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Abstract Self-cleaning and anti-bacterial activities of the photo-catalyst titanium dioxide
make it a superior compound for use in the ceramics and glass industry. In order to achieve
high self-cleaning efficiency for building products, it is important that Titania is present as
anatase phase. Moreover, it is desirable that the particle sizes are in Nano-range, so that a
large enough surface area is available for enhanced catalytic performance. In the present
paper, Cobalt and Nickel co-doped (4%mol Ni and 4%mol Co doped TiO,) and un-doped
TiO, Nano powders have been prepared by sol-gel technique. They were calcined at the
temperatures in the range of 475-1075 °C. Ni/Co co-doped TiO, postponed the anatase to
rutile transformation of TiO, by about 200-300°C, such that before calcination at 775°C,
no rutile was detected for 4 mol% Ni/Co co-doped TiO,. A systematic decreasing on
crystallite size and increasing on specific surface area of Ni/Co co-doped TiO, were
observed. Photo-catalytic activity of anatase polymorph was measured by the decompo-
sition rate of methylene blue under visible light. The results showed enhanced catalysis
under visible light for Ni/Co co-doped TiO, as compared to pure TiO,. The enhanced
performance was attributed to surface chemistry change associated with a slight shift in the
band gap. Depending on the temperatures ranging from 475 to 1075 °C, band gap energy
of Ni and Co doped TiO, crystals decreased. For all samples there is a general reduction of
the band gap energy from 3.00 to 2.96 eV.
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1 Introduction

Introduction Development of self-cleaning materials, understanding their structure—func-
tion relationship, and engineering artificial surface swith variable wettability suitable for
various commercial applications constitute an active research domain in material science
(Liu et al. 2014). One of the most emergent applications of TiO; is on glazed ceramic tiles
(Raimondo et al. 2012; Ducman et al. 2013; Petrovic et al. 2012).

Titanium dioxide (TiO,) is an important photo-catalytic material that exists as two main
polymorphs, Anatase (Tetragonal, a = 0.3785 nm, ¢ = 0.9514 nm) and rutile (Tetragonal,
a = 0.4594 nm, ¢ = 0.29589 nm) (Fisher and Egerton 2001; Peters and Vill 1989; Burdett
et al. 1987). The Anatase crystalline phase, which is stable at low temperatures, transform
into Rutile by calcination at higher temperatures. However, Anatase can be stabilized at
high temperatures in presence of dopants during synthesis which inhibits it transformation
into Rutile (Kostov 1973; Shon et al. 2008; Gopal et al. 1997).

Previous reports show that experimental band gap of Anatase (~3.2 eV, that corre-
sponds to a photon with the wavelength of ~387 nm) larger than rutile (~3.0 eV, that
corresponds to a photon with the wavelength of ~413 nm) (Beltran et al. 2006; Hirano
et al. 2003; Riyas et al. 2007; Sun et al. 2003). The photo-catalytic activity of TiO, has
been found to vary with its structural form and is reportedly higher in Anatase form
compared to rutile form (Tsai and Cheng 1997).

Pure TiO, is not suitable for in-door self-cleaning surfaces as one of the potential
application in the self-clean building materials (Smitha et al. 2010; Fujishima et al. 2008).
It is necessary to improve its visible-light activities by extending its absorption threshold
from the UV light region to the visible light region.

TiO, doped with Ce, V, Cu, Sn, Ni, Fe, Cr, or Co shows a red shift in the absorption
band compared to pure TiO,, and considerable photo-catalytic activity under visible light
irradiation (Li et al. 2005; Kubacka et al. 2007; Jin et al. 2007; Ma et al. 2009; Xie and
Yuan 2004; Bouras et al. 2007; Kudo 2007). Metal dopants have been used to improve the
morphology and photo-catalytic activity of TiO,.

Among various transition metal ion dopants, Ni>™ appears to be a more efficient dopant
for TiO, as it has improved the photo-catalytic activity of certain semiconductor photo-
catalysts (Begum et al. 2008; Sreethawong et al. 2005). Supha et al. (2015) found Ni-doped
TiO, effectively extended absorption of TiO, into the visible light range.

One dopant of interest for photo catalysis and other electromagnetic applications is
cobalt. Several techniques have been used for the preparation of Co-doped TiO,. Sid-
dhapara and Shah (2012) reported for pure TiO, the transformation from Anatase to rutile
phase takes place at 500 °C whereas for Cobalt doped TiO, transition is above 600 °C. It is
evident that phase transition at a little higher temperature is caused by structural cobalt
doping, the substitution of Ti ion by Cobalt ions in the structural framework.

Here in this study, we have developed a new generation Titania photo-catalyst that was
co-doped with cobalt (4% mol) and nickel (4% mol), were prepared via sol-gel method.
The effect of the dopant on the stability of Anatase phase and optical properties in high
temperature was studied. The presence of Anatase phase at the 700-800 °C would allow
the use of Titania powder as a coating in glazed ceramic tiles, particularly for those
processes which include a second firing stage at this temperature range for decoration
purposes. The efficiency of these samples as photo-catalysts for degradation of MB, an azo
dye, under visible light was investigated.
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2 Experimental procedures
2.1 Preparation of the nanopowders

TiO, sol was firstly prepared according to the method reported in our previous studies
(Aljjani and Kaleji 2017; Kaleji et al. 2016). Titanium butoxide (liquid) (TBT, TiO4C .
Hi6) with a purity of 99% (Aldrich chemistry) was used as a titanium precursor, ethanol
(EtOH), ethyl acetoacetate (EAcAc), which is as a sol stabilizer, and nitric acid (HNO3) as
catalyst. For preparation of Nickel and Cobalt-doped TiO, sols, nickle (II) nitrate hex-
ahydrate (Ni (NOj3),-6H,O, Merck chemistry) and cobalt nitrate (Co (NO3)2-6H20,
Merck) was dissolved in TiO, sol with 4 molar percentage. Ni was doped 20 min after Co
doping under continuous stirring at room temperature for 30 min. The formed gel was
dried at 100 °C for 60 min. Finally, the prepared samples were calcined at desired tem-
peratures (475, 675,775, 875, 975, 1075 °C) for 1 h (Fig. 1).

2.2 Characterization methods

Thermal analysis (DTA) was used in order to determine crystallization temperature with a
heating rate of 10 °C/min (STA 1460 equipment). Powder X-ray diffraction patterns were
collected on a Unisantis XMD300 powder diffractometer unit using Cu kot (A = 1.5418 A)

at 45 kV and 0.8 Ma using a standard sample holder. The samples were scanned in the 26
ranging of 20°-70°. The average crystallite size of nanopowders (d) was determined from

Fig. 1 Experimental flow
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the XRD patterns, according to the Scherrer equation (Ilkhechi et al. 2016; Kaleji et al.
2013).

d = kA/ Bcosd (1)

where k is a constant (shape factor, about 0.9), A the X-ray wavelength (0.154 nm), B the
full width at half maximum (FWHM) of the diffraction peak, and 6 is the diffraction angle.
The values of B and 0 of anatase and rutile phases were taken from anatase (101) and rutile
(110) planes diffraction lines, respectively. The amount of rutile in the samples was cal-
culated using the following equation (Ilkhechi et al. 2016; Kaleji et al. 2013).

Xr = (140.8(Ia/Ir))"" (2)

where Xy is the mass fraction of rutile in the samples, I, and Ix are the X-ray integrated
intensities of (101) reflection of the anatase and (110) reflection of rutile, respectively. The
diffraction peaks of crystal planes (101), (200), and (105) of anatase phase in XRD patterns
were selected to determine the lattice parameters of the TiO, and doped TiO, nanopow-
ders. The lattice parameters were obtained by using the Eq. 3 (Ilkhechi et al. 2016; Kaleji
et al. 2013).

(Bragg’s law) : 2d ) sin 6 = X

(1/dpa)*= (W/a)*+(k/b)*+(I/c)* (3)

where d) is the distance between the crystal planes of (h k 1); A is the wavelength of
X-ray used in the experiment; 0 is the diffraction angle of the crystal plane (h k 1); h k 1is
the crystal plane index; and a, b, and c are lattice parameters (in anatase form, a = b # c).

Morphology of the nanopowder was observed using the scanning electron microscope
(FE-SEM, TESCAN-MIRA3) with an accelerating voltage of 10-30 kV. The samples used
for SEM characterization were coated with 5 nm thin layer of Au using the standard
sputtering technique. Elemental analysis was carried out using Link, MIRA3, TESCAN,
energy dispersive X-ray spectroscopy (EDAX) detector. A Zeiss Technai EM10C trans-
mission electron microscope operating at 80—100 kV was used to record the transmission
electron microscopy (TEM) patterns. Nitrogen adsorption isotherms were measured at
77 K using a N, adsorption analyzer (Bel Japan- BeISORP minill). The Brunauer, Emmett,
and Teller (BET) model was used to estimate the surface area of the samples according to
the N, adsorption data. Fourier transform infrared (FTIR) spectra were recorded using a
Perkin-Elmer Spectrum (RXI) spectrophotometer in the range 400—4000 cm~'. Each FTIR

spectrum was collected after 20 scans with the resolution of 2 cm™".

2.3 Band gap energy measurement

The proper amounts of mentioned dispersant (HNO3) was added to 50 ml distilled water
followed by the addition of 0.01 g of samples calcined at different temperature for TiO,
and T-4%Ni-4%Co. pH of suspension was adjusted to a desired value, then the suspension
was stirred for 30 min using a magnetic stirrer and subjected to a subsequent treatment in
an ultrasonic bath for 60 min. Moreover, the dispersion stability of doped and pure TiO,
aqueous suspension was evaluated by the absorbance of suspension using a model lambda
25-perkinelmer UV-Visible spectrometer. UV-Vis spectroscopy techniques, respectively,
by following the Tauc’s relation [(xhv) = C (hv — Eg)"], where C is a constant, o is
absorption, E, is the average bandgap of the material and “n” depends on type of transition

@ Springer



Improved visible light photocatalytic activity... Page 5 of 13 225

(2 for indirect bandgap and 1/2 for direct bandgap), h is the Plank’s constant
(6.626 x 107>* J-s), and v is the frequency of photons (Guo et al. 2005; Verma et al.
2005). The direct and indirect average bandgap transition energies were estimated from the
intercepts of linear portion of the (ahv)? or (ahv)"? versus hv of plots, respectively.

3 Results and discussion
3.1 DTA analysis

Figure 2 can be attributed to the oxidation of the organic substances and Anatase to Rutile
phase transformation in pure TiO,, respectively. The curve shows an endothermic peak at
50-100 °C which is attributed to evaporation of absorbed water and solvent (EtOH) from
the gel. The first exothermic peak 120-140 °C is probably attributed to combustion of
residual organic component of TBT precursor. It is clear that titania precursor gel is
thermally stable from 140 °C up to 280 °C. Small exothermic peak at temperature of
290-340 °C is probably corresponds to combustion of EAcAc (auto ignition temperature:
295 °C). The curve contains two exothermic peaks, first at about 400—470 °C related to the
crystallization of anatase phase of TiO, and at 495 °C which is related to the phase
transformation of anatase to rutile (Kaleji et al. 2016).

3.2 X-ray diffraction studies of the nanopowders

X-ray diffraction measurements were carried out to study the crystal structure and crys-
talline quality. Figure 3 represents the X-ray diffraction pattern of synthesized pure and Ni
and Co co-doped TiO, nanoparticles calcined at 475-1075 °C for 1 h. It is revealed that
diffraction peaks of the pure sample matches well with those of a standard anatase TiO,
(JCPDS card number 21-1272) with high crystallinity. The Ni and Co co-doping does not
lead to the disappearance of the indexed peaks, proving that the crystallographic structure
of the doped samples is similar to that of the pure TiO, sample. By comparing the relative
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Fig. 2 DTA curve of Titania based precursor gel from ambient temperature up to 700 °C
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Fig. 3 XRD patterns of pure TiO, and Ni/Co co-doped TiO, powders, formed at various temperatures
475-1075 °C for 1 h

intensity of the diffraction peaks, it can be seen that the intensity of (101) plane decreased
and the peak position (20) is decreased after doping which indicates that dopant cations are
successfully doped into TiO, crystal lattice. For the T-Ni—Co samples calcined at
475-775 °C, only the main peak of the TiO, anatase phase, 25° (20), was barely
observable. When calcination temperature was increased to 875-1075 °C, only the rutile
(JCPDS card number 21-1276) phase was identified.

The calculated crystallite size and lattice parameter of anatase, calculated by scherrer
formula, are reported in Table 1. Based on the XRD data Table 1, the lattice constants a
and c of the pure TiO, sample was found to be 3.822 A and 10.660 A, respectively. For Ni/

Table 1 XRD data doped and TiO, nanocrystalline powder

Samples (°C) Crystal phase Crystal size Lattice Ve (1&)3 Surface area BET (m> g’l)
parameters
a=b ¢

T-475 Anatase 21.8 3.822 10.660  155.717 71.483

TCoNi-475 Anatase 15.5 3.857 9.627 143215 100.544

TCoNi-675 Anatase 19.1 3.877 9.655 145.125 81.593

TCoNi-775 Anatase 32.7 3.907 9.875 150.738 47.658

TCoNi-875 Rutile 30.3 4.482 2.946 59.180 45.592

TCoNi-975 Rutile 37.6 4.517 2.953 60.250 37.546

TCoNi-1075  Rutile 423 4.351 2.985 56.509 33.375
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Co co-doped samples, lattice parameter was decreased. According to Vegard’s law (Ve-
gard 1921; Jacob et al. 2007), a statistical substitution of Ni/Co dopants within the TiO,
host lattice leads to a lattice expansion. Their substitution for Ti** ion will reduce the
lattice parameters of the Ni/Co co-doped samples. The Ni*" radius (0.069 nm) is bigger
than Ti*" radius (0.061 nm) but Co™ radius (0.058 nm) is smaller than Ti** and both
factors could led to slight induced stress in TiO, lattice (Kubacka et al. 2007).

The crystallite size of TiO, nanoparticles was determined from the most intense peak
(101) using the Scherrer formula. The crystallite size was 21.8 nm for pure nanoparticles,
15.5 nm for Ni/Co co-doped (calcined at 475 °C). The crystallite size of the anatase
increased from 21.8 to 32.7 nm when the temperature was raised to 775 °C. The decrease
in crystallite size can be attributed to the presence of Ni-O-Ti and Co—O-Ti in the Ni and
Co doped TiO, nanopowders which inhibits the growth of crystal grains. The crystallite
size increases with the annealing temperature. Table 1 shows surface area of the Ni and Co
co-doped nanopowders is higher than pure TiO,. The lattice parameters, cell volume, and
surface area have decreased with increase the calcination temperatures for anatase
(475-775 °C) and rutile (875-1075 °C) nanoparticles. It is common that the surface area
decreases at elevating temperatures (surface arean, = 26.677 m>/g). With increasing
temperature, the particles are simply growing to reduce their free energy (i.e. maximizing
the volume to surface ratio). They may also shift from being more amorphous to more
crystalline in the process. It should be noticed that besides the XRD peaks that have arisen
from the main phase of TiO,, >675 °C there were some additional peaks in XRD patterns
of the Ni/Co co-doped samples, which were assigned to very minor contents NiTiO;
(JCPDS Card No. 33-0960) or CoTiO3 (JCPDS Card No. 77-1373), as depicted in Fig. 3.

3.3 Photocatalytic activity

Figure 4 shows the results of photocatalytic activities of the pure and co-doped TiO2
powders were examined based on the degradation of MB (5 mg/L) under visible irradiation
at different calcination temperatures. All the doped TiO, samples were able to degrade the
MB much faster than the pure TiO, sample. The doped metallic ions may play a very
important role in charge separation by capturing the electrons. Ni and Co ions play an
important role in trapping the electrons and helps in charge separation; hence

90
80
70 A
60 -
50
40
30 A
20 4
10 A

Degration (n %)

) \J » » 9 ) \J
S L F
S N & & & N
O
< < < < &0
Photocatalysts

Fig. 4 The photocatalytic activity of pure TiO, and Ni/Co co-doped TiO, powders
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photocatalytic activity is comparatively good. The photocatalytic activity was found to be
strongly influenced by the calcination temperatures. Sample TNiCo-775 has the highest
rate of decomposition. To improve the photocatalytic properties, optimum mode of both
particle size and special level should be considered.

3.4 Optical evaluation

The optical properties of materials are very sensitive to, and are heavily influenced by their
inherent microstructures and hence electronic structural changes. UV-vis absorbance
experiments were carried out, and the resulting spectra are shown in Fig. 5 The spectrum
of the Ni/Co co-doped TiO, reported the absorption at the wavelength around 413 nm with
the band gap of 3 eV (Table 2), as calculated by the formula E, (eV) = 1240/A (nm),
where A stands for the wavelength corresponding to the intersection point of the vertical
and horizontal parts of the spectra (Hsieh et al. 2009; Hogarth and Al-Dhhan 1986). The
TiO, is activated with photons of energy of a longitude close to 400 nm which involves a
band gap of 3.2 eV; the literature reports a 3.23 eV value for anatase phase. The absor-
bance edge in the Ni/Co co-doped TiO, powders was significantly shifted to the visible
region. This red shift is attributed to the presence of nickel and cobalt in the lattice
structure of the TiO,. This modification serves to alter the electronic band structure. As
shown in Fig. 5, indirect energy band gaps were determined by extrapolation of the
absorption band to the hv axis. By assuming TiO, to be an indirect semiconductor, the

TCoNi-475
TCoNi-675
16 A TCoNi-775
e=TCONi-875
TCoNi-975
TCoNi-1075
~ 117
<
>
<
5]
6
1 T i — T T T T T T T
295 296 297 298 299 3 3.01 3.02 3.03 3.04 3.05

E (eV)

Fig. 5 Tauc plots of Ni/Co co-doped TiO, nanopowders calcined at 475-1075 °C for 1 h (direct band gap)

Table 2 Band gap of Ni/Co co

doped TiO, at variuse Sample (°C) hegge () Eg (V)

tempretures )
TCoNi-475 413 3
TCoNi-675 414 2.99
TCoNi-775 415 2.98
TCoNi-875 416 2.98
TCoNi-975 417 2.97
TCoNi-1075 418 2.96
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value of band gap energy of Ni/Co co-doped TiO, are 3.00, 2.99, 2.98, 2.98, 2.97 and
296 eV for the heating rates of 5 °C/min at different temperature (475-1075 °C),
respectively. It has been reported that as the particle size decreases to a certain critical size,
its bandgap energy increases (Ilkhechi et al. 2016; Hogarth and Al-Dhhan 1986). It is
vision from Table 1 that the band gap decreases with the increase in temperature, while the
crystallite size of anatase and rutile phase increases.

3.5 FE-SEM and EDX analysis of pure and doped TiO, nanopowders

Morphologies of pure and Ni/Co co-doped TiO, calcined at 475 °C are revealed by FE-
SEM micrographs and presented here in Fig. 6 It can be seen from Fig. 6b that the doped
TiO, calcined at 475 °C have slightly lower particles size than pure TiO, (Fig. 6a). The
pure and doped TiO, samples (Fig. 6) are composed of strongly agglomerated nanometric
particles, island-like in shape. It can be clearly seen that the microstructures of the powders
are strongly affected by doping and calcination temperatures which is due to aggregation of
particle size. The EDX data of doped TiO, show in Fig. 7 Shows two peaks around
4.5 keV. The intense peaks are assigned to the bulk TiO, and the less intense one to the
surface TiO,. Also the peaks of Ni at 6-7 keV and Co at around 7.5-8.5 keV are distinct in
Fig. 6 the less intense peak is assigned to dopant in the TiO, lattices. These results
confirmed the existence of cations in of the solid catalysts.

3.6 Fourier Transform Infrared (FTIR) studies

The FT-IR spectra of pure TiO, and Ni/Co co-doped TiO, calcined at 475 °C in the range
of 400-4000 cm™" are given in Fig. 8 Metal oxides generally give absorption bands in
fingerprint region below 1000 cm ™' arising from inter-atomic vibrations. The absorption
peaks at 3419 and 1638 cm ™ appear both in pure TiO, and Ni/Co-TiO,, respectively. The

> by ] 3 2 4 EM HV: 15.00 kV WD: 6.008 mm MIRA\ TESCAN
[SEM HV: 15.00 kV 'WD: 6.008 mm m MIRAW TESCAN| |view field: 2.167 ym  Det: InBeam 500 nm 7

|View field: 2.167 um  Det: InBeam 500 nm D [SEM MAG: 100.00 kx  Date(m/d/y): 09/30/14 IROST"
[SEM MAG: 100.00 kx  Date(m/d/y): 09/30/14 IROST

Fig. 6 FE-SEM images of pure (a) and doped TiO, (b), calcination temperature at 475 °C
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Fig. 7 Energy dispersive X-ray (EDX) spectra of Ni/Co co-doped TiO, calcination temperature at 475 °C
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Fig. 8 FTIR spectra for the as-prepared undoped TiO, and Ni/Co co-doped TiO, calcination temperature at
475 °C

absorption peaks at 3419 and 3476 em™! is the result of O-H stretching modes which
originate from the surface water molecule; these are related to the physical absorption of
water (Mul et al. 2001; Du et al. 2008). The —OH bending modes, which originate from the
surface of TiO,, are located at near 1600 cm™'. As known, the hydroxyl groups can
improve the photocatalytic activity (Liao et al. 2004; Hong and Kang 2006). The peaks in
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Fig. 9 TEM micrograph of TiO, and T-Ni-Co calcined at 475 °C: a TiO,, b co-doped TiO, nanoparticles

between 2927 and 2848 cm™' were assigned to C—H stretching vibrations of alkane
groups. The alkane and carboxylic groups come from titanium (IV) butoxide and ethanol
(precursor material), when we used in the synthesis process. There are characteristic wide
peaks in the region 1000-500 cm ™', which are related to the bending vibration of the Ti-O
bonds (Kumaresan et al. 2011; Riaz et al. 2012; Karthik et al. 2010). When metal ions are
doped to the surface of TiO,, the absorption band significantly transforms and simulta-
neously new absorption band appears.

3.7 TEM studies of pure and doped TiO, nanopowders

The particle morphologies of pure TiO, and Ni/Co co-doped TiO, were observed by TEM,
and micrographs were shown in Fig. 9 The Ni/Co co-doped particles (Fig. 9b) are more
disperse than pure TiO, (Fig. 9a) with smaller particle sizes. In Fig. 8a, b, the particle sizes
of pure TiO, and Ni/Co co-doped TiO, were around 5-25 and 5-15 nm with the narrow
particle size distribution. These are consistent with the XRD results.

4 Conclusions

In this research, pure TiO, and Ni/Co co-doped TiO, nanoparticles have been prepared by
sol—gel technique. The effects of calcination temperature (475-1075 °C) and metal ion
doping on the transformation of anatase to rutile phase, crystallite size and optical prop-
erties of Titania nanopowders has been investigated. The presence of Ni(II) and Co(III)
ions doping in the TiO, nanostructure has a significant effect on the transformation of
anatase to rutile phase. Based on XRD patterns, the anatase to rutile phase transformation
was inhibited by Co/Ni co-doping. Ni and Co inhibited the growth of crystallite size of
anatase and the amorphous anatase transformation as well as the subsequent anatase—rutile
transformation. The averages particle sizes of the prepared samples varied from 15 to
42 nm with increase in calcination temperature.
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Optical properties of TiO, are greatly influenced by its crystallinity, grain size, surface
areas, and surface hydroxyl content.
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