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Abstract

Different metal molybdates incorporated titanium dioxide were prepared by the chemical solution decomposition (CSD) method. Among many
transition-metal molybdates, nickel molybdate incorporated titanium dioxide (NMTI) was found to be more photoactive than P25 TiO, and
other metal molybdate doped TiO, (M,Mo,Ti;_,Og) (M =Ni, Cu, Zn; x=0.05), for photocatalytic oxidation of various dyes solution to harmless
decolorized solution at room temperature with the help of Hg lamp. The prepared nano powders were characterized by XRD, UV-vis spectra,
specific surface area (BET), UV-vis diffuse reflectance spectrum, EPR spectrum and TEM analyses. The average particle size of NMT1 was found
to be 15 nm measured from TEM and calculated band gap from adsorption edge is found to be 2.66 eV.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The photo-catalytic oxidation of organic compounds and dye
molecules is an active area of present day’s research. In this con-
text, the catalytic oxidation of organic dyes has been investigated
extensively [1-4]. Photocatalytic oxidation of various organic
dyes (methyl orange, rhodamine B, thymol blue and bromocre-
sol green) may occur even under mild conditions in presence of
air and visible light.

During the last 20th years, there are many studies on nano-
structured materials due to their several interesting properties
like electronic [5] (semiconductor/superconductor), ferroelec-
tric material [6,7], mesoporous material [8], fluorescence [9] and
different types of catalytic materials [10,11]. Nano-structured
materials have been developed and used as heterogenous cata-
lysts for various applications including the remediation of waste
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water and air [12] through photocatalytic reaction. Photo catal-
ysis works on photo generation of electrons (¢ ™) and holes (h*)
when subjected to UV light [13], and their migration of (e~/h*
pairs) to the catalyst surface, resulting in the chemical reaction
with adsorbed pollutants and oxygen from air. The most exten-
sively studied nano-structured photocatalyst is TiO,, which has
been found to be capable of decomposing many organic contam-
inants in the liquid phase, gas phase and solid phase. Moreover,
TiO, photocatalyst as a wide band-gap semiconductor (3.2¢eV),
is responsive to light radiation in the UV and near UV range
(A <388 nm). This limits its application in range of visible light
of solar spectrum [14]. To activate TiO, in wide visible zone
of solar spectrum, doping with various metal ions have been
attempted. Many transition metal ions have been used for dop-
ing TiOy [11-13] to increase the quantum efficiency of the
heterogeneous photocatalytic property by influencing genera-
tion and recombination of the charge carriers under light. In this
regard, CdS-sensitized TiO; [15], (Sr1—xLa,)TiO34s—TiO, [16],
BaTisOg [17], TiO2-copper(Il) [18], NapTigO;3 [19], Fe(IlI)
doped TiO, [20] and La (Fe)-doped bismuth titanate [21] have
been extensively investigated.
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In this communication, we have attempted the modifica-
tion of TiO, with various metal molybdates (M;Mo,Ti|_,Og)
(M =Ni, Cu, Zn; x=0.05) to form nano-sized photocatalyst and
their evaluations as photo catalyst. The nano size has helped
the formation of solid solution of TiO, and metal molybdates
and retains high surface area. The NiyMo,Ti;_,O¢ (x=0.05)
shows better photocatalytic activity compared to pure TiO;
and the other metal molybdate incorporated titanium dioxide
Cu, Mo, Ti; _,Og (CMT), Zn,Mo,Ti;_,O¢ (ZMT) (for all cases,
x=0.05) for photodegradation of methyl orange (MO) under UV
lightirradiation. The methyl orange degradation is taken because
it is chemically degraded faster than other dyes like thodamine
B (RB), thymol blue (TB), bromocresol green (BG), etc. The
nano-sized photocatalyst were characterized by XRD, UV-vis
spectra, BET surface area, UV—vis diffuse reflectance spectrum,
EPR spectrum and TEM analyses.

2. Experimental
2.1. Preparation for nano-sized photocatalysts

2.1.1. Chemicals required

Titanium  dioxide, Ni(NO3),-6H,0, (NH4)2Mo00q,
Cu(NO3),-6H,0, Zn(NO3),-6H,O, HNOj3 (65%), NH4OH
(25%), HF (40%), tartaric acid, triethanolammine (TEA),
methyl orange (MO), rhodamine B (RB), thymol blue (TB),
bromocresol green (BG) were A.R. reagents procured from
B.D.H. of India.

2.1.2. Synthesis

The total synthesis was carried out in two steps by chemical
solution decomposition method (CSD) reported by Pramanik
and co-workers [22-24]. In the first step, the stock solu-
tions of Ni(NO3)2-9H20, Cu(NO3),-6H20, Zn(NO3),-6H,0,
(NH4)2MoOy4 and titanium tartarate solutions were prepared.
In the second step, the equivalent amount of metal nitrate,
(NH4)2Mo00,4 and titanium tartarate solution were taken in
a beaker as per chemical composition. The complexing
agent TEA (triethanolamine) (where molecular ratio of metal
ion:TEA = 1:3) was added to the homogeneous solution of con-
stituents maintaining pH at 6-7 by nitric acid and ammonia.
This mixed solution after evaporation and decompositions at
473 K, resulted in black carbonaceous light porous mass, which
was followed by calcination in air at temperatures 823, 873 and
973 K for 2 h at a heating rate of 5 °/min for different chemical
compositions. Complete synthesis procedure is presented below
in Flowchart 1.

2.2. Photocatalytic experiment

Photocatalytic experiments were conducted using nano pho-
tocatalysts in presence of photocatalytically degradable different
dyes in water solution. The photocatalytic reaction was car-
ried out under irradiation of UV light (1 >280 nm) from 400 W
Ultrahigh-pressure Hg lamp (PHILIPS-HPL-N, G/74/2, MBF-
400) with slow stirring of the mixture of solution of dye and
(M;Mo, Ti1—,Og) M =Ni, Cu, Zn; x=0.05) photocatalysts by

M(NO3), soln. (NH4)2 MoO; soln. MMoO4 powder Titinium tartarate
(M =N;j, Cu, Zn) (M Ni, Cu, Zn) soln.
DL, HNO, Triethanolamine (TEA)
i _
Soln. (1: 1M) (M:TEA=1:3)

Homogeneous Soln.

MMoO, powder
(M =Ni, Cu, Zn)

Homogeneous Soln.

pH =6-7

Evaporate to dryness
On hot plate at 473K

[ Black Fluffy Mass ]

Calcined at temp. 823-973 K

Flowchart 1. Synthesis of different metal molybdenum doped titanium dioxide (M;Mo,Ti;—,O¢) (M =Ni, Cu, Zn; x=0.05, 0.1, 0.5) nano photocatalysts.
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magnetic stirrer, kept beneath the container of solution. The
container was Petridis of volume 200 ml. The reactions were
performed by adding nano powder of each photo catalyst (0.1 g)
into each set of a 100 ml of different solution of dyes.

2.3. Analytical methods

A small volume (1 ml) of reactant liquid was siphoned out
at regular interval of time for analysis. It was then centrifuged
at 1100 rpm for 15 min, filtered through a 0.2 pwm-millipore fil-
ter to remove the suspended catalyst particles and concentration
of dye was measured by absorption spectrometry using UV—vis
spectrometer (UV-1601, SHIMADZU) at its wavelength of max-
imum absorption.

3. Results and discussion
3.1. Characterization of the prepared powders

Characteristic XRD pattern from nickel molybdenum doped
titanium dioxide Ni,Mo,Ti;_,Og¢ [when x=0.05 (NMT1),
0.1 (NMT2) and 0.5 (NMT3)], CuMo,Ti;—,O¢ (CMT),
Zn, Mo, Ti1—,Og (ZMT), nickel doped TiO; [Ni-TiO, (NT)]
and NiMoO4 (NM) were observed in Fig. 1 at 550 °C. Six dis-
tinctive peaks of TiO, were found at 25.26°, 38.16°, 48.17°,
54.03°, 55.12° and 64.69° corresponding to reflection planes
of crystal of the anatase (101), (004), (200), (105), (211)
and (204), respectively (as per JCPDS 84 1285). No addi-
tional peaks were present, which could be assigned to the
NiMoO,s monoclinic phase, indicated that the resulting nano
powder was alloy of nickel molybdate with titanium diox-
ide and all other metal molybdate doped TiO, were obtained
in a pure anatase phase as revealed by XRD. Among all
the metal, molybdenum doped titanium dioxide, only nickel
molybdenum doped TiO; is reasonably photoactive (shown in
Fig. 5(B)) compare the CMT and ZMT photocatalyst, against
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Fig. 1. XRD patterns of NiMoO4 (NM), nickel molybdenum doped titanium
dioxide (NMT1, NMT2, NMT3), CMT, ZMT, TiO, and Ni-TiO, (NT) photo-
catalyst at 550 °C.
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Fig. 2. XRD of NiyMo,Ti;_,Og (x=0.05) at different temperatures.

MO solution, for which we have concentrated our discussion
mainly on NiyMo,Tij_,Og¢ (x=0.05,0.1,0.5) catalyst. The XRD
patterns of Ni,Mo,Ti;—xOg (x=0.05) produced at different
temperatures, indicated no change of crystallographic charac-
teristics before and after the photocatalytic reactions shown in
Figs. 2 and 3, respectively. Heating the samples above 973 K
introduced the phase segregation of TiO; as pure anatase and
NiMoOy as a monoclinic phase as noted by XRD.

3.2. Transmission electron microscopy (TEM) study

Nanoparticles with average size about 15 nm were observed
in the transmission electron microscopy (TEM) (Model Philips
TM-30, Philips Research Laboratories) of NMT1. This has been
shown in Fig. 4, which is in good agreement with the average
particle size of NMT about 11-13 nm obtained from XRD anal-
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Fig. 3. XRD of NiyMo,Tij_xO¢ (x=0.05) at 550 °C: (a) before and (b) after
photocatalytic reaction with methyl orange solution.
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Fig. 4. Transmission electron microcopy of NMT1.

ysis (shown in Table 1). The TEM image of Ni,Mo,Ti;_,Og¢
(x=0.05) indicated that the particles had narrow size distri-
bution as analysed by software Image Tool. The catalyst had
high specific surface area due to small particle sizes. This was
also confirmed by BET surface area measurement by nitrogen
adsorption and desorption. The large surface area enhanced pho-
tocatalytic activity through efficient adsorption of the reactant
on the catalyst surface.

3.3. Specific surface area (BET) analysis

The specific surface areas (SSA) of different compositions
of NMT1, NMT2, NMT3, P25 TiO,, CMT, ZMT, NM and NT
calcined at 550 °C temperatures are presented in Table 1, which
were measured by dinitrogen adsorption-desorption isotherm in
BECKMAN COULTER SA3100. It is noted that SSA decreases
as dopant concentration of metal ions increases of a particular
composition. The sample NMT1 having high specific surface
area, which was about 1454 5m?/g, provided good photo-
catalytic properties among all the photocatalysts against MO
solution.

3.4. Photocatalytic activity of the prepared samples

Fig. 5(A) shows the maximum absorption wavelength of
methyl orange at 464 nm under UV spectrometer and Fig. 5(B)
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Fig. 5. (A) The changes in concentrations of methyl orange solution at 464 nm
by the prepared sample calcined at 550 °C as a function of UV irradiation time.
(B) The dopant concentrations of the catalyst are NMT1, NMT2, P25 TiO,,
NMT3, CMT, ZMT, NiMoO4 (NM) and Ni-TiO, (NT).

shows effect of the dopant concentration on the photocatalytic
activity of different metal molybdate doped titanium dioxide
photocatalyst. From Fig. 5(B), it could be noted that the dopant
concentration in TiO; has a great impact upon its photocat-
alytic activity to decolorize methyl orange solution. Table 2,
shows the mode of color changes of different dyes in different

Table 1

Resultant properties of NMT1, NMT2, NMT3, P25 TiO,, CMT, ZMT, NM and NT composites

Sample Reaction rate constant k (h~!) SBET (mzlg) Anatase crystal size (nm) Bandgap energy (eV)
NMTI1 4.44 149 11.85 2.66
NMT2 4.15 126 12.67 3.00
NMT3 3.10 126 11.95 3.06
P25 TiO, 3.70 132 12.42 3.29
CMT 2.75 101 11.89 3.03
ZMT 2.18 68 17.08 3.01
NM 1.91 72 23.21 2.81
NT 1.40 48 24.49 3.10

Reaction rate constant, BET surface area measured by dinitrogen adsorption desorption isotherm at 550 °C.
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Table 2

Time required for complete degradation of different dyes in different mole concentration in different pH

Different oraganic dyes Initial color Intermediate color Final color Concentration of the dyes pH Time required for
(x10~* mol) complete degradation (h)

MO Reddish-orange Orange Colorless 1.001 4.5 6

RB Reddish-violet Violet Colorless 1.04 7.1 30

TB Blue Green Colorless 1.07 9.5 13

BG Blue No change No change 1.002 9.8 -

Time required for complete degradation of different dyes under the presence of (NiyMo,Ti;_;Og) (x=0.05) and UV-light. MO, Methyl orange; RB, rhodamine B,

TB, thymol blue, BG, bromocresol green.

mole concentration at different pH and time required for com-
plete degradation of different dyes in the presence of NMT1
under Hg lamp. Among all of the dyes of MO, RB, TB and BG,
methyl orange decolorization was fastest. The degradation rate
constant (k) of MO using all the photocatalyst (time required for
50% decolorization of MO solution) are represented in Table 1.
NMT1 showed the highest activity compared to the other pho-
tocatalysts. With the increase of the dopant concentration, the
rate of photochemical reaction decreased and became ineffective
after x=0.5 for Ni,Mo,Ti;_,Og¢ alloy. Metal oxide incorpora-
tion influenced the photo reactivity of catalysts by acting as
hole traps and probably by altering the e ~/h* pair recombination
[25,26].

3.5. EPR spectrum study

From electronic paramagnetic resonance spectrum (EPR) of
NMT shown in Fig. 6 under visible light irradiation on at 77 K in
the presence of oxygen produced a signal at a g-tensor value of
2.001, indicating the presence of N i*3 on irradiated TiO; [27].

This peak was absent in dark and no EPR signal was detected
on pure TiO». This infers an effective transfer of photo-generated
hole is trapped in Ni** producing Ni**, which facilitated the
photochemical reaction subsequently.

3.6. UV-vis diffuse reflectance spectrum

The UV-vis diffuse reflectance spectrum of NiMoQ;, incor-
porated TiO, and pure TiO; presented in Fig. 7, gave distinct

A A A

2.001

0 200 400 600 800 1000
Magnetic field, mT

Fig. 6. EPR spectrum of NMT.

band-gap absorption edges at 465, 313, 305 and 387 nm for
doped NMT1, NMT2, NMT3 and pure TiO; and corresponding
band-gap energies are 2.66, 3.00, 3.06 and 3.20eV, respec-
tively. The UV-vis diffuse reflectance spectrum and band-gap
energy of other compositions are shown in Fig. 7 and Table 1,
respectively. With increasing the dopant concentration, the
band gap increased, as a consequence the photocatalytic activ-
ities decreased. So, NiyMo,Ti;—yO¢ (x=0.05) photocatalysts
has lower band-gap energy (2.66eV) with highest photocat-
alytic activity compared to other dopant concentrations and P25
TiO;.

3.7. Mechanism

The detailed mechanism of the photo bleaching of dyes has
been discussed in the literature [28-30]. It is well established
that the conduction band electrons (e~) and valence band holes
(h™) are generated when aqueous TiO, suspension is irradiated
with light energy greater than its band-gap energy (Eg, 3.2€V).
When the methyl orange dye is irradiated with UV light, the
dye is discolored within the time of reaction through the mutual
contact between the dye and catalyst. The discoloration of the
dye occurs because the dye is sensitized and the dye cation is
formed. The dye cation is unstable and decomposes injecting an

20

Absorbance (a. u.)

300 400 500
Wavelength (nm)

Fig. 7. UV-vis diffuse reflectance spectra of M-Ti samples with the highest
dopant-atom content.
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electron in the conduction band of TiO». This band-gap-electron
starts the production of highly oxidative radical species through
the formation of super oxide radical anion O2°*~ on the surface
of the catalyst as long as the dye is present. In later steps of the
reaction when long-lived colorless intermediates are present,
the TiO; absorbs the light and produces the conduction-band-
electron and valence-band-holes. Doped Ni%* in these catalysts
changes to Ni*>* with the localization of hole on the metal ion
under irradiation of near UV light which efficiently reacts with
intermediates of dye molecules.

4. Conclusion

In summary, photocatalyst NiMoOj4 (5 mol%) doped TiO»
synthesized by CSD method is more photoactive than P25 TiO;
and other metal molybdate doped TiO; due to high surface area,
lower band-gap and photo chemical generation of Ni>*. The dye
is sensitized by the catalyst in presence of UV light and the dye
cation is formed. The dye cation is unstable and decomposes
injecting an electron on the conduction band of TiO;. Electron
goes to conduction band and hole is captured by Ni** producing
Ni**, which has been noticed by EPR spectrum and helps to
degrade the dye molecule faster.
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