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garnered considerable attention because of their unique 
physical and chemical properties [1–4]. Among one-dimen-
sional inorganic nanostructures, titania nanotube to date has 
been extensively pursued as main photocatalyst by virtue of 
high surface-to-volume ratio and superior physicochemical 
properties [4]. Various routes have been developed for fab-
ricating titania nanotube. Nevertheless, these methods often 
confront problems of template removal, tedious operation 
procedures and poor adhesion of nanotube to the underly-
ing substrate [5–8]. In contrast, anodic oxidation of tita-
nium leading to vertically aligned titania nanotube arrays, 
as an alternative strategy, has prompted burgeoning inter-
est, which possesses virtues of simplicity and efficiency, 
and moreover, it represents a unique combination of highly 
functional features of titania with a regular and controllable 
nanoscale geometry [4, 9–11]. Titania nanotube arrays pre-
pared via anodization of titanium foil possess high surface-
to-volume ratios and fast charge transport property, which 
are often considered to be advantageous for applications 
requiring efficient surface reactivity [12–15]. However, pre-
vious studies on the applications of titania nanotube have 
found that the high recombination rate of photogenerated 
electron–hole pairs and wide band gap (Eg ~3.2 eV) were 
the main drawbacks that limited the photocatalytic activity 
and visible light response of titania nanotube [12, 16, 17]. 
An efficient approach is loading of titania with some semi-
conductors to form heterojunctions, such as WO3, SnO2, 
CdS, CeO2, V2O5 and so on which can enhance interfacial 
electrons transfer to the underlying metal substrate [18–
25]. ZnO is an important semiconductor with a band gap 
of 3.37 eV and exhibits higher electron mobility and longer 
life time of carriers than TiO2 [26]. Recently, a few investi-
gations have been carried out for design and preparation of 
nanocomposites containing ZnO and TiO2 [27–37]. It has 
been realized that mixed ZnO–TiO2 displays profoundly 

Abstract ZnO-decorated titania nanoporous (ZnO/
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SEM, EDX and XRD. Results showed that titania nanopo-
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orated on titania nanoporous by a chemical bath deposition 
technique. Diffuse reflectance spectra showed an increase 
in the visible absorption relative to bare titania nanoporous. 
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ZnO/TNPs, as indicated by the efficient removal of meth-
ylene blue. The resultant ZnO decorated titania nanoporous 
showed better photocatalytic activity than the bare titania 
under visible light radiation. Such photocatalyst benefits 
from the capability of high specific surface and the direct 
conduction path through the aligned nanoporous. This 
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Introduction

One-dimensional (1-D) nanostructured semiconducting 
materials, such as nanorods, nanowires, and nanotubes have 
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improved properties and high efficiency as compared to the 
pure ZnO and TiO2 materials.

In this study, we construct ZnO-decorated titania nanop-
orous (ZnO/TNPs) nanocomposites via efficient and easily 
accessible approach. The decoration of zinc occurs homog-
enously and ZnO-decorated titania nanoporous films can be 
achieved using chemical bath deposition (CBD) technique. 
This method makes it more favorable for the deposition in 
the tubes, and provides a general way for any mesoporous 
or microporous substrate where this type of selective depo-
sition is desired. To the best of our knowledge, report on 
the preparation of ZnO-decorated titania nanoporous films 
by anodizing and following chemical bath deposition 
is lacking. Also, to our knowledge, the quantity effect of 
zinc in titania nanoporous (ZnO/TNPs) on photocatalytic 
activities of ZnO/TNPs are lacking. In this paper, two-step 
process was developed to prepare ZnO/TNPs composite 
films. In the first step, titania nanoporous were prepared 
by anodizing titanium foils. Then zinc was deposited on 
these nanoporous by a chemical bath deposition technique. 
The morphology and structure were characterized by scan-
ning electron microscopy (SEM), energy-dispersive X-ray 
spectroscopy (EDX) and X-ray diffraction (XRD). Optical 
properties were investigated by UV–Visible diffuse reflec-
tance spectra (UV/vis/DRS). The effect of ZnO-decorated 
titania on the photocatalytic activity of these samples was 
investigated by degradation of methylene blue. Methylene 
blue (MB) is a cationic dye, used extensively for dying cot-
ton, wool and silk. The risk of the existence of this dye in 
waste water may be arisen from the burning effect of eye, 
nausea, vomiting and diarrhea. MB has a maximum absorp-
tion in the 660 nm visible area. Methylene blue is chosen 
as model contaminant to evaluate the photocatalytic activi-
ties of ZnO/TNPs samples due to its stability under visible 
light irradiation. Chemical structure (drawn by ChemDraw 
software) of methylene blue (C16H18N3SCl) makes it to fall 
under a group of azin dyes as shown in Fig. 1.

Experimental

All chemicals were of analytical grade without further puri-
fying before experiment and solutions were prepared with 
distilled water.

A piece of titanium sheet (99.99 % purity, 1-mm thick) 
was cut into desired dimension and the titanium electrode 
was mechanically polished with different emery-type abra-
sive papers (with the following grades: 60, 80, 600, 1200 
and 2500), rinsed in a bath of distilled water, and then 
chemically etched by immersing in a mixture of HF and 
HNO3 acids for 30 s. The ratio of components HF/HNO3/
H2O in the mixture was 1:4:5 in volume. The last step of 
pretreatment was rinsing with distilled water. After clean-
ing, anodic films were grown from titanium by anodizing 
titanium foil in a solution of ethylene glycol (98 mL) con-
taining 0.1 M ammonium fluoride and 2 mL distilled water 
at a constant voltage of 60 V for 6 h at room temperature 
using a graphite foil with about 12 cm2 geometric areas as 
cathode. After anodization of titanium and preparation of 
titania nanoporous, ZnO was decorated on nanoporous by 
chemical bath deposition. The titania nanoporous (TNPs) 
were soaked in a 0.1 M H2SO4 solution for 90 min followed 
by soaking in a H2O/ethanol (4:1) solution containing 
0.05 M ZnSO4·7H2O for different times at 70 °C. The sam-
ples were rinsed with distilled water and dried in air. Then, 
samples were annealed by heating at 400 °C for 2 h in a 
tube furnace (Azar Furnace), with a ramp of 2 °C/min to 
form zinc oxide and also to obtain crystalline samples that 
lead to ZnO/TNPs with varied weight loading percentage 
of 1, 3 and 5 %. In the present work, we compare the pho-
tocatalytic performance of bare titania nanoporous (TNPs) 
and titania nanoporous decorated with different quantity 
of zinc oxide referred to as ZnO/TNPs1, ZnO/TNPs2 and 
ZnO/TNPs3. Table 1 summarizes the experimental condi-
tions for 4 different samples. A schematic of the pretreat-
ment method of titanium sheets and process of producing 
ZnO decorated on titania nanoporous on titanium foils is 
shown in Fig. 2.

The surface morphologies of all samples were charac-
terized by field emission scanning electron microscopy 
(FE-SEM, Hitachi S-4160, Japan), and the elemental com-
position was estimated by energy-dispersive X-ray spec-
troscopy (EDX). The crystalline phases were identified by 
XRD (Philips X’Pert). Diffraction patterns were recorded 
in the 2θ range from 20° to 80° at room temperature. The 
optical absorption of the samples was determined using a 
diffuse reflectance UV–Visible (DRUV-Vis) spectropho-
tometer (JASCO V-570). The values of the band gap energy 
(Eg) were calculated using the following equation:

where Eg is the band gap energy, h is Planck’s constant, 
υ is the frequency of vibration, hυ is the incident photon 
energy, A is a proportional constant and α is the absorption 
coefficient per unit length [19]. The band gap values were 
determined by extrapolating the linear region of the plot to 
hυ = 0.

(1)(αhυ) = A
(

hυ − Eg

)n

Fig. 1  Structure of methylene blue (MB)
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Photocatalytic activities of all the samples were evalu-
ated by degradation of the aqueous methylene blue (MB) 
under visible light irradiation. The photocatalytic reaction 
was carried in a single-compartment cylindrical quartz 
reactor. A 200 W xenon lamp was used as a light source. 
The luminous intensity of the xenon lamp was 100 mW/
cm2. Light was transmitted by the quartz glass as the xenon 
lamp shone on the samples. A fan was used to cool down 
the reactor tube. The actual experiments were performed 
at room temperature. The initial concentration of meth-
ylene blue was 2 mg/L. The volume of the solution was 
50 mL. Prior to illumination, the photocatalyst sample was 
immersed in quartz reactor containing methylene blue and 
magnetically stirred for 2 h in the dark to ensure the estab-
lishment of an adsorption–desorption equilibrium between 
the photocatalyst and methylene blue. Then the solution 
was exposed to visible light irradiation under magnetic 

stirring for 2 h. At each 10-min intervals, 5 mL solution 
was sampled and the absorbance of methylene blue was 
measured by a UV–Vis spectrophotometer.

Results and discussion

The FE-SEM of the as-prepared samples is illustrated 
in Fig. 3. Figure 3a–c shows the top view of different 
ZnO-decorated titania nanoporous (ZnO/TNPs) samples 
formed by chemical bath deposition. All samples dis-
played ordered nanoporous with the diameter of the tubes 
around 80–110 nm, and wall thickness is estimated to 
be in the range of 30–60 nm. From the cross-sectional 
view in Fig. 3d, it can be seen that the formed nanopo-
rous are parallel aligned and have a length in the range 
of ~39 μm.

Table 1  The experimental 
parameters for the synthesis of 
different samples

Samples Anodizing solution Chemical bath deposition in H2O/etha-
nol (4:1) solution containing 0.05 M 
ZnSO4·7H2O

TNPs 98 mL EG + 2 mL H2O + 1 mM NH4F  
(60 V, 6 h at room temperature)

–

ZnO/TNPs1 98 mL EG + 2 mL H2O + 1 mM NH4F  
(60 V, 6 h at room temperature)

Soaking for 1 h at 70 °C

ZnO/TNPs2 98 mL EG + 2 mL H2O + 1 mM NH4F  
(60 V, 6 h at room temperature)

Soaking for 3 h at 70 °C

ZnO/TNPs3 98 mL EG + 2 mL H2O + 1 mM NH4F  
(60 V, 6 h at room temperature)

Soaking for 5 h at 70 °C

Fig. 2  Schematic presentation of the pretreatment method of titanium sheets and process of producing ZnO-decorated titania nanoporous (ZnO/
TNPs) nanocomposites on titanium foils
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XRD was employed to characterize the crystal struc-
ture of ZnO/TNPs as well as that of bare titania nanopo-
rous (TNPs). Figure 4 illustrates the XRD patterns of the 
as-fabricated and annealed ZnO/TNPs samples annealed at 
400 °C together with that of the bare TNPs for compari-
son. It confirms the presence of anatase phase of TiO2 in 
the samples and the Ti peaks were due to the titanium sub-
strate. XRD pattern of the synthesized ZnO/TNPs shows 
the diffraction peaks of both ZnO and TiO2. Peaks appear 
at 2θ: 25.4, 37.0, 37.9, 54.0, 55.2, 68.9, 70.4, 75.2 and 76.2 
corresponding to the diffraction patterns of (101), (103), 
(004), (105), (211), (116), (220), (215) and (301), respec-
tively, of the pure anatase phase of TiO2. Crystalline zinc 
oxide with hexagonal structure showed main peaks at 
2θ = 36.2, 47.5, 56.5, 62.8, 69 and 76.9, which are in exact 
agreement with standard card [38].

The successful formation of ZnO on the titania nanopo-
rous was also confirmed through energy-dispersive X-ray 
spectroscopy (EDX) spectra obtained from different sam-
ples (Fig. 5). It was seen that the films mainly consisted of 
Ti, O and Zn. In addition to the peaks at ~4.5 and ~0.5 keV, 
which correspond to Ti Ka and Ti La, respectively, peaks 
at ~0.4 and ~4.9 keV appeared in the EDX spectra of sam-
ples. The peaks observed at ~8.6 and ~1.0 keV correspond 
to Zn Ka and Zn La, respectively. The occurrence of traces 

of contaminants such as carbon and sulfur from precursors 
is also observed. The presence of carbon originated from 
absorption of carbon from ethylene glycol. It is believed 
that carbon species adsorb onto the surface during anodiza-
tion and subsequent heat treatment induces diffusion into 
the crystal structure of TiO2 [19].

Regarding the UV–Vis spectra recorded data; the 
absorption edge of sample ZnO/TNPs3 was closer to the 
visible light region than that of other samples. The typical 
plot of (αhυ)1/2 vs. photon energy (hυ) is depicted in Fig. 6 
with the extrapolated linear portion corresponding to the Eg 
value. The incorporation of zinc oxide extended the ability 
of TiO2 to respond to higher wavelengths. Concerning to 
the band gap energy (Eg) values, there was a visible shift in 
the absorption edge for sample ZnO/TNPs3 (Eg = 2.85 eV) 
compared to the sample ZnO/TNPs2 (Eg = 2.95 eV), 
sample ZnO/TNPs1 (Eg = 3.05 eV) and sample TNPs 
(Eg = ~3.18 eV). Compared with bare TNPs, all of the 
ZnO/TNPs samples exhibit a red shift of absorption edge 
and band gap decrease with the increase of zinc concentra-
tion. To the author’s best knowledge, the band energy of 
ZnO is 3.37 eV and that for anatase TiO2 is 3.20 eV. The 
band energy of ZnO/TNPs composites is lower than that 
for ZnO and TiO2. Therefore, the red shift of ZnO/TiO2NTs 
samples could be attributed to the contribution of each of 

Fig. 3  a–c SEM top-view images of the different samples; a ZnO/TNPs1; b ZnO/TNPs2 and c ZnO/TNPs3. d Cross-sectional image of the 
ZnO/TNPs sample
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the oxide component ZnO and TiO2. Mixed crystal helps 
to the red shift of the absorption edge. This red shift may 
be owing to the high crystallinity of ZnO and significant 
differences in the surface state, which promote the sepa-
rate efficiency of photogenerated charges and extend the 
range of excited spectrum, and this finding is supported by 
data from other study. In other words, it can be said that 
the presence of ZnO can modify the optical properties, 

to extend the range of the excited spectrum and favor the 
absorption of solar energy in the visible region. It also 
has been found that a red shift occurs, as immersion time 
increased, causing an increase of the amount of zinc oxide 
[39].

Photocatalytic activity of different samples (TNPs and 
ZnO/TNPs) was followed through degradation of methyl-
ene blue as a function of irradiation time with visible light 
(Fig. 7a). The first, methylene blue degradation experiments 
were conducted under visible light irradiation to evaluate 
direct photolysis without the addition of any catalyst. The 
concentration of methylene blue remained nearly constant 
after 120 min of irradiation. Thus, no obvious degradation 
of methylene blue was observed in this time period. In addi-
tion, a dark control experiment was conducted, indicating 
that the adsorption of methylene blue onto the surface of the 
catalyst in the absence of visible light radiation was negligi-
ble. The photocatalysis results indicated that the photocata-
lytic process was very effective in the removal of methylene 
blue and it was observed that the degradation of methylene 
blue was enhanced using ZnO/TNPs samples. Figure 7a 
shows photocatalytic activity of different samples that were 
followed through degradation of methylene blue as a func-
tion of irradiation time with visible light. Under the irradia-
tion of visible light, undoped TNPs sample showed almost 
no photocatalytic activity, but the ZnO-decorated titania 
nanoporous (ZnO/TNPs) samples showed photocatalytic 
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Fig. 4  XRD patterns of samples; a as-prepared TNPs; b as-prepared 
ZnO/TNPs1; c TNPs annealed at 400 °C, and d ZnO/TNPs1 annealed 
at 400 °C

Fig. 5  EDX spectra of ZnO/TNPs sample
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activity. Figure 7a shows that the sample ZnO/TNPs2 exhib-
ited better photocatalytic activity than other samples under 
visible light illumination.

The experimental results of the TiO2 photocatalytic deg-
radation of different organic contaminants revealed that 
the corresponding data fit to the Langmuir–Hinshelwood 
kinetic model that can be simplified to a pseudo-first-order 
kinetic equation as follows for diluted solutions [40–47]:

where Ct is the concentration of methylene blue at time t, 
C0 is the equilibrium concentration after adsorption and 
kapp is the apparent rate constant. From the plot of ln(Ct/C0) 
vs. irradiation time (Fig. 7b), we can see that the plots 

(2)ln
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represent a straight line and the slope of linear regression 
can be equal to the apparent first-order rate constant k. The 
apparent first-order rate constants and correlation coeffi-
cients corresponding to Fig. 7b are listed in Table 2.

The stability of a photocatalyst was also important to its 
practical application for it can be regenerated and reused. 
We investigated the cyclic stability of sample ZnO/TNPs2 
by monitoring the catalytic activity during successive 
cycles of use. As shown in Fig. 7c, after a four-cycle exper-
iment, this catalyst exhibited similar catalytic performance 
without significant deactivation, revealing its high stability 
after multiple reuses.

Conclusion

In this work, ZnO-decorated titania nanoporous (ZnO/
TNPs) films have been fabricated via a feasible anodiza-
tion combined by a chemical bath deposition technique. 
The morphology and structure were characterized by FE-
SEM, XRD and EDX. SEM images illustrate that ordered 
nanoporous with the tubes diameter of 80–110 nm and 
wall thickness in the range of 30–60 nm are fabricated on 
the surface of titanium. Diffuse reflectance spectra show 
an improvement in the visible absorption relative to bare 
TNPs. ZnO/TNPs composites have excellent photocatalytic 
performance. The sample ZnO/TNPs2 exhibited better pho-
tocatalytic activity than other samples. Also this photocata-
lyst showed good stability and it could be recycled several 
times without significant loss of its activity. These inexpen-
sive ZnO/TNPs samples prepared free of noble metals are 
interesting candidates to drive photochemical reactions.
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