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Abstract

TiOx (x<2) nanoparticles have been synthesized by solid state reaction between as-prepared TiO2 nanoparticles and NaAlHs, KBH4 as a
reducing agents in argon atmosphere at two temperature 600 °C and 850 °C . the X-ray diffraction patterns of reduced TiO2 shows a peak shift
and broadening which attributed to the lattice contraction after reduction treatment. AFM images confirm that the surface roughness of reduced
TiO2 were larger than unmodified TiO2 nanoparticles due to the formation of oxygen vacancies. UV-Vis spectroscopy measurements revealed
that the reduced TiO2 nanoparticles have an absorption edge lies in the visible region from the electromagnetic radiations with lower band gap.
EDS spectra indicate that the as-prepared and reduced TiO2 nanoparticles have a high degree of purity and the acquired results confirm formation

nonstoichiometric (TiO2-x) with oxygen deficient.
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1.Introduction

Titanium dioxide TiO2 has been studied intensively, this is because of
its chemical and biological inertness, high photocatalytic efficiency,
environmental tolerance, large stability, and low cost [1]. Many
efforts have been made to modify TiO2 activity for degradation
organic compounds , water splitting and for oxygen or hydrogen
production [2,3]. Typically, the shape, size, crystal phase, crystallinity
,surface structure and defects represent the important parameters of
TiO2, which are related strongly to its properties[4-8]. However, pure
TiO2 is not a good material for practical applications because of the
wide band gap (3.2 eV for anatase phase, and 3.0 eV for rutile phase),
this mean it can be activated only under the UV radiations which make
about 5% from the total solar radiation [9].There are many treatments
to improve the photocatalytictic activity of TiOz in visible light range,
this methods include doping titanium dioxide with metal ions such as
(Cu, Fe, V), and nonmetals such (C,N), and with rare earth elements
and introducing defects into its structure [10].

Oxygen vacancy is one of the most important and is believed to be the
common defect in many metal oxides, which has been investigated
intensively by experimental characterizations and theoretical
calculations.

Reduced TiOz nanoparticles (TiO2-x), that contains oxygen vacancy or
Ti *3 has been confirmed to show visible light absorption[11]. Yet it
was thought that the introduced localized oxygen vacancy states that
have energies of 0.75t0 1.18 eV below the conduction band minimum
of TiO2 nanoparticles are less than the redox potential for evolution of

hydrogen, which, in combination with the little electron mobility in
the bulk region related to this localization, makes the photocatalytic
activity of the reduced TiOz insignificant [12]. However, theoretical
calculations estimate that a vacancy band of electronic states induced
by high vacancy concentration can be a just below the conduction
band[13]. However, these results show that it is possible to construct
visible-light responsive TiO2 through introducing oxygen vacancy or
Ti*3[14].

Self-doping of TiO2 can be done using different reductants such as
hydrogen gas, aluminium powder ,metallic zinc, sodium borohydride
, diethylene glycol , carbon monoxide and so for.[15-20].

in this work , TiO2 nanoparticles was prepared using a well known
sol-gel method, then, the band gap of as-prepared TiO2 nanoparticles
were modified using solid state reaction method in inert atmosphere
with new reductant materials. These modified TiO2 nanoparticles
having lower band gap as compared with unmodified TiO2 .

2.Experimental

2.1 Materials

The chemicals used in this work are (titanium tetraisopropoxide 97%
, sodium aluminum hydride 90% , Potassium borohydride 98%)
purchased from sigma Aldrich , (Isopropanol 90% , Nitric acid 60%)
purchase from BDH, the chemicals used in this work were of
analytical reagent grade.

Copyright © 2018 Authors. This is an open access article distributed under the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly cited.
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2.2 Preparation TiO2 nanoparticles

Titanium dioxide nanoparticles were synthesized using sol-gel
method , solution of titanium tetraisoprppoxide and isopropanol (5
ml isopropanol , 5 ml titanium isopropoxide) was added gradualy to
200 ml of deionzed water at pH 5, the rate of addition is 2 ml / min.
When the addition is completed ,The mixture was kept 2 hours with
continuous dynamic mixing at room temperature to reach the
completion of hydrolysis. Then, the solution of transparent colloidal
was left for 24 hours to complete aging , after that , filtered and dried
for two hours at 90 °C . For comparison, the resulted powder calcined
for 4 hours in air atmosphere at 600 °C , denoted A-TiO2 and at
850°C, denoted R-TiOz2 to obtain anatase and rutile phase respectively.

2.3 Synthesis of modified TiO2 nanoparticles

Modified TiO2 was prepared using solid state reaction of uncalcined

TiO2 with sodium aluminum hydride and potassium borohydride. 0.5
mole of NaAlH4 and KBH4 mixed with 1 mole of TiO2 separately.
Mixed and grounded carefully and placed in quartz tube furnace and
calcined in argon atmosphere at 600°C and 850 °C, Finally, the
products were allowed to cool at room temperature. To remove
unreacted NaAlH and KBH4, the resulted powder washed with
deionized water and ethanol several times. The resulted powder
denoted T-Na-600, T-Na-850, T-K-600, T-K-850, where Na and K
represent NaAlH4 ,KBH4 respectively , 600 and 850 represent
calcinations temperatures. The conditions of solid state reactions
experiments illustrated in table (1).

Table (1) solid state reaction conditions

reactants Mole ratio Temperature °C Reaction time
TiO, + NaAlH, 1:05 600 1 hour
TiO, + NaAlH, 1:05 850 1 hour
TiO, + KBH, 1:05 600 1 hour
TiO2 + KBH, 1:05 850 1 hour

2.4 Characterization

X-ray diffraction patterns of prepared and modified TiO2 were
analyzed using Shimadzu X-Ray Diffractometer XRD 6000 with Cu
Ko (A= 0.15405 nm). Atomic force microscopy (AFM) images were
measured using Advanced angstrom (AA3000) Model made in USA.
Scanning electron microscopy (SEM) and energy dispersive
spectroscopy (EDX) using Multi-Function Scanning Electron
Microscope Model als 2300 Angstrom. The UV-Vis absorption
spectra were recorded using Shimadzu UV-Visible 1800
spectrophotometer.

3.Results and discussion

The X-ray diffraction (XRD) is performed to identify the Changes of
the crystalline phase of prepared and modified TiO2 nanoparticles. As
shown in Figs. (1-2) and table(2), there were no other diffraction
peaks, which indicated that the samples were pure, all the diffraction
peaks related only to Tio2 Anatase (JCPDS Card No. 21-1272)and
Rutile phases(JCPDS Card No. 21-1276). However, there is a
significant peaks broadening and shifting in 26 values to higher values
after reduction reaction due to formation oxygen vacancies and lattice
strains (21,22). The crystallite size of prepared and modified Tio2
calculated using Scherrer equation(23):

D =0.9 A/ Bcosd where

D = crystallite size

B = full width at half maximum intensity

0 = diffraction angle

0.9 = shape factor

Table 2: crystallite size and cell parameters obtained from XRD spectra

compound Miller indices 26 degree FWHM cm? D nm Cell parameters Cell volume
oA 0A3

A-TiO2 101 25.28 0.4324 18.62 a=3.779 ¢ =9.665 138.024
R-TiO2 110 27.43 0.2104 38.43 a=4.549 c=2.946 62.174
T-K-600 101 25.40 0.4990 16.14 a=3.761 ¢ =9.628 136.189
T-K-850 110 27.58 0.2770 29.20 a=4.570 c=2.937 61.338
T-Na-600 101 25.45 0.5212 15.45 a =3.753 ¢=9.621 135.511
T-Na-850 110 27.63 0.2993 27.03 a=4562 c=2.933 61.041

As shown in table(2) , the cell parameters and cell volume of modified
tio2 lower than that as-prepared tio2, also, we can note that the
crystallite size of modified tio2 smaller than that for reduced tio2
which is derived from oxygen vacancies induced lattice strains and
slightly reduced crystal size and lattice contraction (24,25,26).

Moreover, the lattice contraction in case of T-Na-600 larger than that
of T-K-600, similarly, the contraction in the T-Na-850 is larger than
T-K-850 this is because NaAlH4 represent a stronger reducing agent
as compared with KBH4.
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Figure 2 : xrd patterns of R-TiO2 , T-K-850 , T-Na-850

The optical properties of the TiO2 nanoparticles were characterized
Using UV-vis spectroscopy, figure (3) illustrate the absorption spectra
, One of the most successful methods for determining the bandgap
energy is Tauc plot, The bandgap energy (Eg) can be calculated using
the following equation(27):

ahv = A(hv-Eg)?

by extrapolating the tangent line of the (athv)1/2 plot drown vs. hv we
can obtain the Eg values of as-prepared and modified tio2. As shown
in figure(4) and table (3), the band gap was approximately 3.2 ev and
2.9 ev for A-TiO2 and R-TiO2 respectively.
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Figure 3 : UV-Vis spectra of prepared and modified TiO2
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On the other hand, reduction treatment shift the absorption edge from
the ultraviolet to visible region and the band gap become smaller, the
band gap of T-Na-600, T-Na-850 more effected by reduction

Fig. 4 : Tauc plot of as-prepared and modified TiO2

treatment and therefore have lower band gap. however, the

Table 3: calculated band gap of prepared and modified tio2

introducing oxygen vacancies by reduction treatment generate local
states below the conduction band edge and extend the light absorption
of TiO2 nanoparticles from the UV to the visible region(28,29).

Sample Energy gap (ev)
A-TiO2 3.2

R-TiO2 2.78

T-K-600 2.43

T-Na-600 2.4

T-K-850 2.04

T-Na-850 2.02

The nanoparticles grin size and the surface morphology of
prepared and modified tio2 were analyzed by atomic force
microscopy (AFM). figs.(5-7) show the AFM 2D images of
prepared and modified tio2 nanoparticles, we can note that the as-
prepare TiO2 nanoprticles has a uniform and smooth surface. Also,

the grain size of modified TiO2 appears smaller than that as-
prepared tio2 as shown in table 4, contrary, the surface roughness
parameters of modified tio2 larger than that unmodified tio2, this
can explained by the formation of oxygen vacancies (30).

Table 4 : roughness values and grain size of as-prepared and modified tio2

compound Surface roughness Ra nm Root mean square RMS nm Grain size
nm

R-TiO2 0.925 1.117 114.8
A-TiO2 0.911 1.145 80.76
T-K-850 0.948 1.163 81.35
T-K-600 1.073 1.396 74.16

T-Na-850 1.662 1.979 81.22

T-Na-600 1.679 2.102 44.72

RV
9.';5-

e 535 e

Figure 5:1.5 x 1.5um 2D AFM images of R-TiO2(left) and A-TiO2 (right)
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The elemental structure of as-prepared and modified TiO2 was
done using

Energy Dispersive Spectroscopy (EDS), as shown in figs. (8-10),
The Ti and O peaks can be found in all EDS spectra without any
other peaks, this indicate that the as-prepared and modified TiO2
nanoparticles are pure and successfully removal of unreacted
reducing agents after reduction treatment.

We can calculate the stoichiometry of all compounds from the
atomic and weight percentage values(insets in figures 8-10), as we

[Element | Weight% Atomic%
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Figure 7: 1.5x1.5um 2D AFM images of T-Na-850(left) and T-Na-600 (right)

can note from table 5, the stoichiometry of as-prepared compounds
match the standard chemical formula of TiO2,while the oxygen
vacancies formation as a result of reduction treatment make the
resulted compounds nonstoichiometry.

Generally, EDS measurements confirms the formation of defective
TiO2 nanoparticles after the reduction treatment which implying
the presence of defective TiO2-x layer surrounding the TiO2 core
(31).

Element Weight% Atomic%
4075 166.85

5922 [33.15
100.00  100.00

Element ‘We'ight‘izé Atomic%
3931 65,51
6069 3449
100.00  100.00

Element jWeight“-‘b Atomic%|

0K 3688 [63.18
TK 6312 3682
Totals [100.00 100.00

Figure 9 : EDS spectra of T-K-600(left) and T-K-850 (right)
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Element ‘Weight':’lb Atomic%

0K 3811 6449
TiK 6189 3551
Totals |100.00  100.00

Element Weight% Atomic%

0K 3423
TiK 65.77
Totals 100.00

60.51
39.49
100.00

Figure 10 : EDS spectra of T-Na-600(left) and T-Na-850 (right)

Table 5 : calculated chemical formula

Compound Formula
A-TiO2 TiO2

R-TiO2 TiO2

T-K-600 TiO1.89
T-Na-600 TiO1.81
T-K-850 TiO1.71
T-Na-850 TiO1.53

3.1 Computational details

To obtain the relaxed structures, we used the SIESTA implementation
of density functional theory (DFT) to optimise the structures using,
LDA, the local density approximation with the Ceperley-Alder
exchange correlation functional and, DZP, double zeta polarized basis
set [241] The initial unit cells were relaxed until the forces on the
atoms are minimised to below 0.01 eV AL, Results are obtained for
the electronic density of states (DOS).

3.2. Oxygen vacancies in anatase TiO2

To examine the effect of oxygen vacancies in anatase TiO2, we relax
a super unit cell of ideal TiOz which contains 72 atoms (48 oxygen
atoms and 24 titanium atoms) to obtain the relaxed structure, then we
calculate the density of states, DOS. Later we simulate three different
super unit cells; first we remove one oxygen atom from the unrelaxed
super unit cell (71 atoms) and then optimize it, second we remove two
oxygen atoms from the initial super unit cell (70 atoms) and relax it,
and finally we remove three oxygen atoms from the initial super cell
(69 atoms) and relax it. For all the three different unit cells, we
calculate the density of states.

Figure (11) Relaxed structure geometries of (a): anatase TiO,, (b-d): TiO, anatase with one, two and there oxygen vacancies respectively. Large gray sphere and
small red sphere represent Ti and O atoms reactively, green colour sphere denoted to O surface atoms.
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Figure (12) DOS of (a): anatase TiOz, (b-d): TiO2 anatase with one, two and there oxygen vacancies respectively.

3.3 Oxygen vacancies in rutile TiO2

To examine the effect of oxygen vacancies in rutile TiOz, we relax
a super unit cell of ideal TiO2 which contains 24 atoms (16 oxygen

atoms and 8 titanium atoms) then we repeat the same strategy that
used in case of anatase TiOz2 by removing one, two and three
oxygen atoms from the initial unit cells.

(a)

Figure (13) Relaxed structure geometries of (a): Rutile TiO,, (b-d): TiO, rutile with one, two and there oxygen vacancies respectively. Large gray sphere and
small red sphere represent Ti and O atoms reactively, green colour sphere denoted to O surface atoms.
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Figure (14) DOS of (a): Rutile TiO,, (b-d): TiO, rutile with one, two and there oxygen vacancies respectively.

3.4 Electronic properties:

Due to the importance of anatase and rutile TiO2 energy gap for
different applications, the (Eg) of pristine and reduced TiO2 were
extracted from DOS plots figures (12) and (14) and the results are
summarized in table (6). The results shows that the calculated
energy gap of pristine anatase and rutile TiO2 is about 2.65 and
2.28 eV respectively, which is underestimated by approximately
one third comparing with the experimental values of 3.2 and 2.78
eV for anatase and rutile respectively. This remarkable discrepancy

between experimental and theoretical studies can be observed due
to the known limitation of the DFT theory. Many publications
reported that the DFT theory calculation lowered the energy by
about 30% compared with the experimental value [242-247].

As the number of removed oxygen atoms increase, the energy gap
values deeply decreased, hence removing three oxygen atoms from
the structures lead to remarkably reduce in the energy gap from
2.65eV to1.161 eV and from 2.28 eV to 0.747 eV for anatase and
rutile TiOz respectively.

Table (6): Calculated energy gaps (eV) for all TiO, structures.

Oxygen removed Eg (eV)

Pristine 10 20 30
Anatase 2.650 1.996 1.571 1.161
Rutile 2.280 1.672 1.328 0.747

However, the decrease in the energy gap can be explained by the
formation of oxygen vacancies, the results of DOS (figures 12 and 14)
indicate that the vacancy band created below the conduction band
minimum (CBM) as a result of the formation of oxygen vacancy. As
the oxygen vacancy concentration increase, the vacancy band shifts
deeper below the CBM [248].

According to the above theoretical results, we can conclude that the
structures with two oxygen vacancies are closed to our experimental
study for reduced TiOz2 taking into account the previously mentioned
DFT limitation.

4. Conclusions

In this work, reduced TiO2 nanoparticles were synthesized using sold
state reaction of as-prepared TiO2 with NaAlIH4 and KBH4 as a
reducing agents. The structural properties analyzed by XRD show a

slightly difference from the as-prepared TiO2 but have the same
antase and rutile phases, the line broadening and larger diffraction
angles of reduced TiO2 related to the formation of oxygen vacancies.
The results of morphology analysis indicate that the reduced TiO2
have a surface roughness larger than of as-prepared TiO2 and the
grain size decreased after reduction treatment. The purity of prepared
and reduced TiO2 confirmed by EDS analysis and only Ti and O
founded in the spectra , the stoichiometry calculations indicate
formation TiO2 with oxygen deficient which also indicate formation
oxygen vacancies in resulted oxide. Band gap measurement improves
that the reduction treatment shifts the absorption spectra of reduced
TiO2 from ultraviolet to the visible light region.
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