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ABSTRACT:   15 

Photocatalytic degradation using Co3O4-TiO2-based catalysts has shown promising results in 16 

removing organic and inorganic pollutants under UV  light. Introducing defects is believed to 17 

increase the charge carrier mobility and the coordinatively active sites that are usually also 18 

catalytically active sites, leading to improving the catalytic performance. This work carefully 19 

designed a nanostructure based on interconnected cobalt-doped titanium dioxide thin 20 

nanosheets. We engineered defects in the oxygen sits by partial carbothermal reduction that 21 

enhanced the photocatalytic performance of the prepared nanostructure. The degradation of 22 

methyl orange as a model for organic pollutants was studied. The results proved that the 23 

designed photocatalyst could remove methyl orange fully under UV light within a few minutes 24 

and an initial concentration of up to 200 mg/l. 25 
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1. Introduction 33 

Semiconductor photocatalytic processes have gained a great deal of interest for removing a 34 

wide range of water pollutants due to their low cost, simplicity, and environmental 35 

compatibility. Photocatalysis uses sunlight to decompose organic and inorganic pollutants [1]. 36 

Semiconductor photocatalysis generates electron-hole pairs that can oxidise or reduce 37 

pollutants in the solution and remove them from the system when absorbing photons. Up to 38 

now, enormous types of semiconductors photocatalyst have been widely developed, including; 39 

metal oxides (TiO2, Cu2O, ZnO, Fe2O3, and Ag2O), metal sulphides (CDs, MoS2, and ZnS), 40 

multicomponent oxides (Bi2WO6, KTiNbO5, K4Nb6O17, BiVO4, and SrTiO3), and graphitic 41 

carbon nitride (g-C3N4) [2-9]. Nanostructures based on titanium oxide were widely used as a 42 

photocatalyst to degrade several organic compounds since they are inexpensive, easy to 43 

process, and easy to tune the inherent ability to photoactivate reactions without affecting the 44 

chemical and thermal stability [8-10]. Pure TiO2 exists in three different polymorphs with 45 

different bandgap energies; rutile (3.0 eV), anatase (3.2 eV), and brookite (∼3.2 eV) [11]. Many 46 

have published work to tune the TiO2 bandgap by, for example, doping with other ions or 47 

inducing other types of defects. These strategies helped activate TiO2 at the visible light region, 48 

unlike pristine TiO2, which is active in the UV region and uses only <5% of the solar light. 49 

Doping with transition metal oxides and noble metals compounds has been pursued and 50 

successfully generates visible light TiO2 photocatalysis [10-18].  51 

Amongst these dopants, cobalt oxides are receiving particular interest based on their success in 52 

the photo-reduction of CO2 in visible light and dye-sensitised solar cells for power generation. 53 

Although Co-doped TiO2 and Co-Ti binary oxides were reported to enhance the electrocatalytic 54 

performance in the visible light region, several challenges still need to be addressed to obtain 55 

the full potential of the Co/TiO2 system. First, some have reported fast carrier recombination, 56 

resulting in low photocatalytic activities. Second, the multi-valence nature of cobalt oxides 57 

renders the produced photocatalysis sub-stable to a number of oxidation/reduction processes, 58 

which reduces the stability and catalytic efficiency over the long run. Third, the hydrophilic of 59 

TiO2, with a water contact angle approaching 0°, was reported to be reduced by cobalt doping. 60 



3 
 

Reducing the hydrophilicity means higher energy requires to overcome the barriers at the 61 

solid/liquid interface, slowing the kinetic of the overall photocatalytic reactions. Finally, 62 

another problem is recovering the photocatalysis, particularly nanoparticles, after the end of the 63 

process [19-21].  64 

The concept we are introducing in this paper is based on the careful design of a 3D porous 65 

nanostructure of Co-Ti oxides interconnected nanoparticles by a carbon layer (Co/TiO2@C). In 66 

this system, the inherent photocatalytic activity of the Co-Ti oxides is enhanced by two 67 

mechanisms; (a) oxygen vacancies induced by controlled carbothermal deoxidation during 68 

materials synthesis and (b) the conductive carbon layers that promote charge transfer and 69 

separation. The synthesis method, consisting of hydrothermal and heat treatment steps, allows 70 

the in-situ partial reduction by the carbon generated from glucose. By taking water 71 

contaminated by MO dye as a proof-of-concept, Co/TiO2@C was able to remove most of it 72 

from the solution in a few minutes. The removal mechanism was also studied and believed to 73 

be by the oxidative degradation of MO by Co/TiO2@C. 74 

2-Experimental: 75 

 2.1 Chemicals 76 

Titanium isopropoxide Ti[OCH(CH3)2]4, cobalt acetate (CH3CO2)2Co, potassium chloride 77 

(KCl), ethanol, glucose, and methyl orange dye were purchased from Sigma-Aldrich.  78 

2.2 Catalysts preparation 79 

2.2.1 Synthesis of TiO2 nanoparticles 80 

A 100 ml ethanol was mixed with 0.5 mL of 0.1 M of aqueous KCl, followed by adding 1.5 ml 81 

of titanium isopropoxide under stirring for 4 h. Then the solution was transferred into a 100-ml 82 

Teflon-lined stainless autoclave and heated at 170 °C for 30 h. The autoclave was then air-83 

cooled to room temperature. The resulting product was collected and washed thoroughly with 84 

ethanol and dried at 60 °C in an oven. Finally, the precipitate was calcined at 500 °C for 3 h to 85 

obtain TiO2 nanoparticles. 86 

 87 
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2.2.2 Synthesis of Co-doped TiO2 (Co/TiO2) nanocomposite  88 

A 100 mL ethanol was mixed with 0.5 mL of aqueous KCl (0.1 M), followed by adding a 0.88 89 

gm of cobalt acetate, then 1.5 ml of titanium isopropoxide was added under stirring for 4 h. The 90 

solution was then moved into a 100-mL Teflon-lined stainless autoclave, heated at 170 °C for 91 

30 h and air-cooled to room temperature. The resulting product was collected and washed 92 

thoroughly with ethanol and dried at 60 °C in an oven. Finally, the product was calcined at 500 93 

°C for 3h to obtain Co/TiO2 nanocomposites. 94 

2.2.3 Synthesis of Co-doped TiO2 @C nanocomposite  95 

A 0.42 gm of the synthesised Co/TiO2 nanocomposites was dispersed in 75 ml H2O that 96 

contained 0.0189 gm of glucose. The mixture was mixed under stirring for 2 h, then transferred 97 

into a 100-ml Teflon-lined stainless autoclave. The autoclave was maintained at 170 °C for 20 98 

h and then air-cooled to room temperature. The resulting product was collected and washed 99 

thoroughly with water and finally dried at 60 °C in an oven, then calcined the product at 500 °C 100 

for 3h to obtain Co/TiO2@C nanocomposites. 101 

2.3 Degradation process  102 

A wooden box of lengths of 40 x 55 x 60 (cm) was used for achieving the degradation process 103 

was completely sealed and painted on the inside with black colour, and inside it was installed 104 

on the top a 43 cm UV lamp with a wavelength of 350 nm. A magnetic stirrer was placed inside 105 

it to be used in the stirring process (Fig. S1). The degradation experiments were carried out 106 

using the batch method to evaluate the degradation activities of the synthesised materials toward 107 

methyl orange from aqueous solutions under UV light. Ten milligrams of each of the 108 

aforementioned materials were added to 10 mL solutions with 100 mg L–1 MO. After shaking 109 

under UV light for an appropriate time at home temperature, the catalysts were collected by 110 

filtration. The concentrations of the MO aqueous solution were determined before and after 111 

degradation using a spectrophotometer. 112 

3- Results and Discussion 113 

3.1 Materials Characterization  114 
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    XRD diffraction was used to investigate the phase compositions of the prepared samples 115 

(Fig. 1a). The XRD pattern of TiO2 shows all the characteristic peaks for anatase (JCPDS 21-116 

1272) [22]. Figure 1(a) showed the XRD patterns of Co/TiO2 and Co/TiO2@C nanocomposites, 117 

which indicates no free cobalt phases, suggesting all the cobalt is dissolved in the anatase 118 

crystallites. The lack of any obvious carbon peaks can be referred to as the low crystallinity of 119 

carbon in the composite. Interestingly, the diffraction patterns of Co/TiO2 and Co/TiO2@C 120 

samples are similar to that of pure TiO2, with a slight shifting in the peak positions. This shift 121 

is due to changes in the local structure around Ti4+ after Co3+ and Co2+ substitution, further 122 

suggesting the Co dissolution in the lattice. Another deviance of the Co incorporation can be 123 

obtained from the TiO2 colour change with cobalt content. The broad peaks in all the XRD 124 

patterns suggested the nanosized particles of pure TiO2 did not change after adding Co or 125 

carbon. The crystal size of pure TiO2, Co/TiO2, nanocomposite and Co/TiO2@C nanocomposite 126 

samples was 9.87, 11.30, and 11.38 nm, respectively, as calculated by Scherrer's equation. The 127 

increase in crystal size of the Co-Ti samples further confirms that cobalt is replacing Ti in the 128 

anatase lattice. From the (101) XRD peaks as magnified in Fig. 1b, one can see that the peaks 129 

substantially shift to higher 2 theta with the doping of Co and C, and the crystallite size of C-130 

Co-doped TiO2 is larger compared with Co-doped TiO2 material. These results indicate that 131 

carbon and cobalt have a synergistic effect on each other. Compared with cobalt doped TiO2, 132 

the crystallite size and the position of diffraction peaks of Co-doped TiO2 show little 133 

differences, implying that the impact of carbon doping on the crystal structure is slight. 134 
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 135 

Fig. 1 (a) XRD diffraction pattern (b) FTIR spectra for TiO2 NPs, Co/TiO2 nanocomposite, 136 

Co/TiO2@C nanocomposite, Co/TiO2@C catalytic after MO dye degradation. (c) Raman 137 

spectra of TiO2 NPs, Co/TiO2 nanocomposite and Co/TiO2@C nanocomposite. 138 

   The chemical composition and the surface functional groups of the photocatalysts were 139 

determined by FT-IR and Raman analysis. Figure 1(c&d)) shows the obtained FTIR spectra of 140 

the synthesised materials. All the FTIR spectra showed a vibration band at 3425cm−1 that could 141 

be attributed to the stretching vibration of the O-H group. This peak intensity increases with the 142 

cobalt doping and the treatment with carbon, implying an improvement in the interaction 143 

between water and the photocatalysts. The vibration peak at 1643 cm−1 can be assigned for the 144 

adsorbed water molecules onto the surface of the nanoparticles. The vibration band at around 145 

1396 cm−1 belongs to the C-H bond [23]. The low-frequency broadband located in the range 146 

400–800 cm−1 corresponds to the Ti-O-Ti vibrational mode. Interestingly, an increase of this 147 

band intensity for both Co and C doped TiO2 indicates structure defects. The band shift can also 148 

be attributed to Co-O bonds, following Ti4+ substitution with  Co2+ and Co3+ within the TiO2 149 
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lattice. Therefore, the bonding system found inside the pure anatase TiO2 NPs was affected by 150 

doping with Co or/and carbon (Fig. 1b).  151 

   Figure 1(d) displays the Raman spectra of the TiO2, Co/TiO2 and Co/TiO2@C recorded in the 152 

range 50–3000 cm−1. The peaks at 151, 390, 510 and 627cm−1 could be assigned to Eg, B1g, 153 

A1g, and Eg modes of anatase phase, respectively [19]. After doping with Co, the intensity of 154 

the B1g, A1g, and Eg peaks significantly decreased with some shift. Although these results 155 

suggest that the Co did not completely change the anatase phase, it also implies significant 156 

distortion in the long-order crystallite, consistent with the XRD results. This distortion could 157 

be attributed to the substitution of Ti4+ by Co3+ and the difference between their ionic charges. 158 

Also, Co-doping is associated with generating oxygen vacancies, which strongly influences the 159 

Ti–O vibration. It should be noted here that the peak position shift is limited because of the 160 

nanoscale crystallite size (~25nm), which affects the frequency of shifting due to the phonon 161 

confinement. After sintering with the carbon source, a new peak at ~ 232 appeared in the 162 

spectrum taken for the composite may be attributed to either disorder-induced scattering or a 163 

second-order effect. There is also a clear shift in the A1g peak position and a significant increase 164 

in its intensity. Since the A1g peak was previously linked to the oxygen defects in anatase, the 165 

changes in its position and intensity suggest creating more oxygen vacancies, probably by the 166 

reaction with carbon. The high Raman signal at 689 cm-1 suggests that the Eg modes of anatase 167 

have been phase shifted because of carbon and cobalt doping [24].  Detecting peaks at the 168 

positions of D and G bands (at ~1300 cm−1, 1850 cm-1, respectively) confirms the presence of 169 

carbon despite the calcination with Ti-Co oxides in the air. The peaks intensity ratio ID/IG is 170 

1.33, suggesting the carbon is likely in an amorphous phase [25]. 171 

SEM images of pure TiO2 NPs and TiO2 doped with cobalt nanocomposite after calcination at 172 

500 °C are presented in Figs. S2(a) and S3(a). The SEM images with different magnifications 173 

of Co/TiO2@C nanocomposite after calcination at 500 °C are also presented in Fig 2. The 174 

results confirm the formation of nanoparticles clusters in all samples. Interestingly, Co-Ti oxide 175 

and Co/TiO2 @C nanoparticles cluster to form 2D sheets. In comparison, Fig. S2 shows that 176 

undoped TiO2 nanoparticles tend to cluster in more irregular shapes. The obvious nanosheets 177 
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after the Co and carbon addition suggest preferential growth directions. This is very likely due 178 

to the increase in the density of state in the direction perpendicular to C-axes after Co doping 179 

and partial oxygen removal by carbon. The 2D sheets are lightly linked together, forming a 180 

porous Zig-Zag structure, as can be seen from Fig. 2(a). More details on the morphology of the 181 

prepared materials can be gathered from the TEM images (Figs. S2(b), S3(b), and 2(c)). The 182 

results showed that all the three tested materials are composed of nanoparticles with parallel 183 

facets and an average size of approximately 25 nm. With the addition of Co, the particles start 184 

to sinter together at the edges forming 2D nanosheets. The size of the nanoparticles clusters 185 

increased with the addition of the carbon sources, without obvious growth of the nanoparticles' 186 

size or distortion of their morphology. The presence of cobalt and carbon elements is observed 187 

in the EDX spectra of the single-doped and Co-doped materials. The XRD patterns did not 188 

show any peaks related to Co and C. Therefore, it may be  concluded that Co and carbon ions 189 

are uniformly dispersed among the  anatase crystallites. The elemental composition can be 190 

determined for TiO2 to be 61.9% (Ti) and 38.1% (O) (Fig. S2 (c-f)). While for Co/TiO2 191 

composite can be determined to be 56.1% (Ti), 40.2% (O) and 3.7 % (Co) (Fig. S3(c-f). While 192 

for Co/TiO2@C composite to be 55.4% (Ti), 3.6% (Co), 36.1% (O) and 4.7 % (C) (Fig. 2d). 193 
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 194 

Fig. 2 (a&b) Scanning Electron Microscope (SEM) images with different magnifications, (c) 195 

Transmission electron microscope micrograph (TEM), and (d) energy dispersive X-ray (EDX) 196 

of the synthesised Co/TiO2@C nanocomposite. 197 

   The N2 adsorption−desorption isotherms of TiO2 NPs, cobalt doped TiO2 nanocomposite and 198 

Co/TiO2@C nanocomposite at 77 K are given in Fig. 3(a). All samples isotherms are typical 199 

for type IV isotherms according to the IUPAC classification. The isotherms exhibit hysteresis 200 

at a relative pressure above 0.7, implying the presence of a large number of mesopores [26]. 201 

The isotherm also shows an abrupt rise at low pressure that corresponds to the adsorption at 202 

micropores. Thus, it can be concluded that there is a multilayer range of physisorption isotherms 203 

as a result of hierarchal porous structure with nanochannels between the oxides particles. The 204 

calculated specific surface areas of TiO2, Co/TiO2 and Co-TiO2@C are 54.861 m2g-1, 58.006 205 

m2g-1 and 60.946 m2g-1, respectively. These findings suggest some new pores are introduced to 206 

the structure due to the Co-doping and calcination with carbon. One explanation for the increase 207 

in the specific surface area could be due to the oxygen or COx gases leaving the oxide 208 

structures, which is associated with the formation of oxygen vacancies. Also, the arrangement 209 

of the nanoparticles into 2D nanosheets minimises their aggregation and open more surfaces. 210 
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 211 

Fig. 3 (a) BET isotherms of TiO2, Co/TiO2 and Co/TiO2@C, (b) UV–Visible spectroscopy, 212 

(c) is the energy bandgap of TiO2, Co-doped TiO2, Co/TiO2 @C, (e) EIS plots of of TiO2, 213 

Co/TiO2 and Co/TiO2@C. 214 

    UV–Vis spectroscopy can be used to understand the substitution effect of dopant on host 215 

lattice and its coordination chemistry. The UV-Vis spectra of pure TiO2 and Co-doped TiO2 are 216 

shown in (Fig. 3b). Anatase has an absorption peak that occurs at 363 nm corresponds to the 217 

intrinsic band–band transition. After doping with Co, the adsorption peak shifted to 495, and 218 

one extra peak appeared in the visible region at 582 nm. The peak at lower wavelength was 219 

previously attributed to the 6A1g(S) to 4A1g(G), 4Eg(G), and A1g(S) to 4T2g(G) transition, while 220 

the peak at 582 nm is for the 6A1g(S) to 4T1g(G) transition of Co2+ in octahedral coordination 221 

[27]. In the case of TiO2, each Ti4+ is coordinated with six oxygen atoms. When Co2+ substitutes 222 

Ti4+, the electrons in the d-orbital of Co2+ will undergo repulsion, which results in the splitting 223 

of d-orbitals of Co2+, further confirming Co2+ is inside the lattice. To determine the energy 224 

bandgap, the linear portion of the Tauc's plot is fitted and extrapolated for zero absorbance, i.e., 225 

F[R] = 0. The energy bandgap of the prepared pure TiO2 is 3.2 eV, which decreased to 1.93 eV 226 
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after doping with Co. After sintering the sample with carbon, the bandgap reduced significantly 227 

to 1.6 eV, which could be ascribed to the defect structure (oxygen vacancies) in the titania that 228 

introduces additional energy levels in the forbidden zone (Fig. 3c). The origin of such energy 229 

levels might be the change in the local distribution around Ti4+ or partial conversion of Ti4+ to 230 

Ti3+ and the creation of oxygen vacant sites. Several other groups also observed the bandgap 231 

narrowing after doping TiO2 with Coch groups. However, the bandgap narrowing is more 232 

pronounced in the current work correctly because of the lower particles size and the synergy 233 

between the Co substitution and the oxygen vacancies induced by the controlled carbothermal 234 

reaction. 235 

   Electrochemical impedance spectroscopy (EIS) was implemented to reflect the interfacial 236 

transfer efficiency of the TiO2, Co/TiO2 and Co/TiO2@C samples. As Fig. 3d shows, the 237 

Co/TiO2@c composite has a smaller radius in the Nyquist plots than oxides without carbon 238 

source addition. These results indicate that the induced oxygen vacancies after the carbothermal 239 

reduction enhance the separation efficiency of the photogenerated charges and facilitate the 240 

interfacial charge transfer [28-31]. As shown in Fig. S4, XPS was performed on Co/TiO2@C 241 

at room temperature to further assess the likelihood of Ti and Co's secondary phases, oxygen 242 

deficit, and oxidation states in the near-surface area. The survey peaks (Fig. S4a) are assigned 243 

to Ti2p, Co2p, O1s, and C1s elements. Figures S4b, and S4c show the oxidation states of Ti2p 244 

and Co2p, which showed the existence of titanium in Ti+4, Ti+3, and Ti+2, as well as cobalt in 245 

Co+3 and Co+2. Figure S4d, and S4e also display O1s and C1s, confirming induce oxygen 246 

vacancies. 247 
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 248 

Fig. 4 Possible mechanism of photocatalytic degradation of MO by Co/TiO2@C. 249 

3.2 Photocatalytic activity of synthesised catalysts 250 

   We then investigated the role of cobalt doping and the induced vacancies in improving the 251 

photocatalytic activities of TiO2. The photocatalytic activity of Co/TiO2@C was evaluated 252 

through the degradation of MO under UV light irradiation. UV–visible spectra were used to 253 

monitor the change in MO concentrations at λmax = 482 nm (Fig. 4) after the treatment. After 254 

adding 10 mg of the photocatalysts, a sharp reduction in the MO concentration/decolourisation 255 

can be observed after a few minutes of light irradiation. The decrease in peak intensity at  λmax 256 

= 482 nm can be attributed to the N=N bond of the MO as a result of the catalytic 257 

photodegradation (Fig. 4). Figure 5a shows the peaks intensity decreased in the order: 258 

Co/TiO2@C ˂˂ Co/TiO2 ˂ TiO2. Since lower intensities is associated with higher e− and h+ 259 

separation efficiency, the results indicate an increase in the photocatalytic activity with Co-260 

doping and the partial carbothermal reduction. The peak position did not show obvious shifts 261 

indicating the photodegradation proceeds without the generation of toxic intermediates. It 262 

should also note that the controlled experiment where Co/TiO2@C was added without light 263 

irradiation (i.e. dark) showed no significant change in the MO concentration within the 264 

timeframe of the experiments (Fig. 5a). Also, the preliminary control experiments conducted in 265 

the absence of catalyst showed that less than 1.0 % of MO was degraded after 1 h UV 266 
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irradiation, indicating that MO has a good photo-stability under light irradiation. Therefore, it 267 

can be concluded that a great portion of MO has been removed by photocatalytic degradation 268 

rather than physiochemical adsorption on the surface of the nanostructured hybrid.  269 

The pH is a crucial factor for photocatalytic degradation processes because the pH of the 270 

solution influences the catalyst surface charge. To clarify the effect of pH on the degradation 271 

rate, we measured zeta potentials of the synthesised photocatalysts at different pH values. Fig. 272 

5(b) shows that the point of zero charge (pzc) of TiO2, Co/TiO2, and Co/TiO2@C are at pH 6.5, 273 

6.7, and 7.1, respectively. The minor shifts in the pzc to higher pH values, relative to the pzc of 274 

undoped TiO2 (pH 6.5), confirm the success of Co doping and the induced defects by the 275 

carbothermal treatments. These results agree with the FTIR spectra in Fig. 1(c), as the increase 276 

in absorption of the O-H group at 3425 cm−1 confirms the pHpzc results. When the pH value of 277 

the solutions is less than the pHPZC value of the catalyst, the surface of the synthesised 278 

photocatalyst becomes positive, and on the contrary, when the pH value of the solution is 279 

greater than the pHPZC value, the surface becomes negative [32]. 280 

   Figure 5(c) shows the effect of pH, in the range from 2 to 9, with a fixed weight of each 281 

photocatalyst (10 mg) and 10 mL solution volume of 100 mg/L MO at 25 °C under the influence 282 

of light. As shown in Fig. 6c, the degradation takes place over wide pH values (2-9). There is a 283 

minor difference in the degradation efficiency from acidic to basic medium for all the tested 284 

materials. The maximum degradation efficiency was achieved in acidic media at pH ≤ 4, which 285 

is understandable considering the high concentration of H+ adsorbed on the surface of the 286 

photocatalyst, making the surface positively charged. These positively charged surfaces 287 

facilitate the migration of light-generated e-, which could interact with adsorbed O2 to produce 288 

•O2
− (e− +O2 → •O2

−) [4]. Also, the positively charged surfaces could suppress the recombination 289 

of e- and h+, creating more OH• through the reaction between h+ and water. Both radical ions 290 

•O2
− and OH• could be responsible for the increased MO degradation as strong oxidants. 291 

Moreover, the MO molecule exists in the quinoid form in acidic media at pH ≤ 4 [33]. Similarly, 292 

in an alkaline medium, the negatively charged surfaces are suitable for the migration of the h+ 293 

to TiO2 surface and the production of OH• [34]. This also facilitates MO degradation due to the 294 
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electrostatic attraction between the positively charged catalyst surfaces and MO anions [35]. 295 

When excited by light, TiO2 generates e- from the valence band (VB) to the conduction band 296 

(CB) and the retention of h+ on the VB. Simultaneously, Co was easily photo-excited because 297 

light absorption was enhanced, particularly in the visible range, when photo-induced electrons 298 

were injected into the (CB) of TiO2. The e- could react with O2 to produce O2.
-, while OH- was 299 

created as a result of the action of H2O. Furthermore, H2O might capture h+, resulting in OH-. 300 

As a result, h+, •O2
−, and OH- might co-exist as active species and interact with the MO dye 301 

molecule, producing CO2 as the reaction product. Similar findings have been reported in the 302 

literature [36]. The N-C bond in the dimethylamino [-N-(CH3)2] group breaks, and the methyl 303 

groups are replaced by protons [37]. Also, the photocatalytic reaction breaks the N=N bond and 304 

creates a number of intermediates. Reactive oxygen species might assault these intermediates, 305 

resulting in the formation of inorganic chemicals[38].  306 

 307 

Fig. 5 (a) absorption spectra during the degradation process of MO dye: (i) MO dye (blank), 308 

(ii) MO after UV irradiation, (iii) MO degradation using TiO2 in dark, (iv) MO degradation 309 
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using TiO2 using UV irradiation, (v) MO degradation using Co/TiO2 and (vi) MO using 310 

Co/TiO2@C. (b) Zeta potential of TiO2, Co/TiO2, and Co/TiO2@C catalysts in 0.01 M KCl as 311 

a function of pH. (c) The effect of pH on the degradation of MO using the synthesised TiO2, 312 

Co/TiO2, and Co/TiO2@C photocatalysts at the optimal experimental condition. 313 

The photocatalytic activities of various photocatalysts were studied against the contact time. As 314 

can be seen from (Fig. 6a), within the first 15 min, the amount of MO decreased by 10.1, 15.3, 315 

and 46.45% when TiO2 and Co/TiO2, and Co/TiO2@C were used as photocatalysts, 316 

respectively. By increasing the contact time to 60 min, Co/TiO2@C achieved the best efficiency 317 

of 96.2 % removal. The undoped TiO2 and mono-doped Co/TiO2 were 42.1 and 60.2%, 318 

respectively. To shade more light on the kinetic of the photodegradation process, the 319 

concentration ratio C/Co, where Co is the concentration measured at the start of light irradiation, 320 

is plotted against the contact time t in Fig. 6(b). The removal data of MO dye using TiO2, 321 

Co/TiO2, and Co/TiO2@C is applied to the pseudo-first-order model, and the values of R2 is 322 

calculated to be ˃ 0.98, suggesting the photodegradation process was well-fitted with the 323 

pseudo-first-order kinetic model (eq. 1):   324 

𝑙𝑛⁡(𝐶/𝐶𝑜⁡) = −𝐾𝑡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(1) 325 

where Co is the initial concentration, C is the concentration after the exposure to light at time t, 326 

and K is the rate constant. From the linear relationship between ln(C/Co) and t, a straight line 327 

has been obtained with a slope that can be used to calculate the values of K (Fig. 6b). At pH 4 328 

the Co/TiO2@C has the highest apparent reaction rate constant of 5.45x 10-2 min-1, which is 329 

∼three times that of the mono-doped Co/TiO2, further proving the enhancement of the 330 

degradation with the induced defects in the binary oxide (Table S1). 331 

   The effect of the initial MO concentrations on the photocatalytic behaviour of Co/TiO2@C is 332 

a key factor in evaluating the MO degradation efficiency. The impact of the initial concentration 333 

on the MO removal using Co/TiO2@C was studied at the optimal operating conditions (i.e., pH 334 

4, contact time 60 min at 25oC). The results (Fig. 6c) indicate the MO removal efficiency and 335 

rate decrease with increasing the initial concentration, with the ability to remove almost all the 336 
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MO from the solution at concentrations less than or equal to 100 mg/l. These are not surprising 337 

results considering the fixed loading of the photocatalysts. The photocatalyst surfaces are 338 

probably crowded by the adsorbed substances and the reaction products, hindering the MO 339 

diffusion and slowing down further removal. Interestingly, the degradation efficiency is higher 340 

at any concentration when Co/TiO2@C is the catalyst. This is because the enhanced 341 

conductivity of the composite by the induced oxygen vacancies effectively enhances the 342 

reaction kinetics on the catalyst surface, leading to a fast product removal. The maximum 343 

efficiency obtained for MO degradation in this study is found to be superior when compared to 344 

the relevant literature and studies, as shown in Table S2. 345 

   It is important to recover the catalysts and use them several times with reasonable efficiency 346 

for practical application. Co/TiO2@C photocatalyst's durability and reusability were studied 347 

after several repeating cycles. Between the cycles, the catalysts were recovered by light washing 348 

in dilute nitric acid solution. In Fig. 6(d), after 5 removal cycles, the efficiency of the 349 

Co/TiO2@C photocatalyst reduced to only 96.2 % of the value of the fresh materials, indicating 350 

the reusability of the designed catalyst. The slight reduction in the performance after repeated 351 

cycles is believed to be due to the loss in adsorption sites as a result of the difficulties in 352 

eliminating degradation by-products from Co/TiO2@C photocatalyst surfaces such as sulphur-353 

containing materials. The experimental results demonstrated that the catalyst Co/TiO2@C could 354 

be used in the MO degradation process with little efficiency loss and high durability.  355 
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 356 

Fig. 6 (a) Removal efficiency of the synthesized photocatalysts, (b) pseudo-first-order of photo-357 

degradation MO using  TiO2, Co/TiO2 and Co/TiO2@C photo-catalysts at different pH values. 358 

(c) Degradation efficiency (%) of Co/TiO2@C photo-catalyst as a function of initial 359 

concentration at pH 4.  (d) Reusability studies of Co/TiO2@C photo-catalyst.  360 

4- Conclusion 361 

   The Co-doped TiO2 with induced oxygen vacancies photocatalysts was successfully 362 

synthesised via the simple hydrothermal method and used for the degradation of MO dye. The 363 

formation and crystallinity of synthesised catalytic composites were confirmed. Because of the 364 

large surface area and small band gab energy, as well as the facile electron transfer, Co/TiO2@C 365 

demonstrated excellent catalytic performance with the ability to remove 96.2 %. In comparison, 366 

the Co-doped  TiO2 (without oxygen vacancies) and pure TiO2 were able to remove only 60.2 367 

% and 42.1 % of the dye, respectively. The catalytic degradation process was found to be 368 

compatible with the pseudo-first-order model, implying that MO might be degraded more 369 

readily. Furthermore, the produced catalyst demonstrated outstanding recycling capability for 370 
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up to five times usage. As a result, Co/TiO2@C composites promise to remove organic 371 

contaminants from wastewater, benefiting both water remediation and waste management. 372 
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