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Abstract
Mesoporous ZnO–TiO2 was synthesized successfully by a one-step hydrothermal procedure using titanium sulfate and Zinc 
nitrate hexahydrate as precursors, and Pluronic P123 as a template. The prepared ZnO–TiO2 materials were heat treated at 
400, 600, 800 and 1000 °C to remove the template and increase the degree of crystallization. Field emission scanning elec-
tron microscopy, wide angle X-ray diffraction, Fourier transformed infrared spectroscopy, transmission electron microscopy 
and N2 adsorption–desorption experiments were used to characterize the synthesized powders. Comparison photocatalytic 
investigations for the prepared materials and commercially available P25 were carried out under identical UV and visible light 
to understand the effect of the achieved phases and surface area on photocatalytic rate constant and percentage degradation. 
Results show that the sample which was heat treated at 800 °C (S-800) presents a very high performance under visible light 
and around 60% of the methylene blue (MB) solution can be degraded by this catalyst in spite of its low surface area. The 
high efficiency of this sample under visible light can be related to its high degree of crystallinity, formation of anatase and 
titanium–zinc oxide phases and interfacial coupling between ZnO and TiO2 nanoparticles.

1  Introduction

Several important industries including textile manufactures 
use a high amount of dyes that are generally released into the 
environmental water after the completion of the processes. 
These waste waters can lead to disastrous effects on the deli-
cately balanced ecosystem [1, 2]. Photocatalytic degradation 
of the dyes in waste water have been known as an effective 
solution to solve the problem [3, 4].

Recently, a great deal of attention and researches 
have been focused on the reduction of environmental 
pollution by photocatalysis. Photocatalysis process is a 
light-activated catalytic reaction that decreases or oxi-
dizes the organic molecules when the electron–hole 
pairs are produced on the surface of semiconductors by 

light irradiation. ZnO and TiO2 are well-known materi-
als as solar light photocatalytic metal oxides because they 
exhibit great photocatalytic performance for the reduc-
tion of organic pollutants [5–11]. They show acceptable 
thermal, biological, and chemical stabilities besides their 
low price and nontoxicity [6]. Band gap of TiO2 and ZnO 
are 3.2 and 3.37 eV, respectively, and they follow simi-
lar photodegradation mechanism [12]. Many researches 
have been conducted for the enhancement of the photo-
activity of these semiconductors. In this regard, one of 
the most important improvement can be achieved by wid-
ening the photo response of these materials toward vis-
ible light which accounts for more than 90% of the solar 
spectrum [6, 13–15]. Various techniques have been used 
to make these oxides more efficient under visible light 
including surface modification via organic materials and 
band gap modification by creating oxygen vacancies, oxy-
gen sub-stoichiometry, nanomaterials doping and transi-
tion metal doping [16]. Zhao et al. [17] found that ZnO 
particles on the surface of TiO2 crystals can lead to the 
formation of coupled semiconductor system. Doped Zn 
on the surface of titanium oxide increases oxygen vacan-
cies and consequently some states can be created close to 
conduction band of titania. The generated states provide 
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the opportunity for the prepared composite to be active 
under visible light. Rahmani et al. reported the synthesis 
of ZnO/TiO2 multilayers in which the band gap can be 
controlled [18].

On the other hand, photoactivity is strongly related to 
the surface area of semiconductors [7, 19]. Synthesis of 
mesoporous structure can be considered as an effective 
strategy to achieve high surface area, and consequently 
improvement of photoactivity [8, 20, 21]. Assaker et al. 
[15] prepared Zn–TiO2 mesoporous oxides by the mechan-
ical milling procedure. At first, they prepared mesoporous 
TiO2 by surfactant templating mechanism, then the zinc 
source was mixed with the mesophase by mechanical 
milling. Habib et  al. investigated the photoactivity of 
ZnO–TiO2 nanocomposites under sunlight [22].

In this study, we synthesized mesoporous TiO2–ZnO 
composite by using Pluronic P123 via a one-step hydro-
thermal procedure at different calcination temperature (0, 
400, 600, 800 and 1000 °C). Moreover, the influence of 
calcination temperature on the photocatalytic performance 
of the mesoporous materials was compared under UV and 
visible light. Interestingly, the optimum synthesis condi-
tion of the samples could improve MB degradation under 
visible light up to 60%. We also performed photoactivity 
comparison studies between commercially available P25 
and the prepared materials under UV and visible light.

2 � Experimental

2.1 � Sample preparation

Water was deionized by using a Nano Pure System 
(Barnsted). The triblock copolymer Pluronic P123 
(EO)20(PO)70(EO)20 was purchased from Aldrich. Tita-
nium sulfate, zinc nitrate hexahydrate, and ammonium 
fluoride were obtained from Merck. Figure 1 shows the 
synthesis flowchart of the mesoporous ZnO–TiO2 materi-
als. In this work, the samples were prepared by a modi-
fied route of previously published article [23]. In a typical 
synthesis, 3 g of surfactant (Pluronic P123) was dissolved 
in 80 g of deionized water under stirring at room tempera-
ture. Then, 3.6 g of Ti2(SO4)3, 4.46 g of Zn(NO3)·6H2O, 
0.55 g of NH4F and 3.6 g of CO(NH2)2 were added drop-
wise. The resulting mixture was stirred for 1 h at room 
temperature. The achieved solution was transferred into a 
100 mL Teflon-lined stainless steel autoclave, followed by 
hydrothermal treatment of the mixture at 180 °C for 6 h. 
After the hydrothermal process, the white precipitate was 
centrifuged and washed with distilled water and ethanol 
for three times. The final precipitate was dried at 80 °C for 

24 h. Finally, the prepared powder was calcined in air at 
different temperatures (0, 400, 600, 800, 1000 °C) for 2 h.

2.2 � Characterization

The samples were characterized by X-ray diffraction 
(XRD) using a Unisantis instrument model XMD300. 
The equipment was operated at 45 kV with Cu Kα radia-
tion (1.5405 Å), and the diffractometer was functioned at a 
scan rate of 0.04°/s over a 2θ range of 20°–70°. Field emis-
sion scanning electron microscope (FESEM- Tescan Mira) 
was employed to observe the morphology of the prepared 
materials equipped with an energy-dispersive X-ray analy-
sis (EDX). The N2 adsorption–desorption isotherms were 
measured using a Belsorb-mini II instrument. Samples were 
thoroughly degassed at 100 °C for 10 h before the adsorption 
measurements. Fourier transformed infrared spectroscopy 
(FTIR) analysis of the materials were carried out using a 
WQF-510 equipment and spectra were recorded in the 
400–4000 cm−1 region. Transmission electron microscopy 
(TEM, 2000FX2, JEOL, Japan) was used for the morpho-
logical investigation.

2.3 � Photocatalytic and band‑gap measurements

Methylene blue (MB) was chosen as an organic compound 
to analyze the photocatalytic efficiency of the prepared 
materials under UV light (mercury lamp 125 W) and vis-
ible light (200 W) irradiation about 10 cm above the reac-
tion container. In a typical experiment, 0.1 g of the powder 
was dispersed in 40 mL MB solution having a concentration 
10 ppm. The mixture was first reacted for 60 min under dark 
condition to ensure the establishment of an adsorption–des-
orption equilibrium. At each periods of time (30 min under 

Fig. 1   Flowchart of the preparation steps of the samples
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UV light and visible light), 3 mL of the mixture was sep-
arated. The concentration spectra of the mixtures were 
recorded using UV–vis spectrometry (at 625 nm) after cen-
trifugation to remove the particles (5000 rpm).

The band gap (Eg) values were determined using the fol-
lowing direct transition equation.

where α is the optical absorption coefficient, h is Planck’s 
constant, ν is the frequency (hν = 1240/wavelength), Eg is 
the direct band gap, and Ed is a constant [24]. By plotting 
(αhν)2 as a function of the photon energy (hν) and extrapo-
lating the linear portion of the curve to a value of zero, band 
gap (Eg) was calculated.

3 � Results and discussion

XRD patterns of the samples are shown in Fig. 2a. As it can 
be seen, there are large differences among the peak intensi-
ties of the samples because of different degree of crystallin-
ity. It is well known that higher calcination temperature can 
improve crystallinity [7]. The three samples of S-0, S-400 
and S-600 exhibit similar XRD patterns well assigned to the 
anatase crystalline phase of TiO2 (JCPDS Ref No.: 01-073-
1764) and wurtzite ZnO (JCPDS Ref No.: 01-079-0207). 
At a higher calcination temperature (800 °C), the new dif-
fraction peaks can be indexed to TiO2·2ZnO (JCPDS Ref 
No.: 01-077-0014) besides anatase and wurtzite crystals. 
Interestingly, Anatase is the only detected TiO2 crystal 
phase at 800 °C which can be related to inhibition of the 
anatase–rutile phase transformation with addition of ZnO 
[25]. When the S-1000 sample was calcined at 1000 °C, 
phase transformation from anatase to rutile took place. 

(1)�hv = (hv − Eg)0.5

Diffraction peaks of rutile and TiO2·2ZnO can be observed 
clearly in S-1000 sample. Although it is reported that tita-
nium–zinc oxide phase (2ZnO·TiO2) with a spinel structure 
can be formed at 1050–1100 °C, its characteristic peaks was 
detected at S-800 and S-1000 [26]. Khalyavka et al. [27] 
have mentioned that the titanium–zinc oxide nanocompos-
ites show higher photoactivity compared with ZnO and 
TiO2. Moreover, based on scherrer equation [24] the crystal 
sizes of the prepared samples calculated and are presented in 
Table 1. It can be seen that the higher calcination tempera-
ture causes a growth in crystal size of the materials.

Figure 2b shows the FT-IR spectra of typical as-pre-
pared and calcined samples. The broad adsorption bands 
in the range of 3000–3800 cm−1 are assigned to the stretch-
ing vibrations of the OH group [28]. Broad peaks emerge 
below 800 cm−1, which are due to the vibration of metal 
oxide structures. The presence of a peak around 650 and 
800 cm−1 can be related to symmetric stretching vibration 
of the Ti–O–Ti and vibration mode of Zn–O–Ti bands. The 
peak at ~ 1450 cm−1 was devoted to the vibration mode of 
Ti–O and Ti–O–C. The Ti–O–C bands can be from the inter-
action between the Ti–O network and the P123 [29–32].

EDX mapping of Zn and Ti was performed on S-0 
(Fig. 3a–c). A homogeneous distribution of Zn and Ti can 
be confirmed based on elemental mapping images. TEM 
image illustrated in Fig. 3d shows that TiO2–ZnO nanopar-
ticles are ultrafine.

The N2 adsorption–desorption isotherms of the samples 
are displayed in Fig. 4 and tabulated in Table 1, which shows 
the specific surface area, mean pore size and pore volume 
of the samples. All isotherms resembled the IV isotherm 
type, which is a characteristic of mesoporous materials typi-
cally according to IUPAC classification [33]. It should be 
noted that, based on this hydrothermal synthesis procedure, 

Fig. 2   XRD patterns (a) and FTIR spectra (b) of the samples
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mesoporous structure can also be achieved without using of 
P123. However, the existence of P123 have improved the 
surface area and pore volume dramatically. As it can be seen 
in Table 1, a decrease in surface area and pore volume takes 
place at higher calcination temperatures. Generally, because 
the photocatalytic reactions of heterogeneous materials are 
happened on the surface of reactants, a higher surface area, 
pore sizes, and pore volume can improve the photocatalytic 

performance by creating more active sites for the photo-
chemical process [6, 7, 9, 11].

It should be mentioned that the rate of degradation obeys 
pseudo-first-order kinetics. The initial reaction rate constants 
can be measured based on the formula

(2)− Ln(C∕C0) = kt

Table 1   Textural properties, photocatalytic efficiency and band gap energy of the prepared materials

a Percentage degradation calculated based on Eq. 3
b Rate constant calculated based on Eq. 2
c Surface area calculated by a BET method
d Total pore volume
e Pore diameter calculated by a BJH method

Sample UV light Visible light SBET (m2/g)c Vp (cm3/g)d Dp (nm)e Crystal 
size (nm)

Band gap (eV)

Degrada-
tiona (%)

K (min−1)b Degradation (%) K (min−1)

S-0 54.8 0.0074 14 0.0012 88.41 0.52 23.8 8.1 3.36
S-400 55.6 0.0042 26.6 0.0023 63.6 0.24 15.1 9.4 3.25
S-600 42.2 0.0038 36.4 0.0036 31.5 0.14 18.1 12.6 3.19
S-800 58.1 0.0077 58.5 0.0069 18.2 0.08 18.2 20.1 3.03
S-1000 12.6 0.001 10.3 0.0008 – – – 27.5 3.01
P25 61.2 0.0087 31.7 0.0032 – – – – 3.4

Fig. 3   SEM image with EDX elemental mapping (a–c) and TEM image (d) for S-0

Fig. 4   N2 adsorption–desorption isotherms of the prepared samples
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where C0 is the initial concentration of the dye, C is the 
concentration after time t and k is the constant of the 
degradation.

Degradation of MB can be a result of surface adsorp-
tion or photodegradation. To assess the photodegradation 
of the dye, the suspension was stirred for half an hour in 
the dark condition in advance in order to reach the adsorp-
tion–desorption equilibrium. Estimated k for the samples 
according to Fig. 5 is shown in Table 1 and Fig. 6b under 
both UV and visible conditions. The photocatalytic effi-
ciency of the commercial photocatalyst Evonik P25 was 
also measured under the same procedure. As it can be seen 
in Fig. 5, increasing of calcination temperature until 800 °C 
has promoted the reaction rate of the samples under both 
visible and UV light. Higher calcination temperatures could 
improve the degree of crystallinity and effectively elimi-
nate the bulk defect positions for the recombination of the 
photo-induced electron–hole pairs [7, 9, 34]. At very high 
calcination temperature (1000 °C), reaction rate constant of 
sample has dropped dramatically (Table 1; Fig. 6) because of 

formation of rutile phase (Fig. 2a). Although kinetic rate of 
P25 is higher than of all samples under UV light, it is around 
half-larger than S-800 under visible light. It is proved that 

Fig. 5   Photocatalytic activity (a and c) and degradation kinetics (b and d) of the materials under UV light (a and b) and visible light (c and d)

Fig. 6   MB degradation percent (a) and reaction rate constant (b) of 
the materials under UV and visible light
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interfacial coupling between ZnO and TiO2 nanoparticles 
decreases the band gap of TiO2 and consequently makes it 
visible light active for the degradation of dyes [35]. Because 
of the combination of high degree of crystallinity, formation 
of anatase and titanium-zinc oxide phases and a narrow band 
gap (Table 1) of the composite, the sample S-800 shows an 
excellent performance under visible light.

The percentage degradation of the materials was evalu-
ated according to the following equation:

where C0 is the initial concentration of MB before irradia-
tion, and Ct is the dye concentration at time t. As it can be 
seen in Table 1 and Fig. 6a, S-800 shows the highest deg-
radation (around 60%) of MB under visible light. In fact, a 
similar trend can be detected for percentage degradation of 
MB and reaction rate constant of the samples.

4 � Summary

Mesoporous structures of ZnO–TiO2 were prepared through 
the hydrothermal method. The characterization results show 
that the existence of ZnO nanoparticles inhibit phase trans-
formation of TiO2 from anatase to rutile structure up to at 
least 800 °C. Energy-dispersive X-ray analysis mapping of 
the prepared samples demonstrate the dispersion of Zn and 
Ti elements homogeneously. The highest efficiency of photo-
catalytic activity in terms of percentage degradation of MB 
and reaction rate constant can be achieved for the samples at 
calcined at 800 °C. Photoactivity of the sample which heat 
treated at 800 °C, was around twice as big as commercial 
P25 under visible light.
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