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Abstract

Titanium dioxide absorbs light in the ultraviolet region. Shifting of the absorption from UV to visible light is very important to attain high efficiency. In this
paper this was achieved by incorporation of cobalt into the titanium dioxide lattice of cobalt/titanium dioxide hollow spheres. Titanium dioxide hollow sphere
and cobalt/titanium dioxide hollow sphere were prepared by a hydrothermal method in the presence of cyclohexylamine as a surfactant. For comparison purposes,
titanium dioxide nanoparticles and cobalt/titanium dioxide nanoparticles were prepared by the same method in absence of the surfactant. The prepared materials
were characterized by many techniques. The photocatalytic activity of cobalt/titanium dioxide hollow spheres is better than titanium dioxide hollow spheres, cobalt/
titanium dioxide nanoparticles and titanium dioxide nanoparticles for hydrogen production by 1.25, 3.3 and 33.3 times, respectively. In addition, cobalt/titanium

dioxide hollow spheres exhibit photocatalytic stability for hydrogen production which enable many time reuses of the photocatalyst.

Introduction

Photocatalysis has attracted interest in many fields of scientific
research and industrial applications. In photocatalysis, a catalyst is
used in reactions under illumination of ultraviolet (uv) or visible
radiation. The use of visible radiation allows conducting reactions in
environmentally friendly fashion with no need to energy from other
sources. Scientists are interested in designing catalysts with band
energy that fall within the visible frequency. Other required properties
in catalysts include nontoxicity, stability, possible reuse, ease of
separation, favorable magnetic and electric properties along with other
characteristics depending on the application required.

TiO, is widely used photocatalyst as it possesses properties
that include chemical stability, nontoxicity, possible reuse, possible
incorporation in other materials, and favorable physical properties.
However its wide band gab (Eg=3.2 eV) makes it active when used
in reactions that involve uv light which constitute about 3%-5% of
the solar spectrum; for this, researchers always try to manipulate its
structure to narrow the band gab which in turn makes the derived
material active in the natural or artificial sunlight [1].

TiO, hollow spheres have a structure that attracted attention.
Scientists developed Many approaches to synthesize TiO, hollow
spheres and this area of research is still active [2] Yan, et al. fabricated
TiO, hollow spheres through a template-free solvothermal route and
applied it to rhodamine degradation [3]. Eiden and Maret reported the
synthesis of TiO, hollow spheres consisting exclusively of crystalline
rutile structure [4]. Wang, et al. prepared anatase titania hollow micro
spheres using styrene-acrylic acid copolymer latex particles as template
and showed characterization of these spheres [5]. Lei, et al. prepared
TiO, hollow spheres via a facile hydrothermal method without the use
of any template agent and demonstrated improved performance in dye-
sensitized solar cells [6]. Zhang, et al. reported Controlled fabrication
of nanosized TiO, hollow sphere particles via acid catalytic hydrolysis/
hydrothermal treatment and tested the catalyst on phenol removal
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[7]. Fing, et al. reported catalyst-free hydrothermal method for the
preparation of titania hollow spheres [8]. Lin, et al. reported Synthesis
of hollow spherical TiO, for dye-sensitized solar cells and demonstrated
the enhanced light harvesting efficiency of the structure [9]. Wang, et al.
reported the synthesis of TiO, hollow microspheres with mesoporous
surface via a facile template-assisted solvothermal reaction and
demonstrated a superior adsorption performance for dye removal [10].
Ye, et al. reported hydrothermal synthesis of TiO, hollow microspheres
for the photocatalytic degradation of 4-chloronitrobenzene [11].

Preparations that include variety of crystal structures and various
dopants on the TiO, hollow spheres are also of interest. Zhang, et al.
prepared hollow core/shell CeO,@TiO, photocatalysts via precipitation-
co-hydrothermal method and applied it in the removal of rhodamine B
as a model dye pollutants [12]. Fang, et al. prepared hollow carbon-
doped titania composite spheres through a template-assisted method
and illustrated its potential application prospect in the development
of electrophoretic ink [13]. Qu, et al. prepared TiO, and TiO,: Gd**
hollow spheres with Gd doping with the assistance of the carbon sphere
templates and demonstrated enhanced photocatalytic activity [14]. Liu,
et al. solvothermally synthesized hybrid TiO, hollow spheres using
tetrabutyl titanate and hydrated metal sulfates as soft templates and
reported excellent efficiency and durability in photo-decomposition
of methyl orange (MO) under visible-light irradiation [15]. Geng,
et al. reported a facile route for the controllable design of fluorine-
doped carbon-treated TiO, hollow spheres with mesoporous shells
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for improved lithium storage [16]. Zhang, et al. reported preparation
carbon coated TiO, hollow composite spheres with enhanced visible
photocatalytic performance in the degradation of rhodamine B dye
[17]. Cho, et al. reported preparation and photocatalytic activity of
nitrogen-doped TiO, hollow nanospheres [18]. Wang, et al. reported
one-step template-free fabrication of mesoporous ZnO/TiO, hollow
microspheres and demonstrated the enhanced photocatalytic activity
on degradation of methyl orange [19]. Tang, et al. reported a-Fe,O,/
TiO, composite hollow spheres synthesis by a template-assisted
precipitation reaction and the activity of the catalyst was tested via
the photocatalytic decolorization of RhB aqueous solution [20]. Li,
et al. synthesized WO,/TiO, composite, hollow-sphere photocatalyst
using a template method and demonstrated improved photocatalytic
activity [21]. Chattopadhyay, et al. studied hydrogen production by
the application of tin doped titania hollow spheres [22]. Zhang, et al.
developed an in-situ synthesis of c-doped titania hollow spheres with
high photoctalytic activity [23].

In an effort to produce clean and environmentally friendly energy,
scientists showed great interest in the production of hydrogen from
water splitting using various materials [24,25]. TiO, is important
material in this area because of its aforementioned properties.
Researchers try to manipulate this material’s properties to enhance its
ability in the water splitting reaction. Scientists synthesized materials
of various crystal structures and different morphologies for hydrogen
production [26- 30]. Doping with various metals and non-metals is an
important way to narrow the band gap and attain good properties [31-
36]. Method of synthesis of a material could also impact the properties
of the product [37].

In this paper we report the synthesis of a new Co doped TiO, hollow
spheres through the hydrothermal method in which cyclohexamine
was used for the first time as a template and we apply this material in
H, production reaction.

Experimental

Preparation of photocatalysts

Cobalt/TiO, hollow spheres (Co/THS) were prepared by a
hydrothermal method in which 8.0 g of tetrabutyl titanate and 1.5
g cobalt nitrate hexahydrate were dissolved in a mixed solvent (40
mL absolute ethanol + 3 mL of distilled water + 0.3 mL 1M HNO,)
the mixture was magnetically stirred for 30 min to allow complete
dissolution. 0.3 g of cyclohexylamine was added and the solution was
further stirred for 30 min. The mixture was transferred into Teflon-lined
stainless steel autoclave, which was sealed and maintained at 80 °C for
24 h after which the autoclave was left to cool to room temperature. The
product was filtered and washed with distilled water then ethanol for
several times, dried in vacuum at 80 °C for 10 h. TiO, hollow spheres
(THS) were synthesized in the same fashion except in the absence of
cobalt nitrate hexahydrate.

For comparison purposes Cobalt/TiO, nanoparticles (Co/TN) and
TiO, nanoparticles (TN) were prepared by hydrothermal method. Co/
TN was synthesized by dissolving 8.0 g of tetrabutyl titanate and 1.5
g cobalt nitrate hexahydrate in a mixed solvent composed of 40 mL
absolute ethanol, 3 mL of distilled water and 0.3 mL 1M HNO, under
magnetic stirring for 30 min. The mixture was transferred into Teflon-
lined stainless steel autoclave, which was sealed and maintained at 80 °C
for 24 h. The autoclave was left to cool down to room temperature and
the product was filtered and washed with distilled water then ethanol
for several times, dried in vacuum at 80 °C for 10 h. TiO, nanoparticles
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were synthesized following the same procedure in the absence of cobalt
nitrate hexahydrate.

Characterization

In order to obtain morphological structure, the material of interest
was suspended in ethanol and ultrasonicated for 30 m. portion of the
suspension was dried on a carbon coated copper grid and loaded into
a JEOL-JEM-1230 transmission electron microscope (TEM). Surface
area was obtained from N,-adsorption measurements using a Nova
2000 series Chromatech apparatus at 77K. the crystalline phase of
the four composites was determined using Bruker axis D8 with Cu
Ka radiation (A = 1.540 A) at room temperature. A Thermo Scientific
K-ALPHA spectrometer was utilized to obtain X-ray photoelectron
spectroscopy (XPS) measurements. Uv-visible diffuse reflectance
spectra (UV-Vis-DRS) was exploited to obtain band gap information
utilizing a UV-Vis-NIR spectrophotometer (V-570, Jasco, Japan) at
room temperature. Absorption was measured over 200-800 nm range.
A Shimadzu RF-5301 fluorescence spectrophotometer was used to
record photoluminescence emission spectra (PL).

Photo-catalytic tests

An important application in which the synthesized catalyst can be
used is hydrogen production from water splitting. In the experimental
setup a known weight of the photocatalyst was added into 450 mL
aqueous solution containing 10 vol% methanol as a scavenger. The
reaction system was sealed and the experiments were conducted at
room temperature and atmospheric pressure. The heat from the lamp
was prevented from affecting the reaction by placing a jacketed cooler
made of quartz between the reactor and lamp. A dispersion using an
ultrasonic cleaner at 100 W for 15 min was carried out. The slurry was
aerated by N, for 30 min and irradiated by visible light generated from
500 W Xenon lamp under continuous stirring. The evolved hydrogen
gas generated from the reaction was analyzed by Agilent GC 7890 A gas
chromatography system using N, as carrier gas. Blank reactions with
illumination in the absence of the photocatalyst and with photocatalyst
in the dark were carried out. Both cases yielded no evolution of
hydrogen gas.

Results and discussion

Characterizations of materials

Figure 1 shows XRD patterns of the four synthesized composites,
TN, Co/TN, THS, and Co/THS. The patterns reveal pure TiO, anatase
phase in all four composites with no peaks of pure cobalt or cobalt
oxides which could be explained by low percentage of the cobalt
present. The patterns also show s shift to right in peaks of Co/TN,
and Co/THS which means incorporation of the cobalt ions within the
titanium dioxide lattice. The crystallite sizes of TN, Co/TN, THS, and
Co/THS are 22, 18, 14, 10 nm respectively as calculated by the Scherrer
formula. It is clear that cobalt doping results in a decrease of crystallite
and hollow spheres sizes.

Figure 2 shows TEM images of TN, Co/TN, THS, and Co/THS
samples. Co/TN and TN are spherical in shape with sizes of 130 and
160 nm, respectively. However, Co/THS, and THS are hollow spherical
in shape with shell thicknesses of 15-35 and 20-45 nm, respectively and
core diameter of 190 and 240 nm, respectively. This reveals that the
addition of cobalt ion decreases size of Co/THS and Co/TN samples.

Figure 3 shows XPS spectra of Co2p species for the Co/THS
sample. It shows two peaks for Co 2p, ,and Co2p,,at 794.9 and 779.7
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eV, respectively confirming the cobalt ion (Co** ion) and that it is
incorporated into TiO, lattice.

Adsorption-desorption isotherms of TN (A), Co/TN (B), THS
(C), and Co/THS (D) samples are shown in Figure 4. TN and Co/TN
have an isotherm of type II. While THS and Co/THS show an isotherm
of type IV. This is interpreted as that samples THS and Co/THS have
mesoporous materials.

Pore size distribution of Co/THS is shown in Figure 5. It shows
very narrow distribution around 1.9 nm indicating that hollow sphere
samples may have a high surface area. The specific surface area of
TN, Co/TN, THS, and Co/THS samples was measured by Nova 2000
resulting in values of 70, 80, 140 and 155 m*/g respectively. Therefore,
the hollow sphere structure increases BET surface area of titanium
dioxide. These results show that there are two factors affecting the
photocatalytic activity of titanium dioxide, namely the higher surface area
due to hollow spherical structure and the presence of doped cobalt ion.

UV-Vis spectra of TN, Co/TN, THS, and Co/THS samples (Figure
6) reveal a red shift of absorption edges of titanium dioxide toward
higher wavelengths going from nanoparticles to hollow spherical
structure and also by presence of cobalt ion in the titanium dioxide
lattice. The values of band gap energy of TN, Co/TN, THS, and Co/
THS samples calculated from their respective UV-Vis spectra were 3.2,
3.01,2.89 and 2.72 eV respectively, Showing narrowing in the band gap,
hence more efficiency toward visible light photocatalysis.

Pl spectra of TN, Co/TN, THS, and Co/THS samples (Figure7)
show peak intensity decrease in the following order TN > Co/TN >
THS > Co/THS which again shows that the red shift because the change
of phase of titanium dioxide from nanoparticles to hollow spheres also
because of the incorporation of the cobalt ion into titanium dioxide
lattice. The values of band gap energy of TN, Co/TN, THS, and Co/
THS samples calculated from their Pl emission spectra were 3.2, 3.02,
2.88 and 2.71 eV respectively confirming data observed from the UV-
Vis spectra.

Evolution of photocatalytic performance

Type of the photocatalyst, dose of the Co/THS photocatalyst,
Recycling and reuse of Co/THS were studied to measure the
photocatalytic performance for hydrogen production under visible
light conditions.

Effect of type of photocatalyst on amount of hydrogen evolution
was studied under the following conditions: light source is 500 W Xe
lamp; reaction time is 4 h; dose of photocatalyst is 0.8 g/L; volume
of aqueous solution is 450 mL. Figure 8 shows the effect of type of
photocatalyst on amount of hydrogen evolution. TN sample almost has
no photocatalytic activity, as TN absorbs in the UV region and reaction
was carried out under visible light. Performance of Co/TN sample for
hydrogen evolution was increased from 6 to 60 umol, respectively,
due to decrease band gap of TN from 3.2 to 3.01 eV by cobalt doping.
We observed that photocatalytic performance of THS sample for
hydrogen evolution was increased from 6 to 160 pmol, respectively,
due changing phase of titanium dioxide from nanoparticles to hollow
spherical structure. Also, the pphotocatalytic performance of Co/THS
sample for hydrogen evolution was increased from 160 to 200 umol by
cobalt doping. Therefore, morphology of titanium dioxide affects the
photocatalytic performance along with doping of cobalt ions.

Effect of dose of Co/THS photocatalyst on amount of hydrogen
evolution was studied under the following conditions: light source is
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500 W Xe lamp; reaction time is 4 h; dose of photocatalyst is changed
from 0.4 to 2.0 g/L; volume of aqueous solution is 450 mL. Figure 9
shows effect of dose of Co/THS photocatalyst on amount of hydrogen
evolution. Hydrogen evolution increased from 150 to 250 umol by
increased dose of Co/THS photocatalyst from 0.4 to 1.6 g/L, respectively.
This could be explained by the increase in number of available sites
for photocatalytic reaction as the dose increases resulting in more
photocatalytic activity. Upon increasing the dose of photocatalyst
above 1.6 g/L the amount of hydrogen evaluation drops to 190 pmol.
This may be resulting from hindrance of light penetration due to high
concentration of photocatalysts particles in the reaction solution.

Recycling and reuse of Co/THS photocatalyst on amount of
hydrogen evaluation was studied under the following conditions: light
source is 500 W Xe lamp; reaction time is 4 h; dose of photocatalyst
is 1.6 g/L; volume of aqueous solution is 450 mL. Figure 10 shows
Recycling and reuse of Co/THS photocatalyst on amount of hydrogen
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evaluation. It is clear that Co/THS photocatalyst has photocatalytic
stability and can be used and recycled many times.

Conclusion

Titanium dioxide hollow spheres and cobalt/titanium dioxide
hollow spheres were prepared by a hydrothermal method in the
presence of cyclohexylamine as a surfactant. For comparison
purposes, titanium dioxide nanoparticles and cobalt/titanium dioxide
nanoparticles were prepared by the same method in absence of
surfactant. The hydrothermal method in the presence of a surfactant
results in the formation of titanium dioxide hollow spheres and the
incorporation of cobalt into titanium dioxide lattice. A red shift is also
observed because of the hollow spherical structure and the doping of
Co ions. The photocatalytic activity of cobalt/titanium dioxide hollow
spheres is better than titanium dioxide hollow spheres, cobalt/titanium
dioxide nanoparticles and titanium dioxide nanoparticles for hydrogen
production by 1.25, 3.3 and 33.3 times, respectively. Cobalt/titanium
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dioxide hollow spheres show photocatalytic stability for hydrogen
production for repetitive use.
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