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ab s t r ac t
In this work, TiO2 nanoparticles containing different amounts of cobalt were synthesized by sol-gel 
method using titanium (IV) isopropoxide and cobalt chloride as titanium and cobalt precursors, respec-
tively. X-ray diffraction (XRD) results showed prepared samples include 100% anatase phase. The 
presence of cobalt in TiO2 nanoparticle network was established by XRD, scanning electron micros-
copy equipped with energy dispersive X-ray microanalysis (SEM-EDX), Fourier transform infrared 
(FT-IR) and N2 physisorption techniques. The increase of cobalt doping enhanced redshift in the diffuse 
reflectance spectra. The photocatalytic activity of the prepared samples was tested for degradation of 
methylene blue (MB) as a model of dye. Although the photocatalytic activity of pure TiO2 was found 
to be higher than that of Co/TiO2 samples under UV irradiation, the presence of 0.24% cobalt dopant in 
TiO2 nanoparticles resulted in a photocatalyst with the highest activity under visible light.
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1. Introduction 

Environmental cleaning using TiO2 photocatalysts has 
attracted a great deal of attention due to the increase in the 
level of environmental pollutions in the world [1]. TiO2 is con-
sidered as one of the most promising materials due to its high 
stability and environmental safety. However, the application 
of TiO2 in water and air purification is restricted as its intrin-
sic wide band gap (3.2 eV) requires high energy excitation 
such as UV irradiation, which only composes 5% of solar 
irradiation. Thus, the major portion of solar energy (visible 
light) could not be used for photocatalytic reaction. Besides, 
high recombination rate of photo-excited carriers is another 
limitation for the applicable fields of TiO2. Due to the short 
life of photo-excited carriers, only a small part of electrons 
and vacancies can move to its surface, which lead to further 
reduction of photocatalytic efficiency [2]. For more than a 

decade, studies have mainly concentrated on the suspen-
sion of TiO2 fine powder because of its higher photocatalytic 
activity compared with TiO2 thin films [3]. From among the 
three principal crystalline forms of titania, rutile does absorb 
some visible light, while anatase absorbs only in the UV 
region. Unfortunately, rutile is not a good photocatalyst. It is 
also known that optimal photocatalytic efficiency is obtained 
with a mixture of anatase and a small percentage of rutile [4]. 
Many attempts have been made to sensitize titanium dioxide 
to the whole visible region, such as doping with transition 
metals [5–16], transition metal ions [17–23], nonmetal atoms 
[13,24,25] and organic materials [26,27]. Introduction of dop-
ants allows titania to absorb in the visible region but this does 
not necessarily mean that the doped catalyst has a better pho-
tocatalytic activity. When the doping level exceeds an optimal 
limit, which usually lies at very low dopant concentration and 
low visible light absorption, the dopant causes recombination 
of sites and has undesirable effects on photocatalysis [4].
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The sol-gel method is an attractive method for 
low-temperature synthesis of TiO2, and it is easier to realize 
metal doping [10]. Since this method is carried out in solution, 
this permits tailoring of certain desired structural character-
istics such as compositional homogeneity, grain size, par-
ticle morphology and porosity. Preparation of transition 
metal-doped TiO2 nanoparticles by sol-gel method, charac-
terization and investigation of their photocatalytic activity 
have been reported in recent literature [28,29]. 

To the best of knowledge, the application of TiO2 
nanoparticles containing different amounts of cobalt for het-
erogeneous photocatalytic degradation of methylene blue 
(MB) has not been reported so far. MB is the most commonly 
used substance for dying cotton, wood and silk. It can cause 
eye burns, which may be responsible for permanent injury to 
the eyes of human and animals. Although MB is seen in some 
medical uses in large quantities, it can also be widely used 
in coloring paper, dyeing cottons, wools, coating for paper 
stocks, etc. Though MB is not strongly hazardous, it can 
cause some harmful effects. Acute exposure to MB will cause 
increased heart rate, vomiting, shock, Heinz body formation, 
cyanosis, jaundice and quadriplegia and tissue necrosis in 
humans [25]. 

The aim of this work is that the cobalt doped to TiO2 
nanoparticles with photocatalytic activity were synthesized 
by sol-gel method. The as-prepared sample was character-
ized by X-ray diffraction (XRD), Fourier infrared spectros-
copy (FTIR), scanning electron microscopy/energy dispersive 
X-ray (SEM/EDX), diffuse reflectance spectroscopy (DRS) 
and N2 physisorption. The point of zero charge (PZC) of pre-
pared photocatalysts was measured. Moreover, the photocat-
alytic performance of the prepared samples in degrading MB 
dye was estimated using UV–Vis spectrophotometry.

2. Experimental

2.1. Materials and reagents 

Cobalt (II) chloride hexahydrate (CoCl2.6H2O) 
was supplied by Merck (Germany) (No. 102539). 
Tetraisopropylorthotitanat (Merck; No. 8.21895), ethanol, 
acetylacetone and deionized water were used for photocat-
alytic synthesis. High-purity MB (Merck, No. 115943) was 
used as a probe molecule for catalytic tests. 

2.2. Photocatalyst preparation 

Pure TiO2 and TiO2 photocatalyst containing different 
amounts of cobalt were synthesized by sol-gel method. In a 
typical reaction, a mixture of 20 mL Ti(OC3H7)4, 20 mL etha-
nol and 1.62 mL acetylacetone was prepared and stirred for 
30 min at room temperature. Then, a new mixture containing 
X mg CoCl2.6H2O (X: 30, 60, 120 and 180 mg), 80 mL etha-
nol and 2 mL H2O was added into the first solution, which 
led to a colored solution. This solution was transferred into 
an autoclave, and then heated to 240°C at a heating rate of 
about 2°C min–1. Finally, the temperature was kept at 240°C 
for 6 h. After cooling, the obtained solid washed with etha-
nol and water and dried at 100°C for 2 h in air. These photo-
catalysts are labelled as Co/TiO2 (a), where (a) is the weight 
percentage of cobalt in the final solid that obtained by EDX 

analysis. A solution without CoCl2.6H2O was also prepared 
to obtain a control sample. This photocatalyst contains only 
TiO2 prepared by an identical procedure.

2.3. Characterization

FTIR analysis was applied to determine the surface 
functional groups, using FTIR spectroscope (FTIR-2000, 
Bruker, USA), where the spectra were recorded from 4,000 to 
400 cm–1. The XRD patterns were recorded on a Siemens, D5000 
(Germany). X-ray diffractometer using Cu Kα radiation as the 
X-ray source. The diffractograms were recorded in the 2θ range 
of 10°–70°. The morphology of nanoparticles were character-
ized using SEM (Vegall-Tescan Company, Czech Republic) 
equipped with an EDX. The diffuse reflectance UV–Vis spec-
tra of the samples were recorded by an Ava Spec-2048TEC 
spectrometer. The nitrogen physisorption measurements 
were carried out with a Quantachrome Autosorb-1-MP. The 
Brunaur-Emmet-Teller (BET) areas were determined by static 
nitrogen physisorption at –196°C subsequent to outgassing at 
250°C, until the pressure was lower than 5 mbar.

2.4. Study on point of zero charge 

In the PZC (pH) determination, 0.01 M NaCl was pre-
pared, and its pH was adjusted in the range of 2–11 by adding 
0.01 M NaOH or HCl. Then, 50 mL of 0.01 M NaCl each was 
put in conical flask, and then 0.1 g of prepared samples was 
added to these solutions. These flasks were kept for 72 h, and 
final pH of the solution was measured by using pH meter. 
Graphs were then plotted for pHfinal vs. pHinitial.

2.5. Photocatalytic degradation of MB

In a typical run, the suspension containing 10 mg pho-
tocatalyst and 100 mL aqueous solution of MB (10 mg/L) 
was stirred first for 60 min in the dark to establish adsorp-
tion/desorption equilibrium. Irradiation experiments were 
carried out in a self-built reactor. UV illumination was 
performed with a 400 W Kr lamp (Osram, Germany). The 
illumination power of the lamp is mainly in the UV-A 
region, that is, about 90% of the radiated power is in the 
UV-A region (400–315 nm) and about 10% in the UV-B 
region (315–280 nm). A visible (Halogen, ECO Osram, 500 
W) lamp was used as alternative irradiation source. At cer-
tain intervals, small aliquots (2 mL) were withdrawn and fil-
tered to remove the photocatalyst particles. These aliquots 
were used for monitoring the degradation progress, with 
Rayleigh UV-2601 UV–Vis spectrophotometer.

3. Results and discussion 

3.1. XRD analysis

The XRD patterns of the prepared samples were shown 
in Fig. 1. The nanocrystalline anatase structure was con-
firmed by (1 0 1), (0 0 4), (2 0 0), (1 0 5) and (2 1 1) diffrac-
tion peaks [30]. The XRD patterns of anatase have a main 
diffractions at 2θ = 25.2° corresponding to the 101 plane 
(JCPDS 21-1272) while the main diffractions of rutile and 
brookite phases are at 2θ = 27.4° (110 plane) and 2θ = 30.8° 
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(121 plane), respectively. Therefore, rutile and brookite 
phases have not been detected [31,32]. The XRD patterns of 
Co/TiO2 samples didn’t show any cobalt phase indicating 
that cobalt ions uniformly dispersed among the anatase 
crystallites [2,33–35]. Also, the shape of diffraction of pure 
TiO2 is quite similar to that of Co/TiO2 samples. It is deserve 
to be mentioned that the color of pure TiO2 is white; how-
ever, Co/TiO2 samples are all pale yellow, and the color is 
deepened when cobalt concentration is elevated (Fig. 1). 
For no peaks corresponding to metallic cobalt or cobalt 
compound is observed and the color of TiO2 is changed 
with cobalt amount, it is reasonable to suppose that cobalt 
cations are successfully introduced into TiO2 and homog-
enously distributed in the lattice of TiO2. The diffraction 
patterns of pure TiO2 and Co/TiO2 samples show consid-
erable line width, indicating small particles. The particle 
size of each sample is calculated from the full width at 
half maximum (FWHM) of the (101) diffraction peak using 
Scherrer’s equation [36]: 

D = Kƛ/β cosθ� (1)

where D is the crystal size of the sample; ƛ is the X-ray wave-
length (1.54056 Å); β is the FWHM of the diffraction peak 
(radian); K is a coefficient (0.89) and θ is the diffraction 
angle at the peak maximum. The results are demonstrated 
in Table 1. All prepared samples are in nano-size range, from 
14.38 to 16.53 nm, and all Co/TiO2 samples except Co/TiO2 
(0.63) show larger crystal size compared with pure TiO2. 
The increased particle size may be explained by the fact that 
the ionic radius of Co2+ (0.745 A°) is greater than that of Ti4+ 
(0.605 A°) [37]. In the case of Co/TiO2 (d) sample, it can be 
concluded that the addition of cobalt to titania hinders the 
growth of TiO2 nanoparticles. It seems that cobalt ions form 
complex with the TiO2 surface oxygen, hence, suppress the 
growth of TiO2 crystallite [38].

The lattice parameters (a = b ≠ c) were obtained for 
(101) crystal plane of anatase phase, according to the fol-
lowing equation (corresponding to tetragonal crystalline 
structure:

1/d2 = (h2 + k2)/a2 + l2/c2� (2)

considering the interplanar spacing (dhkl), the distance 
between adjacent planes in the set (hkl), can be determined 
using the Bragg Law:

dhkl = ƛ/2 sinθ� (3)

The cell volume (tetragonal one) was determined as 
follows:

V = a2c� (4)

where a and c are lattice parameters. Table 1 shows the lattice 
parameters of prepared samples.

The full pattern Rietveld refinement confirms that TiO2 
crystallizes in the anatase type of tetragonal structure. The 
obtained values of the lattice parameters for pure TiO2 are 
in very good agreement with the anatase structure (Joint 
Committee for Powder Diffraction Standard, 78-2486) of 
TiO2. No other impurity peaks are detected, which ensure 
high purity of TiO2 powder used for Co doping. The diffrac-
tion patterns of prepared samples do not show any extra 
peaks confirming that the anatase phase is not disturbed 
upon Co doping in TiO2. A significant difference between 
ionic radii of the dopant and the host ions (i.e., Co2+: 
0.745 Å and Ti4+: 0.605 Å, with a coordination number of 6) 
is expected to cause a small enhancement of the TiO2 unit 
cell size. In the refinement process, the Co occupancies were 
varied for the Ti and O sites to locate the exact positions 
of dopant atoms. Best fits were obtained when Co atoms 
occupy the Ti site with a total preference, while these atoms 
occupying the O site gave poor fits. These observations con-
firm that Co ions substitute the Ti site and have well been 
incorporated in host TiO2 matrix. Furthermore, there is no 
sign of Co cluster phases thought the whole range of Co 
contents investigated so we can assertively rule out the 
presence of any impurity phase within the limits of such 
detection by XRD. Therefore, XRD patterns seem to provide 
evidence for the high homogeneity of doping and for the 
absence of secondary phases in the samples within the sen-
sitivity of XRD.

3.2. SEM/EDX analysis

SEM micrographs of the TiO2 and Co/TiO2 samples 
are shown in Fig. 2. SEM images show that all the sam-
ples are slightly agglomerated, which it is more intense 
regarding to the doped samples compared with pure 

Fig. 1. Powder XRD patterns of: (a) TiO2, (b) Co/TiO2 (0.24), 
(c) Co/TiO2 (0.30), (d) Co/TiO2 (0.60) and (e) Co/TiO2 (0.63).

Table 1 
Phase, crystal size and lattice parameters of prepared samples

Sample Phase Crystal  
size (nm)

a = b 
(Å)

c (Å) Cell volume 
(Å3)

TiO2 Anatase 14.64 3.79 9.30 133.58
Co/TiO2 (0.24) Anatase 16.53 3.78 9.37 133.88
Co/TiO2 (0.30) Anatase 15.49 3.79 9.35 134.30
Co/TiO2 (0.60) Anatase 14.95 3.78 9.40 134.31
Co/TiO2 (0.63) Anatase 14.38 3.79 9.40 135.02



A.E. Pirbazari et al. / Desalination and Water Treatment 63 (2017) 283–292286

TiO2 [39,40]. The EDX patterns of Co/TiO2 samples in Fig. 3 
show two peaks around 0.2 and 4.5 keV. The intense peak 
is assigned to the bulk TiO2 and the less intense one to the 
surface TiO2. The peaks of cobalt are distinct in Fig. 3 at 
0.6, 6.9 and 7.5 keV. The less intense peak is assigned to 
cobalt in the TiO2 lattices [20,38]. These results confirmed 
the existence of cobalt atoms in the Co/TiO2 samples but 
the XRD patterns do not show any diffractions related to 
cobalt. Therefore, it may be concluded that cobalt ions are 
uniformly dispersed among the anatase crystallites. Fig. 4 

shows (EDS) elemental mapping images of prepared sam-
ples. From the elemental mapping mode, highly and uni-
formly dispersed cobalt in the TiO2 lattice was observed. 
This implies good interaction between cobalt and TiO2 
in the preparation process using the sol-gel method. The 
elemental analysis of Co/TiO2 samples confirmed the pres-
ence of cobalt ions in the powder structure, as the opposite 
of XRD patterns. The XRD patterns do not show any dif-
fractions related to cobalt presence in TiO2 structure (EDS 
results are given in Table 2).

Fig. 2. SEM images of: (a) TiO2, (b) Co/TiO2 (0.24), (c) Co/TiO2 (0.30), (d) Co/TiO2 (0.60) and (e) Co/TiO2 (0.63).
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3.3. FTIR analysis

Fig. 5 shows the FTIR spectra of the TiO2 and Co/TiO2 
samples. The peak positioned at 3,350–3,450 cm–1 is attributed 
to O–H stretching vibration. The peaks appearing at 1,620–
1,635 cm–1 were attributed to H–O–H bending vibration 
mode of physically adsorbed water [41]. The broad intense 
band below 1,000 cm–1 is due to Ti-O-Ti vibrations. The sur-
face hydroxyl groups in TiO2 increase with the increase of 
cobalt loading, which is confirmed by increase in intensity of 
the corresponding peaks [38]. 

3.4. DRS analysis

DRS studies help to understand the band gaps of the 
material. The band gaps will change during the photore-
action as the catalysts are exposed to photons of different 
energies. The chemistry involved can be highlighted by 

these changes [42]. The diffuse reflectance spectra of pre-
pared samples are shown in Fig. 6. The Diffuse Reflectance 
(DR) spectrum of TiO2 consists of a broad intense absorption 
around 400 nm, due to the charge-transfer from the valence 
band formed by 2p orbitals of the oxide anions to the con-
duction band formed by 3d t2g orbitals of the Ti4+ cations 
[38]. DR spectra of Co/TiO2 samples showed a redshift in 
the absorption value. Increase in the concentration of cobalt 
ions on TiO2 resulted in a prominent change or shift of band 
edge from UV to visible region. The DR spectra of the Co/
TiO2 samples consist of additional absorption peaks in the 
range of 500–650 nm. With the gradual increase of Co2+ con-
centration on TiO2, the sharpness and intensity of absorp-
tion band between 500 and 650 nm are also increased grad-
ually [43]. The genesis of absorption peak that is increasing 
with cobalt concentration in TiO2 is attributed to Co2+/Ti4+ 
charge-transfer interaction. This may also be a reason for 
high photoactivity of these materials in the visible region.

Fig. 3. EDX patterns of: (a) TiO2, (b) Co/TiO2 (0.24), (c) Co/TiO2 (0.30), (d) Co/TiO2 (0.60) and (e) Co/TiO2 (0.63).
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We calculated the band gap energy from the DR spec-
tra according to below equation [44] for the pure TiO2 and 
Co/TiO2 samples:

Ebg = 1,240/ƛ� (5)

where Ebg is the band gap energy (eV), and ƛ is wavelength 
(nm) obtained from the DR spectra. The Ebg data of samples 
are summarized in Table 3. The band gap of all Co/TiO2 sam-
ples decreased slightly compared with TiO2 (Table 3). But 
for all the Co/TiO2 samples, the absorption efficiencies in 

Fig. 4. EDS analysis (elemental mapping images) of: (a) TiO2, (b) Co/TiO2 (0.24), (c) Co/TiO2 (0.30), (d) Co/TiO2 (0.60) and  
(e) Co/TiO2 (0.63).

Table 2 
Elemental chemical analysis of the prepared samples

% O% Ti% CoSample

37.8062.200.00TiO2

48.3751.380.24Co/TiO2 (0.24)

52.5847.120.30Co/TiO2 (0.30)

52.6746.730.60Co/TiO2 (0.60)

48.3451.030.63Co/TiO2 (0.63)
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the range of 400–700 nm are improved, and the increment 
is proportional to the cobalt amount [38].

3.5. Point of zero charge

Oxide surfaces can become charged as a consequence 
of the ability of coordinated OH groups to undergo 
hydrolysis. Thus, negatively and positively charged 

surfaces are obtained by the dissociation of acid groups 
and protonation of basic groups, respectively. The PZC, 
corresponding to the condition where no net charge is 
present on the surface, is an important factor that con-
trols the adsorption of solution species and photocat-
alytic activity [45]. For undoped TiO2, the pH value of 
the PZC is 7.10, and for the Co-doped TiO2 samples, the 
pH is shifted to higher pH values. Thus, the PZC seems 
to approach that of bulk Co3O4 [46], and one would be 
led to consider this as a possible cause; it can be ruled 
out, however, since our DRS and XRD measurements 
do not indicate the presence of Co3+ and of any separate 
phase formation for Co amounts <1%. Quite obviously, 
the phenomenon we observed originates from changes in 
the surface properties that can be even rather subtle, as 
pointed out in an illuminating work by Contescu et al. 
on heterogeneity of hydroxyl groups on TiO2 polymorphs 
[47]. Among other factors, differences in coordination of 
–O- and –OH sites to cations, a different proportion of 
proton binding groups (oxo and hydroxo), variation 
of the proton-metal distances, and the contribution of 
different crystal planes (on different planes, terminal 
oxygen has different acidity) can bring about observable 
changes in the surface acid/basic behavior. In contrast to 
relatively abundant information available for pure TiO2, 
investigations on doped TiO2 appear scanty [45]. From 
our X-ray data, we have neither evidence of changes in 
the crystallographic planes intensity upon cobalt incor-
poration nor evidence of changes in the TiO2 unit cell 
parameters. In this regard, it is worth stressing that Geng 
and Kim [48] showed that the introduction of interstitial 
Co into Ti16O32 model clusters leads to volume expansion, 
and an increased Ti–O bond length can then possibly lead 
to a more basic behavior of the surface as discussed by 
Contescu et al. [47]. Table 4 shows PZC (pH) for our syn-
thesized samples. 

Fig. 5. FTIR spectra of: (a) TiO2, (b) Co/TiO2 (0.24), (c) Co/TiO2 
(0.30), (d) Co/TiO2 (0.60) and (e) Co/TiO2 (0.63).

Fig. 6. Diffuse reflectance spectra of: (a) TiO2, (b) Co/TiO2 (0.24), 
(c) Co/TiO2 (0.30), (d) Co/TiO2 (0.60) and (e) Co/TiO2 (0.63).

Table 3 
Color, wavelength and band gap energy of the prepared samples

Band gap  
energy (eV)

ƛ (nm)ColorSample

3.10400WhiteTiO2

3.01412Pale yellowCo/TiO2 (0.24)
3.00414YellowCo/TiO2 (0.30)
2.98416Dark yellowCo/TiO2 (0.60)
2.98416Dark yellowCo/TiO2 (0.63)

Table 4 
Point of zero charge (PZC) (pH) of the prepared samples

Sample PZC (pH)

TiO2 7.10
Co/TiO2 (0.24) 7.40
Co/TiO2 (0.30) 7.50
Co/TiO2 (0.60) 7.62
Co/TiO2 (0.63) 7.65
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3.6. N2 adsorption–desorption

Fig. 7 shows N2 adsorption–desorption isotherms of 
the synthesized photocatalysts. The sorption isotherms in 
Fig. 7 correspond to the type IV isotherm according to the 
International Union of Pure and Applied Chemistry (IUPAC) 
classification [49]. Textural and structural parameters of the 
Co/TiO2 samples are summarized in Table 5. Specific surface 
areas and average pore diameter were calculated according 
to the BET method; pore volumes were derived from the 
desorption branch according to the Barrett-Joyner-Halenda 
(BJH) model. A considerable increase in the value of surface 
area and decrease in the crystallite size are seen with the 
increase of Co-dopant concentration in TiO2. The increase of 
surface area and decrease of crystallite size with the introduc-
tion of any foreign material in TiO2 is a general phenomenon 
and is expected to be due to the prevention of agglomeration 
of TiO2 particles by the incorporated material [38,50–55].

3.7. Photocatalytic degradation of MB

The results of photocatalytic degradation of MB under UV 
irradiation and visible light are shown in Figs. 8 and 9. Under 
UV irradiation, pure TiO2 shows better results than Co/TiO2 
samples. It seems that among the Co/TiO2 samples, the sample 
containing 0.24% cobalt has the best performance. It was also 
observed that pure TiO2 degraded 100% MB after 150 min irra-
diation while the 0.24% Co/TiO2 did it (~80% degradation) after 
150 min irradiation. Under visible light, the best degradation 
of MB was achieved in the presence of 0.24% Co/TiO2, which 
decomposed 62% of MB after 150 min. The two basic factors that 
are responsible for the activity of photocatalysts include sur-
face area and light absorption capacity [38]. The DRS analysis 

Fig. 7. N2 adsorption–desorption isotherms for: (a) TiO2, (b) Co/TiO2 (0.24), (c) Co/TiO2 (0.30), (d) Co/TiO2 (0.60) and (e) Co/TiO2 (0.63).

Table 5 
Textural and structural parameters of the prepared samples

Pore volume 
(cm3/g)

Average pore  
diameter (nm)

SBET (m2/g)Sample

0.2227.339116.651TiO2

0.2537.476130.900Co/TiO2 (0.24)
0.2547.232135.810Co/TiO2 (0.30)
0.2717.224145.310Co/TiO2 (0.60)
0.3027.755151.661Co/TiO2 (0.63)

Fig. 8. Photocatalytic degradation of MB in the presence of 
prepared samples under UV irradiation: initial concentration of 
MB, 10 mg /L; volume, 100 mL; pH, 9 and catalyst dosage, 10 mg.
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results (Fig. 6) show that light absorption capacities of the pre-
pared samples are different and increase with an increase in the 
cobalt amount in visible region. Therefore, increasing the cobalt 
amount has two opposite effects on the photocatalytic activity 
of the Co/TiO2 samples; increasing light absorption capacity and 
decreasing surface area. The photocatalytic activity depends on 
which one of these is the dominant factor. A lesser amount of 
surface hydroxyl groups was observed in the case of Co/TiO2 
samples compared with the undoped TiO2. This could be one 
of the reasons for the lower activity of the metal-doped TiO2 
catalysts. Most of the metal-doped TiO2 samples absorb in the 
visible region. It should be noted that the degradation rates 
in the presence of Co-doped TiO2 catalysts under UV irra-
diation were in general less than that of the undoped TiO2. 
Recombination of photogenerated electrons and holes is one of 
the most significant factors that deteriorate the photoactivity of 
the TiO2 catalyst. Any factor that suppresses the electron-hole 
recombination will therefore enhance the photocatalytic activity 
[56,57]. Perhaps, cobalt particles are sites for recombination of 
the generated electron-holes and, hence, decrease the photocat-
alytic activity. Also, it is reported [58] that the optimal concen-
tration of doping ions should make the thickness of the space 
charger layer substantially equal to the light penetration depth. 
Therefore, further addition of cobalt leads to gradually reduc-
tion of catalytic efficiency.

4. Conclusion

TiO2-based photocatalysts containing different amounts 
of cobalt were synthesized and characterized by several tech-
niques successfully. XRD analysis confirmed all the prepared 
samples consist of pure anatase phase. The XRD, SEM/EDX, 
DRS and N2 physisorption data showed that the incorpora-
tion of cobalt in TiO2 network increases the nanoparticles 
size, shifts the absorption edge to higher wavelengths (red-
shift) and higher the surface area of the particles. The photo-
catalytic degradation of MB under UV irradiation revealed 
higher activity in the presence of the pure TiO2 than the Co/
TiO2 samples. Among the Co/TiO2 samples, the Co/TiO2 
(0.24) photocatalyst exhibited the highest photocatalytic 
activity under visible light.
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