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Abstract

Nickel doped Titanium dioxide phase B nanowires (Ni/TiO(B)
NWs) were successfully fabricated by a hydrothermal method
and characterized by XRD, FE-SEM, UV-vis and XPS
spectroscopy. The FE-SEM images of the surface morphology
showed that the size of nickel doped TiO2(B) phase crystal was
small (19 — 29 nm). The results indicated that the uniform Ni
doped TiO2(B) nanowires with a length of about 5 um and an
average diameter of about ~204.80 nm were produced. The
result also showed composite with 4 mol% Ni doped TiO»(B)
NWs phase exhibited optimum photocatalytic activity for the
synergeric effects of electrical conductivity and band gap
energy. The properties study of Ni/TiO»(B) NWs leading to a
new applications of high-performance materials as solar cells,
electronics batteries and many other applications.
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Introduction

The substance that is photoreactive, nontoxic and
relatively low cost is titanium dioxide (TiOy) catalyst [1].
The crystal types occur in 3 different phases: anatase, rutile,
brookite and TiO2(B). A lot of research works about
anatase has been done because of its small crystal size.
TiOx(B)’s structure is less compact than that of other forms
TiO and TiO2(B) is rarely found in nature. The three widely
known crystallographic forms are anatase and rutile
(tetragonal), brookite (orthorhombic) and TiOz(B), as a
metastable monoclinic modification of TiO, [2]. The
structure of TiOx(B) (a=12.16 A,b=3.74 A, c=651A,
=107.29°), also called monoclinic TiO,. TiO2(B)’s structure
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was first synthesized in 1980. The dehydration of layered or
tunnel-structured hydrogen titanate are called the TiO2(B)
phase which is metastable polymorph formed [2]. The
TiO2(B) phase has tunnel structure and not high density. The
TiO2(B) phase may find use in energy storage applications
[3]. Some hydrothermally synthesized TiO2(B) nanowire
(TiO2(B) NWs) properties have been reported [4, 5].
Furthermore, these studies are achieved to apply these
catalyst in the life applications. These study, a novel nickel
(Ni) doped TiOx(B) phase nanowires composite powder
synthesis by hydrothermal method is described. TiO2(B) has
many applications, such as photo reactivity, nontoxicity,
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semiconducting, energy storage and antibacterial activities
[5, 6]. Monoclinic titania, commonly named TiO,(B) phase
(a metastable polymorph of titanium dioxide), has a
relatively open structure with significant voids and
continuous channels, facilitating lithium intercalation and
leading to excellent electrochemical properties [7]. TiO2(B)
and Ni are value low cost functional materials.
Consequently, they have with a having a huge extent of
applications, such as electrochemical, catalyst supports,
photocatalysis, lithium ion batteries, electrodes for solar
cells and electrochromic applications [3, 6 — 10]. The
titanium dioxide doped nickel composite has been used for
a variety of applications. The nickel element has use in
hydrogen fuel cell applications. The nickel doped Strontium
(Sr) can be used in water splitting to make hydrogen for
energy production [10]. The Ni?* is easily substituted into
the TiO; lattice and creates an impurity energy level. The
energy of impurity would lead to a decreased band gap and
response of visible light for TiO., photocatalyst. For
conductivity, at low frequency, the resistivity and grain
boundary of Ni doped TiO, with high an impurity energy
level effect on the conductivity that would apply lower
energy to exchange electron between ions at grain boundary
than pure TiO,. Then, Conductivity of Ni doped TiO; is
high. [11, 12]. Using a hydrothermal process with
temperature at 120 °C or higher put the mixture solution in
stronger KOH or NaOH will appear in the formation of solid
titanium dioxide nanowires or long nanofibers. These
conditions make the normal unidirection crystal growth
becoming preferential. Because of its high surface area, the
nanotube structure is attractive. However, anatase phase
particles can be created from the structure of titanate
nanotubes with free-alkali ions because it is typically
unstable at high temperatures (at ~500 °C) [4, 5, 13].

These TiO2(B) NWs composites by preparation with
hydrothermal system and characterization will be shown in
detail. We prepared the Ni/TiO2(B) NWs using the
hydrothermal method. Crystallization, surface
microstructure optical properties, electrical conductivities
and the photocatalytic properties of the powders were
characterized.

Materials and Methods

Synthesis of Ni/TiO2(B) NWs by Hydrothermal Method

Titanium dioxide nanopowder Degussa P25 was mixed
with 30 ml of 10 M sodium hydroxide (NaOH, 98%, Loba-

chemie). The precursor used as a dopant (doping agent) is
nickel nitrate (Ni(NO3)*6H20) high purify which were
varied to different Ni/Ti amount of 0, 1, 2, 3, 4 and 5 mol%
and were sonicated for 60 min in an ultrasonic. The
composite solution was moved to a 50 mL. Then heated at
220 °C for 24 h in teflon-lined autoclave container. After
cooling to room temperature, the mixtures were (or the
mixture was) taken out, and then were rinsed extensively
with 0.10 M HCI, deionized water and followed by ethanol.
Then, the mixture was calcined at 400 °C for 2 h.

Characterization of Ni/TiO2(B) NWs

An X-ray diffractometer (X’Pert MPD, Philips) was
used to characterize the X-ray diffraction (XRD) patterns.
The Scherer equation (Eq. (1)) was used to determine the
size of titanium crystal use equation below [14];

0.9

D= pcosé )

The symbols D, 4, fand @ are the crystallite size (nm),
the wavelength of the X-ray radiation (CuK, = 0.15406 nm),
the angle width at half maximum height, and the half
diffraction angle in degree of the centroid of the peak,
respectively. Morphology of the prepared powders was
measured with Field emission scanning electron microscope
(FE-SEM, Apreo, FEI) at acceleration voltage of 5 kV and
Energy-dispersive x-ray measurements (EDX). The UV-vis
spectrophotometer (UV-2401, Shimadzu) was used BaSO,
as reference for observing optical properties and the band
gap energy value of TiO, powder. The X-ray photoelectron
spectrometer (XPS, AXIS ULTRA, Kratos analytical) was
used to observe the chemical composition of the powders.
The results from XPS were distinguishable with a
hemispherical analyzer positioned at an angle of 45° with
respect to the normal to the sample surface. To measure the
DC electrical conductivity (opc, S cm™) of Ni/TiO»(B) NWs
tablets were prepared by compression of 0.1g powder ina 10
mm diameter cylinder mold using a constant pressure. All
samples were then analyzed, measuring the electrical
conductivity and capacitance by LCR meter, 4285A
Precision, Agilent with a frequency range of 75 kHz — 30
MHz at room temperature.

Results and Discussion

XRD Analysis

The XRD patterns of TiO, powders calcined at 400 °C
by hydrothermal method are presented in Fig. 1. It was
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found that only the TiO2(B) phase can be seen at 0 — 5 mol%
Ni doping in TiO,. The diffraction peaks which appear in
undoped TiO, sample at 26 are 25.30, 29.20, 44.30 and
48.20 degrees, respectively. According to the JCPDS 46-
1238 patterns of TiO2(B) form TiO, monoclinic structure
requirements [15]. P25 TiO, have anatase and rutile
structure in ratio 80:20 show at 26 are 25, 37, 47 and 55
degree [16]. It was observed that the process of adding a
dopant to the phase transformation has shown practically no
phase change in the titanium dioxide, independent of the
amount of dopant feeding and electronic structure.
Moreover, Fig. 1 shows that, for various Ni species, no
separate crystalline phase was detected, which suggests that
Ni species were thoroughly dispersed in TiO, nanoparticles.
Increasing Ni content did not show that any significant
lattice deformation had occurred, which is not unexpected
considering that Ni* has an ionic radius similar to Ti** and
can also form octahedral coordination as Ti** does [6].

The values of average crystal size of pure TiO2(B) and
Ni/TiO2(B) NWs, measured from (hkl) planes in XRD of
(101) using the Scherrer equation, were 20.67, 19.67, 29.49,
25.31,29.53 and 29.53 nm for undoped TiO2(B) and 1, 2, 3,
4 and 5 mol% Ni/TiO2(B) NWs, respectively. The
occurrence of Ni-O-Ti bonds in Ni-doped TiO(B) causes
the grain size to decrease, which in turn impedes the growth
of the crystals. Nonetheless, as the Ni concentration
increases further to 1 — 2 mol%, the lattice constant values
estimated increases to a = 12.206 A, and for the last three
concentrations 3, 4 and 5 mol%, the lattice constant values
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decrease to a = 11.623, 11.641 and 11.219 A, respectively
(Table 1). This shows that the substitutional Ni?* ions
replace Ti** ions and result in linear decay of the crystallite
size. The lattice parameters have an effect on the crystallite
size, and not different between the synthesis of undoped and
Ni/TiO2(B) NWSs. The defect in structure is appear number
of dislocations decreases. When the amount of nickel is
increased with the crystal size start to increase [6].

XPS Spectra of Ni/TiO2(B) NWs

Figure 1 (g) and (h) shows XPS spectra of TiO(B)
NWs and 4 mol% Ni/TiO2(B) NWs composites consist of
only Ti, Ni, O and C elements and the binding energies of
Ti2p, Ni2p, Ols and Cls are 456.50, 853.50, 528.50 and
283.50 eV, respectively. The O1s region of an annealed
undoped TiO, show peaks at 529.70 and 531.40 eV
corresponding to Ti, O and the hydroxyl group, respectively.
This research, the presence of Ti** in TiO, sample where
found at binding energy positions corresponding to Ti2p and
Ti2p lines for pure TiOx(B) powders at 456.50 and 461.00
eV [14]. The binding energies of Ti2p region for the pure
TiO; and TiO; doped nickel specimens were similar. Atoms
existed in the forms Ni,Os; from Fig. 1(g). XPS result
reveals.

Morphology of Powder Ni/TiO2(B) NWs

Ni at 853.50 eV for Ni2p and 872.00 eV for Ni2p, and
make be completely observed in Fig. 1(h). In combination
from the XRD data, it may be concluded that Ni,O3 was
dispersed on the surface of titania [14].
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Fig. 1 XRD patterns of pure TiO2(B) NWs (a) and TiO2(B) NWs at various Ni: (b) 1 mol%, (c) 2 mol%, (d) 3 mol%,
(€) 4 mol%, and (f) 5 mol% Ni. XPS spectra of (g) pure TiO2(B) NWSs and (h) 4 mol% Ni/TiO2(B) NWs.
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Table 1 Crystallite size (D), Lattice parameters, Cell volume (V), Optical properties (Eg), Oxygen vacancies (Ey) and
Conductivity (opc) and Capacitance (G) of pure TiO2(B) and Ni/TiOx(B) NWs.

. Lattice parameters (A) \% Eq obc G
mol% Ni D (nm) b c A V) B (x107seml)  (x10MF)
TiO2(B) 20.67 11.647 3.763 6.488 284.354  3.37 2.90 5.50 8.90

1 19.67 12.206 3.756 6.687 306.570 3.50 2.27 4.50 3.25
2 29.49 11.823 3.769 6.422 286.170 3.50 2.14 5.20 4.50
3 2531 11.623 3.746 6.725 292.805 3.45 1.94 4.50 6.90
4 29.53 11.641 3.743 6.406 279.124  3.33 1.47 7.50 7.60
5 29.53 11.219 3.754 6.397 269.417 3.35 1.65 2.20 6.20

Fig. 2 FE-SEM images of pure (a) TiO2(B) NWs and (b) 5 mol% Ni doped TiO2(B) NWs.

The carbon can be attributed to the remained carbon from
the starting solution and the hydrocarbon from the XPS
instrument itself. The structure of the composite Ni doped
TiO2(B) NWSs powders was produced by hydrothermal
method for 24 h at 220 °C and calcined at 400 °C and was
characterized by FE-SEM showed in Fig. 2. The images
show nanowires of the TiOz(B) and the short 5 mol% TiO;
nanowire that have an average diameter was increased from
~163.9 —204.8 nm due to Ni ions might affect the expansion
distortion of Ti lattice which rises particle size and
morphology[8, 17]. The XRD analysis shown in Table 1.
The shape and morphology of Ni/TiO2(B) NWs at various
Ni dosage were not found to be much different than that of
undoped sample. In the hydrothermal process, TiO; particles
react with NaOH solution to form sodium titanate
(NayTiyO;). It was washed with acid to gets protonate
titanate (H2TizO7.xH20) when calcined at 400 °C to be only
TiO2(B) phase.

Energy Gap Measurement

The result in Fig. 3 presents the UV-vis spectra of
TiO2(B) NWs and Ni/TiO2(B) NWs. The band gap energies
(Eg) of the samples were determined and analyzed by
intercept x of the linear portion of (a4v)? as a function of E
to aE = 0 (where E = Eg) of following eq. (2) [18];

aE=A(E-E,)" @

where Eg is the band gap energy (eV) of the specimen,

A’ is the absorption constant and 4 is the wavelength of the
onset of the spectrum (nm). (E = hc/4), respectively. m = 1/2
for direct band gap and m = 2 for indirect band gap. The
symbol of « is absorption coefficient was determined by
a = A/d’ where A is the measured absorbance (nm), 4’ is the
thickness of specimens in UV-vis cell (0.40 cm). The data of
UV-vis diffuse reflectance wavelength of nickel doped TiO,
(Ni=0,1,2,3,4and5 mol%) powders calcined at 400 °C
for 2 h are presented in Fig. 3. It can be seen that pure
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TiO2(B) NWs (the undoped) and Ni/TiO2(B) NWs powders
(Fig. 3(a)), Ascribed to the electron transfer from the valence
band (mainly formed by 2p orbitals of the oxide anions) to
the conduction band (mainly formed by tyy peaks of Ti3d
orbital of the Ti*" cations), are showing absorption spectra
consisting of a single broad intense absorption at around 400
nm (i.e., in the UV light range) [6, 19]. From the curves it
is seen that all the powder specimens have indirect band gap
transitions. Table 1. shows the calculated band gap energy
value (Eg) of these powders. From the UV-vis result it is
shown that the titanium dioxide band gap energy is barely
decreased, when the nickel content is increased, which
corresponds to the red shift of the absorption edge measured
in UV-vis spectra (Fig. 3(b)).

The value of charge transfer transitions between metal
ion and the valence or conduction band of titanium dioxide
can be described with these red shift lengths. Analyzing the
E; and absorption edge data, the Ni/TiO2(B) NWs is
anticipated under visible light irradiation and the pure
TiO2(B) NWs to be active recombination of electron under
UV irradiation [6]. The amount of nickel in titanium dioxide
be effect on enrichment of visible light absorption capacity
relating with the prior work [20, 21]. In addition, we describe
the potential reason of band gap narrowing in TiO; with Ni
doping in hydrothermal system. As reported, the Ni dopant
acts as an acceptor impurity in TiO, lattice [6]. The
Ni/TiO2(B) NWs, the acceptor levels of Ni along with
oxygen vacancies are created in the band gap of TiO..
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=
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Electrical Properties

Figure 4 and Table 1 show conductivity and
capacitance parts as a function of frequency, respectively.
The DC electrical conductivity (onc, S cm™) of
stoichiometric TiO2(B) NWs at frequency range of 75 kHz —
30 MHz at room temperatures can be calculated by the
following eq. (3) [22];

GL
Opc :T (3)

Where G is conductance (S), L and A are the thickness
(cm) and the cross sectional area (cm?), respectively. As
shown in Fig. 4, the DC electrical conductivity increases
with increasing frequency. At higher frequency range, a
higher DC conductivity of the material also increases as
hopping frequency of the free electrons is accelerated [23].
The DC conductivity at high frequencies is the trend
required for a small polaron hopping [24 — 26]. For the host
nanomaterials, conductivity showed with fairly localized
vendors bound to the lattice with lattice strain i.e. with
polaron conduction [24, 27, 28]. It is seen that with addition
of Ni, conductivity value increases in the high frequency.
The Ni addition at 4 mol% Ni/TiO2(B) NWs may result in
more localization of charge carriers along with mobile ions
causing higher ionic conductivity because the Ni optimum
dopant take the part of an acceptor impurity in TiO; lattice
and the reduction of the recombination of electron-hole pairs
[29].

30 32 34 36 38 40
Band gap (eV)

Fig. 3 (a) UV-vis diffuse reflectance spectra and (b) the band gap energies of all samples.
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Moreover, the defect concentration or oxygen vacancy
concentration around grain boundaries strongly affects the
motion of charge carriers suggesting the performance in
electrical conductivity. The advantages of nanowire
structures were validated to contribute to the enhanced
electron charge separation and transportation. TiO;
nanowire nanostructures have a high surface area for
continuous reaction process [7]. This may be the reason for
higher conductivity and strong frequency dispersion on 4
mol% Ni/TiO,(B) NWs. As expected, the conductivity
increases with doped Ni. The conductivity of 4 mol%
Ni/TiO2(B) NWs was increased by 7.50 x 107 S cm™
compared with pure TiO2 NWs is 5.50 x 10" S cm™. The Ni
crystal dispersion of TiO»(B) phase particles is due to the
phase action of Ni/TiO, NWs that assist in controlling the
internal individual dipoles in the presence of an electric field
and hence, controls the conductivity properties of the
composite.

In addition, D. Zhang et al. [7] found that photovoltage
spectroscopy intensity is increased with increase in Ni
dopant content from an undoped up to 1.50 mol%, and then
decreased. This result support the Ni (II) ions and the
oxygen vacancies can is because oxygen vacancies and Ni
(I1) ions can go on as traps to capture the photoinduced
electron. These factors result in the surface potential of Ni
doped TiO; being much less than that of pure TiO, under
illumination. Therefore, the inhibit electron-hole
recombination make the photovoltage spectroscopy
response signal increase.  This is of asset to the
photocatalytic reaction. While at high Ni dopant region (>
1.50 mol%), the excessive oxygen vacancies and Ni species
can become the recombination centers of photoinduced
electrons and holes. So, it was revealed that the intensity of
photovoltage spectroscopy signal is decreased [6].

Ni2* has easily substituted into TiO; lattice and created
an impurity energy level. The energy of impurity would lead
to decreased band gap and response of visible light for TiO;
photocatalyst. For conductivity, at low frequency, the
resistivity and grain boundary of Ni doped TiO with high
an impurity energy level effect on the conductivity that
would apply lower energy to exchange electron between
ions at grain boundary than pure TiO,. Then, Conductivity
of Ni doped TiOz is high. [11, 12].

Conclusion

The 4 mol% Ni doped TiO2(B) NWSs photocatalyst was
prepared by using the hydrothermal process and exhibits a
higher photoactivity than pure TiO2(B) NWs. The result
shows that the high amount of Ni-doped TiO(B) promotes
the formation of basic sites on the surface of TiOx(B).
Nickel doping of TiO.(B) affected in the unit cell, crystallite
size and band gap energy of the TiO»(B) NWs. The amount
of nickel content (more than 3 mol%) can affect to larger
crystal size, however the band gap energy did not linearly
decrease with the increasing amount of nickel to TiO2(B).
The 4 mol% Ni/TiOz(B) NWs is near optimal across the
compositions tested, having photocatalytic activities and
small crystallite size. However, while XPS measurements
give evidence of such interfacial effects on the TiOy(B)
NWs. Further studies on 4 mol% Ni/TiO2(B) NWSs have a
real interest, since its high electrical conductivity properties
makes it desirable for making ionic batteries and
electrochemical sensors.
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Fig.4 The DC electrical conductivity of TiO2(B) NWs at
various Ni concentrations.
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