzaldehyde [4] with 99.05% @yeion

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

propanol, 2-propanol, 1-butandlbutanol) for the photoreduction of 4-nitrophend$] in TiO,

suspensions and found that 4-aminophenol was selctformed up to 92% in methanol
suspension. The solvent properties like viscosityplvent polarity, and solvent
polarity/polarisibility can substantially affectedhelectron transfer kinetics in TiOnediated
photocatalytic processes.

Thus, there is a possibility to change the prodedectivity and yield by changing the
nature of TiQ phase-anatase to rutile, surface morphology, skape, heat treatment and
solvent. Moreover, the substitution of aromatiggrin nitroaromatics by electron withdrawing
groups (EWG) and electron donating group (EDG) al$ects the yield of a particular product.
EWG lowers the electron density on a nitro groud &acilitates the conversion of the nitro
group into an amino group. Fernando Cardenas-Ligaoap [47] examined the photocatalytic
activity of 1 mol% Ag/TiQ and Au/TiQ in the gas phase hydrogenation of various para-
substituted (—H, —CI, —OCG{{—-OH —CH and —NQ) nitroaromatics. The selective —N@roup
reduction was achieved with both of these catalgstsresulted into the only production of the
corresponding aminoaromatics. The reaction proceeda nucleophilic mechanism where the
presence of EWG served to elevate the rate of gitooip reduction in nitroarenes and EDG
decreases the rate of reduction.

Advantages of photocatalytic technique than convernal organic synthesis:

() In photocatalytic reactions, heterogeneous cawbst used, which are easy to separate from
products, whereas in conventional reduction-oxataprocesses, homogeneous catalysts are
used, which are difficult to separate from the jad.

(i) Photochemical reaction is a single step reactiom,conventional reactions are multi-step
reactions.

(iif) Photocatalytic reactions occur at the ambisgmperatures [48] and pressure. So, drastic

conditions as required in conventional reactioredn@ot to be maintained.

12



(iv) Both oxidation and reduction occur simultaneousty the photocatalyst particles but in
conventional reactions different oxidizing agend aaducing agent is needed.

(v) The redox reactions by and H leave no by-product that originated in the reduicnd
oxidant; this is contrastive to conventional redeagents such as permanganate or LiAIH
which leave manganese ion or aluminum hydroxiddg, [&spectively, after oxidation and
reduction.

(vi) Greener solvent water or in some reactions, alcahaised whereas in conventional
reactions expensive solvents are used, which #reudti to dispose off.

2. Literature review
Functional group transformations using differerdgds and sizes of TiManoparticles becomes
an active area of research. Ohtani et al. [48]istlithat in most cases, oxidation steps involve
cyclization in amino acids resulting in the dehygkoation of ethanol or methanol to yield
aldehyde and follow the reduction step that indwmes/ersion of nitro and azo compounds into
an amino or hydroxyl amino group which containsehastyclic compounds without generating
any byproduct. It is reported that acyclic and ydecondary amines can be formed from
primary amines [50] bearing-methylene group by the use of Pt loaded ;TiPan et al. [51]
reported graphene-templated CdS—Ji@anosheets for enhanced photocatalytic selective
reduction of nitroaromatics. It is reported [S52§tlaerobic oxidation of amines to nitriles (97%)
under visible light irradiation was catalyzed by@ixH,O/TiO,. Shiraishi et al. [53] reported
high activity of Pt/P25 for selective photocatatytixidation of aniline to nitrosobenzene (90%)
under visible light irradiation. It is demonstratgdl] that TiQ particles with different surface
areas shows deoxygenation of styrene oxide int@rs¢gywith very high selectivity (84—95%).
Photoirradiation of Degussa P25-Ti{D alcohols containing nitroaromatics at room teragure
produces the corresponding imines with very higleldg (86-96%) was reported. Pd
nanoparticles supported on TiQuith oxygen vacancies demonstrates [55] an exutelle
thermocatalytic activity toward rapid and efficier@duction of nitroaromatics in water. It is
mentioned in one report [56] that Pt-TLi@omplex has a higher catalytic activity toward
nitrobenzene conversion than pure Pt clusters.

Dihydropyrazine (yield-20%) was synthesized [57]ings2 wt% TiQ/zeolite under UV

irradiation in acetonitrile containing ethylenediamand propylene glycol in oxygen saturated
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condition. It is reported that mesoporous Au-Ji@anocomposites [58] exhibit a higher visible-
light photocatalytic activity for photocatalytic giadation of Rhodamine B in water, than that of
the pristine TiQ nanoparticles. The enhanced photocatalytic effiyreof Au/TNT and PYTNT

is studied for methyl orange degradation [59], whi& found to reach 96.1%. Zn ions surface-
doped TNT shows an improvement on the photocatadyiivity [60] for degradation of methyl
orange in water as compared to Zn ions doped, Tm@noparticles. It was found that
photooxidation of acetone with TNTs under thernrabtment (300-700 °C), showed better
photo catalytic activity [61] than P25-Ti}OAg/TNR showed better photocatalytic activity for
the photocatalytic decomposition of acid red 44] [6& compared to TiOnanospheres and
nanorods.

Photoreduction of nitrobenzene with various catalgsves the number of products viz. aniline,
azoxybenzene, azobenzene, nitrosobenzene, N-(eyclenyl) aniline. Nitrobenzene was
reduced by using various semiconductors and yielzoxybenzene by using TiOWO;, CdS

in 11%, 41%, 28% respectively is reported [63]. &ahl reported [64] the photoreduction of
nitrobenzene by coating CdS by silica and by logdith metal on it, and the yield of
azoxybenzene increased up to 68%. Photocatalytieersion of nitrobenzene and its derivatives
to quinaldines [65] using Ag—Tin absolute ethanol is reported. Photocatalytic@#uction of
azobenzene to hydrazobenzene [66] using T8@ound to occur a& > 300 nm while loading of
nanometer-sized Pt particles on 7ZiGnduces N=N bond cleavage via “4esduction.
Arylhydroxylamines were prepared by a controlleduetion of nitro compounds using zinc
metal and ammonium chloride under ultrasonic atitwa[67] in very short reaction times.
Reduction of m-dinitrobenzene ta-phenylenediamine (yield 60%) by using Pt loadéanta
catalyst is reported [37]. In one report [68], 1;di@itrobenzene was reduced to 2-
Alkylbenzimidazoles by using bare TiOPhotoreduction of 4-nitrobenzaldehyde using O
ITiO; led to the formation [69] of 4-amino-benzaldehydéhw00% selectivity. Sedat Yurdakal
et al. reported [70] rutile TiOnanoparticles for the selective oxidation of arbenalcohols to
aromatic aldehydes in water suspensions. Selephwtocatalytic oxidation of benzyl alcohol
into benzaldehyde under visible-light irradiatioreosingle crystalline rutile Ti©nanorods [16]
was done and about 99% product selectivity waseaeli Nitrobenzene photoreduction [71,72]
by using TiQ and Ag/TIQ yields aniline with 88.5 and 84.3% respectivelgsweported.
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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 TiO, 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 tramsfiany functional groups by using bare
TiO,. However, to the best of our knowledge, the usemetal loaded Ti@ in organic
synthesis has not been studied widely despiteatsymositive effects.

2. PCA of TiO, nanoparticles for the selective photoreduction banenhanced by changing
shape and size (nanospheres, nanorods) or by lnatithg onto them, where metal acts as a
thermal catalyst and co-catalyst for functionalugréransformation.

3. Till now most of the studies have been done usimagase/rutile TiQ mixture and very few
reports are present for selective photoreductiosiagubare or metal loaded R-TLif
different shapes and sizes. Rutile nanoparticlesramorods have been recently found to be
active for selective photoreductions and photodiona.

4. Nitroaromatics having one nitro group were studi®d photocatalytic process but the
influence of another nitro group present on sametydas not been studied much.

So, it is very interesting to study the effect of bare or M-TiO, 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 Mé&t@l, nanocomposites.
(i) To study photocatalytic activity of as synthesipashoparticles.
(iif) To study the effect of rutile content of Ti@nd surface area on reduction of
nitroaromatics.

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

for preparation of bare and metal-loaded titaniaoparticles of different size and shape,
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detailed instrumental techniques used for charaetgsn and analyzing the photoreduced

samples of the studied compounds.

5.1 Materials used

Degussa P25-Ti§) Titanium tetrachloride (TiG), titanium (IV) isopropoxide, nitric acid,
sodium hydroxide, methanol, ethanol, iso-propanolpropanol, silver nitrate (AgN4D
hydrogen tetrachloroaurate (lll) hydrate (HAwWGH,O), copper nitrate (CuN$4H0),
palladium chloride (PdG), hexachloroplatinic (IV) acid hexahydrate,®4Ck.6H,O), rhodium
chloride (RhCJ), Nitrobenzene (§4sNO,), aniline (GH,N), m-Dinitrobenzene (gH4N2Oj), m-
Nitroaniline (GHeN20O,), m-Phenylenediamine ¢ElsN,), p-Dinitrobenzene (6HiN20.), p-
Nitroaniline (GHgN20,), p-Phenylenediamine @ElgN,), m-Chloronitrobenzene #E1,CINO,),
m-Chloroaniline (GHsCIN), m-Nitrobenzoic acid (€HsNO,), m-Aminobenzoic acid (&1;N),
m:-Nitrotoluene (GH7NO,), m-Toluidine (GHgN) were purchased from Loba Chemicals. 2,2’-
dinitrobiphenyl (G2HgN2O,) was purchased from sigma Aldrich, Benzo[c]cinnel(GHgN>)
was purchased from Alfa Aesar and used withouhé&rpurification. An ultra filtration system
(Milli-Q, Milipore) with conductivity 35 mho crifat 25°C was used to obtain deionized water.
HPLC grade methanol and water were used for HPLalyais.

5.2Methods for the preparation of bare TiO, and metal-TiO, nanostructures

5.2.1 Preparation of sintered TiO, nanoparticles

1.0 g of commercially available Degussa P25-i@~der was taken in a crucible and subjected
to 2 h calcination at 400, 600 and 8@in a muffle furnace. After this, the as obtairngd,
powder was allowed to cool down at room temperadémet its phase confirmation was done by
X-ray diffraction [73]. Rutile nanopatrticles (R-TiDwere obtained at 80C.

5.2.2 Synthesis of metal-TiO, nanoparticles

As prepared R-Ti@or P25-TiQ powder (50 mg) was taken in a test tube contaibing- of an
aqueous isopropanol (50 vol%) solution [74]. Anemus solution (0.01 M) of metal salts were
prepared and subsequently added to above testtutesponding to its 0.2-1 wt%. For 1 wt%:
256 pL of HAUCL3H,O, 468 pL of AgNQ, 787 pL of Cu(NG).4H,0, 256 L of
H,PtCk.6H,O, 465 pL of PdGland 495 puL of RhGlwas added into the test tube. The test tube
was sealed with a rubber septum, purged with agganfor 15-20 min and irradiated by UV
light (125 W Hg arc, 10.4 mWch) under constant magnetic stirring for 2 h in atpbbemical
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reactor. Thus obtained solution was centrifugegeatedly washed with distilled water and
ethanol, and dried in oven at 8D for 30 min.

5.2.3 Synthesis of R-TiO, nanorods (RNR)

Pure R-TiQ nanorods were synthesized through a seed-mediatagthy process [75] by
hydrolysing TiC}, in highly acidic aqueous solution. Typically, 2@ raf aqueous TiGl (3 M)
was added into 35 mL of nitric acid solution (15.Nhe mixture was refluxed for 24 h at 120
°C. The residue thus obtained was centrifuged, @dhsiiree times with dilute nitric acid solution
at pH=1. The centrifugated solid was then redisggkis dilute nitric acid solution (6 mL) at
pH=1.

Then a growth solution of dilute Ti£(0.3 M) was prepared and 20 mL of it was added int
above seed solution and refluxed for 24 h at 120T*@ residue thus obtained was centrifuged,
washed as mentioned above and dried in hot air av&a-80 °C for 3-4 h.

5.2.4. Synthesis of anatase nanorods (ANR)

ANR were synthesized by a hydrothermal methocepsrted elsewhere [76]. Briefly, 4.73 g of
P25-TiG, was mixed with 72 mL of NaOH (10 N) and then satgd to hydrothermal treatment
at 130 °C in a Teflon lined autoclave (80 mL catyador 20 h. The obtained slurry was washed
repeatedly with 0.1 N HN§followed by water and methanol, and dried in adiooven at 70-
80 °C for 3 h. 3.2 g of obtained particles werdghier dissolved in 64 mL of water and the
resulted slurry (pH= 5.6) was autoclaved at 17501C48 h. Thus obtained ANR were filtered,
washed with water and ethanol, and dried in hovw#n at 70-80 °C for 3 h.

5.2.5 Synthesis of anatase nanoparticles (ANP)

ANP were synthesized by sol-gel [77] method. TyilyceD.1M titanium (IV) isopropoxide
solution was prepared in 150 mL of iso-propanolother solution of measured quantity of
water and 150 mL iso-propanol was also preparedh Bolutions were separately sealed and
subjected to rapid magnetic stirring so as to obktmimogeneous mixtures. The water solution
was then added drop wise to the 0.1M titanium (BHpropoxide solution under continuous
magnetic stirring for 5 h. This resulted into hylgsts of titanium (IV) isopropoxide and white
colored precipitates were formed. These as obtginecipitates were filtered and washed thrice
with deionized water and dried at 80 °C. The powies obtained was calcined at 450 °C for 2 h

and named as ANP catalyst.
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5.3 Characterization: Sophisticated instrumental techniques had beeniedarout to
characterize titania nanostructures to get an aldheir 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 refleetabsorption of as prepared bare and metal
deposited samples in the UV/visible region, anddetermination of their band gap (Eg). The
analysis has been ckvantes Diffuse reflectance spectrophotometeiSample (2-5 mg) was
taken on a glass slide and the light source prohas mlaced over the sample to record its
reflectance/absorbance spectra by using BaS@ reference.
Bandgap calculations of as prepared samples were ldpusing Tauc relation [9,10],

ahv = A(hv - Ey)"
wherea is the absorption coefficient of the materialstihie Planck constant;is the frequency
of light, A is a constant andgks the band gap of the material, exponent n istype of the
transition (n = Y% for direct, 2 for indirect ban@p). The exact value of the band gap is
determined by extrapolating the straight-line mortofahv versus fgraph to the x-axis.
5.3.2 X-ray diffraction analysis (XRD)
This technique was used to study the phase congrosstructural variations and crystallinity of as
prepared samples. The studies have been carridiyausing X-ray diffractometer byANalytical
X'Pert PRO with Cu-Ko (A = 1.54060°A) radiation operated at 45 kV withie tiange of 20-80°.
XRD samples were prepared by grinding dried ;Tg@wder in a pestle and mortar to form fine
powders.
The fraction of rutile in each sample was calculdig using Spurr equatih

% Rutile = 1
1 + 0.8[h (101) / k(110)]

where ) is the intensity of (101) peak angli$ the intensity of (110) peak.
The average size of the particles was calculatedjilse Scherrer’'s equation [13];
L = kA coso,
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where L is the average particle size, k is a congth0.9,A is the wavelength of X-ray (1.5418 A°),
B is the Full-Widths at Half-maximum (FWHM) of thék]) diffraction peak and is the Bragg
angle.
5.3.3 Surfacearea analysis (BET)
BET surface area analysis was carried out in dalareasure the specific surface area of the solids.
The analysis of the porous surface was carriedpWN, adsorption/desorption techniques at 77 K.
Adsorption isotherms were determined usin§maartsorb 92/93instrument after preheating 100
mg of samples at 15€ for 1 h using MHe :: 70:30 as calibration gases at cryogenic &atpre..
5.3.4 Photoluminescence measurement (PL)
Photoluminescence technique deals with the tramsitfrom the excited state to the ground state,
complementary to UV-Vis spectroscoferkin-Elmer LS55 spectrofluorimeter was used to study
the possible defect and emission in as preparez dvad metal deposited titania nanoparticles. For
PL analysis, 1mg/mL ethanol suspension of as peepbsamples was photoexcited at 320 nm with
xenon lamp at room temperature by using a slittwift 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 anol $ome extent to evaluate the finest structural
details and statistical distribution of sizes ahdpes of the particles in sample. The samples were
prepared by depositing a drop of a dilute ethangpeatsion of nanoparticles on carbon-coated
copper grids and allowing the solvent to evaporapdly. The TEM analysis was performed on
Hitachi 7500 modelwith resolution 2°A operating at voltage 120 kV.
5.3.6 Timeresolved spectroscopy (TCSPC)
The time resolve photoluminescence spectra was urezhdy time-correlated single photon
counting (TCSPC) set up isdinburgh FL920 model at room temperature on excitation with
diode lasers at 390 nm in ethanol suspension. Vamge lifetime 1), is related to band edge
lifetime t1and trapping or defect’s states given by the falhgnequation [5],

Ta= (QT+aT)/ata

where,a, anda.,denote the amplitude of band edge excitonic anping state emission,
respectively.

5.4 Photocatalytic activity

5.4.1 Photoreduction studies
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The photoreduction of various nitroaromatics (TahlE) was carried out in a test tube containing
bare or M/TiQ powder (50 mg) suspended in 5 mL aqueous isopmdp&0® vol%) and nitro
compound (25 umol) using UV light irradiation (128 Hg arc, 10.4 mW/cR) under argon

atmosphere and continuous magnetic stirring fdeht time intervals.

Table 1 Nitroaromatics studied for photoreduction usingaas titania catalysts

S. No.| Substrate studied rdelucts analyzed
NO, NH,
@ P25-TiQy, R-TiO,_ @
1
N02 N02 NH2
P25-TiQy, R-TiO,
2 M/P25 M/R-TiO,
NO, NH, NH,

NH,
NO,

P25-TiQ, R-TiO,

a s

NH,

-

NO,
P25-TiO;, R-TiOE

ANP, ANR. RNR

s

NO,
NH,
NH,
P25-TiG, R-TIiO, @\
cl
NH,
i “CHj

CH3

NO, NH;
P25-TiG, R-TiOZL

ANP, ANR, RNR
COOH COOH

at
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e e, O, C
o8 OE OE
I NH;
! NH,

The reaction solutions obtained after photoreductvere analyzed by different techniques
described below:
5.4.2 High Performance Liquid chromatography (HPLC): spectra were acquired #gilent
1120 Compact LCequipped with a Qualisil BDS C-18 column (250 mm.8 mm, 5 um), at
= 254 nm with flow rate 1 mL/min. The eluent cotesisof: 70% methanol, 30% water aqueous
solution. The reaction sample was centrifuged dtetdd through cellulose filter (0.22 um) and
20 pL of it was injected into the HPLC. The retenttimes of the compounds were compared
with those of authentic samples.
5.4.3 Gas Chromatography-Mass Spectroscopy (GC-MYS): spectra were measured $fimadzu
GC 2010 and MS QP 201®lus equipped with RTX-5 Sil MS column (30 m x®®2m i.d.).
Injection temperature was 270 °C, injection modes \split less, injection volume was 1 pL
taken by using a 10 pL syringe, electron ionisati@tector with temperature 310 °C, oven
temperature was 100 °C, and carrier gas was hekitmflow rate 1 mL/ min. The reaction
solution (5 mL) obtained after photoreduction of BMN was subjected to centrifugation,
filteration (cellulose filter 0.22um), and then evaporated to dryness over rota-easgor
Residue was dissolved in acetonitrile (5 mL) andated (1uL) for GC-MS analysis.
5.4.4 Nuclear Magnetic Resonance Spectroscopy (‘*H NMR): spectra were recorded deol-
400 (H, 400 MHz) spectrometer at ambient temperature using GB@€Isolvent. Chemical
shifts are reported in ppm from the solvent resoeaata are reported as follows: chemical
shift, multiplicity (d =doublet, dd =double doubleh =multiplet, t =triplet, bs =broad spectrum),
coupling constants and number of protons. Reastbution from five test tubes was collected,
centrifuged, filtered by cellulose filter (0.22n) and evaporated to dryness over rota evaporator.
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Residue was dissolved in CQQJ0.5 mL) for NMR analysis. The NMR spectra of aaittic
samples were taken by dissolving authentic DNBPnigyp and authentic BC (10 mg), separately
in CDCk (0.5 mL).

5.4.5 Gas chromatography (GC): The amount of acetone in the liquid phase wasated by
Gas chromatograpBfuker SCION 436-GC equipped with a fused-silica capillary column
(BR-1, 10 m, 0.53 mm)] and flame ionization detecide column oven temperature was kept at
50 °C for 1 min, temperature programmed at 10 °G/ap to 250 °C. The injection port was
maintained at 230 °C, and the detector was madiazt 230 °C. All the samples were studied
by injecting 0.1uL (using 1uL syringe) of the sample solution with nitrogensasarrier gas at a
constant flow rate of 1 mL/min. The reaction santi1 cni) was added to a chloroform/water
mixture (2:1 v/v, 3 cri). After the mixture had been stirred for 10-15 macetone in the
chloroform phase was analysed.

The detection of C@evolution during the photoreduction of nitroaroiostwas determined by
injecting 1 mL of gaseous mixture from the reacti@ssel (gas tight test tube) iMtJCON-
5765 GCequipped with Thermal Conductivity Detector (TCDdaPorapak-Q column (2 m x 2
mm i.d.) having flow of nitrogen (30 mL/min) asrgar gas. Column oven was maintained at 40
°C while injector and detector were isothermallytkatp70 and 86C, 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 pmesswercury vapour lamp that emit light at
254 nm wavelength. Thelg lamp (125 W; intensity 10.4 mW/cfh was connected to power
cords and set inside a quartz tube having a watde} outside as shown in Fig. 3. A constant
flow of cold water was circulated in the outer jacko make it cool for longer time. A 15 mL
capacity test tube containing 5 mL of reaction damyas placed at a distance of 2-3 cm from
light source under magnetic stirring. The distahedveen magnetic stirrer and UV lamp was
minimized in order to get optimum flux. This entget up was placed in a wooden box to prevent

the UV exposure as a safety purpose.
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Fig. 3Photocatalytic UV reactor set up
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Chapter 2: 100% selective yield of m-nitroaniline by rutile TiOz and
m-phenylenediamine by P25-TiOz during m-dinitrobenzene
photoreduction

NH,

(4D [:i:]\
10l
NO V NH,
m- Phenylenediamine (100%o)
Ruh—fe..

. NO,
NO, H@@m
m-Dinitrobenzene
NH,

m- Nitroaniline (100%)

* Reaction conditions: 50 mg Ti0O, in 50% aqueous isopropanol and 125 W Hg
arc exposure
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2.1 Introduction

Aromatic amino compounds, suchraphenylenediaminentPDA) andm-nitroaniline -NA)
are important intermediates [1,8 pharmaceuticals, food additives, agrochemieaidd dye
products. Typically, these are synthesized [3-8tdnjuction of nitroaromatics using Fe, Zn, Sn,
Au—Ni alloy, Au/Pt-AbO3, PUTIO,, FeOs and ZrQ etc. under harsh conditions such as high
pressure and temperature, toxic solvents and stredhgcing agents like NaBHwhere metal
nanoparticles transfer the electron [9] from negdyi charged Bl to the nitro compound
leading to its reduction. Generally, reductiometlinitrobenzener(-DNB) to m-PDA proceeds
via formation ofm-NA, and the main challenge lies in the selectivadpction ofm-NA where
the reduction [10,11] of both —NQroups favourably produee-PDA. Therefore, finding an
effective technique for the synthesisneiNA or mPDA fromm-DNB under ambient conditions
is of great industrial importance. The direct reduc of nitroaromatic compounds to their
corresponding amino compounds can be appreciatadpbytocatalytic route that is much more
controlled, simplified, and a greener process. dgitganics reduction by irradiated Ti@G a
practically viable [12-16] because of the highenawction band energy of T(-0.85 V)
relative to -0.5 V vs SCE o6fNO, group preferably reduced over aceto, cyano, adehgte
functionality present in the same compound. It basn found in literature that nitrobenzene
(NB) was generally reduced [17-21] to aniline, agmlnzene and azobenzene by CdS,;\4i@l
P25-TiQ, under UV light irradiation, whereas ZnO patrtictgsnerate hydroxylamine [22], and
core-shell SIQ@Rh-CAS nanocomposites [23] produced 70% azoxybenzeder 436 nm light
exposure. Therefore, activity/selectivity of nitrganics can be controlled by controlling the
reaction conditions such as choice of catalyst,enstcomposition and phase and choice of
solvent. It is revealed that partial reduction afeo-NQ group of mDNB to m-NA, and
immediate further reduction of the second -ld@up tom-PDA can limit the selectivity of P25-
TiO,. Recently, rutile TiQ (R-TiO,) has attracted attention because of its supebitityathat is
reflected in selective oxidation [24] of benzyl@thol to benzaldehydeynitrotoluene reduction
[25] to maminotoluene, and other nitroorganics reductidhd2] to aromatic amines. Thus, R-
TiO, possessing low and slow reactivity could be effector NA yield over PDA formation.
Herein, we demonstrated for the first time the phbatalytic reduction oim-DNB in iso-
propanol suspension by R-Ti@hat displayed 100% yield of-NA in comparison to negligible
activity for NB reduction, whereas, anatase-rutiiged P25-TiQ produced 100%-PDA vyield.
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2.2 Experimental section

2.2.1 Preparation of sintered TiO, samples

The catalysts were obtained by sintering commei2egussa P25-Tigat 400, 600 and 800 °C
as per discussed gaction-5.2.1 of chapter 1.

2.2.2 Characterization

The characterization of as prepared J8amples was done by XR@ection-5.3.2) and BET
(section-5.3.3) techniques as mentioned in detailedhapter 1.

2.2.3 Photocatalytic study

Photoreduction of NB om/p-DNB (25 pmol) was carried out with as preparedesed TiQ
samples as per procedure giverseaion-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 @&ction-5.4.5) technique as given in chapter 1.

2.3 Resultsand discussion
2.3.1 Structural analysis of catalysts
The rutile phase of sintered P25-%i®as confirmed with XRD spectra as shown in Figntl
the peaks at@®@= 27.5°, 36.5°, 41°, 54.1°, 56.5° are assignets tautile phase. The fraction of
rutile in each sample was calculated by using Spguation [28]
% Rutile = 1
1+ 0.8[lh(101) / R(110)]

where k is the intensity of (101) peak anglit the intensity of (110) peak. With the increase
sintering temperature from 400-800 °C, rutile cohtecreases in P25-Tigand pure (99.4%) R-
TiO, sample was obtained at 800 °C. The BET surface amalysis exposed that surface area
decreases from 567" of P25-TiG to 18 nfg™ for pure R-TiQ with increased rutile contents.

2.3.2 Photocatalytic activity of sintered P25-TiO, catalysts

The various solventsviz. methanol, ethanol and n-propanol have been teftedthe
photoreduction om-DNB by R-TiO, using 8 h of UV light irradiation (Fig. 2a). Amomwgrious
solvents, iso-propanol proved to be the best medari00% selective yield afvNA, where
46% m-PDA formation took place in ethanol. The highelehgcavenging ability of iso-propanol

(secondary alcohol) as compare to other solvemitmgpy alcohols), avail more and more free
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electrons for reduction proce
and makes it a suitable solvent
the selective reduction of variol
nitroaromatics [8]as reported i
literature.Fig. 2b showed them-
DNB (25 pmol) is selectivel
reduced to 100%m-PDA (25
umol) by anatasedtile mixed
P25-TiG, catalyst and thereaft
decreases with graduakrease ir
m-NA vyield as a function c
increased rutile content, a
reached to 1009%-NA vyield by
pure (99%) R-TiQ after 4 h UV
irradiation.

A comparative HPLC pattel
(Fig. 3 shows a clear separati
of mPDA (k =2.9 min), m-NA

(tr=3.6 min) andn-DNB (tr=4.6
min) peaks in a mixture (5 mh
of authentic samplegFig. 3a),
m-DNB reduction by R-TiQfor
8 h irradiation (Fig. 3bjlisplayed
m-NA formation at & =3.6 mir
and mDNB reduction byP2t-
TiO2 displayedn-PDA formatior
at & =2.9 min (Fig. 3c).The
amount ofm-DNB reduced is als
subsequently decreased bece
of the low photoactivity

The amount om-DNB reduced is

tg=3.6 min , tg =4.6 min
. |mDNB @
L[\
\\
i
(b)
(c)
o 1 2 3 4 5 6 1

Retention Time / min

Fig. 3 HPLC pattern of (ajnixture of authentim-DNB,
m-NA, m-PDA (25 pmol each) anphotoreduction ofn-
DNB (25 pmol) (b) with R-TiQ producesm-NA (25
pmol) during 8h (c) with P25-Tigproduce m-PDA (25
pmol) during 4 h UV irradiation.

2s |
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Fig. 4 mDNB photoreduction(25 pmol) by FTiO;
(50-200 mg) in isgropanol for 8 h irradiatio
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also subsequently decreased because of the lowattivity of R-TiG. Fig. 4 demonstrated
that mNA vyield is highly improved with the increased amo of R-TiG, and exhibits
maximumm-NA vyield by 50 mg catalyst, and beyond this amotm second —N£group ofm-
NA starts reducing to give+PDA as the final product. This can be well expdgiron the basis
of availability of higher number of active sitesratile TiO, for interaction with nitro group that
resulted in rapid reduction of both —p@roups.The amount oin-DNB is gradually reduced
with increased amount (17.9 pumol) wENA along with little amount (3 pmol) om-PDA
produced by P25-Tigduring 2.5 h UV light irradiation and thereby;NA gets converted into
100%m-PDA (25 pmol) after 4 h light exposure (Fig. Sacbntrary, complete reduction iof

Amount/ pmol

Amount/punol

m -PR A

T ¥ L ¥ L} ¥ L] L

0 1 2 3 4 0 2 4 6 8 10 12 14 16
Time Time/ h

Fig. 5 Time course om-DNB reduction by (a) P25-Ti£and (b) R-TiQ under UV irradiation

DNB to m-NA by R-TiO; is clearly observed after 8 h reduction and tHezearadiation (> 8 h)
led to less amount of-PDA formation as shown in Fig. 5bhe efficiency of -N@reduction to
—NH, group is further verified by simultaneous analydisicetone formed [11] during oxidation
of iso-propanol under photoirradiation. It foundatttthe amount of acetone formed is higher
when both the -N@groups are reduced -PDA than one —N@reduction tan-NA formation

as evident in the differences in peak area/heifhtetone ¢=1.2 min) in the GC chromatogram
(Fig.6).

The GC-MS analysis revealed that a single sharg ge =5.5 min (Fig. 7a) fom-PDA and at

tr =8.1 min form-NA (Fig. 7b) production by P25 and R-Ti@atalysts, respectively, evidencing

cent percent yield and selectivity of the obtaiqgdducts whose mass (Fig. 7c¢ and 7d)
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fragmentation is also matched with t

respective authentic samples , confirme

the purity ofmtNA andm-PDA. Thus it
was found thatm-DNB efficiently and

selectively reduced by the increass

percentage of rutile content and reached 60000

to the highest rate by pure R-Li@s
compared to no appreciable reduction
NB under low intensity of UV light.
These findings are little different fron
the selective reduction [25] of -N@ —

NH, groupby R-TiO, particles (obtained
from P25-TiQ with HF dissolution)
using high power Xe lamp (2 kW, 27.
W/m?) illumination. This fact suggest:
that the substituent and the position of

NO, group on the NB ring have a

important role in the reduction proces

because the electron withdrawing grou
that lower the electron density on a
NO, group present ormeta position

favour the rapid conversion of the —p(
into —NH, group and hence reduce th

nucleophilicity of the resulting+NA as
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Fig. 6 GC pattern of (a) mixture of authentic acetd
y and toluene (1:1 v/v) and acetone produced duhiag
photoreduction om-DNB (25 pmol) into (b)mPDA
€25 pumol) with P25-Ti@ during 4 h UV irradiation
(c) mNA (25 pmol) with R-TiQ during 8h UV
irradiation.

observed inmDNB reduction by P25-

TiO,. As the—NO, group inpara position imparted less electronic induction thegta —NO,

group, the selectivity op-DNB (24 pumol) reduction tg@-NA (17 pmol, 69%) is notably

decreased without any production @PDA by R-TiG. This impact of —N@ substituent are

further supported by the fact that alm

ost no radacfl-2 pmol) of NB to aniline (1 pumol)

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

phase has higher catalytic activity, hen

ce, 25 Yo¥idNB is reduced to 20 pmaoh-PDA (82%)
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respective structural formuli(inset).

and 5 pmop-NA (17%) relative to 14 pmol reduction of NB tquénol aniline (66%) formation

only after 4 h UV irradiation. Further, photoredant of m-chloronitrobenzene by P25-TiO

gives m-chloroaniline (25 pmol) in 4 h, whereas R-7Ji@ives less yield ofm-chloroaniline (4

pumol) in 8 h as-CI group is weakly electron withdrawing as compere-NO, group which

signifies that effect of different substituent et onmeta position will also influence-NO,

group reduction rate.

The measured surface area 56 hof P25 is notably reduced with increased rutiletents

on increasing sintering temperature i.e., 38, 3DEhnfg” at 400, 600 and 800 °C respectively.
Therefore, althoughm-DNB reduction rate is decreased from 6.25 to 3JutRol/h, till the

selectivity of m-NA vyield is considerably improved because of tmastic changes in surface
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electronic properties of R-TiOwith increased crystallinity [29] where fewer defesites
appeared to promote-NA formation. The low photoreactivity of R-Tinay probably due to
less surface OH concentration leading to pooread3orption essentially required for proficient
capturing of photoexcited electron [30-32] and egrexhibits fast recombination of-b" pairs
relative to P25-TiQ catalyst. Many studies [24-33] have revealed striang oxidation of Ti@

at elevated temperatures leads to the formatioa afetal-deficient oxide and predominant
defects in TiQ are oxygen vacancies that are important reactgenta for many surface
reactions and thereby enhanced the photocatalgticits due to mid gap induced states. The
active sites for —~N@reduction on R-Ti@ are the Ti* atoms [26,33] located at the oxygen
vacancies on the R-TiBurface behave as the adsorption site for DNB hadrapping site for
conduction band electrons. Experimental resultsveldothat rutile particles possess {011} and
{110} faces, and the anatase particles exposed {9ti} and {011} crystal faces, where the
electronic energy levels of the {110} face are fduo be lower than {011} face helping the
quick separation of photoexcited electrons andshfethe rutile [34,35] than anatase patrticles.
This variation in surface energy of the conducaon valence band of different crystal faces and
their atomic arrangements thus affect the,IpBotoreactivity; hence facilitate the nitro-to-ami
conversion by the surface-trapped electrons, emgisiNA formation.

2.4 Conclusions

It is demonstrated that both the P25-7@hd R-TiQ could be potentially utilized for the
selective reduction of nitroaromatics possessingifmactional reducible groups iartho, meta
and para position without any control of irradiation tim&hus proper selection of electron
donating or withdrawing substituent’s in the aramamhoiety would be highly beneficial and

have a wide scope of several other desired prodoaistain.
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Chapter 3: Influence of coinage and platinum group metal co-
catalysis for the photocatalytic reduction of m-dinitrobenzene by
P25 and rutile TiO:
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3.1 Introduction
Mixed phase P25-Tipossessing a high surface adsorption affinity, nspexific surface area,
hydroxylated surface morphology, and better chaearation by rapid electron transfer from
rutile (3.0 eV) to anatase (3.2 eV) crysmahkes it superior photocatalyst-H] for many
applications. Whereas, pure rutile BiR-TiO,) phase is generally regarded as less photoactive
because of less surface OH concentration and p@pradsorption essentially required for rapid
capturing of photoexcited electrohtence, exhibits fast recombination ahé pairs [6-11] that
reduced the R-Tigphotocatalytic activity (PCA) relative to P25-TiCatalyst. Recently, Tigs
utilized for selective reduction of nitroaromatidgnzonitrile to benzylamine, nitrobenzene to
aniline and aryl azides to amines etc. and oxidatibalcohols to aldehydes, benzene to phenol
[12-17] etc. under UV light irradiation. It revealedatithough better PCA was achieved by
either pure anatase or mixed P25-J¢@/stals generally give a mixture of product disition,
however, desired selectivity in organic conversggonot obtained in many instances. Hence, R-
TiO; is recently employed [121] for the selective oxidation of benzyl alcohmbienzaldehyde,
reduction of nitrobenzene to aniline}nitrotoluene tom-aminotoluene and nitroorganics
reduction.

As R-TiQ; is less active and more selective than anatasgiP2&es longer duration of
light irradiation for reduction of nitroaromatias also mentioned in our previous [22] report; R-
TiO, gives 100% selectivity and yield ofnitroaniline (m-NA) formation after 8 h irradiation as
compared to 3-4 h irradiation in case of P255Ti@hich producesm-NA and m-
phenylenediaminan¢PDA) duringm-dinitrobenzenen(-DNB) reduction. The PCA for selective
reduction can be further improved by Fe, Au, Ag, €t Pd, Ru and Rh etc. deposition onto
TiO, as evident iphotooxidation [2326] reactions. Generally metal (M) deposition o®Ti
surface forms a metal-semiconductor Schottky hathat serves as a trap for photoexcited
electrons [27#29], and thereby improved the charge separatioicig@ity for enhanced
oxidation-reduction rate of the surface adsorbeghmic substrates. This charge separation and
Fermi level equilibration in M/Ti©Q composites are reported to be influenced by tharea
amount, size of distribution, reduction potenti®lermi energy/work function [30] and
electronegativity of the deposited metal as degigteScheme 1. Metals which have lower
reduction potential than the conduction band/Feznergy of TiQ are preferred, as more and

more electrons get transfer to the metal and futthéhe reacting species and alter the reduction
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efficiency. Although a few Fermicnergy
reports such as M (eV)
. . E (SHE
TiO,/CdS composites (M = ( ) Ag [5.49
Pt, Pd, Rh and Fe) werg | 1 - e e — Au |5.52
. ) e — Pt |5.91
studied for selective -0 CB A
_ _ E; —— Pd | 6.07
conversions [31] of lysine -+1 Rh 6.35
to pipecolinic acid 42 £ —— Cu| 7.00
formation, however, the +3
it VB
effect of the different nature . ¥ WY
of metal loading on Ti@ | L TiO,
for selective reduction of gcheme 1Schematic illustration of Fermi level equilibatiand
nitroaromatics is not| charge transfer process occur at various metajiniérfaces.

reported so far.

Hence, present research highlights the comparatifect of coinage (Au, Ag and Cu)
and platinum group (Pt, Pd and Rh) metals co-cstmlgeposition onto P25 and R-Fitr
improving the PCA form-DNB reduction to optimize the product selectivagd yield upon
shorter duration of light illumination.

3.2 Experimental section

3.2.1 Preparation of R-TiO, nanoparticles

R-TiO, nanopatrticles were prepared by a standard metBote@orted elsewhere [22] and
mentioned irsection-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-%i@r P25-TiQ powder was done by using a
photodeposition technique [32] as mentionesention- 5.2.2 of chapter 1.

3.2.3 Characterization techniques

As synthesized M/Ti@samples were characterized by DR&t{on-5.3.1), XRD (section-5.3.2)
BET (section-5.3.3), PL (section-5.3.4) and TEM gection-5.3.5) techniques discussed in detail in
chapter 1.

3.2.4 Photocatalytic activity for m-DNB reduction: Photoreduction om-DNB (25 pumol) was
carried out with bare or M/TiQpowder as per procedure givensection-5.4.1 (chapter 1).
Reaction samples were analyzed by HR&&tion-5.4.2) and GC-MYsection-5.4.3) techniques
as given in chapter 1.
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3.3 Results and discussion

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

Fig. 1a shows the absorption spectra of differeetats (1 wt%) photodeposited P25-FiO
powder samples. The bare P25-Ti€ample exhibited a strong peak at 386 nm, which is
attributed to the electronic transition from oxyggmorbital’s in the valence band to the titanium
3d orbital’s in the conduction band. In comparisorP25-TiQ, the absorption onset in slightly
red-shifted to 403 nm in Cu/Tiand thereby varied to a little extent due to chamgnsfer
transitions between the metal ion electrons andlt@e conduction, depending upon the nature
of M deposits over Ti@surface. However, Au and Ag loading displayed aratteristic surface
plasmon resonance (SPR) band at 450 and 550 npectesly.

During UV light irradiation, the adsorbed metahsoon TiQ are reduced by the photoexcited
electrons in conduction band as"™M ne — M?, and randomly deposited over the surface. It is
well reported [3335] that Ad*, Ag", Ci#*, Pt*, Pd* and RR" ions are generally reduced to
their metallic state because of their suitable cédn potential/work function that lies below the

conduction band position of TgOHence, photoreduction of metal ions onto theeesype

1‘5_ ; —8—P25 TiO,~ 386 nm —e—Au/P25 =378 nm
(a) ' —4—Ag/P25 = 374nm —— Cu/P25 =403 nm
.:. —e—Pd/P25 = 392nm —¢—Pt/P25 = 388 nm
’:“,:‘ ' Rh/P25 = 380 nm
9;1.0-
()]
8]
=
]
. <
3 0.5-
O
<€
0.0

I I I I I I I
300 350 400 450 500 550 600 650 3 ,
Wavelength (nm) L

Fig. 1 Absorption spectra of different (a) metal (1 wtél@posited P25-Ti©@powders and
(b) their colors.
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—a—R-TiO, =413 nm (b)
——Ag/R-TiO, =416 nm
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—v— Cu/R-TiO, = 412 nm
——PYR-TIO, =407 nm
—&—Pd/R-TiO, =406 nm
—— Rh/R-TiO,= 408 nm

-

U/R-TIO

)

Absorbance (a.u
o o
)] o
1 1

2
o
1

T T T T T T |
300 350 400 450 500 550 600 650
Wavelength (nm)

Fig. 2 Absorption spectra of (a) 1 wt% metal depositedertitania, and (b) their corresponding
colors

titania nanoparticles led to a significant chanmg#heir colors, as shown in Fig.1b.

As shown in Fig. 2a, the absorbance onset at 413on bare R-TiQ does not induce any
notable shift even after metal deposition, whichdafirmed by the limit in color variation from
light grey to dark grey (Fig. 2b). The decreasentensity of absorption edge at 340 nm of R-
TiO, relative to P25-Ti@is due to enhanced scattering of light by larggstadlites [36] formed
by the calcination of P25-Ti)owing to the difference in surface morphologeystallite size,
phase structure, and compositions.

The band gaps of bare and various metals deposateghles were calculated by using
Tauc relation [37], which is given lmhv = A (hv - Ey)", whereu is the absorption coefficientyh
is the photon energy, A is a constant agdsihe band gap of the material, exponent n is the
type of the transition (n = Y% for direct, 2 for irett band gap). The exact value of the band gap
is determined by extrapolating the straight-linetipo of ahv versus k graph to the x-axis. It
can be seen from the Fig. 3a that Au/P25 exhilatellgap energy 3.38 eV and Pt/P2Ssess
band gap of 3.24 eV relative to 3.2 eV for pure-#R&3, sample. While metals loading did not
modify the band energy relative to 3.0 eV of pur@iR, and comparative changes in band gap
energy between different M/P25 and M/R-Fifdd not demonstrate any significant difference

except Ag, Au and Cu loading which increased thedlgap energy in a small extent relative to
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Fig. 3 (a) The plot of ¢hv)*? function versus the band gap energy of various podedeposite
samples. (b) Variation in the band gap energyuoé @nd metal deposited samg

bare TiQ as observed in Fig. Z Ag, Au and Cu loading which increased the bandegagrgy in
a small extent relative to bare T, as observed in Fig. 3b.

The photoluminescence (PL) spectra in Fig. 4a sHothat P2-TiO, exhibited a set of the
emission bands in the range of -550 nm indicated thatommercial available P25 material
not much crystalline due tine presence of many surface de sites. The band at 404 nm
attributed to baneédge emissic; originate from the recombination of photoexcigdectror-hole
pair's and the emission bands at 423 nm, 446 ni,dBis assigned to shallc-trap state near

absorption banddge emissiorcorrespond to the presence of oxygen vacar[38] whereas,

@) 423 446 2 :—o— P25TiO,| 3004 (b) AR5 s 2i ——RTIO,
460 £ 5 .
400+ g |—=— AuP25 460 E | R AuEERG,
. 3 i—v—CuP25 | ~ 2504 a1 —¥— CuRTIO,
g 8 l——Pd/P25 g 3§ —+—PdIR-TIO,
‘ 486 g
il g l——Rn/P25 e 8 | = PUR-TIO,
g
= g |—e—PUPS | 3 - 2§ —o—AgRTIO,
c —— 5 1904 2 i
2 2004 By & NAF% | § /\y\ 2 | ——RWR-TIO,
= =
_ —1 100
a o 530
100 0 (\
y .
0k =] 0+
1 1 I L 1 1 1 1 I I T 1
350 400 450 500 550 600 350 400 450 500 550 600
Wavelength (nm) Wavelength (nm)

Fig. 4 Change in photoluminescence spectra of (a) P25@ndutile after 1 wt% loading ¢
different metals.
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1 wt% Pt/TiQ and (f) 1wt% Pt/R-TiQcomposites.
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bands at 486 nm and 530 nm corresponds to the tdepstates far below the band edge
emissions and collectively called surface statessimms. These charge carriers are generally
trapped by oxygen vacancies and surface hydroxgigg, which contribute in their visible
luminescence [39]. After deposition of 1 wt% M onbe TiQ surface always quench the PL
intensity depending on the kind of M deposits, veh&g and Pt loading led to a maximum
reduction in PL intensity as compared to Au deparsiand bare P25 catalysts. While Rh, Pt and
Ag deposition displayed higher PL quenching relatw bare and Au loaded R-TiOrhis could

be attributed to effective shuttling of photogemedaphoto generated charge carriers from,TiO

surface to deposited M islands

that prevent the recombination ‘T, ss=255m P25 TIO) Av.sie=12mm  CIRTO,

H ..... (

shown in Fig. 4b and the 2 m x  ®  ® % W MW o 3 W 1
Particles size (nm) Particles size (nm)
Av.sizeof Au=4nm [ AWP25TiOy ¢ AV-sizeof Au=561m ] AWRTIO,

.......

o 51 o)
. g [

0
1

and hence quench the PL

S
!

emission. Similar defects have

w
r

been observed in case of R-EiO

No. of particles

[
n

except the band at 404 nm as

intensity of emission peak at 423

nm is higher than that of 400 nm i”’; 0] 2

indicates that the M/Ti® ‘(éi : %;4_

nanoparticles  having  more &, “iz

surface states dominate theﬁi .......... F Zl_

excitonic emission. epﬁ B T T T r T
TEM photographs in Fig. 5 Particles size (nm) Paticles size ()

revealed that pure P25 and R- ;Ammrp?éfm e s.AV'Simm.iSim T

TiO, having size around 25 nm Léj é“'

and 122 nm. This large <* %3'

difference in the size distribution 2 2?

of P25 and R-Ti@Qwas probably 1 SIS . oll ‘ ‘ ‘

due to the induced growth of 5 P:rﬁclm;size(]:m) TP ' ;arﬁcle;sizs(n;l)

crystalite  size  after  high Fig. 6 Size distribution P25, rutile and 1 wt% Au & Pt
temperature calcination at 800loaded TiQnanocomposites.
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“C. Many smaller Au nanoparticles of average sizemdand ~5 nm were found to be uniformly

deposited over P25-Tigand R-TiQ surface, respectively, while Pt nanopatrticlesiogé -6 nm

were found to be homogeneously distributed on k& TiO, (evaluated by considering 20

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

that the characteristic mixed anatase-rutile PZB,and rutile TiQ phase has been observed

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

diffraction peak because of their low concentratiothe sample.

15000 .
R R=Rutle
A=Anatase
R
R RTIO
R >
) L U
10000 . IS S
- A
3 QuTIQ
> P, v .- A
‘N
< A AJTIO,
E 5000 v, _NA_ AL
A Au/'l'lO2
A P25T|Q
O ! | | ! A | !
20 30 50 60

40
2/ deg

Fig. 7 X-ray diffraction pattern of pure and 1 wt% met® € Au, Ag and Cu) deposited TO

nanocomposites.
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3.3.2 Photocatalytic study
Fig. 8 shows the reduction (m-DNB to m-PDA andm-NA formationaftel 4 h UV irradiation
and their distribution with 0-1 wt% metals (Au, AgPt and Pd) loaded P-TiO, catalysts. It

5. 1m—DNB reduced g
— 20
g m-NA roduced
15 e
§ ] 4
o 10 .
£ | M-PDA produceq
<
5
0 T T T T T T T T T T
00 02 04 08 08 1.0 00 02 04 06 08 10
Au/P25 (wt%) Ag/P25 (wt%)
254 25 -
m-DNB reduced 'm-DNB reduced
204 —20
> o
= g : m-NA produced
215 m m-NAproduced | —151
b : -4
c =]
g 101 S10
< 5] m-PDA produced < 5' m-PDA produced
0- T T T T T + T L T T T O-
00 02 04 06 08 1.0 00 02 04 06 08 10
Pt/P25 (wt%) Pd/P25 (wit%)
Fig. 8 mDNB photoreduction piducts with different amount oAu, Ag, Pt and P«
deposited P25-Ti@catalysts

found that alwaysn-DNB (25 umol) is selectively reduced to 10(m-PDA by bare PZ-TiO;

and therebym-NA formation started increased upto 80% (20 pmathwlecreasincm-PDA

yield (5 pmol) with increased amount (-1 wt%) of Au and Ag loading as inig. 8. Notably,
the sane trend is also observed in case of Pt and Patb8@-TiO, with relatively low yield

(<12 pmol) of mPDA and (59%)mNA (~14.7 pmol) duringm-DNB photoreduction,
evidencing higher coatalytic activity of Au and Ag than Pt and Pd nhetaparted to Ti(;

photocatalysts. The GWS patteris are as shown in Fig. 9.
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30 ¢ I m-DNBreduced Wl m-NAproduced [ m-PDAproduced
Coinage metals Platinum group metals

[
o

Amount (pmol)
s &

P25 Au/P25  Ag/P25 Cu/P25 Pt/P25 Pd/P25 Rh/P25
Catalysts

Fig. 20m-DNB reduction by wt% coinage metal and platinum group metals loadec-
TiOz under 4 h UV light irradiatiol

Fig. 10 showed comparative products distribution, whim-NA selectivity and yield i

significantly enhanced by coinage metal loadingtire¢ to 100%m-PDA vyield by bare P25-
TiO, during 4h irradiation. Whereas, bare-TiO, always exhibited the highest photoactivity

100% selective reduction ai-DNB to m-NA formation, and 1 wt% metals loading significgr
reduced the photoreactivigwen after 8 light irradiation as shown inidr 11.

The selectivity of th@hotocaalytic reduction is ascribed [4@2] to the presence of fac
specific reactive sites on rutile crystals whictpisdominantly terminated by {110}, {100} ar
{011} faces, whereas thanatase particles exposed with {001} and {011} fack is reportec
[43, 44 that reduction plane associated with anatase {fdde contains a rich array of defe
compared to reduction plane o0-TiO, {110}. These defect sites are identified a®" which
behave as an active site0[2on the TiQ surface and are necessary for adsorption the
conversion of nitro group to amine. Furl, the improved crystallinity [§ of R-TiO, may also
contribute to the product selectivity obtained dgrihephoto reductiomphotoreductio. It found
that surface area (Tabl %6 ng™ of P25 is reduced to 18°gt for R-TiO, due to increased
particle size after high temperature treatment aArwt% M deposition always decreased
surface area of P25 and TRO, to 45-35 Mg™ and 4-8 Mg, respectively, does not seem
have any beneficial
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Fig. 11m-DNB reduction by Wwt% coinage and platinum group loadr-TiO, under R-
TiO2 under 8 h UV lighirradiation

effects to PCA. This decreased surface area o, by M Table 1. Specific surface

loading probably because of the surface covera3d] of area of 1 wt% M/TiG

smaller metal nanoparticles on the porous surf&deQs,. nanocomposite:

The fluctuation in the ceatalytic activity of coinage ar Sample Suzrfe}Lce areg
platinum group metals could be attribute46, 47] to the (M)
differences in the Fermi energy, work function, ctien P25TI0; 56.00

Au/P2t 42.00

affinity and redox potential etc. which usually iféate Ag/P2E 3500
electron accumulation in the metal nanodepositsmudpg Cu/P2t 38.00
upon the extent of Fermi level uilibration between PUP2: 41.00
conduction band electrons of T, and loaded metals (Scheme Pd/P2: 45.00
2 1 Rh/P2 38.87

1). It is evident that owing to lower work functidi2 eV of P! R-TiO, 18.00
than 5.5 eV of Au, the conduction band electron$i®, may | Au/R-TiO; 3.87

be easily transferred to Pt deposits. It is alporiec [48] that Ag/IR-TIO, .40
Cu/R-TiO, 6.70

Pt/R-TiO2 7.80
unlike Au and Ag, which store a fractiof electrons captured | pg/RTiO, 4.50

from conduction band of Ti, and thus exhibiting higher co- | Rh/R-TiO> 5.50

metals like Pt quickly discharge electrons to substrate,
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catalytic activity of 1 wt% Pt/Ti@that simultaneously reduced two N@roups ofm-DNB to
selective formation ofm-PDA relative to one -N©group reduction tan-NA formation by 1
wt% Au/TIO, after 4 h UV irradiation. Moreover, plasmonic irgetion of platinum group
metals having characteristics absorption bandlenlV-region could impart crucial effects on
the charge transfer kinetics and energetic for oipeco-catalytic activity of M-TIQ
photocatalysis under UV light irradiations.
3.4 Conclusion
In summary, 1 wt% metal loading on P25 and R-yld0es not seem to improve the PCA except
the improved selectivity by M/P25 which is oppositehigh PCA for oxidation reactions by
M/TiO, catalysts generally observed. Coinage metals Ag/P25 exhibit higher selectivity
(80%) and yield fom-NA formation. Irrespective of the nature of mel@ding, them-DNB
photoreduction is always notably reduced as condptreéhe highest photoreactivity of bare R-
TiO, that produces 100%1+NA. This decrease in PCA for the nitro group rdauc by all
M/TiO, could thus be attributed to the decrease in adivVesites available on the surface after
metal nanodeposits loading that might also actr@s@mbination centre for photoexcited charge
species.
3.5 References
[1] H. Yuzawa, T. Mori, H. Itoh, H. Yoshida, J. Physhign. C 116 (2012) 4126.
[2] D. Friedmann, C. Mendive, D. Bahnemann, Appl. C&aEnviron. 99 (2010) 398.
[3] C.N.R. Rao, A. Govindaraj, Adv. Mater. 21 (2009p82
[4] S. Sarina, H.Y. Zhu, Z.F. Zheng, S.E. Bottle, Ja@h, Chem. Sci. 3 (2012) 2138.
[5] K. Fuku, T. Kamegawa, K. Mori, H. Yamashita, Chéaian J. 7 (2012) 1366.
[6] Y. Yang, H. Zhong, C. Tian, Res. Chem. Intermed(Z11) 91.
[7] H. Kawaguchi, T. Wejima, Kagaku Kogaku Ronbun 983) 107.
[8] H. Kawaguchi, Environ. Technol. Lett. 5 (1984) 471.
[9] V. Augugliaro, L. Palmisano, A. Sclafani, C. Mingf. Pelizzetti, Toxicol. Environ. Chem.
16 (1988) 89.
[10] M. Addamo, V. Augugliaro, A. Di Paola, E. Garclapez, V. Loddo, G. Marci, R.
Molinari, L. Palmisano, M. Schiavello, J. Phys.e@hB 108 (2004) 3303.
[11] S. Bakardjieva, J. Subrt, V. Stengl, M.J. Dianez).\MBayagues, Appl. Catal. B: Environ.
58 (2005) 193.

51



[12]

[13]
[14]

A. Maldotti, L. Andreotti, A. Molinari, S. TollariA. Penoni, S. Cenini, J. Photochem.
Photobiol. A: Chem. 133 (2000) 129.
T. Zhang, L. You, Y. Zhang, Dyes Pigm. 68 (2006) 95

K. Imamura, T. Yoshikawa, K. Nakanishi, K. Hashimadt. Kominami, Chem. Comm. 49

(2013) 10911,

[15]
[16]

[17]
[18]
[19]
[20]
[21]
[22]
[23]

[24]

[25]
[26]
[27]
[28]

[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]

H. Huanga, J. Zhoua, H. Liu, Y. Zhou, Y. Fengdldzard. Mater. 178 (2010) 994.

V. Augugliaro, H. Kisch, V. Loddo, M.J. LOpez-MufioL. Marquez-Alvarez, G.
Palmisano, L. Palmisano, F. Parrino, S. Yurdakppl. Catal. A: Gen 349 (2008) 189.

Y. Shiraishi, N. Saito, T. Hirai, J. Am. Chem. S&27 (2005) 12820.

C.J. Li, G.R. Xua, B. Zhang, J.R. Gonga, Appl. C&aEnviron. 1152012) 201.

A. Hakki, R. Dillert, D.W. Bahnemann, Phys. Chenhe@. Phys. 15 (2013) 2992.

Y. Shiraishi, Y. Togawa, D. Tsukamoto, S. Tanakaslifai, ACS Catal. 2 (2012) 2475.
S.C. Li, U. DieboldJ. Am. Chem. Soc. 132 (2010) 64.

J. Kaur, B. Pal, Cat. Comm. 53 (2014) 25-28.

C.G. Silva, R. Juarez, T. Marino, R. Molinari, Har@ia, J. Am.Chem. Soc. 133 (2011)
595.

S. Sakthivel, M.V. Shankar, M. Palanichamy, B. Analoo, D.W. Bahnemann, V.
Murugesan, Water Res. 38 (2004) 3001.

N. Zhang, S. Liu, X. Fu, Y.J. Xu, J. Phys. Chenl15 (2011) 9136.

A. Kumar, A.K. Jain, J. Photochem. Photobiol. Axe@h 1564 (2003) 207.

K. Li, B. Chai, T. Peng, J. Mao, L. Zan, ACS Ca8(2013) 170.

Y. Ma, Q. Xu, X. Zong, D. Wang, G. Wu, X. Wang, IG, Energy Environ. Sci. 5 (2012)
6345.

A. Tanaka, S. Sakaguchi, K. Hashimoto, H. Kominah@S Catal. 3 (2013) 79.

V. Subramannian, E.E. Wolf, P.V. Kamat, J. Am. Ch&wc. 126 (2004) 4943.

B. Ohtani, B. Pal, S. lkeda, Catal. Surv. AsiaG0@) 165.

U. Diebold, Surf. Sci. Rep. 48 (2003) 53.

M.I. Litter, Appl. Catal. B: Environ. 23 (1999) 89.

H. Reiche, W.W. Dunn, A.J. Bard, J. Phys. Chem(1839) 2248.

M.D. Ward, A.J. Bard, J. Phys. Chem. 86 (1982) 3599

J.G. Yu, H.G Yu, B. Cheng, X.J. Zhao, J.C. Yu, WH(, J. Phys. Chem. B 107 (2003)

13871.

52



[37] R. Singh, B. Pal, Mater. Res. Bull. 48 (2013) 1403.
[38] N.D. Abazovic, L. Mirenghi, I.A. Jankovic, N. Bihi®.V. Sojic, B.F. Abramovic, M.I.
Comor, Nanoscale Res. Lett 4 (2009) 518.

[39] S. Mathew, A.K. Prasad, T. Benoy, P.P. Rakesh, Mari,HT.M. Libish, P.
Radhakrishnan, V.P.N. Nampoori, C.P.G. VallabWar|uoresc. 22 (2012) 1563.

[40] M.A. Behnajady, N. Modirsha, H.M. Shokri, B. Radp@al NEST J. 1§2008) 1.

[41] S. Wendt, R. Schaub, J. Matthiesen, E.K. Vestedydar Wahlstrom, M.D. Rasmussen,
P. Thostrup, L.M. Molina, E. Lagsgaard, |. SterasdaB. Hammer, F. Besenbacher, Surf.
Sci. 598 (2005) 226.

[42] O. Bikondoa, C.L. Pang, R. Ithnin, C.A. Muryn, Hniénhi, G. Thornton, Nat. Mater. 5
(2006) 189.

[43] S. Wendt, J. Matthiesen, R. Schaub, E.K. Vestedydar Lagsgaard, F. Besenbacher, B.
Hammer, Phys. Relett. 96 (2006) 066107.

[44] Z. Zhang, O. Bondarchuk, J.M. White, B.D. Kay, Zotalek, J. Am. Chem. Soc. 128
(2006) 4198.

[45] S. Yurdakal, G. Palmisano, V. Loddo, V. Augugliato,Palmisano, J. Am. Chem. Soc.

130 (2008) 1568.

[46] P.V. Kamat, Pure Appl. Chem. 74 (2002) 1693.

[47] K.T. Ranjit, T.K. Varadarajan, B. Viswanathan 969%) 181.

[48] H. Choi, W.T. Chen, P.V. Kamat, ACS Nano 6 (2012)8.

53



Chapter 4: Selective formation of benzo|[c]cinnoline by
photocatalytic reduction of 2,2-dinitrobiphenyl using TiO: and
under UV light irradiation

M
(25 pmol) NO2 (238 pmol) | i
= | NO2 95 % = |
Lw Ry,
UV Light- 20 h T
(125 W Hy arc : -~
10.4 mW/cm=) L= - S -
50 mg TiD, CB
50 vol¥% IPA
Argon  P25-TiO,
atmosphere OH
e VB f==
U h= b ™ .
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4.1 Introduction
Benzolc]cinnoline (BC) is a very important orgasmmmpound used in manufacturing of dyes,
electrochromic polymers, coloured polyamide fibmed it has microbial and herbicidal activities
[1-3]. It is typically synthesized by reduction &,2-dinitrobiphenyl (DNBP) [4,5] with Raney
Ni [6] and Pd-C [7,8], Zn [9], Féoxalate [10], Fe [11], LiAl4 [12,13], triethyl phosphate [14],
Fe-carbonyl [15], and by electrochemical methods].[These conventional methods require
harsh conditions such as strong reducing ageng$ pressure and temperature, expensive
solvents, and leave toxic by-products. Hence, a&rge environmentally benign and mild
photocatalytic reaction process by nontoxic Ji€talyst under light irradiation could have
beneficial advantages for the highly selective pobidn of BC from DNBP reduction under
ambient conditions.

Nitroaromatics reduction by Ti@inder UV irradiation has been recently reported1&J/to
be feasible due to its higher conduction band gnerd.85 V) than the reduction potential —0.5
V vs. SCE of —NQ@ group [19,20]. Nitrobenzene reduction to anilinel eazoxybenzene by
photoirradiated CdS, WOZnO, TiG, and SIQ@Rh—-CdS composites [21-25], formation of 4-
ethoxy-1,2,3,4-tetrahydroquinoline [26] and cyclimino acids [27], synthesis of 2-
methylpiperazine by (TiQor CdS)-zeolites [28Ftc. are demonstrated. Photocatalytic reduction
of mdinitrobenzene for selective formationrafphenylenediamine (100%) by P25-Fi@ndm-
nitroaniline (100%) by rutile Tig) andp-dinitrobenzene to a mixture of products is repbf{&9]
to be due to the electron withdrawing effect aral gbsition of the —-N@group in the benzene

moiety. However, little information has been knotendate about the reduction behaviour of —

NO, groups present in two separate benzene ringpbéhyl compounds.
In this context, this research demonstrated fo O
the first time that photocatalytic reduction of NO, TiO, IPA (50 vol%) N
DNBP led to highly selective yield of BC NO: o0h Aratm K,
(Scheme 1) along with small amount of othe O O

amino derivatives by P25-TiJDegussa, a (95%)

mixture of 70% anatase and 30% rutile) undePcheme 1. Photocatalytic reduction of
DNBP to BC by TiQ under UV irradiation.

controlled UV light irradiation.

4.2 Experimental section
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4.2.1 Photoreduction reaction

The reduction was carried out in a rubber ca-sealed test tube containin mL aqueous iso-
propanol (IPA, 50 vaéb), 50 mg P2-TiO, (TiO,) and 25 umol DNBP suspension un@an
argon atmosphere with constant magnetic stirrirdy @4 light (125 W Hg arc, 10.4 m'cm?)
irradiation for different time periods. The reaatiproducts are quantitatively analysedHPLC

(section -5.4.2), GC-MS gection-5.4.5) and NMR éection-5.4.4) technique as discussed in
chapter 1.

4.3 Results and discussion
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irradiation



Fig. 1a and showed the GC chromatographsthe authentic sample showing a single pea
DNBP (25 pumol) atg = 14.5 min and BC (7.5 pmol) & = 13 min. Fig. 1c revee that after
DNBP reduction by Ti@during 8 h irradiation, a number of GC peaksg= 11.6, 12.9, 15.7
and 16.9 min including few smaller peaks evolvee tlu the forration of various reductio
products. The peak height g = 14.2 min for DNBP is decreased due to its corepletiuction
and with the passage of P&-h irradiation (Fig. 1-f), the intensity of all the peaks reduced
except a smaller peak at+ 11.¢ min, and a major peak at £ 12.913.0 min is found to b
significantly enhanced (Fig. 1e) after DNBP redowetior 20 h irradiation. The peak g = 15.7
min is not observed after 15 h, whereas the pe@hsity atg = 11.6 min is seen to be almu
same upto 20 h and beyond that it is notably in&éasith simultaneous decrease in the

(a) DNBP 198 (b) BC 152
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Fig. 2 Mass spectral analysis of DNBP and its reducproducts

height at = 12.9 min after 2-24 h UV light irradiation.

The mass spectrum analysis of autheDNBP (Fig. 2a) and its reduction products, confidr
theformation of BC (Fig. 2b) air = 12.9 min, biphenyldiamifBPD, Fig. 2c) atg = 11.6 min,
and benzo[c]cinnolindioxide BCD, Fig. 2d) atg = 15.7 minduring DNBP reduction bTiO,
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Fig. 3 (a) Time course graph (peak height variation) éfedent products of DNBP reductic
and (b) BC vield and selectivitv as a function &f loradiation time

for different time periods. Fig. 3a shows
variation in the peak heights f three major
reduction products BCD, BC and BPD w
decreased DNBP concentration and increasec

irradiation time.

It is found that DNBP almost selectively redut
to BC along withthe formation of a BPIafter 20
h. It further revealed th&CD is formed upto 1!
h irradiation, whereas BPD is increased wa
decrease in the amount of BC fced beyond 20-
24 h reduction. By comparing 7.5 pn
commercial authentic BC samples, the yield
selectivity of BC obtained by DNBP (2&5mol)
reduction using Ti@under UV irradiation for -
24 hgradually increased from 67% to a maxim
of 23.8 umol (95%) of BC during 20 h ar
thereby, remarkably decreasbeyond 20-24 h
irradiation due to its selfeductionto BPD. HPLC
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Fig. 5 GC pattern of authentic DNBP (5 mM = 25 umol) ({ts) mass spectra (c) bla
reaction after 20 h of UV irradiation and (d) itsass spectra showing mass of DN
corresponding to peak at= 14.5 min
analysis (Fig. % also revealed tl formation of ~23.7umol of BC. In a bank test, no such
reduction of DNBPRoccurred withouthe TiQ, catalyst after 20 h of UV light irradiation (Fi5),
thus confirmingthe photocatalytic natu of DNBP reduction reaction. The reproducibility w
further judged by another set of experins carried out under similar conditis, which

produced ~23.2amol of BCrelative to 23.&mol in the first rur

The'H-NMR (400 MHz, CDC;) spectral analysis (Fig.) 8hows the peaks observed for: DN
authentic at d 8.20 (d, 2H,= 8.24 Hz, ArH), 7.70 (t, 2HJ= 7.32 Hz, ArH), 7.6 (t, 2H,
J= 8.24 Hz, ArH), 7.30 (dd, 2rJ= 7.76 Hz, ArH); BGauthentic (Fig6b) at d 8.76-8.74
(m, 2H, ArH), 8.598.57 (m, 2H, ArH), 7.9-7.89 (m, 4H, ArH). BC formed by DNE
photoreluction shows NMR (Fig. () peaks at d 8.7B-74 (m, 2H, ArH), 8.6-8.59 (m, 2H,
ArH), and 7.94%.91 (m, 4F ArH) that almost closely match (except for sosmall peak:
of other unidentified products) with the charadici NMR spectra of the authentic BC san
BPD produced after 24ilradiatior showed peaks at7.54-7.50 (m, 4H, ArH, 7.30 (t, 2H, J =
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Fig. 6. NMR spectra of authentic (a) DNBP (b) BC and DNi&Euction product by Ti;
after (c) 20 h an€d) 24 h UV irradiatio.

7.8 Hz, ArH) andr.23 (d, 2H, J = 8.24 Hz, ArH) and a typical brgeedk for NI, protons at
4.23 (bs, 4H, NB) is also seelin Fig. 6dwhich are quite different from the NMspectra of
DNBP and BCOn the basis of obtained detected reduction pradlitds revealed that the rate
determining step fODNBP photocatalytic reduction usi TiO; is the selective formation of B
via some transient intermediates; nitroso and hydramiyla derivatives BCD, azoxy compour
and few unidentified producby following reaction pathways scheme 2. It is reported [30,25]
that this intermediate sequenRNO,-RNO-RNHOH-RNH is generally formed duringmany
nitroaromatics photoreductioGC chromatognahs (Fig. 1) also further support that these <
lived products(e.g., BCD) disappeared with increasing irradiatione. BPD production took
place to a lesser extevita direct reduction othe hydroxylaminelerivative (path-1) during initial
hours (820 h), and beyond that more amount of BPD (-11) is formedprobabh due to
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TiO- + hv > ht + e-
(CH),CHOH + 2H ——> (CH,CO + 2H*
NO, NO I NHOH Path | l NH,
‘ NO> ‘ NO ] NHOH g NH;
DNBP L - BPD
Path Il
Tio, 146" e T4e-,4H”

o

BCD

Scheme 2. Possible reaction pathways of DNBP reduction i &nd UV light irradiation.

self-reduction of as-produced BC during 8-20rhdration. The photoexposure of Li(band
gap energy = 380-390 nm) with UV light generatestebns in the conduction baadd holes in
the valence band, where two N@roups of DNBP are sequentially reduced to,Njbups in
BPD by 12¢ and complete reduction of DNBP by irradiated Ji1@quired 8efor the BC

1.8 = 02 p
1 ﬁtggiir,.:)coz /| 01 (b) IO, 24 h No CO, observed
16 _' ol 1
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Fig. 7 GC chromatographs of (a) Standard ,Gfd 180 ppm (b) DNBP reaction with T3O
after 24 h of UV light irradiation (no peak for G@& 1.25 min).
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formation through various intermediate reductiogpst Furthermore, over oxidation of acetone
into CO, was not observed as confirmed by GC analysis (Big.It is also observed that the
reduction process is accompanied by the simultaneoxidation of iso-propanol (hole
scavenger) to acetoner & 1.2 min) whose amount (Fig. 8) increased with (@024 h)
irradiation time, and no roduction is detected by photoexcited hol€$ ifnthe valence band

under UV irradiation.

The phoreduction reaction of DNBP with pure rufli®©, nanoparticles was also performed
under UV light irradiation upto 24 h, under simikperimental conditions. The HPLC and GC
data showed no change in the DNBP peak height anfbrmation of any other product. Hence,
DNBP was not reduced with pure rutile Bi@anoparticles.This could be attributed due to slow

photoactivity of rutile TiQ nanoparticles

S o 1800000
under UV light irradiation. Also, it is reported (a)
o _ 1500000 =12 min
in literature that higher surface area may also A

120000 cetone
play a major role in adsorption of reactants

90000

resulting in higher photocatalytic activity.
60000

The rutile samples in the present study, exhibit 30000

lower surface area of 18°gt as compare to 0 = =
. . . . 100000 { (b) 20
P25-TiQ, nanoparticles which posses a higher DNBP + 2 BPD —BC  acetong
Z 30000 iso-propanol (5%) (95%)
surface area of 56 ' and the reactions E
3 60000 .
were performed under UV light irradiation. = tp=2.2min
= 40000 Cloroform
o ) § tg= 1.2 min
Thus, it is evident that DNBP undergoes = 20000 Acetone
intramolecular reductive cyclization reactions 0 J v 9

i i imi (c) DNBP+ 24n_ BPD + BC+ acetong
by TiO,because of the close spatial proximity 100000 ooy ome)

[5] of the interacting N@groups that lie in 80000
. . . =1.2mi
two different benzene rings separately relative 60000 T 12 min
cetone =22 min
to their location in the same benzene moiety in 40000 | Clorgform
various dintirobenzenes. Such redox combined 20000 } ﬁ

0

photocatalytic  reactions like selective
0 04 08 12 16 2 24 28
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Fig. 8 GC pattern of (a) authentic acetone

6 sample (b) acetone produced by the
photoreduction of DNBP (25 pmol) by TiO
during 20 h and (c) zh UV irradiation



benzimidazole (96%) by TiO[31], and formation of pipecolinic acid [32] from L-lysn
irradiation are reported to be highly efficient fpractical applications. Depending on the
position (1:2, 1:3 and 1:4) of -NOfunctionality [29,31] and the extent of the eleatr
withdrawing effect of -N@ groups imparted to benzene ring, dinitrobenzeneedsiced to a
variety of reduction products by both P25-Fi@nd rutile TiQ under controlled UV irradiation.
However, the pure rutile TiOnanoparticles of size  nm does not have anyopsactivity for

DNBP reduction upto 24 h under experimental coonti
4.4 Conclusion

The non-conventional production of BC from DNBPuetion by TiQ and UV light where the
yield and selectivity could be simply tuned by ligiadiation under ambient conditions without
using any costly toxic solvent and reducing agestexperimented for the first time using
inexpensive and non-toxic titania catalyst. Thi®tpheduction process could be extended to
synthesis of other N-heterocyclic compounds, whiggduires harsh experimental conditions in

conventional techniques.

We are grateful to Prof. Ashok Kumar Malik, Punjaimiversity, 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

Rutile Anatase
Rutile Anatase
NO,
UV irradiation
Ar purge, 50 vol% IPA
CHj3
NT
NO,
UV irradiation
Ar purge, 50 vol% IPA
COOQOH
NBA
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5.1 Introduction

Titanium dioxide (TiQ) semiconductor, nowadays is used for greener sgigh of
aminoaromatics by one step reduction [1-4] of mitomnatics. The production of aminoaromatics
from nitroaromatics is of great interest becauseaaromatics are important intermediates for
the synthesis [5-8] of dyes, antioxidants, herl@sidpolymers, pharmaceuticals and other fine
chemicals. These can be prepared easily by thectieduof nitroaromatics using catalytic
hydrogenation, zinc, tin, iron, Au/S§OAU/AI,Os, Pd/TiO,, Pt-Ne bimetallic nanopatrticles [9-
16] and Pt-TiQ a variety of other reduction conditions. The diaacks of all these methods
include the requirement of toxic solvents, stroeducing agents like NaBiHexpensive metals
like Au/Pt, reactions at high pressure and tempesatind generation of toxic byproducts.
Whereas the use of titania for the photoreductionitpoaromatics is highly advantageous over
all these methods because it is a cheap, non-tggiterates no harmful byproduct and require
room temperature and pressure conditions. Alsoduction band energy of Tgds —0.85 V in
comparison to-0.5 V vs SCE of the-NGO, group, so NQis preferably reduced [17-21] over

aceto, cyano, and aldehyde functionality presetitersame compound.

It is reported that anatase LiQsually shows much higher photocatalytic actithgn rutile
TiO,. However, some recent reports show the improvestaty of rutile TiO, nanoparticles
[22-25] for selective oxidation of aromatic alcohioko aldehydes, photoreduction of
nitroaromatics to aminoaromatics such rmasitrotoluene photoreduction toraminotoluene.
Further, it is reported [26] that rutile nanopdesc show 100% vyield and selectivity of
dinitrobenzene photoreduction ta nitroaniline. Also, metal (coinage and platinumowp)
loading also improves the selectivity of P25-Tifor the photoreduction aftdinitrobenzene
[27] while metal loading does not shows significanprovement in rutile TiQ nanoparticles
photoactivity.

Further, the photocatalytic activity of anatase amile nanoparticles can also be improved by
changing their morphology [28-31] from sphericalrtml. The advantages of one-dimensional
nanorods over nanospheres as photocatalyst arehimaine-dimensional geometry facilitates
fast and long distance electron transport, extilgher specific surface area, light absorption
increases because of the larger length-to-diamatey. The improved photoactivity of rutile
nanorods [32] has been observed for Rhodamine Badatjon (low temp) and gas-phase

decomposition of acetaldehyde. Herein, we invettjghe potential application of anatase and

66



rutile titania nanorods and nanospheres for theorga photoreduction of nitroaromatics such
asm-nitrobenzoic acidri-NBA) andm- nitrotoluene if-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 egsoried elsewhere [33] and briefly
described insection 5.2.4 of chapter 1. ANP were synthesized by sol-gel [8#thod as
mentioned insection 5.25 of chapter 1. RNP were synthesized by the calonabf
commercially available Degussa P25 Ti@wder at 800C in a muffle furnace for 2 h. RNR
were synthesized through a seed-mediated growitepso[35] as discussed section 5.2.3 of
chapter 1.

5.2.2 Characterization techniques

As synthesized Ti@samples were characterized by DR&tion-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 om-NBA (25 pmol) andnNT was carried out with as prepared Ti€amples
as per procedure given gaction-5.4.1 (chapter 1). Reaction samples were analyzed byCHPL

(section-5.4.2) techniques as given in chapter 1.

5.3 Resultsand discussion

5.3.1 Structural analysis

Crystalline phase of P25 TiCGand as prepared samples was analyzed by using atRiDare
shown in Fig. 1. XRD profile of RNP shows highlyense peaks of rutile titania whereas RNR
exhibited comparatively less intense peaks ofeuytlhase at@®@= 27.5°, 36.5°, 41°, 54.1° and
56.5° and are assigned to the (110), (101), (2Qa)}), (210), (211) and (220) planes (JCPDS
no. # 21-1276). However, ANP and ANR exhibitedrdiftion peaks at?= 25.4°, 37.9°, 47.9°,
53.9° and 54.9° are assigned to (101), (004), (2Q@b5) and (211) planes (JCPDS no. # 21-
1272) of anatase phase. BET surface area anaksised that surface of P25 is 4%gthwhile
that of ANP and ANR exihibited increased surfaceaanf 89 g™ and 71 rig?, respectively.
The surface area of RNP is 18g7 while it increases to 697y for RNR.
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5.3.2. Morphological analysis

Morphology of the prepare
samples was investigat
through TEM analysis. TEL
image of P25-TiQ exhibited
spherical  nanoparticles
average size 280 nm, RNP
also exhibited spheric
particles with the size of2(-
130 nm while RNR exhibitet
rod like morphology with th
size range (LxW = 280 nm x
3.5-3.8 nm)as shown in Fig. 2
TEM micrographs of ANP
shows spherical nanoparticl
of average size 8-10 nrand
ANR shows the formation ¢
rice like nanorods with siz
(LxW = 80-132 nm x &3
nm).

5.3.3 Optical properties

Optical properties ois prepared Ti, sampleswere studied by recording L-vis absorption
spectra and emission speciraFig. 3 absorption onset of P25-Ti@ppears at 386 nm, where
the absorption onset for ANP and ANR is blue sHitte 380 and 384m respectively. Howeve
the absorption onset of RNP occurs at 413 nm wisidhrther red shifted to 418 nm in RN
Further, the band gap values of all these sampk® walculated from Tauc plot using -

equation

Absorbance (mAL)

& R=Rutile A=Anatase P25Ti0O»

A
1600 ANR
1200
200 A A A
A A M
" 20 4 50 80
20 (deg)

Fig. 1 XRD patterns of as prepared titania nanoparticle
different morphology.



P25 TiO,

Fig. 2 TEM images of as prepared titania nanostruc
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ahv = A(hv-Ey)"

. - —=—P25TiO,
whereo = absorption coefficier
—e—RNP
hv = energy of photon, 1.0 —4—RNR
—y—ANP
A = constant, —4—ANR

Eg = bandyap of the materi
and n = index and itgalue depend

upon on the nature of the electro

Absorbance (a.u.)
o
il

transition responsible for tt

absorption (n = 2 for indirect/2 for 0.0+

direct band gap). 350 400 450 500 550 600
The bandgap of the samples we Wavelength (nm)
calculated by extrapolating tl Fig. 3 Absorption spectra of different titania nanostruet
straight-line portion ofahv versus

Eg graph to the xxis as shown in Fig. 4a. The band gap valuessémen 3.0 eV for RNP t
3.21 eV for ANR(Fig. 4b) depending upon the phase and morpholdgg. low band ga
exhibited by RNP and RNR expected to facilitatedfieient elecron transfer and may serve
an efficient photocatalyst.

The emission in nanocrystalline 1, is due to the defects resulting from under cooteithd **
ions, oxygervacancies, chemisorbed surface species, whicht raghlke localized intr-band gap
states that serve as electron treThe photoluminescence (PL) spectra in Fig. 5a sHbatvat
TiO2 nanostructures exhibihe emission bands from 400 to 550 mamg¢ which indicates the

occurrence of variousurface defect site The emission peak, 403 nm, corresponds to a ¢
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Fig. 4 (a) The plot of ¢hv)? function versus the band gap energy of variousititaamples (t
Variation in the band gap energy of titania sam
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band emission of th
fundamental band gap (3.2 e
of anatase Ti@ whereas th
emission peak, 423 nm,

attributed to theself trappe
excitons. Thepeak, 446 nmr
relates to the emission proce
of oxygen vacancy defects
TiO, and the emission signi
485 nm corresponddo the
charge-transfer from ¥i to
oxygen anion in a Tig)
complex, related with oxyge

vacancies at the TiOsurfact

350 -~

300 +

u.)

= 250 1
200 +
150

100

PL intensity (a

50 A

0

—=—ANP
423 446 —e—P25TiO,

460 —a— ANR

——RNP

485 —+—RNR
403

529

350 400 450 500 550 600 650

Wavelength (nm)

Fig. 5 Photoluminescence spectra of various it
nanostructures.

[36-39]. The emissign529 nm, can brelatedwith anion vacancies on the surface of ;

nanoparticlesThe strong quenching in PL emission, in the cadeMR nanopdicles, has been

attributed to the decrease in recombination raghotc-generated electr—hole pairs.

The average lifetime B} of photoexcited /h* pairs iscalculated by time resolved fluorescel

decays (Fig. phas been found to be gradually increased asl152and 2.1 ns for P25 T,

ANP, ANR and respectively, confirming better delotation of €—h" pairs in the lengthy
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Fig. 6 Time resolved decay curvestitania nanostructures
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crystalline NR. Also, average lifetime of RNP anNfRfound to be 1.1 and 1.8 ns respectiv
5.3.4 Photocatalytic study

The photocatalytic activity of as prepared titan&talysts were evaluated by monitoring
photoreduction ofm-NBA and m-NT. Fig.6a showed the selective reductionm-NBA to m-
ABA after 6 h UV irradiation with Pz-TiO,, ANP and ANR catalysts. It und that smaller
ANP (8 nm) catalysts exhibits highest photoactivaym-NBA reduction and producem-ABA
with 42 % yield as compared to 40 % and 30iétd of P25 Ti(; and ANR respectively.
could be probably due to increased surface argeNP (89 nig™) owing to its smaller size
compare to 45 fAg* and 71 r’g! of P25 TiQ and ANR respectively. Fig. 6b showed
significant higher photoactivity fi RNR ¢ 3 times) as compared to RNP m-NBA reduction
into ABA under 8 h UV irradiation. The yield m-ABA significantly increases upto 48% wi
RNR as compare to 18% with RNP catalysts. It ctn@dttributed due to long distance elect
transport along longitudinal length, higher surfamea (69 rg?) of RNR available fo

NO, NH
UV irradiation -
Ar purge, 50 vol% IPA |
COOH = R
NBA ABA
12 I nBAreduced [ ABAreduced » NBAreduced [JJJj ABAreduced
(b)
10 12 -
e e B
EG6 €
3 3 ¢
g4 2
4
& 2
0 0
P25 TiO, ANP ANR RNP RNR
Catalysts Catalysts

Fig. 6 m-NBA reduction under UV lighirradiation by (a) P25-Tig) ANP and ANR for 6 |
(b) RNP and RNR for h
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Fig. 7 mNT reduction under UV lighirradiation by (a) P25-Tig) ANP and ANR for 6 h (b
RNP and RNR for 8 h

adsorbtion and reduction af-NBA as compare to lesser (1&gt) surface area of RNP. Als
by changing the morphology from RNP to RNR the ghararrier time also enhances from
to 1.8 ns which also contributes ts enhanced photoactivity. Also, the obtained resshizws
that anatase titania nanostructures shows highetoattivity in lesser irradiation time
compare to rutile nanostructut

Further Fig. 7a also shows the same trenim-NT reduction intan-toluidene m-TD). It shows
that ANP showed highest photoactivity for the readucof m-NT and producem-TD with yield
60 % under 6 h of UV irradiation. Also, RNR gives yield 26 % ¢ 3 times) as compare to 8
yield with RNP catalysts during 8 h Uirradiation. Fig. 8 showthat rate of reduction/hour fi
m-NBA and m-NT reduction with various catalysts fcws the trend ANP> P25 T,> RNR>
ANR> RNP. This can be attributed to the [41, 42, 43] thatreduction plan¢011} related
with anatase nanostructuresntains a rich array of defe in comparison wit reduction plane
{110} of R-TiO,. The defect sites are identified as®* which behave as an active site on

TiO, surface and are necessary for adsorption and thescgion of nitro group to amir
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The present results are also in agreement witratiies that morphology, thexposed crystal
faces, and their relative specific surface areamsée play the major roles in the th
phocatalytic performancéiterature also reveals the superior photocatalytiavity of [44] the
lengthy nanocrystals as compare spherical nancles because of superior delocalization
reduced recombination rate of photoexcit/h- pairs. Also, some repor[45] shows that other
parameters such as band gap energy, surface defegssallinity and some elec-kinetic

parameters etc might ladso, responsible for better photoactivity of titsananoparticles

5.4 Conclusion

—a— NT
—o— NBA

It is demonstrated that as prepared R 25
RNR, ANP, ANR could be potential

utilized for nitroaromatic:

K¢}
[w]

photoreduction. RNR showed superior

-
3]
1

photoactivity (~3 times) as compared

-
o
1

RNP for the photoreduction cm-NT
into m-toluidene (M-TD) and m-NBA

into maminobenzoic acid MABA)

Rate of Reduction (h'1)

(=]
w

0.0+ T T T T T T T T
under 8 h UV irradiation. The obtain P25 ANP ANR RNP RNR
Catalysts

results show that the long distar
electron transport along longitudir Fig. 8 Rate ofreductionper hour of NT and NB/
length, larger surface area, quenched with various titania nanostructur
emission, increased lifetime of charge carrierRNR as compare to RNFaving lower surface
areaand charge carrier lifetime collectively contributeits enhanced photocatalytic activi
Futhermore, ANRiso shows higher photocatalytic activity than ABWNg to their smaller siz
and larger surface area as compare to Aand P25-TiQ for m-NBA anc m-NT photoreduction
under 6 h UV light irradiatiol
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Conclusions

Summary of the work

Chapter 1: covers the brief introduction to the mechanism i@,Iphotocatalysis, effect of shape,
size, crystal phase and metal loading ontoyTfnctional group transformations using %i@elated
reports in the literature and the scope for selegbhotoreduction photo reduction of nitroaromatics
by TiO, nanostructures.

Further, the detailed experimental methods andackerisation techniques used in the present study
are also explained. This includes, synthesis oé lfaanospheres and nanorods), different crystal
phase (anatase and rutile) and metal (Au, Ag, QUP®, Rh) loaded titania nanostructures, the
procedure for photoreduction of various nitroaraosatvith as prepared catalysts, characterisation
and product analysis techniques: Diffused reflemagpectroscopy (DRS), photoluminescence (PL),
time resolved spectroscopy (TCSPC), X-ray difimctXRD), Transmission electron microscope
(TEM), BET surface analyzer, High Performance LijuChromatography (HPLC), Gas
chromatography-mass spectroscope (GC-MS), Gas ctognaphy (GC), Nuclear magnetic
resonance spectroscope (NMR).

Chapter 2: Describes the effect of rutile T¥@ontent, solvent, catalyst amount, irradiationetim
crystallinity, surface area and electron withdrayvgroups for selective photoreduction rof
dinitrobenzene by P25-TiCand R-TiQ. Also, the photoreduction studies were carriedfout
nitrobenzenep-dinitrobenzene andrchloronitrobenzene for comparison. It is concludieon
the work that both the P25-Ti@nd R-TiQ could be potentially utilized for the selective
reduction of nitroaromatics possessing multifunwdioreducible groups iartho, meta andpara
position. Further, the insertion of a second -Nf@up in nitrobenzene ring has an important
role in expediting —N@reduction to —NKHas compared to a negligible reduction of nitrolesez
under similar conditions, indicating that electmithdrawing groups lower the electron density
on —NQ present on meta position and favor quick reductibthe —NQ group. Thus proper
selection of electron donating or withdrawing sitbent’s in the aromatic moiety would be

highly beneficial and have a wide scope of sevattadr desired products to obtain.

Chapter 3: Demonstrates the influence of coinage (Au, Ag @l and platinum group metal
(Pt, Pd, Rh) co-catalysis for the photocatalytiduetion of m-dinitrobenzene by P25 and R-
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TiO,. It has been concluded from the work that 1 wt% hetading on P25 and R-TiQloes not
seem to improve the PCA except the improved selgctoy M/P25 which is opposite to high
PCA for oxidation reactions by M/TiOcatalysts generally observed. Further, coinagealset
e.g., Ag/P25 exhibit higher selectivity and yietit m-NA formation. Irrespective of the nature
of metal loading, then-DNB photoreduction is always notably reduced asmmared to the
highest photoreactivity of bare R-Ti@hat produces 1009%-NA. This decrease in PCA for the
nitro group reduction by all M/Ti©could thus be attributed to the decrease in adtivesites
available on the surface after metal nanodepaségithg that might also act as a recombination

centre for photoexcited charge species.

Chapter 4. Describes the selective formation of benzo[c]clm&by photocatalytic reduction
of 2,2-dinitrobiphenyl using P25-TiQunder UV light irradiation. It is observed frometistudy
that the non-conventional production of benzo[ajolime from 2,2dinitrobiphenyl
photoreduction by P25-TiCand UV light, where the yield and selectivity abble simply tuned
by light irradiation under ambient conditions withaising any costly toxic solvent and reducing
agents are experimented for the first time usirexpensive and non-toxic titania catalyst. This
photoreduction process could be extended to othBetdrocyclic compounds synthesis that

requires harsh experimental conditions in convealitechniques.

Chapter 5: Presented a fine insight for the crystal phasesagphe dependent photoactivity of
titania for nitroaromatics reduction under UV ligivadiation This chapter describes importance
of different shapes and crystal phases of;Tm@nostructures such as RNP, RNR, ANP, ANR
and P25-TiQ (70:30 anatase and rutile) for the PCA fornitrotoluene (+NT) and m-
nitrobenzoic -NBA) photoreduction under UV light irradiation. RN showed superior
photoactivity ¢ 3 times) as compared to RNP for the selectivegkduction ofmi-NT into m-
toluidine (mTD) and m-NBA into m-aminobenzoic acidntABA) under 8 h UV irradiation.
The obtained results show that the long distaneetraln transport along longitudinal length,
larger surface area, quenched PL emission, inaebigtime of charge carriers of RNR as
compare to RNP having lower surface area and clamgeer lifetime collectively contribute to
its enhanced PCA. Futhermore, ANP of size 8-10 amirly surface area 89°gT also shows

higher PCA than anatase nanorods of size (LxW £3Dnm x 8-13 nm and surface area = 71
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m’g?) and P25-Ti@ (25-30 nm) form-NBA and m-NT photoreduction under 6 h UV light
irradiation. The overall rate of reduction/hour fafNBA and m-NT photoreduction with all of
these catalysts has been found to vary in thevialig order ANP> P25-Tie> RNR> ANR>
RNP. Thus, the photoactivity of rutile TiQor the selective photoreduction of nitroaromatics
can be enhanced by tuning the morphology from gsh&r rods. Also, the effect of available
surface area for reduction, crystal phase alsospky important role in the reduction of

nitroaromatics.
Future Scope

After concluding the present work, it can be sutggbshat efforts are required for the selective
reduction of nitroaromatics which possess multifiomal reducible groups iortho, meta and

para position with rutile nanoparticles, nanorods a2® Htania nanostructures. Synthesis of N-
heterocyclic compounds that requires harsh expatamheonditions in conventional techniques

can also be investigated with P25-7i0O
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Photocatalytic reduction of 25 pmol 2,2’-dinitrobiphenyl in 50%
aqueous iso-propanol and 50 mg P25-TiO, under an argon atmo-
sphere and 20 h UV light irradiation selectively produced 23.8 pmol
of benzo[clcinnoline (95%), and 2,2’-biphenyldiamine (5%) whose
amount gradually increased with the irradiation time beyond
20-24 h due to further reduction of benzolc]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." ™ It is typically synthesized by reduction of 2,2’
dinitrobiphenyl (DNBP)*® with RANEY® Ni® and Pd-C,”* Zn,’
Fe* oxalate,'® Fe,"! LiAlH,,">"? triethyl phosphite,'* Fe-carbonyl,'
and by electrochemical'® 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 TiO, catalyst
under light irradiation could have beneficial advantages for the
highly selective production of BC from DNBP reduction under
ambient conditions.

Nitroaromatics reduction by TiO, under UV irradiation has
been recently reported'”'® to be feasible due to its higher
conduction band energy (—0.85 V) than the reduction potential
—0.5 V vs. SCE of the -NO, group.'®*° Nitrobenzene reduction
to aniline and azoxybenzene by photoirradiated CdS, WO,
ZnO, TiO,, and SiO,@Rh-CdS composites,> > formation of
4-ethoxy-1,2,3,4-tetrahydroquinoline® and cyclic imino acids,>”
synthesis of 2-methylpiperazine by (TiO, or CdS)-zeolites,*® etc.
are demonstrated. Photocatalytic reduction of m-dinitrobenzene
for selective formation of m-phenylenediamine (100%) by P25-TiO,
and m-nitroaniline (100%) by rutile TiO,, and p-dinitrobenzene
to a mixture of products is reported® to be due to the electron
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1 Electronic supplementary information (ESI) available: HPLC, GC, GC-MS and
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using TiO, and under UV light irradiationf

Jaspreet Kaur and Bonamali Pal*

withdrawing effect and the position of the -NO, group in the
benzene moiety. However, little information has been known to
date about the reduction behaviour of -NO, 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-TiO, (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-TiO, (TiO,) and 25 pmol DNBP suspension under an
argon atmosphere with constant magnetic stirring and UV light
(125 W Hg arc, 10.4 mW cm %) irradiation for different time
periods. The reaction products are quantitatively analysed by
HPLC, GC-MS and NMR techniques (ESIt).

Fig. 1a and b show the GC chromatographs of the authentic
sample showing a single peak of DNBP (25 pmol) at ¢z = 14.5 min
and BC (7.5 umol) at ¢z = 13 min. Fig. 1c reveals that after DNBP
reduction by TiO, during 8 h irradiation, a number of GC peaks
at tg = 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 ¢z = 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 tzx = 11.6 min, and a major peak at tz = 12.9-
13.0 min is found to be significantly enhanced (Fig. 1e) after DNBP
reduction for 20 h irradiation. The peak at ¢z = 15.7 min is not
observed after 15 h, whereas the peak intensity at &g = 11.6 min is

N
u

e

(95%)

O NO, TiO, TPA (50 vol%) O
————
O NOz2 20 h, Ar atm

Scheme 1 Photocatalytic reduction of DNBP to BC by TiO, under UV
irradiation.
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(e) 20 h, (f) 24 h UV irradiation.

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 tg = 12.9 min, biphenyldiamine (BPD, Fig. 2¢) at t = 11.6 min,
and benzo[c|cinnoline dioxide (BCD, Fig. 2d) at ¢z = 15.7 min
during DNBP reduction by TiO, 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 pmol commercial authentic BC samples, the yield
and selectivity of BC obtained by DNBP (25 pmol) reduction using
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Fig. 2 Mass spectral analysis of DNBP and its reduction products.
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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.

TiO, under UV irradiation for 8-24 h gradually increased from
67% to a maximum of 23.8 pmol (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, ESIt) also
revealed the formation of ~23.7 pumol of BC. In a blank test,
no such reduction of DNBP occurred without the TiO, catalyst
after 20 h of UV light irradiation (Fig. S2, ESIt), thus confirming

This journal is © The Royal Society of Chemistry 2015
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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 ~23.2 pmol
of BC (Fig. S3c, ESIT) relative to 23.8 pmol in the first run.

The "H-NMR (400 MHz, CDCl;) spectral analysis (Fig. S4,
ESIT) shows the peaks observed for: DNBP authentic at  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, ESIT) at  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, ESIT) peaks at § 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 6 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 NH, protons at 4.23 (bs, 4H, NH,) is also
seen in Fig. S4d (ESIT) 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 TiO, 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 reported®>° that
this intermediate sequence RNO,-RNO-RNHOH-RNH, 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 TiO, (band gap energy = 380-390 nm) with
UV light generates electrons in the conduction band and holes in
the valence band, where two NO, groups of DNBP are sequentially
reduced to NH, groups in BPD by 12e~, and complete reduction of

TiO, + hv — h* + e-

(CH;),CHOH  + 2h*

Path T
NHOH| _Pahl l NH,
N°2 NHOH ‘ NH,

DNBP BP

Path 11 4
TiO, do-, 4H*

N

Scheme 2 Possible reaction pathways of DNBP reduction by TiO, and UV
light irradiation.

— (CH;,CO + 2H'

=]

Q
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DNBP by irradiated TiO, 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 (fz = 1.2 min)
whose amount (Fig. S5, ESIt) increased with (20 to 24 h) irradia-
tion time, and no H, production is detected by photoexcited holes
(h") in the valence band under UV irradiation. Furthermore, over
oxidation of acetone to CO, was not observed as confirmed by GC
analysis (Fig. S6, ESIt).

Thus, it is evident that DNBP undergoes intramolecular
reductive cyclization reactions by TiO, because of the close
spatial proximity® of the interacting NO, 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 TiO,,*
and formation of pipecolinic acid®* from r-lysine irradiation are
reported to be highly efficient for practical applications. Depend-
ing on the position (1:2, 1:3 and 1:4) of -NO, functionality®®"*
and the extent of the electron withdrawing effect of -NO, groups
imparted to the benzene ring, dinitrobenzene is reduced to a
variety of reduction products by both P25-TiO, and rutile TiO,
under controlled UV irradiation. However, the pure rutile TiO,
phase does not have any photoreactivity for DNBP reduction
under the same experimental conditions.

The non-conventional production of BC from DNBP reduction
by TiO, 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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under 8 and 4 h of UV light irradiation (125 W Hg arc, 10.4 mW/cm?), respectively. It revealed that insertion of a
second -NO, in nitrobenzene ring has an important role in expediting -NO, reduction to -NH, as compared to a
negligible reduction of nitrobenzene under similar conditions, indicating that electron withdrawing groups lower
the electron density on -NO, present on meta position and favor quick reduction of the -NO, 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-Al,Os, Pt/
TiO,, Fe,03 and ZrO, etc. catalysts under harsh experimental conditions
such as high pressure and temperature, toxic solvents and strong reduc-
ing agents like NaBH,4, where metal nanoparticles transfer the electron
[ 7] from negatively charged BH; 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 -NO, 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 TiO, photocatalysis [10,11], a greener process
is practically viable [12-14] because of the higher conduction band
energy of TiO, (—0.85 V) relative to —0.5 V vs SCE of the -NO, 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 and azobenzene

* Corresponding author at: School of Chemistry and Biochemistry, Thapar University,
Patiala-147001, Punjab, India.
E-mail address: bpal@thapar.edu (B. Pal).
! Tel.: +91 175 239 3128; fax: +91 175 236 4498.
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by CdS, W05 and P25-TiO, under UV irradiation, whereas ZnO parti-
cles generate hydroxylamine [18], and core-shell SiO,@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 -NO, group of
m-DNB to m-NA followed by subsequent reduction of the second -NO,
group to m-PDA can limit the selectivity of P25-TiO, catalyst. Recently,
rutile TiO, (R-TiO,) has attracted much attention because of its superior
ability for selective oxidation [20] of benzyl alcohol to benzaldehyde,
m-nitrotoluene reduction [21] to m-aminotoluene, and other nitroorganic
reduction [22,23] to aromatic amines. Thus, R-TiO, 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-TiO, 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-TiO, produced 100% m-PDA yield under the
same reaction conditions.

2. Experimental

2.1. Preparation, characterization and photocatalytic study of sintered TiO»
samples

Commercial Degussa P25-TiO, 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 TiO, (50 mg) suspended in 5 ml (50%) of aqueous
iso-propanol and NB, or m/p-DNB (25 pmol) using UV irradiation (125
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W Hg arc, 10.4 mW/cm?) 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-TiO, was confirmed with XRD
spectra as shown in Fig. 1 and the peaks at 26 = 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]

1
1+ 0.8[14(101)/Ig(110)]

%Rutile =

where I, is the intensity of the (101) peak and I is the intensity of
the (110) peak. With the increase in sintering temperature from 400
to 800 °C, rutile content increases in P25-TiO, and pure (99.4%)
R-TiO, sample was obtained at 800 °C. The BET surface area analysis
exposed that the surface area decreases from 56 m? g~ ! of P25-TiO,
to 18 m? g~ ! for pure R-TiO, with increased rutile content.

3.2. Photocatalytic activity of sintered P25-TiO catalysts

The various solvents viz. methanol, ethanol and n-propanol have
been tested for the photoreduction of m-DNB by R-TiO, under 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, 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 of m-PDA (tg = 2.9 min), m-NA (tg = 3.6 min)
and m-DNB (tg = 4.6 min) peaks in a mixture (5 mM) of authentic
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Fig. 1. XRD patterns of sintered P25-TiO, for 2 h at different temperatures.
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(b) effect of R-TiO, content for 4 h and (c) amount of R-TiO- in iso-propanol for 8 h
irradiation.

samples, and m-DNB reduction by R-TiO-, for 8 h irradiation displayed
m-NA formation at tg = 3.6 min and m-PDA at ty = 2.9 min.

Fig. 2b showed that m-DNB (25 pumol) is selectively reduced to 100%
m-PDA (25 pmol) by anatase-rutile mixed P25-TiO, 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-TiO, after 4 h UV irradiation.

The amount of m-DNB reduced is also subsequently decreased
because of lower photoactivity of R-TiO,. Fig. 2c demonstrated that
m-NA yield is highly improved with the increased amount of R-TiO-,
and exhibits maximum m-NA yield by 50 mg catalyst, and beyond this
amount, the second -NO, group of m-NA starts reducing to give m-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-TiO, and
availability of a higher number of active Ti>* sites that imparted in
rapid reduction of both -NO, groups.

The amount of m-DNB is gradually reduced with an increased amount
(17.9 pumol) of m-NA along with a little amount (3 pmol) of m-PDA
produced by P25-TiO, during 2.5 h UV irradiation and, thereby, m-NA
gets converted into 100% m-PDA (25 pumol) after 4 h light exposure
(Fig. 3a). In contrary, complete reduction of m-DNB to m-NA by R-TiO,
is clearly observed after 8 h reduction and thereafter irradiation (>8 h)
led to less amount of m-PDA formation as shown in Fig. 3b. The efficiency
of -NO, reduction to -NH, 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 -NO, groups are reduced to m-PDA than one -NO, reduc-
tion to m-NA formation as evident in the differences in peak area/height
of acetone (tg = 1.2 min) in the GC chromatogram (Fig. A2 in supporting
information).

The GC-MS analysis revealed that a single sharp peak at tg = 5.5 min
(Fig. 3c) for m-PDA and at tz = 8.1 min for m-NA (Fig. 3d) production by
P25 and R-TiO, 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-TiO, 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 -NO, to -NH, group by R-TiO, particles (obtained from P25-TiO,
with HF dissolution) using high power Xe lamp (2 kW, 27.3 W/m?)

illumination. This fact suggests that the substituent and the position
of -NO, group on the NB ring have an important role in the reduction pro-
cess because the electron withdrawing groups that lower the electron
density on a -NO, group present on meta position favor the rapid conver-
sion of the -NO, into the -NH, group and hence reduce the nucleophilic-
ity of the resulting m-NA as observed in m-DNB reduction by P25-TiO,. As
the -NO, group in the para position imparted less electronic induction
than the meta -NO, group, the selectivity of p-DNB (24 pumol) reduction
to p-NA (17 pmol, 69%) is notably decreased without any production of
p-PDA by R-TiO,. This impact of -NO, substituent is further supported
by the fact that almost no reduction (1-2 pmol) of NB to aniline
(1 pmol) occurs by R-TiO, even after 8 h irradiation. However, P25-TiO,
being its mixed anatase-rutile phase has higher catalytic activity; hence,
25 pmol p-DNB is reduced to 20 pumol m-PDA (82%) and 5 pmol p-NA
(17%) relative to 14 pmol reduction of NB to 9 pmol aniline (66%) forma-
tion only after 4 h UV irradiation. It also observed that reduction of
25 pmol m-chloronitrobenzene by P25-TiO, gives 100% m-chloroaniline
(25 pmol), whereas R-TiO-, gives only 4 pmol 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 -NO, group.
The measured surface area 56 m? g~ ! of P25 is notably reduced with
increased rutile content on increasing sintering temperature i.e., 38, 30
and 18 m? g~ ! at400, 600 and 800 °C, respectively. Therefore, although
the m-DNB reduction rate is decreased from 6.25 to 3.12 umol/h, the
selectivity of m-NAyield is considerably improved because of the drastic
changes in the surface electronic properties of R-TiO, with increased
crystallinity [25] where fewer defect sites appeared to promote m-NA
formation. The low photoreactivity of R-TiO, may probably be due to
less surface OH concentration leading to poorer O, adsorption essentially
required for proficient capturing of photoexcited electron [26-28] and
hence, exhibits fast recombination of e /h™ pairs relative to P25-TiO,
catalyst. Many studies [20-29] have revealed that strong oxidation
of TiO, 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 -NO, reduction on R-TiO, are the Ti** atoms [22,29]
located at the oxygen vacancies on the R-TiO, surface which behave as
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Fig. 3. Time course of m-DNB reduction by (a) P25-TiO, and (b) R-TiO, under UV irradiation, (c-d) and (e-f) chromatograph and mass spectra of m-PDA and m-NA formation by 4 h and 8 h

photoreduction of m-DNB by P25-TiO2 and R-TiO, catalysts, respectively.
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the adsorption site for DNB and the trapping site for conduction band
electrons. Experimental results showed that R-TiO, 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 TiO, 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-TiO, and R-TiO, could be poten-
tially 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 for several other products to obtain.
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The co-catalytic activity of 1wt% coinage (Au, Ag and Cu) metals and platinum group (Pt, Pd and Rh)
metals deposited P25 and rutile TiO, (R-TiO;) 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-TiO is increased after
calcinations of P25-TiO, (25-30nm) at 800°C and Au and Pt deposits of size ~4.0-6.5 nm were found
to be uniformly distributed over TiO, 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-TiO, suspended in isopropanol (50vol%) containing m-dinitrobenzene selectively produces
100% m-phenylenediamine, while metal deposited P25-TiO, produces m-nitroaniline as a major product
after 4h of UV light irradiation. However, bare R-TiO, produces 100% m-nitroaniline and metal load-
ing does not alter the selectivity except the decrease in reduction efficiency of R-TiO,. The decrease in
active Ti3* sites available on the surface after metal loading might be responsible for the decrease in
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1. Introduction

Mixed phase P25-TiO, possessing a high surface adsorption
affinity, more specific surface area, hydroxylated surface morphol-
ogy, and better charge separation by rapid electron transfer from
rutile (3.0eV) to anatase (3.2 eV) crystal makes it superior pho-
tocatalyst [1-5] for many applications. Whereas, pure rutile TiO;
(R-TiOy) phase is generally regarded as less photoactive because
of less surface OH concentration and poorer O, adsorption essen-
tially required for rapid capturing of photoexcited electrons. Hence,
exhibits fast recombination of e~/h* pairs [6-11] that reduced the
R-TiO, photocatalytic activity (PCA) relative to P25-TiO, catalyst.
Recently, TiO, is utilized for selective reduction of nitroaromat-
ics, benzonitrile to benzylamine, nitrobenzene to aniline and aryl
azides to amines etc. and oxidation of alcohols to aldehydes, ben-
zene to phenol [12-17] etc. under UV light irradiation. It revealed
that though better PCA was achieved by either pure anatase or
mixed P25-TiO, crystals generally give a mixture of product dis-
tribution, 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).

http://dx.doi.org/10.1016/j.molcata.2014.11.007
1381-1169/© 2014 Elsevier B.V. All rights reserved.

obtained in many instances. Hence, R-TiO, 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-TiO;, 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-TiO, gives
100% selectivity and yield of m-nitroaniline (m-NA) formation after
8 hirradiation as compared to 3-4 h irradiation in case of P25-TiO,
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 TiO, as evident in photooxidation [23-26]
reactions. Generally metal (M) deposition on TiO, 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/TiO, 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
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Scheme 1. Schematic illustration of Fermi level equilibration and charge transfer
process occur at various metal-TiO, interfaces.

of TiO, are preferred, as more and more electrons get transfer to
the metal and further to the reacting species and alter the reduction
efficiency. Although a few reports such as M-TiO,/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 TiO, 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-TiO; for improving the PCA
for m-DNB reduction to optimize the product selectivity and yield
upon shorter duration of light illumination.

2. Experimental
2.1. Materials

Degussa P25-TiO,, hydrogen tetrachloroaurate (IlI) hydrate
(HAuCly4-3H,0), silver nitrate (AgNOs3), copper nitrate (CuNOs-
4H,0), hexachloroplatinic (IV) acid hexahydrate (H,PtClg-6H,0),
palladium chloride (PdCl,), rhodium chloride (RhCl3), m-DNB
(C6H4N204), m-NA (C5H5N202) and m-PDA (C5H8N2) were pur-
chased from Loba Chemicals and used without further purification.
Deionized water was obtained using an ultra filtration system
(Milli-Q, Milipore) with a measured conductivity 35 mhocm~! at
25°C.

2.2. Preparation of R-TiO, nanoparticles

R-TiO, nanoparticles were prepared by a standard method
as reported elsewhere [22]. Briefly, commercial Degussa P25

TiO, (1.0g) powder was placed into a crucible, followed by
calcinations at 800°C in a muffle furnace for 2h. 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-TiO;, or P25 TiO, powder (50 mg) was taken in
a test tube containing 5ml of an aqueous isopropanol (50vol%)
solution [32]. An aqueous solution (0.01 M) of metal salts were
prepared and subsequently added to above test tube corre-
sponding to its 1wt% i.e., 256wl of HAuCly-3H,0, 468 ul of
AgNO3, 787 .l of Cu(NO3),-4H,0, 256 pl of HyPtClg-6H,0, 465 .l
of PdCl, and 495 pl of RhCl; (details of calculations are given
in Supporting information). The test tube was capped with
a septum, purged with argon gas for 15-20min and irradi-
ated by UV light (125W Hg arc, 10.4 mW/cm?) under constant
magnetic stirring for 2h 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/TiO, samples were
recorded with a diffuse reflectance spectrophotometer by Avantes
using BaSO,4 as reflectance standard. Photoluminescence (PL)
spectra were recorded by using a spectrofluorimeter by Perkin-
Elmer LS55 at room temperature on excitation with xenon
lamp (Lext) at 320nm in ethanol suspension. Transmission elec-
tron microscope (TEM) photographs were taken on the Hitachi
7500 model with resolution 2A operating at voltage 120kV.
The crystallographic studies have been carried out by using
X-ray diffractometer by PANalytical X'Pert PRO with Cu-Ka
(k=1.54060A) radiation operated at 45KkV. The specific surface
area was determined by N, adsorption method using a Smart Sorb
92/93 instrument after preheating 100 mg of samples at 150 °C for
1h.

2.5. Photocatalytic activity for m-DNB reduction
The photoreduction was carried out in a test tube containing

50 mg of bare or M/TiO, powder suspended in 5ml isopropanol
(50vol%)and 5 mM of m-DNB (25 pwmol)inargon atmosphere under
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Fig. 1. Absorption spectra of different (a) metal (1 wt%) deposited P25-TiO, powders and (b) their colours.
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continuous magnetic stirring and UV light irradiation. The reac-
tion solution after m-DNB photoreduction was centrifuged, filtered
through cellulose filter (0.22 wm) and the product was analyzed by
HPLC [Agilent 1120 Compact LC equipped with a Qualisil BDS C-18
column (250 mm x 4.6 mm, 5 pm)] at A =254 nm with a flow rate
of 1 ml/min using MeOH:H,0 (70:30) as mobile phase and by Gas
chromatography-mass spectroscopy (GC-MS-QP 2010 plus) using
RTX-5Sil-MS column (15 m x 0.25 mm x 0.25 p.m).

3. Results and discussion
3.1. Optical absorption of M/TiO, composites

Fig. 1a shows the absorption spectra of different metals (1 wt%)
photodeposited P25-TiO, powder samples. The bare P25-TiO, 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
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Fig. 3. (a) The plot of (whv)'/? 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.
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Fig. 4. Change in photoluminescence spectra of (a) P25 and (b) rutile after 1 wt% loading of different metals.
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Fig. 5. TEM images of (a) P25-TiO,, (b) rutile TiOy, (c) 1 wt% Au/TiO-, (d) 1 wt% Au/R-TiO,, (e) 1 wt% Pt/TiO, and (f) 1 wt% Pt/R-TiO, composites.

to the titanium 3d orbital’s in the conduction band. In comparison to
P25-TiO,, the absorption onset in slightly red-shifted to 403 nm in
Cu/TiO, and thereby varied to a little extent due to charge transfer
transitions between the metal ion electrons and the TiO, conduc-
tion, depending upon the nature of M deposits over TiO, surface.
However, Au and Ag loading displayed a characteristic surface plas-
mon resonance (SPR) band at 450 and 550 nm, respectively.

During UV light irradiation, the adsorbed metal ions on TiO,
are reduced by the photoexcited electrons in conduction band as
M™ +ne~ — M?, and randomly deposited over the surface. It is well
reported [33-35] that Au3*, Ag*, Cu?*, Pt%*, 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 TiO,. Hence, photoreduction of metal ions onto the
respective titania nanoparticles led to a significant change in their
colours, as shown in Fig. 1b.

As shown in Fig. 2a, the absorbance onset at 413 nm for bare R-
TiO, does not induce any notable shift even after metal deposition,
which is confirmed by the limit in colour variation from light grey
todark grey (Fig. 2b). The decrease in intensity of absorption edge at
340 nm of R-TiO, relative to P25-TiO, is due to enhanced scattering
of light by larger crystallites [36] formed by the calcination of P25-
TiO,, 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
ahv=A(hv —Eg)", where « is the absorption coefficient, hv is the
photon energy, A is a constant and E; 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 ahv 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 amounts of Au, Ag, Pt and Pd deposited P25-TiO, catalysts.

gap energy 3.38 eV and Pt/P25 possess band gap of 3.24 eV relative
to 3.2 eV for pure P25-TiO, sample. While metals loading did not
modify the band energy relative to 3.0 eV of pure R-TiO,, and com-
parative changes in band gap energy between different M/P25 and
M/R-TiO, did not demonstrate any significant difference except Ag,
Au and Cu loading which increased the band gap energy in a small
extent relative to bare TiO, as observed in Fig. 3b.

The photoluminescence (PL) spectra in Fig. 4a showed that
P25-TiO, exhibited a set of the emission bands in the range of
400-550nm indicated that commercial available P25 material is
not much crystalline due to the presence of many surface defect
sites. The band at 404 nm is attributed to band edge emission; orig-
inate from the recombination of photoexcited electron-hole pair’s
and the emission bands at 423 nm, 446 nm, 460 nm is assigned
to shallow-trap state near absorption band edge emission, corre-
spond to the presence of oxygen vacancies [38], whereas, bands
at 486 nm and 530 nm are 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 TiO,
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 cata-
lysts. While Rh, Pt and Ag deposition displayed higher PL quenching
relative to bare and Au loaded R-TiO,. This could be attributed to
effective shuttling of photogenerated charge carriers from TiO, sur-
face to deposited M islands that prevent the recombination and
hence quench the PL emission. Similar defects have been observed
in case of R-TiO, 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/TiO, nanoparticles having more
surface states dominate the excitonic emission.

TEM photographs in Fig. 5 revealed that pure P25 and R-
TiO, having size around 25 nm and 122 nm. This large difference
in the size distribution of P25 and R-TiO, was probably due
to the induced growth of crystallite size after high temperature

calcination at 800°C. Many smaller Au nanoparticles of average
size ~4nm and ~5 nm were found to be uniformly deposited over
P25-TiO, and R-TiO, surface, respectively, while Pt nanoparticles
of size ~6 nm were found to be homogeneously distributed on both
the TiO, (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-TiO, and rutile TiO, 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
4h UV irradiation and their distribution with 0.2-1wt% metals
(Au, Ag, Pt and Pd) loaded P25-TiO, catalysts. It found that always
m-DNB (25 pmol) is selectively reduced to 100% m-PDA by bare
P25-TiO, and thereby m-NA formation started increased upto 80%
(20 wmol) with decreasing m-PDA yield (5 wmol) with increased
amount (0.2-1wt%) of Au and Ag loading as in Fig. 6. Notably, the
same trend is also observed in case of Pt and Pd loaded P25-TiO,
with relatively low yield (<12 pmol) of m-PDA and (59%) m-NA
(~14.7 pmol) during m-DNB photoreduction, evidencing higher co-
catalytic activity of Au and Ag than Pt and Pd metal imparted to
TiO, 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-
TiO; during 4 h irradiation. Whereas, bare R-TiO, 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 hlight 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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Fig. 7. m-DNB reduction by 1 wt% coinage metal and platinum group metals loaded
P25-TiO, under 4 h UV light irradiation.

and {011} faces. It is reported [43,44] that reduction plane asso-
ciated with anatase {011} face contains a rich array of defects
compared to reduction plane of R-TiO, {110}. These defect sites
are identified as Ti3* which behave as an active site [20] on the
TiO, surface and are necessary for adsorption and the conversion
of nitro group to amine. Further, the improved crystallinity [45]
of R-TiO, may also contribute to the product selectivity obtained
during the photoreduction. It found that surface area (Table S1, Sup-
porting information) 56 m2 g~! of P25 is reduced to 18 m2 g~! for
R-TiO, due to increased particle size after high temperature treat-
ment and 1wt% M deposition always decreased the surface area
of P25 and R-TiO, to 45-35m?g~! and 4-8 m? g1, respectively,
does not seem to have any beneficial effects to PCA. This decreased
surface area of TiO, by M loading probably because of the surface
coverage [23] of smaller metal nanoparticles on the porous surface
of Ti02.

The fluctuation in the co-catalytic activity of coinage and plat-
inum group metals could be attributed [46,47] to the differences in
the Fermi energy, work function, electron affinity and redox poten-
tial etc. which usually facilitate electron accumulation in the metal
nanodeposits depending upon the extent of Fermi level equilibra-
tion between conduction band electrons of TiO, and loaded metals
(Scheme 1). It is evident that owing to lower work function 4.2 eV
of Pt than 5.5 eV of Ay, the conduction band electrons of TiO, 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 conduc-
tion band of TiO, and thus exhibiting higher co-catalytic activity of
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Fig. 8. m-DNB reduction by 1 wt% coinage and precious metal loaded R-TiO, under
8h UV light irradiation.

1 wt% Pt/TiO, that simultaneously reduced two NO, groups of m-
DNB to selective formation of m-PDA relative to one —NO, group
reduction to m-NA formation by 1 wt% Au/TiO, 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-TiO, photocatalysis under
UV light irradiations.

4. Conclusion

In summary, 1wt% metal loading on P25 and R-TiO, 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/TiO,
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-TiO, that produces 100% m-NA. This decrease in PCA for
the nitro group reduction by all M/TiO, 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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