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Abstract
In this study, zinc (Zn)-doped titanium dioxide (TiO2) films were prepared using the two steps: anodic oxidation method 
and heat treatment process. The crystal structure, morphology and elemental composition of the Zn-doped TiO2 films were 
investigated. These films were characterized by scanning electron microscopy (SEM) with energy-dispersive spectroscopy 
(EDS), X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). The results indicated that the TiO2 films with 
clear, uniform and short nanopores had a high surface area and high degree of crystallinity. The results showed that the as-
anodized TiO2 film was successfully obtained as anatase phase at 450 °C. The results of XPS analysis confirmed the pres-
ence of Zn in the lattice of TiO2 as dopant, and thermal diffusion technique was successfully done as doping method. The 
photocatalytic performances of the Zn-doped TiO2 films were evaluated in terms of their photodegradation rate of methylene 
blue (MB) in an aqueous solution under UV light irradiation. The results revealed that the Zn-doped TiO2 film had a higher 
photocatalytic activity in comparison with the undoped sample. This study inspired that Zn-doped TiO2 films are a great 
potential material to treat wastewater in industrial field.
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Introduction

TiO2 is one of the most studying semiconducting materi-
als. It has remarkably attractive properties such as nontox-
icity, photoactivity and physically and chemically stability 
[1–4] which allow it to be used a wide range of application 
areas, such as air and water purifications, self-cleaning win-
dow glasses, lithium batteries, gas sensing, dielectric layer 

and solar cell [5–13]. Different methods have been tried to 
increase the efficiency and performance of TiO2. Doping 
method is among the highlights of these studies. T. Ume-
bayashi and his team have shown that S doping into the TiO2 
crystal lattice reduces the absorption line of titanium diox-
ide to a lower energy level [14].  S. Sakthivel et al. focused 
Pt, Au and Pd doped TiO2 in their study. According to the 
results of this study, the light absorption of the doped sam-
ples in the visible region is higher than the non-doped ones. 
Furthermore they revealed that the higher dopant content 
caused increased level of absorption [15]. Among remark-
able properties of TiO2, it is noteworthy that especially water 
purification by the photocatalytic degradation reaction of 
TiO2 is induced by UV light. Since Fujishima and Honda’s 
research, many researcher have focused on the photocatalytic 
performance of TiO2 [16].

Method of metal doping into host lattice commonly 
preferred technique to increase photocatalytic activity of 
TiO2. Different studies revealed that doping Pt and Au 
can effectively suppress the electron–hole recombina-
tion by acting as an electron and/or hole traps [17, 18]. 
Another research showed that doping of Ag to TiO2 lattice 
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up to particular amount has remarkably positive effect 
on photodegrading performance of TiO2 [13]. Accord-
ing to Marci and his team’s research, increasing photo-
catalytic activity could be attributed to Zn content which 
increase in the separation rate of photo-induced charge 
due to the difference in the energy band position [19]. 
Different techniques have been used to doping process by 
researchers such as sol–gel, sputtering and liquid-phase 
precipitation [19–21]. However, these doping methods are 
complicated and require intense attention during process. 
In this study, we preferred thermal diffusion technique 
for doping process. Recent studies show us that the ther-
mal diffusion technique can be employed to modify host 
material for different application such as boron doping of 
single crystal natural diamond, penetrating of indium to 
Cds film and germanium or tin doping in silicon [22–25]. 
One of the common expressions of these researches is 
simplicity and cost-effectiveness of the thermal diffusion 
technique. However, very few studies have focused on this 
technique for doping into photocatalytic host materials.

In this study, nanotubes were formed on Ti material 
by anodic oxidation of TiO2. Then Zn doping process 
was carried out using thermal diffusion method in con-
ventional furnace. In this way, doping and heat treatment 
process was completed at the same time. Zn was doped 
into TiO2 for 2 h at 450 °C by thermal diffusion method. 
Morphological structure of the samples was characterized 
using scanning electron microscope (SEM), and elemen-
tal analysis was carried out with X-ray photoelectron 
spectroscopy and energy-dispersive spectroscopy (XPS 
and EDS). Crystal structures were investigated X-ray dif-
fraction (XRD) technique. Photocatalytic performances 
were tested by measuring degradation rates and kinetic 
measurement.

Experimental studies

The substrate material of anodic oxidation was in the shape 
of a disc, 25 mm in diameter and 8-mm-thick pure Ti. The 
samples were polished incrementally with 120-grit to 2000-
grit emery paper and then washed with acetone, ethanol and 
distilled water in an ultrasonic cleaner for 15 min. Before the 
experiment, the samples were etched in a mixture of nitric 
acid (HNO3) and hydrofluoric acid (HF) solutions for 15 s 
to remove the naturally occurring oxide layer.

The electrochemical anodization was carried out at room 
temperature using a DC power supply. The experimental 
constant potential was 20 V for 30 min, and the distance 
between the anode and cathode was kept constant at 5 cm. 
A Ti sample was used as the anode. The electrolyte solution 
was stirred magnetically during the electrochemical reaction. 
After anodic oxidation, the as-anodized specimens were 
annealed at 450 °C for 2 h. Doping process was carried out 
by easily putting a Zn plate on the anodized titanium sam-
ple during heat treatment. The synthesis process mentioned 
above is also illustrated in Fig. 1.

The structural data of the samples were deduced from 
XRD (Thermo Scientific, ARL Kα) patterns with the help 
of a diffractometer with a CuKα irradiation. Diffraction pat-
terns were collected in the range of 10 to 90° with a scanning 
rate of 2°/min.

The morphology and elemental composition of the sam-
ples were characterized by a SEM (JEOL 6060) equipped 
with EDS analysis using samples without coating.

Surface chemistry of undoped and Zn-doped TiO2 films 
was analysed through XPS (Thermo Scientific) with mono-
chromatic Al-Kα (1486.7 eV) X-ray source and a beam size 
of 400 nm diameter. Calibration and analysis parameter of 
XPS system such as pass energy, resolution and gas purging 
were set as we did our previous study [26].

Fig. 1   Schematic representation for the synthesis of Zn-doped TiO2 film by anodic oxidation method and heat treatment process
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Photocatalytic performances of undoped and Zn-doped 
TiO2 were examined by using the decolourization of the 
methylene blue (MB) aqueous solution. Photocatalytic 
activity experiments were carried out under a light source 
(Osram, Ultra Vitalux E27, 300 W) which emits both UV 
and visible light. The initial concentration of MB solution 
was 10−5 M. The pH value of the MB solution was 7.2. 
Then, the solutions were irradiated with light and taken for 
analysis at regular interval time. It was observed the absorb-
ance values of the solutions via a UV–visible spectropho-
tometer (UV-1240 Shimadzu UV/VIS).

Results and discussion

XRD analysis

The XRD pattern of the prepared undoped and Zn-doped 
TiO2 nanotubes was shown in Fig. 2. It can be seen in Fig. 1 
that anatase phase formed for both sample after calcination 
according to XRD measurement. Metallic titanium was 
attributed from substrate sample. As can be seen from the 
XRD results, all peaks belong to Ti/TiO2, and no peak was 
detected from the Zn or ZnO phases. The absence of Zn 
peaks in the XRD patterns is related to the low amount and 
small size.

Surface morphology of the samples

The surface morphology of the prepared TiO2 nanotubes was 
depicted in Fig. 3. Figure 3a and b corresponded to undoped 
TiO2 nanotube structure. It can be seen that the morphology 
of TiO2 composed of tube structure which formed uniformly 
on the substrate. The diameter of the tubes was varying in 
the range of 50–100 nm. In addition, thickness of the TiO2 

was found to be approximately 250 nm from cross-sectional 
micrographs in Fig. 3a. Also, EDS spectra of surface was 
obtained in Fig. 3b. It should be noticed that the surface 
mainly consisted of Ti and O elements. Figure 3c belonged 
to Zn-doped TiO2 nanolayer structure. The surface morphol-
ogy of the Zn-doped TiO2 layer was very similar to that of 
undoped TiO2 layer. No differences between morphology of 
the samples were observed. Beside the morphology, EDX 
result confirmed that the layer consisted of Ti, Zn and O 
elements which means that Zn incorporation was succeeded.

XPS

The chemical composition, oxidation and the valence 
states of the various elements in the undoped and Zn-
doped films were analysed using X-ray photoelectron spec-
troscopy, as shown in Fig. 4 which represents the results 
of the survey and high-resolution elemental scans of films. 
The binding energies of the existing elements and weight 
percentages of the analyses are exhibited in Table 1 in 
detail. Figure 4a shows the survey spectrum of the films. 
Ti 2p and O 1 s photoelectron peaks were observed at 459 
and 531 eV, respectively, on the undoped TiO2 sample. 
Zn-doped Zn 2p element was also detected at 1023 eV 
with Ti and O elements on the Zn-doped TiO2 sample. As 
a result of the analyses, it was seen that Zn element was 
successfully diffused into the structure. In addition, no 
other elements were detected on both surfaces. As shown 
in Fig. 3d, the Zn element was determined as 0.34 wt% 
on EDS result, while it was observed that the XPS result 
was 44 wt% (Table 1) in the structure. This is because 
EDS receives data from the surface of the material at a 
depth of 1 µm, while XPS receives data from the surface 
of 1–10 nm. Therefore, the presence of Zn element in XPS 
is better observed in the structure.

Figure 4b–f shows the high-resolution XPS spectra of 
the Ti, O and Zn elements for both samples. Figure 4b–c 
depicts the deconvoluted spectrum of the Ti 2p element 
detected in the undoped and Zn-doped TiO2 samples. In 
both spectra, 2 peaks were observed in almost the same 
binding energies. The peaks located at 465 and 459.4 eV 
can be assigned to Ti (2p1/2) and Ti (2p3/2), respectively. 
The splitting between both Ti (2p1/2) and Ti (2p3/2) core 
levels is observed around 5.7 eV, which is indicative of 
Ti4+ in the anatase phase of the TiO2 film [27, 28]. In the 
Zn-doped film with low zinc concentration, the zinc sites 
also act as shallow electron trap to inhibit the recombina-
tion of photogenerated electrons and holes. In this way, 
the electron density of Ti4+ increases because the electron 
lifetime is prolonged. After the concentration of doped zinc 
reaches a proper value, the zinc sites become deep traps 
for electrons. Electron lifetime and density are reduced 
quickly in high zinc concentration films. For these reasons, Fig. 2   XRD undoped TiO2 nanotubes and Zn-doped TiO2 nanotubes
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titanium oxidation state is only slightly influenced by the 
doped zinc oxide [21]. However, the reason for the low 
band shift in the Ti 2p peaks of undoped and Zn-doped 
TiO2 is the formation of a large number of oxygen vacan-
cies in the film structure after Zn doping. These oxygen 
vacancies cause the formation of Ti with lower valence. In 
addition, Zn2+ ions doping into the structure experience 
a slightly stronger pull from neighbouring Ti4+ ions with 
higher oxidation potential. This results in a slight increase 
in binding energy compared to the Zn2+ ion [29–31].

Figure 4d belongs to the photoelectron spectrum of the 
deconvoluted O 1 s of the undoped TiO2 sample. The broad 
and asymmetric peaks indicate that there are at least two types 

of oxygen species on the surface. Fitting of the curves gives 
two components centred at 529.9 eV and 531.6 eV, which are 
assigned to lattice oxygen (O–Ti) and surface-bound hydroxyl 
groups (OHs), respectively [30, 32]. Similarly, two peaks were 
observed in the photoelectron spectrum of the Zn-doped TiO2 
sample given in Fig. 4e. These peaks belong to metal oxide and 
surface-bound hydroxyl groups. The binding energies of O 1 s 
belong to Zn-doped TiO2 in Fig. 4e shifted toward the higher 
energy side compared to those of undoped TiO2. Therefore, 
it can be assumed that Zn introduction affected the chemi-
cal states of TiO2. XPS spectra of Zn 2p region are given in 
Fig. 4f. Zn (2p3/2, 2p1/2) doublet was observed at 1022.69 eV 
and 1045.8 eV, indicating Zn in 2 + state bonding with oxygen 

Fig. 3   SEM images of a, b undoped TiO2 nanotubes and c, d Zn-doped TiO2 nanotubes
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[28, 30]. Consequently, the peaks location derived from XPS 
spectrum, in conjunction with the lack of oxidized zinc derived 
from XRD pattern, provides a clear proof of incorporating Zn 
ions into the TiO2 lattice all through the doping process.

Photocatalytic activity

It was observed the photocatalytic properties evaluating the 
degradation of methylene blue at regular time intervals by 
measuring the absorbance via a UV–vis spectrophotometer. 
The time-dependent MB aqueous solution degradation stud-
ies were reacted in the presence of undoped TiO2 and Zn-
doped TiO2 samples. Also, the MB solution without sample 
was used as a reference for comparison the photocatalytic 
effectiveness of the prepared photocatalysts. Figure 5 shows 
the changes in the relative concentration of the MB solution 
in the presence of photocatalysts under UV–vis light. It can 
be seen from the Fig. 5 that Zn doping process enhanced 
the photocatalytic properties of the TiO2 sample. Further-
more, it was carried out the photocatalytic kinetic experi-
ments to determine the kinetic parameters of the reactions 
like kinetic rate constant. In order to study the photocatalytic 

Fig. 4   Survey and high-resolu-
tion XPS spectrums of undoped 
and Zn-doped TiO2 films

Table 1   XPS results (binding energy and weight %) of undoped and 
Zn-doped TiO2 nanophosphors

Sample name Elements Binding energy (eV) Survey 
weight 
(%)Survey B.E Deconv. elemental 

B.E

1. peak 2. peak

Undoped 
TiO2

Ti 2p 459.13 459.37 465.02 57.82
O 1 s 530.98 529.87 531.56 42.18

Zn-doped 
TiO2

Ti 2p 459.13 459.36 465.10 28.75
O 1 s 531.16 530.89 532.57 27.16
Zn 2p 1022.92 1022.69 1045.80 44.09
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degradation kinetics of the samples, ln(C
0
∕C) = kt equa-

tion was utilized. C0 and C are the original concentration 
of MB and the corresponding concentration along with the 
exposure time (t), respectively, and k is the degradation rate 
constant.

According to Fig. 6, the positive slopes of photocatalytic 
degradation kinetic of the all samples showed linear behav-
iour, which followed the pseudo-first-order reaction rate con-
stant. The photocatalytic efficiency values of the undoped 
TiO2 and Zn-doped TiO2 samples were summarized in 
Table 2. From the Table 2, Zn-doped TiO2 sample has the 
highest kinetic constant value which is 0.00342 min−1. It can 
be clearly seen from the Table 2 that the Zn doping process 
has caused to increase the photocatalytic performance more 
than 20% compared to undoped TiO2 sample.

Conclusion

In summary, Zn-doped TiO2 films were synthesized by a 
combination of anodic oxidation and annealing process. 
Thermal diffusion technique was successfully applied for 
Zn doping into the TiO2 lattice. XPS and EDS results proved 
presence of Zn. SEM micrographs exhibit the morphology 
of uniformly formed TiO2 on the Ti substrate. The photocat-
alytic efficiency values of the undoped TiO2 and Zn-doped 
TiO2 samples were compared by observing degradation rates 
and kinetic measurements. Zn-doped TiO2 sample showed 
remarkably better photocatalytic performance than pure 
TiO2. Zn-doped TiO2 sample has higher kinetic constant 
value 0.00342 min−1. Degradation efficiency of Zn-doped 
TiO2 is 81.93%, while pure TiO2shows efficiency of 67.88%. 
The results indicate that the photocatalytic activity of TiO2 
films which obtained anodic oxidation can be enhanced by 
Zn doping using simple thermal diffusion technique.
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