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Abstract We present a simple and systematic synthesis method of Zn doped TiO, (Zn/TiO,) that is
usually prepared with sophisticated preparation procedures. Zn/TiO, have been synthesized follow-
ing a facile and efficient incipient wet impregnation method. The resulting Zn/TiO, has been char-
acterized by X-ray diffraction, scanning electron microscopy, and energy-dispersive X-ray
spectroscopy, which revealed the successful formation of the anatase phase and traces of the rutile
phase. The existence of the rutile phase in smaller proportion was a clear sign of the Zn doping

induced anatase-to-rutile phase transition. Sensible enhancement in the dielectric constant due to

Zn addition has also been observed from experiment and approximate first-principle calculation.

Thus, our results have significant impact on TiO, based semiconductor technology.

© 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Semiconductors have been broadly investigated in lots of
applications along with digital, environmental, and energy
programs (Tripathy and Pattanaik, 2016). This has drawn sig-
nificant attention towards the development of these materials
in order to enhance their physical characteristics. For example,
owing to its versatile applications and cost effectiveness, tita-
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nium oxide (TiO,) has become one of the mostly investigated
semiconductor (Haider and R. H. AL-Anbari, G. R.
Kadhim, and C. T. Salame, , 2017). The main crystal struc-
tures of TiO, are known as the rutile (tetragonal), anatase (te-
tragonal), and brookite (orthorhombic) (Sen et al., 2005).
Moreover, among the various semiconductor materials used,
TiO, has been used as a valuable photocatalyst (Chavez
et al., 2020) and photoanode of sensitized solar cell (Deng
et al., 2019) due to its attractive properties such as low toxicity,
low price, oxidative strength, and low biological and chemical
activity (Foulady-Dehaghi and Behpour, 2020). The challenges
in using TiO, for photovoltaic processes are the need for an
expensive and unsafe ultraviolet source, owing to the large
band gap of TiO,. Hence, the use of titanium oxide under vis-
ible sunlight meets strict restrictions. For example, when using
TiO, in its pure form of impurities, a lot of light energy is
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needed to generate a very fast electron-hole pair, so the photo-
catalytic activity is reduced under visible light with low energy
(Ahmadi et al., 2014). TiO, properties can be altered in the
presence of impurities and dopants. The electrical and optical
characteristics of TiO, can be promoted if doped with Sn and
Zr (Cao et al., 2004); (Yu et al., 1998). Doping TiO, with met-
als can cause interesting phase transformation, for instance,
from anatase to rutile, hence, improving the TiO, photocat-
alytic activity (Gaur, 2019); (Kalantari et al., 2017). Reports
have shown improved TiO, photocatalytic activity associated
with the coexisting anatase and rutile phases e.g. (Bickley
et al., 1991); Ag (Chao et al., 2003); and Sn (Mahanty et al.,
2004). Metals ions promote this transformation however, some
other semi-metal ion such as Si has been found to hinder the
structural transition between the anatase and rutile phases
(Okada et al., 2001). Therefore, finding modified metal which
can improve TiO, physical properties such as structural and
dielectric properties and to promote its phase transformation
is challenging. Several research groups have been attracted
towards using Zn as a dopant for improving the photovoltage
properties of TiO, (Zhu et al., 2010); (Yu et al., 2015); (Jing
et al., 2006). However, these studies followed complex proce-
dure for chemically preparing the material, thus, compromis-
ing the potential applications of this material. TiO,
nanomaterials mixed with traces of (i.e. doped) zinc have sev-
eral important optical applications for science and technology
as well as its activity as a strong antibacterial material (Ye
et al., 2020) so it is imperative to find a procedure for their
easy, environmentally friendly and more efficient
manufacturing.

TiO, doped with zinc has distinct chemical and physical
properties since Zn-doping in TiO, gives an n-type dopant that
helps in the transport of electrons. The doping process also
helps control the light band gap of this material. TiO, doped
with zinc was widely imposed on photocatalysis, leading to
an enhancement in photoconduction compared to undoped
TiO2 (Yu and Yu, Jul. 2008).

In this study, we prepared Zn/TiO, by simple incipient wet
impregnation. The surface morphology, crystal structure, the
grain growth of doped sample was investigated by EDS (X-
ray energy-dispersive spectroscopy), XRD (X-ray diffraction),
and scanning electron micrographs (SEM). We have also
investigated the effect of introducing Zn>" ions to TiO, on
the dielectric properties, ac conductivity, and phase transfor-
mation of TiO,. To the best of our knowledge, investigations
about facile synthesis of Zn/TiO, and systematic dielectric
and first-principle investigation of this material, are lacking.

2. Experimental

2.1. Materials

For the synthesis of metal oxide nanoparticles, zinc chloride
(99.999% trace metals basis), and titanium oxide (>99% trace
metals basis), which were obtained from Sigma-Aldrich
(USA). All aqueous solutions in the synthesis were prepared
with deionized water and it was carried out by simple incipient
wet impregnation. All chemicals were used without further
purification beyond the provider’s purification level.

2.2. Sample preparation

Zn/TiO, was prepared by the incipient wet impregnation
method following the procedure described earlier (Bashal
et al., 2020). TiO, (undoped) was dispersed in water under
continuous stirring for 30 min. 5 wt% of ZnCl)(i.e.
0.014 g of Zn (~65 g/mol) in ZnCI2 (~136 g/mol) has been
added to 1 g of TiO,)(was dissolved in 3 ml of deionized
water. The prepared solution was added dropwise to the
stirred TiO; solution and then the mixture was left overnight
at room temperature to dry in the oven at 120 °C. The
obtained sample with a Zn loading amount of 5 wt% was
marked as Zn/TiO,.

In preparation for the electrical and various characteriza-
tion, the samples were grounded utilizing a pestle and mortar
to form fine powder. Otherwise, large particles would hinder
the formation of smooth pellets. Then an amount of 0.30 g
of the sample was compressed in a hydraulic die-set ket where
the pellet was formed.

2.3. Sample characterization

Our samples were characterized with XRD to investigate their
phase structures. The X-ray was from a Cu target with Ko
radiation of A = 0.15418 nm wavelength that was produced
at 30 mA and 40 kV power supply. The surface morphology
of the samples was investigated with the JEOL JSM-IT300
SEM instrument (https://www.jeol.co.jp/en/) that was supple-
mented with EDS (Electron-dispersive X-ray spectroscopy)
module designed for the analysis of the surface elements.
The measurements of the dielectric properties were performed
using the Solareton Analytic impedance analyzer with an AC
amplitude = 300 mV and 0.1 — 300 kHz frequency range at
various temperatures
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Fig. 1 a and b. XRD patterns of undoped TiO, and Zn/TiO,.
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3. Results and discussion

3.1. Characterisation of Zn/TiO,

3.1.1. XRD

Fig. | illustrates the XRD spectrum for pure TiO, and Zn
doped TiO; (Zn/TiO,). The peaks associated with the rutile
and anatase phases were identified and designated as ‘R’ and
‘A’, respectively. The quantities next to ‘R’ and ‘A’ in the
curved parenthesis represented the corresponding miller planes
of diffraction.

Several diffraction peaks were detected for undoped TiO,
at 20° = 25.3°, 37.69°, 48.03°, 53.83°, 55.01°, 62.8°, 68.8°,
70.4°, 75.2°, and 76°, which could be assigned to the A101,
A004, A200, A105, A211, A204, All6, A220, A215, and
A301 diffraction planes. These planes are pertinent with the
tetragonal phase for the pure anatase phase as reported by
Wang et al (Wang et al., 2015). However, after Zn doping
TiO,, two diffraction peaks appeared at 20 = 37.2° and
38.6° which can be assigned to (R101) and (A112) for rutile
phase and anatase phase respectively. The diffraction peak at
20 = 37.2° demonstrated the occurrence of tetragonal phase
rutile TiO, in Zn doped TiO, sample. These data strongly sug-
gest that the phase transition between the anatase and rutile
was stimulated by the Zn doping. No diffraction peaks were
observed for Zn which could be contributed to the low per-
centage of a prepared sample. Or the Zn particles are highly
dispersed and too small to be detected by XRD. Furthermore,
with the insertion the Zn®* into TiO, matrix the diffraction
peaks for Zn doped TiO, becomes more intense which indicate
well crystalline nature of the prepared (Zn/TiO,) (Mofokeng
et al., 2017). The XRD peaks show a significant and noticeable
shift towards high diffraction angle for Zn doped TiO, com-
pared with undoped TiO,. There are three TiO, anatase peaks,
(A200), (A104), and (211) where this shift clearly noticed in
Fig. 1(b). The shift is attributed to the enlargement of the TiO,
structure (Diener, 2009). Because Zn?* can diffuse into the
titanate layer, it can dissolute in the lattice and replace Ti**
(Nian et al, 2006). However, since Zn’>" (74 x 10°
“m = 74 pm) is larger than Ti** (60 x 10"m = 60 pm)
(Xu et al., 2006), the substitution of Zn>" for Ti*" leads to
TiO, lattice expansion. Therefore, the Zn doped TiO, is
expected to take the alloy form Zn,Ti; O, where the compo-
sition x determine the occupancy of the Ti lattice site by the
Zn dopant (Wang and Teng, 2009). The structure of our sam-
ples is expected to be composed of crystallites. To estimate the
size of the crystallite we employ Scherrer’s equation. The crys-
tallite size decreased from 19.57 nm (TiO,) to 18.23 nm for Zn/
TiO,, indicating that Zn doping has induced the crystallite
shrinkage.

3.1.2. SEMJ/EDS analysis

Fig. 2 shows the SEM images for the TiO, and the Zn/TiO».
The SEM reveals pronounced difference between the
microstructures for the undoped and doped sample. The gran-
ular structure for the undoped TiO, is smaller in average that
for the doped one.

Compared with the doped TiO,, the Zn/TiO; has a totally
different morphology. For instance, the small particles in Zn/
TiO, coalesce to form semispherical structures or grains as is

evident from Fig. 2b. Furthermore, inspecting the SEM care-
fully may reveal the formation of small black holes or cavities
in the Zn/TiO, microstructures that are reminiscent of the for-
mation of similar holes associated with the order—disorder
transition in TiO, as reported by S. A. El All (El All and El-
Shobaky, 2009).

Fig. 3(a) shows the EDS elemental analysis performed in
area shown by the SEM in Fig. 3(b) for Zn/TiO, sample.

The energetic position of Zn suggests that it is highly spread
into TiO,. The plot of the chemical composition in Fig. 3(b)
shows intense X-ray peaks for Ti and O, which are the main
elements in Zn doped TiO,. Here, the proportions of Ti and
O may reflect the average stoichiometry of 1:2. Additionally,
the EDS peak intensity and percentage for Zn are consistent
with relative weight percentage of Zn in TiO,, indicating
TiO, doping with Zn. To further support the data in Fig. 3,
Transmission Electron Micrographs (TEM) for our samples
will be provided in future works.

3.2. AC conductivity

The electrical conductivity, (o) of TiO,, and Zn/TiO, as a
function of frequency are shown in Fig. 4. The values of ac
conductivity can be given by o,.(w) = we,e’ = Bw’, where B
is a pre-exponential factor, and s is the universal exponent,
which determines the degree of interaction between mobile
and lattices. Fig. 4 shows that the magnitude of the ac conduc-
tivity is almost invariant at low frequencies and monotonically
increases above ~ 200 Hz which confirms the semiconductor
nature of the Zn/TiO, and power law behavior. Similar behav-
ior has been observed in Co doped TiO, as demonstrated by
Okutan et al (Okutan et al., 2005). The effect of interface
defects may be significant at low temperature, affecting the
electrical properties at low 25 °C temperature.

The increase of o with increasing the frequency may be
due to the exchange of charges between the metal ions
and dopant ions located at grain boundaries. In addition,
the value of electrical conductivity for Zn doped TiO, is
higher than that of undoped TiO,, this may be the dopant
atoms perfectly replace the Ti*" site in the crystal lattice
of TiO,. Another possibility might be due to the holes (cav-
ities) which present in Zn/TiO, as was observed in SEM
results. Thus, the effective enhancement in the electrical con-
ductivity in Zn/TiO, may be attributed to the stimulation of
charge carrier diffusion by these holes (Tsai and Cheng,
1997). Fig. 4 also shows the thermally activated conductivity
for Zn doped TiO,.

3.3. Dielectric properties

Fig. 5(a) and (b) are, respectively, the dielectric constant (g’)
for pure TiO, and Zn-TiO, as a function of the frequency
(f) with the temperature as a parameter. € sharply increased
as f reduces within the low frequency range, suggesting
polarization and space charge formation at the sample-
electrode interface (MacDonald, 1973). Since this is a rela-
tively large area interface it has a large capacitance and
hence a relatively large time constant for the polarization
process of charges within the interface caused by the AC sig-
nal. Thus, those charges cannot follow the electric field oscil-
lation at higher frequencies where processes with smaller
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time constants would emerge. The above-mentioned overall
behavior is common for both TiO, and Zn-TiO,, however,
the effect of adding Zn to TiO, is to enhance the dielectric
constant specifically at low frequencies. This may be due to
the Zn induced increase of the free ions or charge carries in
the material.

3.4. First-principle calculations

We have performed first-principle calculations of the optical-
dielectric-constant for TiO, and 10%Zn-TiO, (Fig. 6) in order
to roughly and qualitatively compare them with our experi-
mental electrical dielectric-constant.



AC conductivity, structural, and dielectric properties of zinc

7457

0.40

o — 25°C
- -

~ —40°C
035 ( d ) ——50°C
[=
-
c s @ 50
3o0.30
Q
g
2
©0.25
o

100 150 200 250 300
Frequency, f (kHz)

Fig. 5

1.4

0

-
~1.2-

-
o
1

o
o
L

Dielectric Constant, e
o
o

e
>
L

0 50 100 150 200 250 300
Frequency, f (kHz)

(a) The dependence of the dielectric constant on the frequency at different temperatures for pure TiO,. (b) dependence of the

dielectric constant on the frequency at different temperatures for Zn-TiO,.

-
N

1

10
. m Zn-TiO,
6 ] TIOZ

N

o

3
N

Calculated Optical (Dielectric Constant)
H

A

0 5 10 15 20 25 30 35 40
Energy (eV)
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We used ELK LAPW software (http://elk.sourceforge.net),
utilizing the Random Phase Approximation (Chen et al.,
2017). The results show that the effect of Zn is to slightly vary
the characteristics specifically in the low frequency region (i.e
low energy region, since the photon energy is directly propor-
tional to the frequency). Busani et al (Busani and Devine,
2005) (has performed experimental measurement of the prop-
erties of TiO,, where the dielectric constant extracted from
the Polarizability has approximately the same order of magni-
tude as ours (Fig. 6) at low energy (i.e low frequency).

This behavior qualitatively and roughly agrees with the
experimental results in Fig. 5 where we observe that the varia-
tion in the characteristics due to Zn addition is more pro-
nounced in the low frequency region. It is worth pointing
out that the first principle calculations were done for the
ground state configuration associated with 0 K temperature.
However, these calculations can still convey information
related to semiconductors and insulators at temperatures close
to the room temperature.

4. Conclusion

We managed to synthesize the Zn doped TiO, (Zn/TiO,) using
a facile and efficient incipient wet impregnation method. The
resulting Zn/TiO, has been characterized by X-ray diffraction,
scanning electron microscopy, and energy-dispersive X-ray
spectroscopy. The X-ray diffraction peaks revealed the suc-
cessful formation of the anatase phase and traces of the rutile
phase as evident from the positions of the X-ray peaks. The
formation of the rutile was associated with the Zn doping
induced anatase-to-rutile phase transition. Investigation of
the enhancement of the photocatalytic behavior of Zn/TiO,
will be considered in future work. Comparison between the
conductivity in bare and doped TiO, revealed a conductivity
improvement in the doped samples due to improved charge
carrier diffusion through microstructures induced by the dop-
ing. Sensible enhancement in the dielectric constant due to Zn
addition has also been observed from experiment and approx-
imate first-principle calculation. Therefore, our results have
significant impact on TiO, based semiconductor technology.
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