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Abstract

Zn-doped TiO2 nanocrystals were prepared using a stearic acid gel method and were characterized by X-ray powder diffraction, scanning
electron microscopy (SEM), BrunauereEmmetteTeller (BET) surface area and UVevis diffuse reflectance spectroscopy. When the nanocrys-
tals were used for the photodegradation of methyl orange in water under UV irradiation, it was found that the 0.1 at% Zn-doped TiO2 nano-
crystalline catalyst exhibited greater photodegradation than TiO2 nanocrystals which had been prepared using a solegel method as well as
the international reference material, P25 titania. This was rationalized in terms of the role of the Zn dopant in the TiO2 nanocrystals and
BET surface area. Liquid chromatography/mass spectrometry (LC/MS) analysis confirmed that the dye was completely degraded after
30 min using the 0.1% Zn-doped TiO2 nanocrystals.
� 2007 Published by Elsevier Ltd.
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1. Introduction

Dye pollutants are important sources of environmental con-
tamination. Textile wastewater contains a considerable amount
of unfixed dyes, many of which are azo compounds [1] which
can be effectively removed by photocatalysis with semicon-
ductor catalysts of which, nano-TiO2 is widely utilized due
to its outstanding stability, inexpensiveness, lack of toxicity
and strong photoactivity [2e10].

To enhance its photoactivity, TiO2 is often doped with var-
ious metal ions and oxides such as Zn, Pt, Pd, Au, Ag, Cu,
WO3, V2O5, etc. [11e17]. The dopants act as charge separa-
tors of photoinduced electronehole pairs and it is proposed
that, after excitation, the electron migrates to the metal where
it becomes trapped and electronehole recombination is
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suppressed [18]. The photoactivity of TiO2 is not only af-
fected by the separation and lifetime of the photoproduced
electronehole pairs, but also relates to the bulk, crystal
phase, surface area and the distribution of photoactive com-
ponents. Kasuga et al. synthesized nanotube TiO2 of very
large surface area, but low photoactivity [19] while Madras
et al. prepared metal ion substituted anatase titania by a
solution combustion method [18] and zinc was used to dope
pure anatase or pure rutile titania [20]; solegel has been
used as a common process to produce pure or doped titania
[21e23].

In this work, a stearic acid gel method was used to prepare
Zn-doped TiO2 nanocrystals and the ability of the Zn-doped
TiO2 to degrade methyl orange (C.I. Acid Orange 52), chosen
as a representative of an azo dye, was investigated as a function
of the concentration of zinc, BET surface area and calcination
temperature. The results were compared with those obtained
using TiO2 nanocrystals prepared using a solegel method
and a commercial sample, P25.
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2. Experimental section

2.1. Catalyst preparation

2.1.1. Stearic acid gel method
Doped TiO2 nanocrystals were prepared by adding titanium

tetraisopropoxide (CP, 2.5 ml) to melting stearic acid (AR,
10 g) with vigorous stirring at 70 �C followed by the addition
of zinc acetate. The molar ratios of Zn2þ/Ti4þ were 0.05%,
0.1%, 0.3%, 0.5%, and 1.0%. After 2 h, the mixture was cooled
in cold water, then heated in air at 300 �C and subsequently
calcined at 400 �C, 450 �C, 500 �C, and 600 �C for 2 h.

2.1.2. Solegel method
The preparation of the doped TiO2 nanocrystals by the

solegel method followed the work of Sun [21]. Titanium tetra-
isopropoxide (CP, 10 ml) was mixed with anhydrous ethanol
(CP, 40 ml) and the mixture was then added dropwise into a
mixture of water (10 ml), anhydrous ethanol (CP, 10 ml), 70%
HNO3 (CP, 2 ml), and zinc acetate (CP). The ensuing reaction
mixture was stirred at room temperature for 3 h until a yellow
coloured transparent sol was obtained. After drying at room
temperature, the yellow solid was calcined at 450 �C for 2 h.

A commercial sample of the internationally used reference
material P25 was obtained from Degussa.

2.2. Characterization

X-ray powder diffraction (XRD) analysis was carried out
using a Shimadzu LabX XRD-6000 and scanning electron

Fig. 1. XRD patterns of Zn/TiO2 nanocrystals calcined at 450 �C: (a) undoped

TiO2 ste; (b) 0.05% Zn/TiO2 ste; (c) 0.1% Zn/TiO2 ste; (d) 0.3% Zn/TiO2 ste; (e)

0.5% Zn/TiO2 ste; (f) 1.0% Zn/TiO2 ste; (g) 0.1% Zn/TiO2 sol.

Table 1

The grain size and the intensity ratio (IR/IA) of Zn/TiO2 nanocrystals calcined

at 450 �C as determined from XRD patterns in Fig. 1

Dopant concentration (%) 0ste 0.05ste 0.1ste 0.3ste 0.5ste 1.0ste 0.1sol

Grain size (nm) 11.8 10.8 10.9 10.3 10.8 10.2 14.4

IR/IA (%) 11 11 10 5 0 0 0
microscopy (SEM) studies were performed with a JEOL
JSM-6700F. Specific surface areas were measured by the
BET method employing a nitrogen adsorptionedesorption
analyzer (Quantachrome AUTOSORB-1C). UVevis diffuse
reflectance spectra analysis was performed using a Perkine
Elmer Lambda 20.

2.3. Photochemical reaction

The photodegradation of the dye (20 mg/l) was carried out
in a jacketed column quartz reactor (700 ml). A high pressure
mercury lamp (300 W) was placed in a quartz tube which was
then placed inside the reactor. Using a catalyst concentration
of 1 g/l, reaction was carried out at 25 �C, maintained by cir-
culating water in the annulus of the reactor. Aliquots (2 ml) of
the solutions were collected at regular intervals for subsequent
analysis by mass spectrometry.

3. Results and discussions

3.1. XRD

Fig. 1 shows the XRD patterns of Zn-doped TiO2 nanocrys-
tals calcined at 450 �C. Letters in the subscript indicate the
synthetic methods of samples, i.e. TiO2 ste stands for TiO2

prepared by the stearic acid gel method, TiO2 sol for TiO2

prepared by the solegel method and Zn/TiO2 represents Zn-
doped TiO2. The characteristic peaks of the rutile and anatase
forms are indicated in Fig. 1. Comparing the characteristic

Fig. 2. XRD patterns of 0.1% Zn/TiO2 ste nanocrystals calcined at various tem-

peratures: (a) 400 �C; (b) 450 �C; (c) 500 �C; (d) 600 �C.

Table 2

The grain size and the intensity ratio (IR/IA) of 0.1% Zn/TiO2 ste nanocrystals

calcined at various temperatures as determined from XRD patterns in Fig. 2

Calcination temperature (�C) 400 450 500 600

Grain size (nm) 6.1 10.9 15.9 19.4

IR/IA (%) 0 10 16 68



206 C. Chen et al. / Dyes and Pigments 77 (2008) 204e209
Fig. 3. SEM images of (a) P25; (b) TiO2 ste calcined at 450 �C; (c) 0.1% Zn/TiO2 ste calcined at 450 �C; (d) 0.1% Zn/TiO2 sol calcined at 450 �C.
peak intensities of the rutile (IR, 27.4�) and the anatase (IA,
25.4�) forms reveals that the intensity ratio (IR/IA) of Zn/
TiO2 ste was lower than that of undoped TiO2 ste, indicating
that the doped zinc inhibited the transformation of the anatase
phase to the rutile phase. Table 1 shows the grain sizes of the
samples, determined using the Scherrer equation; the amount
of doped zinc had no influence on the grain sizes of the sam-
ples prepared by the stearic acid gel method.

Fig. 2 shows the XRD patterns of 0.1% Zn/TiO2 ste nano-
crystals calcined at various temperatures. It was found that
the intensity ratio (IR/IA) increased with increasing calcination
temperature, indicating that the anatase form was gradually
transformed to the rutile phase. The grain sizes and the inten-
sity ratios (IR/IA) for 0.1% Zn/TiO2 ste are shown in Table 2.
As calcination temperature increased, the grain size increased
and the proportion of the rutile phase also increased, indicating
that the higher calcination temperature favoured the formation
of larger crystals and the rutile phase TiO2.

3.2. SEM

The SEM images of various samples are shown in Fig. 3.
TiO2 ste and Zn/TiO2 ste (Fig. 3b and c) exhibited smaller crys-
tallite agglomeration than Zn/TiO2 sol (Fig. 3d). This can be
explained as follows: when the samples were prepared by
the stearic acid gel method, Ti(OC4H9)4 was dispersed in
stearic acid, thus preventing the particles from agglomerating;
hence, smaller crystallite agglomerations were formed.

3.3. BET

Table 3 shows the BET surface areas of the commercial
P25 and TiO2-based nanocrystals calcined at 450 �C; the sam-
ples prepared by the stearic acid gel method showed much
higher BET surface area.

3.4. UVevis

The absorption spectra of Zn/TiO2 nanocrystals calcined at
450 �C are shown in Fig. 4 from which it is evident that the
amount of zinc dopant did not have a significant effect on
the absorption band of Zn/TiO2 prepared by the stearic acid
gel method. The absorption bands of 0.1% Zn/TiO2 ste and
0.1% Zn/TiO2 sol were similar.

However, Fig. 5 reveals that the absorption band was influ-
enced by calcination temperature. The band-gap energy of the

Table 3

BET surface areas of P25 and TiO2-based nanocrystals calcined at 450 �C

Sample P25 TiO2 ste 0.1%

Zn/TiO2 ste

TiO2 sol 0.1% Zn/

TiO2 sol

Surface area (m2/g) 53.61 91.25 152.0 39.75 27.34
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anatase and the rutile forms of titania are 3.2 eV and 3.0 eV,
respectively. As the absorption band of the rutile phase shifts
to longer wavelength, the observed absorption (curve d) at
higher wavelength may be ascribed to the increasing propor-
tion of the rutile phase, which is consistent with the data
shown in Table 2.

3.5. Photoreactivity experiments

The degradation profiles for Zn/TiO2 ste nanocrystals cal-
cined at 450 �C are shown in Fig. 6. The 0.1% Zn/TiO2 ste

nanocrystals exhibited the best photodegradation of the dye.
The photoactivity of the samples decreased when the concen-
tration of zinc was less or greater than 0.1%, indicating that
there was an optimal dosage of zinc. The effect of metal ion
dopants on the photoactivity of many materials has been
widely studied. Different hypotheses have been proposed to

Fig. 4. UV absorption spectra of Zn/TiO2 calcined at 450 �C: (a) undoped

TiO2 ste; (b) 0.05% Zn/TiO2 ste; (c) 0.1% Zn/TiO2 ste; (d) 0.3% Zn/TiO2 ste;

(e) 0.5% Zn/TiO2 ste; (f) 1.0% Zn/TiO2 ste; (g) 0.1% Zn/TiO2 sol.

Fig. 5. UV absorption spectra of 0.1% Zn/TiO2 ste calcined at various temper-

atures: (a) 400 �C; (b) 450 �C; (c) 500 �C; (d) 600 �C.
explain their roles [1,11,24e27]. In our case, no obvious shift
in the absorption band edges was observed for the samples as
shown in Fig. 4, indicating that the effect of absorption band
edge on photoactivity can be ignored. At zinc concentrations
below the optimal level, the observed improvement in photo-
activity that accompanied zinc doping can be explained by
the fact that the zinc promotes the separation of electrone
hole pairs in titania, since the doped ions can act as separators
of electronehole pairs. At zinc concentration above the opti-
mal level, the doped zinc mainly acts as a charge carrier re-
combination center; recombination of the electronehole pair
increases with dopant concentration because the average dis-
tance between trap sites decreases with increasing the number
of dopant molecules confined within a particle [11]. Thus, the
appearance of an optimal dopant concentration is a result of
the delicate balance of an increase in trap sites leading to ef-
ficient trapping and fewer trapped carriers leading to longer
lifetimes for interfacial charge transfer.

The photodegradation of the dye was also carried out
(Fig. 7) using 0.1% Zn/TiO2 ste nanocrystals calcined at
various temperatures. The photoactivity of these nanocrystals
followed the order: 450 �C> 400 �C> 500 �C> 600 �C.

To compare the photoactivity of TiO2-based nanocrystals
prepared by different methods, the photodegradation of MeO
was also carried out using the commercial reference material,
P25, TiO2 sol and 0.1% Zn/TiO2 sol (Fig. 8). In the absence of
the catalysts (curve f) no observable degradation of the dye
occurred. The photoactivity of TiO2 ste and 0.1% Zn/TiO2 ste

(curves b and c) was much higher than that of TiO2 sol and
0.1% Zn/TiO2 sol (curves d and e). TiO2 ste exhibited much
higher photoactivity than TiO2 sol and 0.1% Zn/TiO2 ste dis-
played higher photoactivity than 0.1% Zn/TiO2 sol. This might
be explained by the larger BET surface areas of the nanocrys-
tals prepared by the stearic acid gel method. While 0.1% Zn/
TiO2 sol (curve e) has a smaller BET surface area than undoped
TiO2 sol (curve d), it showed higher photoactivity due to zinc
doping. Of all the samples, the photoactivity of 0.1% Zn/
TiO2 ste (curve c) was highest and was even higher than that
of the commercial compound, indicating that both the BET

Fig. 6. Degradation profiles for Zn/TiO2 ste nanocrystals calcined at 450 �C.
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surface area and zinc doping should be considered in order to
obtain the best photodegradation performance.

3.6. LC/MS

Mass spectra (Fig. 9) of the solutions collected at different
intervals during the photodegradation process were obtained
using negative ion mode. It was found that several new peaks
formed when the catalytic reaction continued for 15 min
(curve b), which can be ascribed to the formation of interme-
diates during dye photodegradation. The colour of C.I. Acid
Orange 52 stems from N]N bonds, in the process of photo-
degradation, we observed that the colour of solution weakened
gradually, implying that the N]N bonds were destructed to
form some intermediates, and the intermediates may well be

Fig. 7. Degradation profiles for 0.1% Zn/TiO2 ste nanocrystals calcined at var-

ious temperatures.

Fig. 8. Degradation profiles for TiO2-based nanocrystals prepared by different

methods: (a) P25; (b) TiO2 ste calcined at 450 �C; (c) 0.1% Zn/TiO2 ste calcined

at 450 �C; (d) TiO2 sol calcined at 450 �C; (e) 0.1% Zn/TiO2 sol calcined at

450 �C; (f) blank test.
substituted aromatic degradation products. After 30 min
(curve c), the peaks were the same as those for solventewater
(curve d), indicating that both the dye and the intermediates
had been completely photodegraded, which indicates that the
photodegradation not only destructs the conjugated system
but also reduces the dye to CO2 and H2O.

4. Conclusions

The TiO2-based nanocrystals prepared by the stearic acid
gel method had greater BET surface area and higher photoca-
talytic activity. The presence of the dopant improved the pho-
toactivity of the nanocrystals; 0.1% Zn/TiO2 ste exhibited
higher photoactivity than 0.1% Zn/TiO2 sol and the commercial
P25. A detailed explanation of these results is not easy because
photoreactivity depends on the bulk, crystal phase, surface
area, proportion of photoactive component, electronic prop-
erty, etc. the results indicate that the surface area and the pro-
portion of photoactive components play important roles in the
photodegradation reaction.
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