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Abstract 
 
In the present work we have prepared and characterized the two ternary forms of cobalt titanate namely 

ilmenite and cubic  by the sol-gel technique simply by replacing the titanium  precursor and  using a 

cationic surfactant micelle solution followed by calcinations at 600°C and 800°C respectively. In both 

cases, the nanopowders revealed a dark bluish green color, different morphologies of spherical, rhombus 

and needle shapes with mean particle sizes 29 and 37 nm, respectively. Bearing growing environmental 

concerns in mind, we have also highlighted a simple nano chemistry based clean and efficient process for 

effective degradation of hazardous malachite green oxalate dye by an in-situ ultraviolet irradiation set-up. 

In this field there is hardly any report involving comparative study of ternary oxides of cobalt as potential 

candidates for photo catalytic degradation. We ultimately observed that cobalt meta titanate proved itself 

the optimal catalyst at a calcination temperature of 600°C showing a maximum degradation efficiency of 

96.38% It also showed a better first-order rate constant of  0.01636 min
-1

. A decent attempt to correlate 

photoluminescence and photo catalysis has also been made. Also, a heterojunction has been fabricated 

with cobalt meta titanate and the parameters of crucial importance in photocatalysis namely conductivity, 

carrier mobility, transit time evaluated from the current-voltage characteristics. 
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1. Introduction 
 

Dyes play a vital role in various branches of the dyeing and textile industries. Due to their high visibility, 

they are in fact the first contaminant to be recognized in industrial wastewater even in minute 

concentrations (<1 ppm) [1]. These colored wastewaters act as a considerable source of eutrophication as 

well as non-aesthetic pollution that can produce dangerous by-products by further oxidation, hydrolysis or 

other chemical reactions [2-5]. Konstantinou and Albanis [6] reported that industrial dye stuffs and textile 

dyes constitute one of the largest groups of toxic organic compounds. Apart from toxic effects [7], 

presence of dyes in water systems can reduce light penetration thereby resulting in decreased 

photosynthetic activity. They can even hamper biodegradation of microorganisms in water [8]. Therefore, 

the impact of dyes released into the environment has been studied extensively in last few years [9, 

10].Advanced oxidation processes (AOPs) employing semiconducting particles can serve an efficient cure 
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in reducing the hazards of dye pollution [3]. In the last two decades, investigations related to composites 

of TiO2 with transition metal oxides have attracted a great interest in view of their technological and 

fundamental scientific importance. The present study outlines the synthesis of ternary cobalt titanate 

oxides and checks their potential in degrading organic dye pollutants. The dye selected for study, MG, is a 

water soluble cationic dye that appears as a green crystalline powder and belongs to triphenylmethane 

category [11]. Proper treatment of effluents containing MG dye is particularly essential to decrease its 

impact on human and marine health [11]. An insight into the carrier transport properties has been 

provided for cobalt metatitanate by fabricating a Schottky diode. The space charge limited current 

(SCLC) theory was put forward to explain the photocurrent responses. 

2. Results and discussion 
 
2.1 Materials and method 
The following materials were used as received commercially without further purification: TiO2 anatase 

nanopowder, titanium (IV) n-butoxide, cobalt acetate tetra hydrate were purchased from Sigma Aldrich; 

stearic acid, CTAB from Loba Chemie and sodium hydroxide pellets (NaOH), malachite green oxalate 

dye from Merck. 

In cobalt ortho titanate (Co2TiO4) synthesis; 0.01 moles (approx. 2.49 g) of cobalt acetate tetra 

hydrate was dissolved in 30ml distilled de ionized water. After stirring for about 30 minutes, an aqueous 

solution of NaOH prepared by dissolving 0.02 moles (approx. 0.799 g) of NaOH pellets in 10ml distilled 

de-ionized water was added drop wise which reacts to produce precipitation of Co (OH) 2. Then 0.01 

moles of TiO2 anatase powder was added to the above solution. An aqueous micelle solution of CTAB 

(0.01 moles CTAB in 30 ml distilled de-ionized water) was also added to the mixed solution under 

magnetic stirring at 100ºC. The reaction was continued till the volume of the slurry decreased 

appreciably. The colour of the residue was greyish at this stage. The as-synthesized slurry was then dried 

in an oven at 120
o
C for 24 hours, ground to fine powder and calcined in air at 800 ºC which yielded 

Co2TiO4 nano powder. 

In cobalt meta titanate (CoTiO3) synthesis; 0.08 moles (approx. 22.758 g) of stearic acid was 

melted in a beaker at a temperature of 120 ºC. This took about 30 minutes. Then 0.02 moles (approx. 4.98 

g) of cobalt acetate tetra hydrate was added to the melted stearic acid under magnetic stirring at the rate of 

500 revolutions per second. The two components dissolved to form a purple color homogeneous solution 

at 120 °C after duration of 2 hrs. Next stoichiometric tetra butyl titanate (0.02 moles or approx. 6.82 ml) 

was added drop wise to the above solution till a reddish brown solution was obtained. This resultant 

solution was allowed to cool down to room temperature naturally, after which it was seen to partly 

crystallize. It was then dried in an oven at 120 °C for a period of 24 hours. The CoTiO3 nano powder 

obtained was ground finely and then calcined at 600 °C for a period of 2 hours. Both the samples revealed 

a bluish green hue. The possible reaction pathways of both the ternary oxides of cobalt have been shown 

in figure 1(a) _1(b). 
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FIG 1.Reaction pathway of cobalt titanium oxide phases with focus laid on the main products (a) Co2TiO4 with 

corresponding SEM images at 1 µm magnification 6.28 K X and (b) CoTiO3 with corresponding SEM images at 10 

µm magnification 1.48 K X. 

2.2. XRD analysis 

An X-ray diffractometer (X’Pert PRO PANalytical) was operated at an accelerating voltage 30 kV and 

applied current 20 mA to characterize the products. The chemical identity of the products was determined 

by comparing the patterns to JCPDS standards. Figure 2 shows the peaks of Co2TiO4 well coinciding with 

JCPDS 39-1410. Some other peaks of TiO2 anatase (JCPDS 84-1286), CoTiO3 (JCPDS 77-1373), 

CoOOH (JCPDS 14-0673) and Co3O4 (JCPDS 76-1802) were also observed. The presence of cobalt 

oxide and hydroxides could be due to the oxidation of some Co
2+

 to Co
3+

 ions in the presence of 

surfactant CTAB [12- 14]. The calculated value of the mean particle size of Co2TiO4 was found to be 37 

nm applying Scherer equation [15]. 
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FIG 2. XRD of cubic Co2TiO4 calcined at 800 °C. 

Ilmenite CoTiO3 was formed at a temperature of 600 °C as illustrated in  ‘figure 3’ coinciding well with 

the rhombohedral phase results indicated in JCPDS 77-1373. The mean particle size of the CoTiO3 was 

found to be 29.8 nm. The use of stearic acid or the lower calcination temperature could have resulted in 

this phase which is in accordance with other reports [16-18].  

 

FIG 3. XRD of rhombohedral CoTiO3 calcined at 600 °C inset EDS image of CoTiO3. 
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2.3. SEM & EDS 

Energy dispersive spectra (EDS) confirms the existence of cobalt and titanium metals in CoTiO3 [inset 

figure 3]. Furthermore, neither N nor C signals signifying impurity were detected in the EDS spectrum. 

The morphology of the samples was ascertained by Scanning Electron Micrograph (SEM) Evo LS10, 

Zeiss. The SEM image for CoTiO3 [figure 1(b)] demonstrates agglomerated irregular dark cloudy 

spherical shaped nanoparticles with spherical shape distributed all over the sample. The SEM images of 

Co2TiO4 reflect heterogeneous morphology [figure 1(a)]. Small rhombohedral structures arranged to form 

flower like and rod like structures. 

2.4. UV-vis spectra results 

Practical applications of nanoparticles are judged by their optical properties. UV-vis absorption spectra of 

both the samples were obtained with a UV 3600 spectrophotometer in the region 200 - 800 nm. Both 

Co2TiO4 and CoTiO3 absorb light in the ultraviolet region (λ < 370 nm) which can be attributed to the (O
2-

) → (Ti
4+

) charge transfer [19]. The band gap of the two samples can be estimated by Tauc’s plot. Both 

the samples are direct band gap semiconductors with n = 1. Graphs of (αhν)
(2/n) vs hν are plotted where α 

and hν stand for the absorbance and photon energy, respectively [20, 21]. The hv value at the intersection 

point of the extrapolated linear portion of the curve and the horizontal axis specifies the value of the band 

gap. The UV-Vis absorbance versus wavelength spectra of CoTiO3 shown in ‘figure 4’ well coincides 

with literature [22-24]. CoTiO3 sample absorbs visible light in the wavelength range of 500 - 690 nm. It 

can thus be proposed that the absorbance in visible light region is mainly caused by CoTiO3 because TiO2 

hardly absorbs visible light. There exist a small absorbance peak at 535 nm and a big one at 603.5 nm 

which is almost in close agreement with others [25].  The two absorbance peaks are defined by the 

ilmenite crystal structure of CoTiO3. The Tauc's plot in the inset of ‘figure 4’ shows that the synthesized 

CoTiO3 has a band gap of 2.53 eV, which originates from the Co
2 +

 → Ti
4 +

 charge-transfer transition. The 

UV-vis curve of Co2TiO4 as in ‘figure 5’ shows humps at around 520 and 615 nm in the visible region 

which are consistent with other results [26]. Tauc's plot in the inset of ‘figure 5’ indicates that the value of 

its direct band gap (Eg) is about 1.3 eV. The band gap value suggests that Co2TiO4 nanomaterial is a semi-

conductor. Also, this value of band gap is in the same range as that of highly efficient photovoltaic cells. 

These results well highlight the ternary oxides of cobalt as promising candidates for photovoltaic cells as 

well. 
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FIG 4. UV-visible spectra of CoTiO3 calcined at 600 °C inset Tauc’s plot of calcined CoTiO3. 

 

FIG 5. UV-visible spectra of Co2TiO4 calcined at 800 °C inset Tauc’s plot of calcined Co2TiO4. 

2.5. FT-IR results 

FT-IR spectra of materials prepared in this study were recorded with a FT-IR spectrophotometer Perkin 

Elmer model name Spectrum one and model number L120-000A and are illustrated in ‘figure 6’ and 

‘figure 7’ respectively. Infrared spectroscopy can however not distinguish between the two phase of 

cobalt titanate as the local coordination of the metal centres in them are similar. The presence of water on 

the powder surface can be assumed from the presence of the strong broad band centering at 1606 and 

1639 cm
-1

 which is a signature of the δ (H-O-H) deformation vibration [27]. The broad bands at around 

3408 and 3417 cm
-1

 are due to stretching vibrations of -OH groups [27]. The band at 2921 cm
-1

 is due to 
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the C-H stretching frequency. The band at 1367 cm
-1

 is accredited to COO- vibrations while that at 1374 

cm
-1

 may be due to C-H bending frequency. The bands at 1081 and 1044 cm
-1

 are due to the -OBu groups 

(Bu = Butoxide) linked to Ti. The weak bands between 400 and 1000 cm
-1

 are due to the vibrations of Ti 

ions [26]. The Co-O-Ti stretching frequencies are observed at wave numbers of 762, 727 and 673 cm
-1 

[28-33]. Finally, the bands at 489, 480 cm
-1

 are credited to the Co-O and Ti-O stretching frequencies [26]. 

Consequently; these results support the formation of Co2TiO4, CoTiO3 phases. 

 

FIG 6. FT-IR spectra of CoTiO3 calcined at 600 °C. 
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FIG 7. FT-IR spectra of Co2TiO4 calcined at 800 °C. 

2.6. PL measurements 

Photoluminescence (PL) measurements were recorded to elucidate the charge carrier recombination 

behaviour using a PTI QM 40 spectrophotometer. The intensity of PL signal provides a direct, qualitative 

measurement of the recombination rate of charge carriers [34]. Lower peak intensity indicate trapping and 

efficient separation of photogenerated carriers while high peak intensities indicate occurrence of rapid 

charge recombination [35-38]. In the present case, it is clearly seen that the PL intensity of the peaks of 

CoTiO3 nanomaterial dispersed in chloroform and obtained by employing an excitation wavelength of 300 

nm is lower than that of Co2TiO4 and TiO2 [inset figure 8]. The emission peak of CoTiO3 ‘figure 8’ was 

both narrow and sharp predicting bound excitation emission [39]. Lower peak intensity in case of CoTiO3 

means that the carriers generated are efficiently separated which is desirable for photocatalysis. 
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FIG 8. PL spectra of CoTiO3 optimal catalyst in black (inset figure Co2TiO4 in red and TiO2 in blue). 

2.7. Photo degradation results 

2.7.1. Effect of UV light intensity. 

To investigate the effect of light intensity on the photo catalytic degradation of malachite green, different 

combinations of UV lamps were tested. The results as in ‘figure 9(a)’ indicate that degradation was 

accelerated as the intensity of light was increased, since any increase in the light intensity will increase 

the number of photons striking per unit area of semiconductor surface per unit time. However, the 

increase in degradation was not proportional to the increase in light intensity. This could be due to the fact 

that not all incident light gets absorbed. It depends on the free sites available on the surface of the 

catalyst. Further irradiation experiments were carried out with all the four UV lamps in ON condition. 
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FIG 9. (a) Light intensity versus PD graph and (b) pH versus PD graph. 

2.7.2. Effect of pH 

Dye reaction rates are influenced in a number of ways by the pH of the solution. It can influence dye 

adsorption [40] as well as surface dependent properties [41]. Malachite Green is a cationic dye [11] and 

its degradation is favored at higher pH values on cobalt modified TiO2. At pH values higher than pHpzc, 

the surface of the catalyst gets negatively charged and vice versa [42, 43].Experiments were carried out 

and the optimal pH range was found to be 9-10 ‘figure 9(b)’.  

2.7.3. Photocatalysis mechanism and reaction kinetics 

When a photocatalyst is irradiated, electrons and holes are generated which give rise to free radicals. 

These active radicals can result in complete mineralisation of the dye pollutants [44, 45]. The photo 

catalytic degradation efficiency of the organic dyes was calculated using (1) [46]. 

( )
100o t

o

A APD
A
�

� �                             (1) 

Where Ao and At are the dye concentrations before and after irradiation. 

The data of percentage degradation efficiency and rate constant are summarised in ‘Table 1’ 
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Table 1: Degradation data of MG dye using Co-Ti-O photo catalysts. 

Sample 

type 

Time 

(min) 

Degradation 

efficiency 

(%) 

Rate constant (k1) 

(min-1
) 

Reused 

rate constant 

(min-1
) 

CoTiO3 

Co2TiO4 

180 

200 

96.38 

88.05 

0.01636 

0.00983 

0.01386 

0.00894 

The absorbance of MG solution after exposure to UV light and cobalt titanate phases showed a sharp 

decline after 60 min indicating that they have good degrading capability. It was expected that Co2TiO4 

reflecting heterogeneous morphology would show better degrading capability but considering both photo 

catalytic activity and cost effectiveness; CoTiO3 synthesized at a calcination temperature of 600
°
C was 

chosen as the optimal photo catalyst. This could possibly be due to the higher surface area of CoTiO3 

which might have rendered larger number of active sites. Figure 10(a) compares photo catalytic 

degradation kinetics of MG dye by CoTiO3 with Co2TiO4 respectively. Cobalt metatitanate showed the 

best photo degradation ability up to 96.38%. 

The first-order kinetic model was tested to understand the order of photo catalytic degradation 

reaction [47, 48]:  

1ln o

t

A k t
A

� �
�� �

	 

                               (2) 

Where Ao and At denote initial and final MG concentrations (mg/L).  It was observed that the first-order 

model could adequately interpret the kinetic data (R 
˷ 
0.98), with much better fittings [Figure 10 (b)]. 

 

FIG 10. Degradation kinetics (a) PD versus time (b) –ln (At/Ao) versus time of CoTiO3 indicated by triangle and 

Co2TiO4 indicated by circle. 
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Figure 11(a) draws a comparison between the rate constant values (k1) for MG degradation by different 

cobalt titanate phases. The decrease in degradation rate of MG dye in case of cobalt ortho titanate can be 

attributed to bigger particle size that results after calcination. Due to evaporation of surfactant molecules 

oxygen content on the surface decreases and this can hamper photoactivity. Also, probably the surface 

area of Co2TiO4 is lower than that of CoTiO3. Guo et al. [49] also obtained matching trend of photo 

catalytic degradation of methyl orange using silica-titania. Finally, in order to evaluate the potential 

reusability of the materials, experiments were repeated using the same catalysts retrieved after subsequent 

filtering and drying. It was observed that the calcined samples retained their photo catalytic activity which 

clearly indicates their recyclability shown in the ‘figure 11(b)’and data tabulated in ‘Table 1’ 

 

FIG 11. (a) Rate constant bar diagram for the two photo catalysts and (b) Bar diagram showing reusability of the 

samples. 

2.8. Current-voltage (I-V) characteristics 

The Indium tin oxide (ITO) substrate was cleaned in an ultrasonic bath and a dispersed solution of 

CoTiO3 was spin coated (SCU 2700 spin coating unit) onto it to fabricate the ITO/CoTiO3/Al diode. The 

film was then dried and its thickness (d) measured to be 1 µm with a surface profiler. To prepare the 

metal-semiconductor interface, aluminium metal was deposited on the fabricated film using a vacuum 

coating unit. The diode area (A) was estimated as 7.065x10
-6

 m
2
. 

I-V measurements were recorded under dark and illumination conditions by applying a bias 

voltage varying from -1V to +1V to the ITO/CoTiO3/Al Schottky device and plotted in Figure 12(a). The 

calculated values of σdark and σlight were 3.52x10
-8

 and 1.01x10
-7

 Sm
-1

. The I-V graphs were further 

analysed using space charge limited conduction (SCLC) theory. lnI-lnV graphs were plotted under dark 

and illumination conditions [Figure 12(b)]. The graphs could be distinctly divided into two regions. The 

first region obeyed Ohm’s law while the second region was governed by the SCLC transport mechanism. 

I-V
2
 graphs were plotted [Figure 12(c)] taking the second region into consideration. The effective carrier 

mobility (µeff) was calculated using Mott-Garney equation (3) [50] 
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2

3

9

8

eff o r A VI
d

� � � � �
� � �

	 

                                                                                                                               (3) 

Where ε0 and εr denote the dielectric permittivity in vacuum and the dielectric constant of the 

semiconductor [51, 52]. The estimated values of µeff were 2.01x10
-11

 and 5.35x10
-11

 m
2
V

-1
s

-1 
under dark 

and light conditions. 

The distance taken by the carrier to travel from anode to cathode is the transit time (τ) and is also 

calculated from the second region of I-V characteristics using equation (4) [50]. 

9

8

o r A V
d I

� �
� �

� � �
	 


                                                                                                                                      (4) 

 The values were 9.84x10
-6

 and 2.08x10
-5

 s under light and dark conditions respectively. The lower transit 

time under illumination signifies light induced conduction mechanism.  

 

FIG 12. (a) Current-voltage characteristics of the ITO/CoTiO3/Al Schottky device (b) ln I versus ln V plot 

to explain the conduction mechanism (c) I-V
2
 plot to determine carrier mobility 

Though the carrier transport properties did not appear to be appreciably enhanced in comparison to 

previous works [50] still the PCD abilities of the photocatalysts were good. This could have resulted from 

the high surface areas of the catalysts. 

3. Conclusion 

This study developed and tested the two ternary oxides of cobalt for enhanced photo catalytic degradation 

of malachite green oxalate dye under UV light. CoTiO3 exhibited higher photo catalytic activity for 

degradation of MG dye under UV light, with a 96.38% removal rate in 3 hours. The first-order kinetic 

model could adequately interpret the kinetic data, and the apparent rate constant was determined to be 

0.01636 min
-1

which is higher than that of Co2TiO4.The cobalt meta titanate when employed as a Schottky 

diode possessed a mobility of 5.35x10
-11

 m
2
V

-1
s

-1 
and a transit time of 9.84x10

-6 
s under illumination. 

Thus, cobalt titanates can effectively serve as electron transfer mediators inhibiting recombination of the 
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electron-hole pairs. This study predicts optoelectronic applicability and the use of heterojunction in 

degrading organic pollutants. 
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