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Abstract Titania–silica, titania–alumina, and titania–zir-

conia mixed oxides (1:1 molar ratio) were prepared by a

microwave-induced solution combustion synthesis tech-

nique. The prepared materials were characterized by ther-

mogravimetry/differential thermal analysis, X-ray diffraction

(XRD), Raman spectroscopy, BET surface area, X-ray pho-

toelectron spectroscopy (XPS), ultraviolet–visible diffuse

reflectance spectroscopic (UV–Vis DRS), and Fourier

transform infrared (FTIR) techniques to assess their physi-

cochemical properties. Their photocatalytic activity for the

degradation of phenol in aqueous solution under sunlight was

studied. XRD and Raman studies revealed the presence of

titania in the form of anatase phase in all the mixed oxides

synthesized. The XRD studies further suggested that titania–

zirconia contains an additional (Ti,Zr)O2 phase. UV–Vis

DRS results reveal that all samples exhibit absorption max-

ima near visible region. FTIR results revealed the presence of

Ti–O–Si linkages in the titania–silica sample, which are

responsible for its higher activity in the photocatalytic deg-

radation of phenol under sunlight.

Introduction

In the field of catalysis, there is a growing interest on the

preparation of mixed metal oxides for exploitation, either

as catalysts or as catalyst supports [1–3]. The degree of

mixing and the textural properties of the mixed oxides are

highly influenced by the preparation methodology [1]. Sol–

gel [4], metal oxide chemical vapor deposition [5],

co-precipitation [6], micro emulsion [7], hydrolysis in

polyol medium [8], and decomposition of the precipitates

obtained by non-aqueous precipitation method [9] are some

of the common preparation routes. Among these methods,

sol–gel hydrolysis is most widely used due to its promising

capability in controlling the textural and surface properties

of the powders. However, in the sol–gel process, domain

formation due to the differences in the hydrolysis and the

condensation rates of metal ions such as Ti- and Si-alk-

oxides has been identified as a major problem in the

preparation of atomically homogeneous mixed metal oxi-

des. Furthermore, all the wet chemical methods in general,

to some extent, still need calcination at relatively high

temperatures along with longer duration of soaking to

produce the powders with good crystallinity. Since raising

the calcination temperature and prolonging the soak time

makes the crystalline grains grow larger in size and weaken

the reactivity, obtaining nanosized particles has been dif-

ficult. Furthermore, powders formed in these methods are

highly agglomerated. Recently, combustion synthesis has

emerged as an effective powder synthesis route, which is

simple and economical. This process does not require any

acid or base to hydrolyze the corresponding salts, and

additional washing, filtration, drying, and calcination steps

can be eliminated, which in turn leads to conservation of

time and energy [10, 11]. Of late, microwave energy has

been effectively used in the field of materials science for
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the synthesis of various single and composite ceramic

powders at far lower temperatures and shorter time periods

compared to the conventional methods [12, 13]. Since,

microwaves interact with reactants at molecular level,

reactions normally occur at faster rates, easily, and

homogeneously to form the products with much higher

yields and superior properties. Microwaves have also been

used to induce the solution combustion reactions conducted

in domestic microwave ovens, which operate at 2.45 GHz

frequency (1 kW).

Of the pure oxides that have been mixed to improve

their surface areas while trying to use their chemical

properties, titania has been widely studied. It is a reducible

oxide of great interest because of its numerous applica-

tions, such as photocatalyst and catalyst support, white

pigment for paints, cosmetics, fillers, battery electrodes,

capacitors, and solar cells. Current progress in the area of

TiO2 applications refer to the photocatalytic air purifica-

tion, sterilization, and cancer therapy [14]. Among the

advantages of titania over other photocatalysts is its

excellent (photo) chemical stability, low cost, and non-

toxicity can be cited. In particular, titania anatase has been

extensively used for several photocatalytic reactions for

elimination of many organic pollutants from wastewaters

[15, 16]. Anatase TiO2 is thermodynamically metastable

and can be easily transformed into the stable rutile phase

when it is heated to 500–600 �C. Furthermore, the anatase

to rutile phase transformation is accompanied with a severe

sintering or growth of TiO2 crystallites, which is not pre-

ferred for photocatalysis, as there are more chances for

recombination of photo-generated electrons and holes in

larger crystalline materials. Thus, it is practically important

to develop methods that can lead to a stabilization of

anatase TiO2 at higher temperatures, so that the phase

transformation in the later thermal treatment can be avoi-

ded. The phase transformation can be retarded by doping a

metal into the titania or combining the titania with another

metal oxide. Examples of mixed oxides include the com-

bination of TiO2 with SiO2, ZrO2, or Al2O3. These com-

bined metal oxide materials result in new reactivity

properties and higher activity when compared with the

solitary metal oxide [17–19].

In view of the above, and considering the importance of

titania anatase-based mixed oxides such as, TiO2–SiO2,

TiO2–Al2O3, and TiO2–ZrO2 for photocatalytic reactions,

the microwave-induced combustion synthesis route is

employed to prepare these three combination oxides and

studied their performance as photocatalysts for degradation

of phenol in aqueous suspension under sunlight. The

structural properties of these three mixed oxides were

characterized by using X-ray diffraction (XRD), Raman,

Fourier transform infrared (FTIR), X-ray photoelectron

spectroscopy (XPS), ultraviolet–visible diffuse reflectance

spectroscopic (UV–Vis DRS), thermogravimetry/differ-

ential thermal analysis (TGA/DTA), and BET surface area

techniques.

Materials and methods

Materials synthesis

The TiO2–SiO2, TiO2–Al2O3, and TiO2–ZrO2 mixed oxides

(1:1 molar ratio) were prepared by microwave-induced

solution combustion synthesis method [10, 11]. In a typical

experiment, a mixture solution containing requisite quanti-

ties of titanyl nitrate (TiO(NO3)2) formed by the reaction of

titanium iso-propoxide with nitric acid, as received zirconyl

nitrate (ZrO(NO3)2) (Loba-Chemie, GR grade, Mumbai,

India), and urea (Loba-Chemie, GR grade) was taken in a

Pyrex glass dish (150-mm diameter and 80-mm height) and

was irradiated with microwaves in a modified domestic

microwave oven (BPL India Limited, Bangalore, India,

Model no.: BMO-700T, microwave 700 W, input range

210–230 V AC, 50 Hz, microwave frequency 2.45 GHz) to

produce TiO2–ZrO2 mixed oxide material. In the case of

TiO2–SiO2, a mixture solution of titanyl nitrate, siliconyl

nitrate formed by the reaction of tetraethyl orthosilicate

(TEOS) with nitric acid, and urea, and in the case of TiO2–

Al2O3, a mixture solution of titanyl nitrate, aluminum nitrate

nona-hydrate (Al(NO3)3�9H2O) (Loba-Chemie, GR grade),

and urea were taken as starting materials. A provision was

made for the escape of combustion gases by providing an

exhaust opening at the top of the microwave oven. Within a

few minutes of irradiation, reaction mixture was converted

into a clear solution and started boiling, and after about

20 min of irradiation white fumes consisting of N2, CO2, and

H2O along with some small traces of NH3 and NO2 (con-

firmed by the odor and color, respectively) started coming

out from the exhaust opening provided on the top. After

about 45 min of irradiation, the concentrated mixture solu-

tion burst into flames and resulted into a foamy white

powder. In each case, the entire combustion process took

about 60 min to produce highly voluminous mixed oxide

powders. Three to four experiments were conducted under

identical conditions to check the reproducibility of the

present process. Properties of all the synthesized powders

were found to be identical. TiO2–SiO2, TiO2–Al2O3, and

TiO2–ZrO2 mixed oxides obtained by the microwave-

induced solution combustion process are termed henceforth

as MWTS, MWTA, and MWTZ, respectively.

Materials characterization

Powder XRD patterns were recorded on a Bruker (Kar-

lsruhe, Germany) D8 advanced system using a diffracted
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beam monochromated Cu Ka (0.15418 nm) radiation

source. The intensity data were collected over a 2h range

of 2 to 80� with a 0.02� step size and using a counting

time of 1 s per point. The XRD phases present in the

samples were identified with the help of Powder Dif-

fraction File-International Center for Diffraction Data

(PDF-ICDD). The average crystallite size of the oxide

phases was estimated with the help of Scherrer equation

[20]. Raman spectra were recorded on a triple subtractive

Jobin Yvon T64000 Raman spectrometer equipped with a

liquid-nitrogen-cooled charge-coupled device detector.

The emission line at 514.5 nm from the Ar? ion laser was

focused on the sample under the microscope, with the

width of the analyzed spot being about 1 lm. The BET

surface areas of powders were determined by N2 physi-

sorption at liquid N2 temperature, on a SMART instru-

ment. Prior to analysis, the samples were oven-dried at

393 K for 12 h and flushed with Argon gas for 2 h. The

thermogravimetric measurements were carried out on a

Mettler Toledo TG-SDTA instrument. The catalyst sam-

ple was heated from ambient to 1073 K under nitrogen

flow maintaining the heating rate at 10 K min-1. The

XPS measurements were made on a Shimadzu (ESCA

3400) spectrometer by using Mg Ka (1253.6 eV) radia-

tion as the excitation source. Charging of catalyst samples

was corrected by setting the binding energy (BE) maxi-

mum of the adventitious carbon (C 1s) at 284.6 eV. The

UV–Vis DRS measurements were performed over the

wavelength range 200–700 nm using a GBS-Cintra 10e

UV–Vis NIR spectrophotometer with integration sphere

diffuse reflectance attachment. Samples were diluted in a

KBr matrix by pelletization.

Photo catalytic activity studies

The photocatalytic activities of the mixed oxides were

carried out in a batch photoreactor having a cylindrical

flask made of Pyrex of ca. 100 mL. Solar experiments were

performed during the mid-day period (Hyderabad) at a

temperature of *315 K and the intensity being *75

Mw m-2 (in March and April months). In each experiment,

about 25 mL aqueous phenolic solution (1 9 10-4 M

concentration) and 50 mg mixed oxide were used. Prior to

the illumination under solar light, the suspension was

magnetically stirred in the dark for 1 h to establish

adsorption–desorption equilibrium at room temperature. To

adjust the pH of the solution, dilute H2SO4 and NaOH were

used. During the solar irradiation, solid catalysts were

allowed to suspend in the solution using a shaking machine

(*120 rpm) and distilled water was added periodically to

avoid concentration changes due to evaporation. The

samples were drawn at specific time intervals through

0.2 lm micro-syringe filters (Millipore millex PVDF,

13 nm, Billeria, MA) to remove particulate matter before

high performance liquid chromatography (HPLC) analysis.

Phenol degradation was monitored using Shimadzu

10-AvP HPLC equipped with a reverse-phase (length

250 mm; i.d. 4.6 mm) C-18 column with mobile phase

acetonitrile/water (50/50 v/v%) and the flow rate was

1 mL min-1.

Results and discussion

Reaction stoichiometry

The high temperatures required for the formation of ceramic

powders are usually accomplished by the exothermicity of

the redox reactions occurring between the decomposition

products of metal nitrate (oxidizer) and urea/carbohy-

drazide/sucrose (fuel) during combustion [12, 13]. Stoichi-

ometric compositions of the metal nitrates and urea were

calculated using the total oxidizing and reducing valencies

of the components which provide as numerical coefficients

for stoichiometric balance so that the equivalent ratio is

unity and the energy generated by the combustion is at a

maximum. According to the concepts used in propellant

chemistry, the elements Ti, Zr, Al, C, and H have reducing

valencies of ?4, ?4, ?3, ?4, and ?1, respectively. Oxygen

has an oxidizing valency of -2 and the valency of nitrogen is

zero [21, 22]. Thus, the oxidizing and the reducing valencies

of titanyl nitrate, siliconyl nitrate, zirconyl nitrate, alumi-

num nitrate non-ahydrate, and urea become -10, -10, -10,

-15, and ?6, respectively.

To prepare MWTS, MWTZ, and MWTA mixed oxides

by microwave-induced solution synthesis method using

urea as a fuel, TiO(NO3)2 can be used as Ti source (total

valency 10) and SiO(NO3)2, ZrO(NO3)2, and Al(NO3)3�
9H2O as Si, Zr, and Al sources (total valencies 10, 10, and

15), respectively. Direct use of the propellant chemistry

criterion [23, 24], with both the metal nitrates, to determine

the urea needed to balance the total oxidizing and reducing

valencies in the mixture of oxidizers and fuels to pre-

pare titania–silica mixed oxide, leads to (-10) ?

(-10) ? 6n = 0. This equation gives n = 3.33 moles,

which means 3.33 moles of urea is required to prepare one

mole of titania–silica (1:1 molar ration) mixed oxide.

Similarly, the urea required for the preparation of one mole

of titania–zirconia and titania–alumina binary oxides is

3.33 and 4.66 moles, respectively. Assuming complete

combustion, the theoretical equations for the redox reac-

tions between metal nitrates and urea for each mixed oxide

can be expressed as follows:
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TiO2–SiO2:

TiO NO3ð Þ2þ SiO NO3ð Þ2þ 3:33NH2CONH2

! TiO2�SiO2 þ 5:33N2 " þ 3:33CO2 "
þ 6:66H2O "

TiO2–ZrO2:

TiO NO3ð Þ2þZrO NO3ð Þ2þ 3:33NH2CONH2

! TiO2�ZrO2 þ 5:33N2 " þ 3:33CO2 "
þ 6:66H2O "

TiO2–Al2O3:

TiO NO3ð Þ2þAl NO3ð Þ3�9H2Oþ 4:66NH2CONH2

þ 3O2 from airð Þ
! TiO2�Al2O3 þ 7:16N2 "
þ 4:66CO2 " þ 18:32H2O "

Characterization of materials

To study the thermal stability of the mixed oxides and to

know about phase transformation from anatase to rutile

phase, the as-synthesized mixed oxides were subjected to

TGA-DTA analysis between 323 and 1273 K (Fig. 1). As

can be noted from this figure, a total weight loss along the

whole temperature range tested for MWTS is 13%,

whereas for MWTA and MWTZ, it is 23 and 12%,

respectively. Decomposition of unreacted metal nitrates

and urea, and the loss of absorbed moisture could be

responsible for the noted weight losses. There are two

stage weight losses; the first stage is from room tempera-

ture to 423 K, which is caused by loss of physically

absorbed moisture on the surface of the sample. The sec-

ond stage is from 423 to 673 K, where urea and metal

nitrates underwent decomposition in the temperature range

427–636 K; this endothermic process is accompanied with

a large weight loss and vigorous gas emission. Thus, the

possible decomposition of unreacted urea/nitrates could

contribute according to the literature data [25], to weight

loss in the TGA and to endothermic process in the DTA.

The weight loss beyond 673 K was about 0.5% for all

samples, indicating that over the temperature range of 673

to 1073 K, the mixed oxides are quite stable in terms of

phase and chemical composition. However, Ramirez and

colleagues [26] reported that titania–alumina mixed oxide

exhibits a very broad exothermic peak in the region

between 973 and 1073 K in the DTA curve, which is

associated to the anatase-to-rutile phase transformation and

a preceding sintering. In this study, no such peak was

observed in any of the oxides. This gives an impression

that the titania-based mixed oxides formed in the micro-

wave-assisted solution combustion route are quite resistant

to phase transformation up to 1073 K [17, 19]. The N2

BET surface areas of various mixed oxides prepared are

represented in Table 1. All the samples exhibit reasonably

high surface areas. As expected titania–silica sample

exhibits very high surface area compared to other samples.

This may be due to stabilization of nanosized titania par-

ticles over the surface of silica. The decreasing order of

surface area is MWTS [ MWTA [ MWTZ.

Figure 2 shows the characteristic XRD peaks of MWTS,

MWTA, and MWTZ powders. Peaks essentially due to

373 473 573 673 773 873 973 1073 1173 1273

Temperature (K)

0.008

R
at

e 
of

 w
ei

gh
t c

ha
ng

e 
(a

.u
.)

-0.006

0.000

-0.002

0.006

0.004

0.002

-0.0042.6

2.8

3.0

3.4

W
ei

gh
t (

m
g)

3.2

3.6

4.0

3.8

2.4

2.2

MWTZ

1073673373 473 573 873773

Temperature (K)

973

-0.005

R
at

e 
of

 w
ei

gh
t c

ha
ng

e 
(a

.u
.)

-0.010

0.000

W
ei

gh
t (

m
g)

5.6

5.2

5.8

6.6

6.0

6.2

6.4

5.4

MWTA

1173

373 473 573 673 773 873 973 1073 1173

5.5

6.0

6.5

7.0

8.0

8.5
0.005

0.000

-0.005

-0.010

-0.015

MWTS

W
ei

gh
t (

m
g)

R
at

e 
of

 w
ei

gh
t c

ha
ng

e 
(a

.u
.)

Temperature (K)

1273

7.5

Fig. 1 TGA/DTA thermograms of various TiO2–MxOy mixed oxides

(MWTS, TiO2–SiO2; MWTA, TiO2–Al2O3; MWTZ, TiO2–ZrO2)

Table 1 BET surface area, crystallite size, and edge energy mea-

surements of TiO2–MxOy mixed oxides

Material BET surface

area (m2/g)

Crystallite

size (nm)

Edge energy

(eV)

MWTS 115 10 3.2

MWTA 94 13.5 3.15

MWTZ 89 15 3.15

MWTS TiO2–SiO2, MWTA TiO2–Al2O3, MWTZ TiO2–ZrO2
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crystalline anatase phase (JPCDS File no. 21-1272) are

seen in the XRD patterns of MWTS and MWTA samples.

The most intense anatase peak is present at 2h = 25.3�. In

the case of MWTZ, in addition to peaks due to anatase

phase, few sharp additional peaks at 2h = 30.52, 53.16,

61.1� are seen, which are attributed to srilankite (Ti,Zr)O2

(JPCDS File no. 35-0584), a compound formed by the

reaction of titania with zirconia. There is a slight shift in

the 2h values of analyzed powders that could be attributed

to several reasons such as the differences between the

particle sizes of the analyzed powders, preferred orienta-

tion of the crystallites, the degree of impurity entered into

crystal lattice, depth of scattering of the diffracted radia-

tion, and so on. In our earlier investigation also, the for-

mation of ZrTiO4 was noted in case of titania–zirconia

mixed oxide prepared by a conventional coprecipitation

method [27]. Thus, the present results are corroborating

with earlier reports. Interestingly, no peaks pertaining to

rutile phase are exhibited by any of the mixed oxides

prepared. However, several authors reported the formation

of rutile phase at higher calcination temperatures above

873 K for these mixed oxides [28]. Although temperatures

up to 1273 K generate in the solution combustion reac-

tions, no rutile phase is seen in the XRD patterns of any of

the mixed oxides prepared. The high homogeneous mixing

of reactants in the microwave-induced combustion reac-

tions could be responsible for high stability of titania of

these mixed oxides. Interestingly, no peaks are seen even

due to silica and alumina in the case of MWTS and MWTA

mixed oxides. Absence of peaks due to either monoclinic

or tetragonal zirconia in titania–zirconia mixed oxide

indicates that most of the zirconia is either in amorphous

form or consumed in the formation of (Ti,Zr)O2 compound.

The crystallite sizes of titania in MWTS, MWTA, and

MWTZ are also summarized in Table 1. It can be noted

that the crystallite size of titania is dependant of the metal

oxide added to it. The anatase titania size in all the mixed

oxides is in nanometer range. In general, as expected the

crystallite size of titania in titania–silica mixed oxide is

relatively smaller in comparison to other samples. This

may be due to stabilization of the smaller titania particles

over the surface of silica.

Raman spectra of MWTS, MWTZ, and MWTA are

shown in Fig. 3. In general, the Raman spectrum of TiO2 is

characterized by a strong band at 144 cm-1, three mild

intensity bands at 396, 517, and 639 cm-1, and a weak band

at 196 cm-1, which can be assigned to the six fundamental

vibrational modes of anatase TiO2 with the symmetries of

Eg, Eg, B1g, A1g, B1g, and Eg, respectively [29]. Con-

sistent with XRD data, Raman spectroscopy also provided

evidence that all the mixed oxides consist of anatase

structures. The peak at 144 cm-1 in the case of MWTS was

shifted to lower wave numbers. This may be due to for-

mation of Ti–O–Si linkages (conformed from FTIR results).

In the case of MWTZ sample, in addition to these peaks

there is another peak at 464 cm-1. This may be due to

formation of (Ti,Zr)O2 mixed oxide which corroborate with

XRD results. No Raman peaks are noted due to SiO2 as

reported in the literature [30]. According to the literature

[31], six Raman active modes (A1g ? 3Eg ? 2B1g) are

expected for t-ZrO2 (space group P42/nmc). No Raman

lines due to ZrO2 are observed in the MWTZ sample. These
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Fig. 2 X-ray powder diffraction patterns of various TiO2–MxOy

mixed oxides (MWTS, TiO2–SiO2; MWTA, TiO2–Al2O3; MWTZ,

TiO2–ZrO2)
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Fig. 3 Raman spectra of various TiO2–MxOy mixed oxides (MWTS,

TiO2–SiO2; MWTA, TiO2–Al2O3; MWTZ, TiO2–ZrO2)
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results indicate that MWTZ does not contain any free ZrO2

as confirmed from the XRD studies.

FTIR spectra of MWTS, MWTZ, and MWTA are shown

in Fig. 4. All the samples exhibit two broad and strong

peaks at 3400 and 1625 cm-1. The band at 3400 cm-1

could be attributed to stretching vibration of d (–OH)

groups and band at 1625 cm-1 is due to bending vibration

of the d (–OH) groups of the Ti–OH and hydrated species

[32]. There is a noticeable difference in the intensity of

these peaks. These peaks are quite intense in MWTS mixed

oxide compared to other samples. The difference in the

peak intensities clearly demonstrates that MWTZ and

MWTA contain less hydroxyl groups in comparison to

MWTS mixed oxide. Additionally, MWTS exhibits

another few peaks at 464, 800, 970, and 1098 cm-1. The

absorption peaks at 800 and 1098 cm-1 were assigned to

symmetric m(Si–O–Si) stretching vibration and asymmetric

m(Si–O–Si) stretching vibration of the SiO4
4- structural

unit, respectively [33]. Additionally, the band at 464 cm-1

is assigned for Si–O–Si bending modes [34]. It is inter-

esting to note that the peak at 970 cm-1 is observed only in

the spectrum of MWTS. It is often used as evidence for Ti

incorporation into the silica lattice. This band has been

ascribed to a vibration involving SiO4 tetrahedra bonded to

a titanium atom through Si–O–Ti bonds. The presence, in

the same region, of a band at 970 cm-1 arising from Si–

OH groups prevents quantitative analysis; however, the

high intensity of the 950 cm-1 band in our material points

to the presence of a large amount of Si–O–Ti linkages [35–

37]. It has been reported that the surface hydroxyl groups

and Si–O–Ti linkages play an important role in the photo-

degradation processes through their interaction with photo-

generated holes. MWTZ sample exhibits a peak at around

1200 cm-1 which may be due to (Ti, Zr)O2 mixed oxide

formation as evidenced by XRD and Raman results.

To understand the nature of TiO2 interaction with ZrO2,

Al2O3, and SiO2, the MWTZ, MWTA, and MWTS samples

have been investigated by XPS. The representative XPS

bands of O 1s are shown in Fig. 5, and the corresponding

BE values are summarized in Table 2. It can be seen that the

O 1s profile is, in general, more complicated due to over-

lapping contributions of oxygen from titania and individual

support oxides. As reported in the literature [38–41], the O

1s BE for various single oxides Al2O3, SiO2, ZrO2, and

TiO2 is 531.4, 532.7, 530.6, and 530.1 eV, respectively.

The observed BE values in this study are 531.8, 530, and

530.1 for MWTS, MWTA, and MWTZ mixed oxides,

respectively. The O 1s BE values for MWTZ and MWTA

are close to the O 1s BE value of pure titania, but in the case

of MWTS it is shifted to higher BE. The shift in the BE in

case of the latter sample may be due to formation of Ti–O–

Si linkages in accordance with FTIR results. The Ti 2p XPS

spectra of these three mixed oxides are presented in Fig. 6.

All the samples show two shoulder peaks at 458.5 (Ti 2p3/2)
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Fig. 4 FTIR spectra of various TiO2–MxOy mixed oxides (MWTS,
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Fig. 5 O 1s XPS spectra of various TiO2–MxOy mixed oxides

(MWTS, TiO2–SiO2; MWTA, TiO2–Al2O3; MWTZ, TiO2–ZrO2)

Table 2 XPS binding energies (eV) of various TiO2–MxOy mixed

oxides

Sample O 1s Ti 2p Si 2p Al 2p Zr 3d

MWTS 531.8 458.2 103.2 – –

MWTA 530 458.4 – 73.8 –

MWTZ 530.1 458.6 – – 182

MWTS TiO2–SiO2, MWTA TiO2–Al2O3, MWTZ TiO2–ZrO2
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and 464.0 eV (Ti 2p1/2), respectively. The observed BE

values (Table 2) are inline with the literature reports and are

also close to that of pure TiO2 (458.0–458.5 eV) [42–46].

The BE values of Si 2p, Zr 3d, and Al 2p presented in

Table 2 are in well agreement with literature reports.

The UV–Vis DRS absorption spectra in the region 200–

600 nm were examined to understand the quantized band

structure of TiO2 and the interaction of TiO2 with other

oxides. The band gap of as synthesized samples was cal-

culated from the DRS and presented in Table 1. From the

literature, it is known that the absorption edge for titania

anatase is around 397 nm and corresponds to the band gap

of 3.12 eV. Interestingly, all the materials prepared in the

present investigation exhibit red shift by *20–40 nm

compared to the titania anatase [28]. This could be due to

the preparation method adopted and presence of foreign

oxides. DRS results of all the samples suggest that the

absorption edge of the mixed oxides have been moved to

the visible spectrum range, which indicates that nano-

composite powders could effectively degrade the phenol

under visible light irradiation. However, as we know from

literature the photoactivity of the doped TiO2 catalyst

depends substantially on the nature of the dopant ion and

its concentration, and method of preparation [47, 48].

Formation of Ti–O–Si linkages and shifting of band gap to

visible region in MWTS is an interesting observation from

this study.

Phenol mineralization

Photocatalytic degradation of organic pollutants with TiO2

semiconductor has been proved to be the most efficient

process. The effective photo excitation of TiO2 particles

requires the application of light with energy higher than its

band gap energy. Moreover, such photo excitation results

in the formation of electrons in the conduction band and

positive holes in the valence band, and formation of OH

radicals [49]. Photo-generated electron–hole pairs also

recombine; therefore, inhibiting the recombination of

electron–hole pairs and prolonging lifetime of carriers are

essential for improving the efficiency of semiconductors.

The hydroxyl ions (OH-) are the likely traps for holes,

leading to the formation of hydroxyl radicals that are strong

oxidizing agents, while the traps for electrons are adsorbed

oxygen species, leading to the formation of superoxide

species [50]. The reactive radical species generated (OH-,

O2
-), attacks the phenolic molecules present in the sus-

pensions and cause its hydroxylation, oxidation, and finally

mineralization occurs leading to the formation of carbon

dioxide and water [51–53].

Figure 7a displays the phenol degradation profiles of

MWTS, MWTZ, and MWTA catalysts at the aqueous pH

(6.84). The zero hour indicates the phenol adsorption

equilibrium on the catalysts at dark for 1 h. The adsorption

of phenol in dark was found to be 68, 55, and 63% for

MWTS, MWTA, and MWTZ samples, respectively. As

represented in Fig. 7a, the phenol concentration decreases

with increasing time. The complete phenol degradation was

observed within 3 h of irradiation for all the catalysts.

Among the various catalysts, MWTS exhibited highest

activity which could be attributed to the high adsorption

capacity of phenol on its hydroxyl groups and Ti–O–Si

linkages [54, 55]. Even though the adsorption ability of

MWTA and MWTZ catalysts was found to be low, after

456 460 464 468

MWTZ

MWTA

MWTS

In
te

n
si

ty
 (

a.
u

.)

Binding energy (ev)

Fig. 6 Ti 2p XPS spectra of various TiO2–MxOy mixed oxides

(MWTS, TiO2–SiO2; MWTA, TiO2–Al2O3; MWTZ, TiO2–ZrO2)

-1 0 1 2 3
0

10

20

30

40

50

100 (a)

C
o

n
ve

rs
io

n
 (

%
)

Time (h)

TiO
2
-Al

2
O

3

TiO
2
-ZrO

2

TiO
2
-SiO

2

0.5

P
h

en
o

l (
%

)

Reaction time (h)

0 1 2 3

40

50

60

70

80

90

100 (b)

70 mg
50 mg
30 mg
10 mg

Fig. 7 Phenol degradation profiles of various TiO2–MxOy mixed

oxides (MWTS, TiO2–SiO2; MWTA, TiO2–Al2O3; MWTZ, TiO2–

ZrO2)

4880 J Mater Sci (2009) 44:4874–4882

123



about 3 h of irradiation time, more than 95% phenol con-

version was occurred. According to the principles of pho-

tocatalysis, the important step of the reaction is the

adsorption of reactants on the surface of the solid semi-

conductor photocatalyst [54]. The rate of reaction is

directly proportional to the adsorption capacity of the

catalyst. Additionally, high phenol adsorption at dark

suggests that the prepared nanocomposite oxides are

promising photocatalysts for phenol degradation in the

visible light. Tsai and Cheng [55] have reported that

between the laboratory-made anatase and rutile TiO2,

anatase titania exhibited better photocatalytic activity for

the decomposition of phenolic pollutants. In this study, the

XRD results revealed the exclusive formation of anatase

phase in all the mixed oxides, thus the present investigation

is corroborating well with earlier reports [55, 56]. The

increase in the photocatalytic activity of the MWTS is also

due to the presence of Ti–O–Si linkages which are con-

formed by FTIR studies.

Figure 7b shows the effect of MWTS catalyst amount

(20, 30, 50, and 70 mg) on the phenol degradation effi-

ciency. It can be seen from Fig. 7b that the optimum

concentration of the catalysts is 50 mg, since there is no

noticeable increase in the activity when its amount was

increased from 50 to 70 mg. These results suggest that the

lower amounts of catalyst (30 mg) are not sufficient to

absorb the photons entered the reaction cell and the little

excess of the catalyst (50 mg) shades the part of the

reacting surface of the active catalyst from visible light. A

series of experiments were conducted to study the effect of

pH of the phenolic solution on the degradation of phenol

over MWTS, MWTZ, and MWTA and the results are

presented in Table 2. Interestingly at pH = 7, all the

mixed oxides exhibited higher degradation activity

(Table 3).

Summary

By adopting a simple single-step microwave-induced

solution combustion synthesis method, TiO2–SiO2, TiO2–

ZrO2, and TiO2–Al2O3 mixed oxides with sufficiently

higher surface areas were prepared. These materials were

found to be quite thermally stable (i.e., no phase transfor-

mation from anatase to rutile) as revealed by TGA studies.

XRD results suggest that TiO2–SiO2 and TiO2–Al2O3

contain nanocrystalline anatase titania over the surface of

silica and alumina, respectively. In addition to titania

anatase phase, formation of (Ti,Zr)O2 mixed oxide was

observed in the case of TiO2–ZrO2 sample. Raman results

also concluded the formation of titania anatase phase. FTIR

results revealed the presence of more number of hydroxyl

groups and Ti–O–Si linkages in the TiO2–SiO2 sample.

XPS results indicated that all the elements in TiO2–SiO2,

TiO2–ZrO2, and TiO2–Al2O3 samples were in highest

oxidation state. Among the three materials synthesized, the

TiO2–SiO2 showed highest activity for phenol degradation,

which might be due to its higher surface area as well as

higher absorption band gap.
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