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Anatase TiO, was doped with divalent transition metal ions like Mn2*, Ni?* and Zn?* and characterized by
various analytical techniques. Powder X-ray diffraction revealed stabilization of anatase phase for Ni2*
and Zn?* doped samples, while phase transformation from anatase to rutile was promoted due to Mn?*
inclusion. The rutile fraction increased with Mn?* concentration due to the creation of surface oxygen
vacancies. All the doped catalysts showed red shift in the band gap absorption to the visible region.
The photocatalytic activities of these catalysts were evaluated in the degradation of Aniline Blue (AB)
under UV/solar light. Among the photocatalysts, Mn?* (0.06 at.%)-TiO, showed enhanced activity, which
is attributed to the synergistic effect in the bicrystalline framework of anatase and rutile. Further the
unique half filled electronic structure of Mn?* serves as a shallow trap for the charge carriers to enhance
the photocatalytic activity. An insight to the mechanism of interfacial charge transfer in the mixed phase
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of anatase and rutile is explored, taking into consideration the theories of previous models.
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1. Introduction

The photodegradation of organic pollutants both in air and aque-
ous medium catalyzed by various semiconductors is a promising
remediation technology especially at lower concentration [1-10].
Among the various semiconductor used, TiO, has been recognized
as one of the excellent material for its biological and chemical
inertness, strong oxidizing power, cost effectiveness, long term
stability against photo and chemical corrosion [11]. The photo-
catalytic activity of TiO, semiconductor is due to the generation
of excited electrons in the conduction band and positive holes
in the valence band by the absorption of UV illumination. These
energetically excited species are mobile and capable of initiating
surface chemical reactions, usually by the production of highly
oxidative hydroxyl and superoxide radicals at the semiconductor
interface. They are unstable, and recombination of electron-hole
pair occurs very fast, dissipating the input energy as heat. Pho-
tocatalytic efficiency depends on the competition between these
two processes, that is, the ratio of surface charge carrier transfer
rate to the electron-hole pair recombination rate. If recombina-
tion process occurs too fast, the other surface chemical reactions
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do not occur. Furthermore, the large band gap of TiO; limits its
application under solar light. Doping with transition metal ion into
the TiO, matrix has been frequently reported to suppress charge
carrier recombination and also for the onset shift in the band
gap absorption to the visible region, thus enhancing the activity
[12-22]. Paola et al. have investigated the doping of Co, Cr, Cu,
Fe, Mo, V and W into TiO, matrix prepared by wet impregna-
tion method [19]. They reported enhanced activity for W doped
TiO,, while other transition metal ions reduced the efficiency of
TiO,. Karakitsou and Verykios showed that doping with higher
valent cation compared to Ti** shows enhanced activity com-
pared with lower valent cation [22]. Nagaveni et al. reported an
inhibitory effect for the dopants W, V, Ce, Zr, Fe and Cu pre-
pared by solution combustion method [21], while few researchers
have claimed the enhanced activity for these dopants compared
to undoped TiO, in photocatalysis [17,18,20,22]. Hence a direct
comparisons and unifying conclusions cannot be made, since wide
varieties of experimental conditions are employed for sample
preparations and also wide variety of pollutants are chosen for the
study.

The present research focuses on the doping of Mn2*, Ni%* and
Zn%* into the TiO, matrix having d°, d® and d'° electronic con-
figuration respectively. The photocatalytic activity of these doped
catalysts was evaluated in the degradation of Aniline Blue under
UV/solar light. The decisive factors like nature of dopant, phase
structure and dopant concentration influencing the degradation of
AB were investigated in detail.
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2. Materials and methods

Titanium tetrachloride was obtained from Merck Chemicals.
Manganese oxalate, nickel oxalate, and zinc oxalate supplied from
Sisco-Chem industries, Bombay was used as source for doping
Mn2*, Ni%* and Zn?* ions respectively. Aniline Blue (AB) was
obtained from S D Fine Chemicals, Bombay, India, and was used
as received. The molecular formula of AB is C3;Hy5N3Na;0gS3.

2.1. Catalyst preparation

Crystalline anatase TiO, is prepared by sol-gel method through
the hydrolysis of TiCl4 [23]. 25 ml of diluted TiCl4 with 1 ml concen-
trated H,SOy4 is taken in a beaker and diluted to 1000 ml. The pH of
the solution was maintained at 7-8 by adding liquor ammonia. The
gel obtained was allowed to settle down. The precipitate is washed
free of chloride and ammonium ions. The gelatinous precipitate is
filtered and oven dried at 100°C. The finely ground powder was
then calcined at 550°C for 4.5h. A known concentration of the
metal ion solution was added to calculated amount of TiO, to get
the dopant concentration in the range of 0.02-0.1 at.%. The catalyst
with dopant concentration of 0.02, 0.06 and 0.1 at.% was labeled
as M-1, M-2 and M-3 respectively (where M = Mn/Zn). The dopant
Ni2* with a concentration of 0.02, 0.08 and 0.1 at.% was labeled as
Ni-1, Ni-2 and Ni-3 respectively. The mixture is ground in a mortar
and oven dried at 120°C for 1h. The process is repeated for 3-4
times and the powder is finally calcined at 550°C for 4.5 h.

2.1.1. Analytical instruments

The crystallite phase of the sample and variation of lat-
tice parameter upon doping with metal ions were determined
by PXRD measurements using Philips powder diffractometer
PW/1050/70/76 with Cu Ka radiation. The specific surface area
of the powders was measured by dynamic Brunner-Emmet-Teller
(BET) method in which N, gas was adsorbed at 77 K using Digisorb
2006 surface area, pore volume analyzer Nova Quanta Chrome
corporation instrument multipoint BET adsorption system. The dif-
fuse reflectance spectra (DRS) of the photocatalyst sample in the
wavelength range of 200-600 nm were obtained by a UV-vis scan-
ning spectrophotometer (31031 PC UV-VIS-NIR instrument) using
BaSO, as reference standard. The band gaps of photocatalysts were
calculated by using the Kubelka-Munk plot.

2.1.2. Photochemical reactor

The experiments were performed in an open glass reactor
(150 mm x 75 mm) whose surface area is 176 cm?2. A medium pres-
sure 125W mercury vapor lamp is used as the UV source. The
photon flux of the light source is 7.75 mW/cm? as determined by
ferrioxalate actinometry and the output of mercury lamp is in the
range of 350-400 nm and peaks around 370 nm. In a typical exper-
iment, 250 ml of 20 ppm AB dye solution containing 150 mg of the
catalyst was magnetically stirred in dark condition for 15 min to
establish an adsorption/desorption equilibrium. The difference in
the concentration of substrate before and after stirring gives the
amount adsorbed on the catalyst surface. All the experiments were
carried out under constant stirring in the presence of atmospheric
oxygen.

Experiments using solar light were carried out between 11 am
and 2 pm during the summer season in Bangalore, India. At this
interval the fluctuation in solar intensity was minimal. The latitudes
and longitudes are 12.58 N and 77.38 E respectively. The average
intensity of the sunlight is found to be around 1200 W m~2. The
intensity of solar light was concentrated using a convex lens and
the reaction mixture was exposed to this concentrated solar light.
The reaction was stirred continuously over the entire time spam
of the experiment. At desired time intervals the samples were col-

Fig. 1. PXRD pattern of Mn2*-TiO; samples.

lected and centrifuged to separate the photocatalyst particles and
were subjected to UV-vis spectroscopic analysis using Shimadzu
UV-1700 pharmaspec UV-vis spectrophotometer.

2.1.3. Estimation of electrical energy per order (Eg,)

The photodegradation of aqueous organic pollutant is a light
energy driven process which can represent a major fraction of oper-
ating costs. Simple figures of merit based on the electrical energy
consumption (as light energy) can therefore be very useful and
informative. The appropriate figure of merit is the electrical energy
per order (Ego ), is defined as the number of kW h of electrical energy
required to reduce the concentration of pollutant by one order of
magnitude in 1m3 of contaminated water. Eg, can be calculated
using Eq. (1)

P x t x 1000

Ero = 560 % log(G;/Cp)

(1)

where P is the power of the light source (kW), t is the irradiation
time (min), V is the volume of the reaction solution, C; and Cf are
the initial and final pollutant concentrations [24,25].

3. Results and discussion
3.1. Characterization of the photocatalyst

Ni2*-TiO, and Zn%*-TiO, catalysts showed anatase phase, while
MnZ*-TiO, samples exhibited bicrystalline framework of anatase
and rutile. The structural changes upon doping are strongly depen-
dent on charge and ionic radius of the dopant. The dopant with
a lower charge than Ti** can alter the concentration of oxygen
vacancies depending on their position in TiO, matrix, they can
replace Ti in TiO, lattice or can occupy interstitial position which
in turn depends on their size and concentration. The ionic radii of
Ni2* (0.72 A) and Zn2* (0.74 A) are quite similar to that of host Ti%*
(0.68 A) ions. Hence these ions can easily substitute Ti** ion in TiO,
lattice without distorting the pristine crystal structure, thereby sta-
bilizing the anatase phase over a range of dopant concentrations.

The phase transformation from anatase to rutile was promoted
by the incorporation of MnZ* (Fig. 1). The rutile fraction increased
with increase in Mn2* content in the TiO, matrix. Due to the larger
jonic radius of Mn2* (0.80 A) compared to Ti**, it is impossible for
MnZ* ions to act as interstitial ions in the TiO, matrix. Hence Mn2*
ions can replace Ti** substitutionally in the lattice sites. The sub-
stitution of metal ion with valency less than +4 and higher ionic
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radius would induce oxygen vacancies at the surface of anatase
grains which favors the bond rupture, solid state ionic rearrange-
ment and structure reorganization for the formation of rutile phase
[26]. The rutile fraction in the sample was calculated using the Spurr
and Meyer’s equation: Xg =(1+0.8I5/Ig)"!, where Xy is the mass
fraction of rutile in the prepared samples, I and Iz were the X-ray
integrated intensities corresponding to the (10 1) diffraction plane
of anatase and (1 10) of rutile phase respectively [27].

At lower dopant concentration (0.02 at.%) the induced oxygen
vacancies may not be sufficient to promote the phase transforma-
tion. Mn-2 shows higher anatase to rutile of 90:10, while Mn-3
shows higher rutile-to-anatase ratio of 52:48 (Fig. 1). These results
suggest that phase transformation takes place smoothly at interme-
diate dopant concentration of 0.06 at.% and accelerates at a faster
rate for higher dopant concentration. The anatase-to-rutile phase
transformation is generally considered as nucleation growth pro-
cess during which the rutile nuclei are formed within the anatase
phase. The crystallite size of the samples was calculated using
Scherrer’s equation: D=k\A[Bcos6, where k is the shape factor
(~0.9), A is the X-ray wavelength (0.15418 nm), 8 is the full width
at half maximum (FWHM) of the diffraction line and 6 is the diffrac-
tion angle. The anatase crystallite size was found to be 26.2, 23.6,
20.3 and 16.6 nm for a dopant concentration of 0.00, 0.02, 0.06 and
0.1 at.% respectively while the rutile crystallite size in the samples
Mn-2 and Mn-3 were same as that of anatase. These results sug-
gest that Mn2* doping into the TiO, matrix effectively inhibit the
grain growth of both the phases by providing dissimilar bound-
aries. The anatase grain size of TiO, decreases with increase in
the Mn2* dopant concentration due to the formation of Mn-O-Ti
bonds. The decrease in the grain size increases the specific surface
areas which would increase the density of surface defects at the
surface of the anatase grains. The powders with smaller crystallites
will have large number of lattice defects. The defect sites on the sur-
face of anatase crystallites react with a neighboring anatase crystal
with or without defect sites, the rutile nucleation may start at these
sites. Further the atoms in the defect sites have higher energy than
those in the main lattice and can act as nucleation sites for the
rutile formation at the surface of anatase crystallites. The anatase-
to-rutile phase transformation is thus promoted at these defects
and then diffuses towards bulk.

The variation in the lattice parameters upon doping was
reflected in the elongation of c-axis. Since only ‘c’ dimension is
changing while ‘a (=b)’ remains almost constant for the range of
dopant concentration, it can be concluded that Mn2* substitutes
Ti** preferentially on the bcc and fcc in the anatase structure [28].
The substitution of M2* (M=Mn, Ni and Zn) ions in the TiO, lat-
tice follows Vegard’s law which states that “Change in the unit
cell dimension will be linear with respect to the change in com-
position” which confirms the incorporation of the dopant in the
substitutional site.

3.2. Optical electronic properties

The intensity of the reflected radiation provides information
about the wavelength at which semiconductor absorbs the light.
The UV-vis absorption spectra are shown in Fig. 2. The absorption
band in the UV region (~380nm) can be attributed to the band
gap excitation of anatase TiO, which corresponds to band to band
transition from Ti 3d to O 2p levels. The doped samples showed a
significant shift in the band gap absorption to the longer wave-
length, due to the introduction of electronic level which forms
lowest unoccupied molecular orbital within the band gap states
of TiO, (Fig. 3A). Introduction of such energy levels within the
band gap states induces red shift in the absorption and endows
the resulting catalysts with solar light harvesting capacity. The light
absorption ability increased with increase in the dopant concentra-

Fig. 2. UV-vis absorption spectra of photocatalysts. (A) TiO,, (B) Mn?*
(0.06 at.%)-TiO,, (C) Ni?* (0.08 at.%)-TiOz, (D) Zn?* (0.06 at.%)-TiO,.

tion and a blue shift was observed at higher dopant concentration
(~0.1 at.%) which is consistent with previous reports [29-32]. Both
Mn?Z* and Zn?* doped samples showed maximum band gap absorp-
tion values at ~456 nm at a dopant concentration of 0.06 at.%, while
Ni2* doped samples displayed strong visible absorption band at
468 nm at 0.08 at.%. The absorption band in the visible region can
also arise due to d-d transition of metal ions or charge transfer
transition between the interacting ions [33,34].

M £ M M(n+1)++M(n—l)+ (2)

The similarity in the band gap absorption values for Mn2* and Zn2*
doped samples and a slight higher band gap absorption value for
Ni2*-Ti0, sample can be explained by taking into consideration, the
electronegativity of doped metal atoms. Hur et al. reported the visi-
ble light photocatalytic activity of strontium indium niobate doped
with Pb#* and Sn** for the degradation of 4-chlorophenol. Since the
substituted Pb** and Sn** are more electronegative than In3*, the Pb
6s and Sn 5s electronic states were expected to have lower energy
thanIn 5selectronic state. The large shift in the band gap absorption
in Pb** doped samples compared to Sn**, was attributed to higher
electronegativity of Pb** in comparison with Sn** [35]. The simi-
lar red shift in the band gap absorption values of Zn and V doped
TiO, was mainly attributed to the similarity in the electronegativ-
ity of both the dopants [36]. Further, large shift in the band gap
absorption for Mo doped TiO, in comparison with Mn doped TiO,
was accounted to the higher electronegativity of Mo [37]. Hence,
we speculate that higher electronegativity of Ni compared to Zn

Fig. 3. Visible light activated doped catalyst (A) and charge carrier trapping mech-
anism in doped catalyst (B).
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Table 1

Detailed characterization of doped titania.
Photocatalyst Phase fraction A:R C? (nm) Lattice parameter (A) AP (nm) Eg€ (eV) SAd
TiO, 100:0 26.3 a=b=3.7828,¢c=9.5023 380 3.2 18
Mn-1 100:0 23.6 a=b=3.7832,c=9.5103 426 29 21
Mn-2 90:10 20.3:20.3R a=b=3.7824,¢=9.5211 454 2.7 26
Mn-3 52:48 16.6:16.6 } a=b=3.7800, c=9.5002 420 2.9 24
Ni-1 100:0 238 a=b=3.7832,¢c=9.5069 426 2.9 25
Ni-2 100:0 18.9 a=b=3.7800, c=9.5189 468 2.6 30
Ni-3 100:0 15.1 a=b=3.7800, c=9.5228 450 2.7 31
Zn-1 100:0 23.6 a=b=3.7832,c=9.5123 420 2.9 25
Zn-2 100:0 19.8 a=b=3.7824,c=9.5311 456 2.7 32
Zn-3 100:0 15.6 a=b=3.7820, c=9.5009 442 2.8 37

A:R anatase:rutile ratio.
@ Crystallite size calculated from Scherrer’s equation.
b Band gap absorption values calculated from UV-vis absorption spectroscopy.
¢ Mid band gap states estimated from Kubelka-Munk method.
4 Specific surface area estimated from BET surface area analysis.

and Mn resulted in the large shift in the band gap absorption, while NiO < Nif; + 0] (Ni is in+ 2 oxidation state) (11)

similar electronegativity of Mn and Zn resulted in almost similar
shift in the band gap absorption values. The electronic states of and
Ni were found to be at ~0.6 eV and while for Mn and Zn, it was at
~0.5 eV below the conduction band edge of TiO,, as determined by
Kubelka-Munk plot. The results are shown in Table 1.

3.3. Induced defect states by the dopant in the pristine TiO,

The variable oxidation states and their ionic radii of Mn are Mn2*
(0.80A), Mn3* (0.66 A) or Mn** (0.60 A). Probable defect states can
be represented using Kroger and Vink notation [38,39]

Assuming Mn** occupying the lattice position of Ti4* in TiO,
matrix:

MnO; <+ Mnr; +200(Mnisin + 4oxidationstate) 3)

Assuming Mn3*/Mn2* occupying the lattice position of Ti%* in
TiO, matrix, it induces doubly ionized/two singly ionized oxygen
vacancies:

Mn;03 <> 2Mnf; + 30, + V, /2V,,

(Mn in + 3 oxidation state) (4)

MnO < Mn; + O, + Vg [2V,,

(Mn is in+ 2 oxidation state) (5)

Zn0 < Znj; + 0o + Vg /2V,,

(Zn is in+ 2 oxidation state) (6)

NiO < Nif; + 0o + Vg /2V,,
(Ni is in +2 oxidation state) (7)

The ionized oxygen vacancies induced by Ni2* and Zn2* is assumed
to be negligible due to the absence of rutile phase in the doped

samples.
Charge compensation can also occur by interstitial oxygen
which is less probable due to the higher ionic size of oxygen:

Ml‘l203 <~ 2Ml'lflii + O;/ + 200

(Mn is in+ 3 oxidation state) (8)
MnO < Mnf; + 0{ (Mn is in+ 2 oxidation state) (9)
Zn0 < Znf; + O] (Zn is in+ 2 oxidation state) (10)

The notations V,, V; and V; represent neutral, single and doubly
ionized oxygen vacancies. O, is oxygen occupying oxygen lattice
site. Mnp; is manganese ion at titanium lattice site and the (') rep-
resents the deficiency in the charge.

3.4. FT-IR analysis

FT-IR studies with KBr as reference standard shows the follow-
ing results:

1. Undoped TiO, shows strong absorption bands at 482 and
560cm~! which can be assigned to Ti-O and Ti-O-Ti bond in
the TiO,, lattice. The peaks at 850 and 915 cm~! may be assigned
to stretching vibrations of O-0O for peroxo groups and vibrations
of Ti-O-0 bond [37].

2. The bands at 3432 and 1655 cm™~! for all the photocatalysts were
attributed to the surface adsorbed water molecules and Ti-OH
bonding vibration [40].

3. On doping, the band at 560cm~! shifts towards lower fre-
quencies suggesting the possible formation of M-O-Ti bond
(M=Mn?2*, Ni%*, and Zn?*).

4. The catalyst Mn-2 showed additional band at 460 cm~! corre-
sponding to rutile framework of O-Ti-O bond [41].

5. The band at 460 cm~! increased in its intensity for the catalyst
Mn-3 which confirms the higher fraction of rutile present in the
sample compared to Mn-2, which is in agreement with the PXRD
pattern.

6. The intensity of the bands at ~3432 and ~1655cm™! signifi-
cantly reduced in its intensity with increase in the concentration
of the dopants (Mn2*, Ni2* and Zn%*) and broadening of the bands
were observed owing to decrease in the crystallite size of the
doped samples. The decrease in the intensity of the bands sug-
gests the possible interaction of dopants with surface hydroxyl
groups of pristine TiO5.

4. Photocatalytic activity

4.1. Photocatalytic degradation of Aniline Blue (AB)

The efficiencies of the photocatalysts were tested for the degra-
dation of AB under UV/solar light. The photolysis of dye under both
UV/solar light was negligible and no degradation of the dye took
place in the presence of catalyst without light irradiation. Hence
the degradation of AB was mainly due to the combined effect of
catalyst and light irradiation. The concentration of AB decreased
monotonically during the course of reaction. The doped catalyst at
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Fig. 4. Concentration versus time plot for the degradation of AB using all various photocatalysts under UV light.

Fig. 5. Concentration versus time plot for the degradation of AB using all various photocatalysts under solar light.
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an optimum dopant concentration showed considerably enhanced
activity compared to pure TiO, indicating that localized electronic
states of the dopant served as charge carrier traps for the photogen-
erated charge carriers under both UV/solar light illumination. The
dopant within the TiO, matrix can act as trap sites for both elec-
tron and hole depending on its energy level which can be either
below conduction band or just above the valence band (Fig. 3B).
Plot of C/Cy versus time for the degradation of AB with different
photocatalysts are shown in Figs. 4 and 5.

Mn-2 showed enhanced activity compared to Ni and Zn
doped catalysts, The complete degradation of AB was achieved in
140/80 min under UV/solar irradiation, suggesting the fact that,
intermediates formed was destroyed at a faster rate under solar
light illumination. There was continuous decrease in the Amax of the
dye during the course of the reaction. The decrease was faster in the
solar light photocatalysis compared to UV light photocatalysis. New
bands appeared in the UV-vis spectra (270-360 nm) correspond-
ing to the formation of substituted aromatic compounds at 90 min
under UV irradiation, however no new bands appeared for 60 min of
solar illumination confirming that the intermediates were rapidly
degraded under solar light (UV-vis spectra not shown). The rate
constant values calculated from the plot of —log C/Cy versus time
using all the photocatalyst are shown in Table 2. The photocatalytic
activity depends on several factors like surface area, phase struc-
ture, crystallite size, band gap, etc. Although Ni-2 showed largest
shift in the band gap, the rate constant calculated was found to be
2.6/4.4 times lower under UV/solar light compared to Mn-2. It is
commonly accepted that narrower band gap corresponds to less
powerful redox ability [42], because the photocatalytic system can
be assumed to be an electrochemical cell, the large decrease in the
band gap results in lower oxidation-reduction potential based on
Eq. (12).

AG = —nFE (12)

AG is the free energy change of the redox process occurring in
the system, n is the number of electrons involved in the redox pro-
cess, Fis the Faraday constant and E represents the band gap of the
semiconductor. This indicates that the large band gap narrowing in
the case of Ni2* doped sample is unfavorable for the photocatalytic
activity.

Secondly Ni and Zn doped TiO, samples showed larger surface
area, still its photocatalytic activity was low compared to Mn-2.
Larger surface area may be an important factor for the photocat-
alytic degradation reactions, as large amount of pollutant can be
adsorbed promoting the interfacial charge transfer rate. However
the catalyst with larger surface area is usually associated with large
amount of crystalline defects favoring the recombination of photo-
generated charge carriers and leading to low photocatalytic activity
[43]. Hence larger surface area is a requirement but not a deci-
sive factor. The band gap shift to the visible region for Mn-2, Ni-3
and Zn-2 were almost same, but photocatalytic activity varied to
a larger extent. Further the rate constant calculated for Mn-2 was
higher compared to Mn-3 despite the fact that both the photocat-
alyst had similar specific surface area. From the above results, it
cannot be concluded that, neither the surface area nor the band
gap absorption had any obvious relation on the enhanced photo-
catalytic activity in the present study.

The enhanced activity of Mn-2 under both UV/solar light was
critically attributed to the bicrystalline framework of anatase and
rutile which suggests the existence of synergistic effect between
the mixed polymorphs. It is well known that TiO, with bicrystalline
framework of anatase-rutile or rutile-brookite or anatase-brookite
can effectively reduce the recombination of photogenerated charge
carrier enhancing the photocatalytic activity [44-69].

Under UV light excitation, anatase in the mixed phase gets acti-
vated as it is a good absorber of UV light photons. The vectorial

Fig. 6. Mechanism of interfacial charge transfer in the bicrystalline framework of
anatase and rutile under UV light irradiation.

Fig. 7. Mechanism of interfacial charge transfer in the bicrystalline framework of
anatase and rutile under solar light irradiation.

electron transfer takes place from the conduction band edge of
anatase-to-rutile electron-trapping sites. Thus rutile serves as pas-
sive electron sink hindering the recombination in anatase phase
and the hole originated from the anatase transfers to the surface
[70]. Subsequent electron transfer to impurity level of the dopant
which lies ~0.5 eV below the conduction band of rutile favors effec-
tive charge separation accelerating the interfacial charge transfer
process which accounts for higher efficiency of Mn-2 compared to
other photocatalyst under UV light (Fig. 6).

The band gap of rutile is favorable for visible light excitation as
the conduction band edge of rutile lie ~0.2 eV below the conduction
band edge of anatase. Under visible light excitation, the photogen-
erated electron from conduction band of rutile vectorially transfers
to electron-trapping sites of anatase phase (Fig. 7). This can be con-
sidered as antenna effect by rutile phase [71]. Subsequent transfer
of electrons to lattice trapping sites of anatase/impurity level of the
dopant further separates the charge carriers effectively. The lattice
trapping sites of anatase has energy of 0.8 eV less than the conduc-
tion band edge of anatase [72]. Thus by competing with the charge
carrier recombination, the charge separation activates the catalyst
and the hole originating from the rutile valence band participates
in the degradation mechanism.

In order for such an effective interparticle electron transfer to
be possible, the two polymorphs must be in close contact which
mainly depends on their crystallite size. Hong et al. prepared
iodine-doped titania with mixed phases of anatase and rutile by cal-
cining the sample at 500 °C, which showed lower activity compared
to iodine-doped anatase titania. The low activity was attributed to
the large rutile crystal size compared to anatase which resulted in
poor intimate contact between the mixed phases [73]. Hence it is
crucial to maintain the crystallite size of both the phases which
enables the mixed phase for efficient charge transfer. The sample
Mn-2 has anatase-to-rutile ratio of 90:10 and the crystallite size is
20.3 nm for both the phases. Since the crystallite size of both the
phases is same, it can be speculated that the both the polymorphs
are in intimate contact. According to Gray et al., such an interfa-
cial mixed polymorph structure would contain a surplus amount
of tetrahedral Ti#* sites which can act as reactive electron-trapping
sites. These isolated tetrahedral Ti#* sites are more active than
octahedrally coordinated Ti%* sites as in bulk TiO, [74]. These tetra-
hedral Ti%* sites could serve as catalytic hot spots at anatase/rutile
interface and thus avails the mixed polymorph nanocrystals into an
effective photocatalytic relay for solar energy utilization. Hence we
believe that these tetrahedral Ti%* sites contribute to the increased
activity of the mixed phase relative to the pure anatase (Mn-1).
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Table 2

Percentage degradation (D), first order rate constant (k) and estimation of electrical energy per order (Eg,) for the degradation of AB using various photocatalysts.

Photocatalyst UV light irradiation?

Solar light irradiation®

D¢ k Ego D¢ k Ego
TiO, 58 0.61 2.58 05 = =
Mn-1 62 0.69 2.30 65 1.32 12.10
Mn-2 100 1.84 0.80 100 3.33 4.77
Mn-3 45 0.41 3.93 32 0.49 32.07
Ni-1 55 0.54 3.03 35 0.52 29.82
Ni-2 63 0.70 2.23 45 0.75 21.35
Ni-3 40 0.35 4.62 30 0.44 36.23
Zn-1 58 0.60 2.86 53 0.93 16.37
Zn-2 75 0.97 1.65 65 1.34 11.92
Zn-3 44 0.42 3.80 28 0.39 37.79

2 [llumination time period of 140 min.
b [llumination time period of 80 min.

¢ First order rate constant in 10~2 min~! calculated from the plot of —log C/Cy versus time.

The small crystallite size in Mn-2 reduces the diffusion path length
for the charge carriers, from the site where they are photo pro-
duced to the site where they react. Reduction in this diffusion path
length results in reduced recombination of charge carriers result-
ing in enhanced interfacial charge transfer process. Therefore such
an intimate contact between the mixed polymorph with smaller
crystallite will have a core of rutile crystallites interwoven with
bound anatase crystallites, thus accelerating the transfer of elec-
trons from rutile to neighboring anatase sites or to the impurity
level created by the dopants. However it is vital that the existence
of synergistic effect between the mixed polymorphs is not univer-
sal and there exist an optimum value for both the phases to show
enhanced activity. In the present case optimum value was found to
be an anatase-to-rutile ratio of 90:10.

With the dopant concentration around 0.1 at.%, the crystallite
size for both the phases is found to be 16.6 nm in Mn-3. In these
crystallites most of the charge carriers are generated sufficiently
close to the surface. As a result, the photogenerated charge carriers
may quickly reach the surface resulting in faster surface recombi-
nation reaction. This is also due to the excess trapping sites in the
sample and lack of driving force to separate these charge carriers.
In the catalyst with smaller crystallite size, surface charge carrier
recombination reaction prevails over interfacial charge transfer
process. Since Mn2* serves as trapping site for both electron and
hole, the possibilities of trapping both the charge carriers will be
high at higher dopant concentration and this trapped charge carrier
may recombine through quantum tunneling [75]. Therefore there
is a need for optimal dopant concentration in the TiO, matrix to
get effective crystallite size for highest photo catalytic efficiency.
Beyond the optimum dopant concentration, the rate of recombina-
tion starts dominating the reaction in accordance with Eq. (13)
Kgrr o exp_—ZR (13)

ao

where Kgg is the rate of recombination, R is the distance separat-
ing the electrons and hole pairs, ag is the hydrogenic radius of the
wave function for the charge carrier. As a consequence the recombi-
nation rate increases exponentially with the dopant concentration
because the average distance between the trap sites decreases with
increasing number of dopant ions confined with in a particle. Fur-
theritis suggested that Ti* in the TiO, with higher fraction of rutile
is more difficult to be reduced to Ti3* which suggests that trapping
sites might serve as recombination centers which is in agreement
with above Eq. (13).

Pleskov reported that the value of space charge region potential
for the effective separation of photogenerated charge carriers must
not be lower than 0.2 eV [76]. On this basis, it can be concluded that
there exist an optimum dopant concentration in the TiO, matrix
to prolong the separation of photogenerated charge carriers. Fur-

thermore, the thickness of space charge layer is affected by dopant
content in according to the following equation:

W (Zssovs)l/z
eNy

where ‘W' is the thickness of space charge layer, ¢ and ¢ are the
static dielectric constants of the semiconductor and of the vacuum,
Vs is the surface potential, Ny is the number of dopant donor atoms,
e is the electronic charge. The above equation clearly shows that W
decreases as the dopant content increases [77]. In addition, pene-
tration depth [, of the light into the solid is given by I=1/a, in which
‘a’ is the light absorption coefficient at a given wavelength which
decreases with increase in dopant concentration [78]. When the
value of W approximates that of I, all the photons absorbed gener-
ate electron-hole pairs that are efficiently separated. Consequently
it is understandable that the existence of optimum value of Ny for
which a space charge exist whose electric force is not less than
0.2 eV and whose thickness is more or less equal to light penetration
depth [77]. For higher dopant concentration, the band bending may
occur in a thin layer near the surface, so that most of particle inte-
rior will be lacking in potential drop. Hence the space charge region
becomes narrow and the penetration depth of light into TiO, greatly
exceeds the thickness of the space charge layer which increases
the recombination rate of electrons and holes. Moreover, at a high
dopant concentration, the charge carriers may be trapped more
than once on its way to the surface so that their mobility becomes
extremely low and undergoes recombination before it can reach
the surface [75,79]. In addition at higher concentrations, these trap
centers are close to one another and the trapped charge carriers can
recombine through quantum tunneling, the probability of which
increases with increase in the dopant concentration.

(14)

4.2. Trapping and detrapping of charge carriers

The dopant inside the TiO, matrix can serve as electron trap,
if their energy level is just below conduction band or hole trap, if
their energy level is just above the valence band (Fig. 3a). Mn?* has
valence electronic configuration of 3d°. When these dopant ions
trap electron/hole, there will be considerable loss of spin energy, as
spin states changes from high spin (five unpaired electrons) to low
spin (four unpaired electrons). According to crystal field theory, the
trapped electron/hole will be transferred to surface adsorbed water
molecules to restore its energy (Fig. 8), thereby suppressing the
recombination of photogenerated electron-hole pairs [78]. Since
both the oxidation states are highly unstable, the trapped electron
will be transferred to oxygen molecule and trapped hole to surface
adsorbed water molecules or to dye molecule.

Mn?t +e~ - Mnt (15)
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Fig. 8. Electron/hole trap in metal ion having half filled electronic configuration as
per Ref. [78].

Mn™ + Og.4s — Mn?t +0,°~ (16)
Mn?* +h* — Mn3t (17)
Mn3* +OH™ — Mn?* +OH’ (18)

Alternatively, the Mn3* can also trap conduction band electron or
Mn* can trap valence band hole to retain half filled electronic struc-
ture of Mn?2*

Mn*t +h* - Mn?* (19)
Mn3* +e- - Mn?* (20)

The dopants Ni2* and Zn2* also exhibit similar trapping and detrap-
ping mechanism.

Ni** + e~ — Nit (21)
Nit 4 0g,4s = Ni?t +0," (22)
Nit +h* — Ni?t (23)
Ni?t + h* > Ni3* (24)
Ni3* + OH~ - Ni?* +OH’ (25)
Ni3* + e~ — Ni?t (26)
Zn*t +e~ > Znt (27)
Znt 4 Oga4s —> Z0n2t 405" (28)
Znt +ht - Zn?t (29)
Zn?t +ht — zn3+ (30)
Zn3* +OH™ — Zn?** +OH’ (31)
Zn*t e~ — Zn**t (32)

Choi. et al has reported the photocatalytic activities of quantum
sized TiO, doped with different transition metal ions for the oxi-
dation of chloroform and reduction of carbon tetrachloride. They
have reported the enhanced photo activity for Fe3* doped samples
which have stable half filled electronic configuration [80]. Xu et
al. have also reported the influence of doping different rare earth
metal ions into the TiO, lattice for the decomposition of nitrate.
They have reported the enhanced activity of TiO, doped with Gd3*
ions which also possess stable half filled electronic configuration
[81]. In the line of this reasoning, we also attribute to the enhanced
activity of Mn2* to its half filled electronic structure, which serves as
shallow trap for the charge carriers to accelerate interfacial charge
transfer processes. These processes not only accelerate interfacial
charge transfer process, but also enhance the generation of highly
reactive oxidative species like superoxide and hydroxyl radicals.

5. Conclusion

Anatase TiO, was doped with divalent transition metal ions like
Mn?Z*, Ni2* and Zn2* and their photocatalytic activity was probed
in the degradation of AB under UV/solar light. The dopant Ni2* and
Zn%* metal ions stabilized anatase phase, while MnZ* promoted
phase transformation to rutile due to creation of surface oxygen
vacancies. Among the photocatalysts used, Mn2* (0.06 at.%)-TiO;

showed enhanced activity both under UV/solar light due to: (i) syn-
ergistic effect in the bicrystalline framework of anatase and rutile;
(ii) smaller crystallite size with high intimate contact between the
mixed phases which facilitate effective interparticle electron trans-
fer; (iii) half filled electronic structure of Mn2*, which serves as
shallow trap for the charge carriers.
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