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Abstract: This study presents a straightforward electrochemical and plasma deposition method for producing 

Cobalt-doped Blue-TiO2 nanotubes with enhanced catalytic properties. After a titanium plate has been 

anodized, specific procedures are carried out that cause oxygen vacancies to form inside the TiO2 

nanostructures. The obtained catalysts were subjected to electrochemical tests (to identify charge transfer 

resistance and flat band potential), optical analysis (to determine the band gap and Urbach energy) and also 

characterized in terms of morphology, wettability and antibacterial effect in order to understand and analyze 

the impact of the Co doping method on the final catalyst characteristics. A hydrophilic film with star-shaped 

structures and with antibacterial effect was created when cobalt was electrochemically doped to Blue-TiO2 

nanotubes. By using this electrochemical doping technique, the Urbach energy was raised from 1.171 to 3.836 

eV while the band gap energy was decreased from 3.04 to 2.88 eV. Additionally, photodegradation experiments 

using artificial doxycycline (DOX) water were conducted to determine the practical relevance of the research 

findings. In areas like antimicrobial applications and photodegradation of DOX, these extra experiments aimed 

to show the practical applicability and potential advantages of the research findings. 

Keywords: nanostructures; blue-TiO2 nanotubes; antimicrobial; antibiotics; photocatalytic 

 

1. Introduction 

Worldwide is observed an increased vitamin, immune boosters, combination medications, or 

cocktails of antivirals, antibiotics, steroids, and antifungals antibiotics consumption but among of 

these, antibiotics are a major source of concern[1, 2]. Many organisms such as Salmonella, 

Pseudomonas Aeruginosa have developed resistance to tetracyclines (TCs) [3, 4], the second most 

widely used class of antibiotics in human and veterinary treatment because tetracycline is effectively 

eliminated in the urine by glomerular filtration. Doxycycline (DOX) is a semi-synthetic tetracycline 

antibiotic that has a prolonged effect and is effective against a wide range of bacteria [5, 6]. As 

literature reported [7-9], doxycycline has a significant role in the COVID-19 therapy also. 

Salmonella, a bacterium often linked to foodborne illnesses, can also be present in water and 

wastewater if contaminated with fecal matter. It is crucial to treat residual water to eliminate 

pathogens [10, 11]. It's worth noting that although Salmonella can survive in water for a period, 

particularly in warmer temperatures, it typically requires a nutrient source for multiplication [12, 13]. 

Pseudomonas aeruginosa, a common bacterium found in water and soil [14], can pose significant 

concerns in residual waters or wastewater. It is known for its ability to survive in various 

environmental conditions and persist in water for extended periods [15-17]. Treating residual waters 

to eliminate Pseudomonas aeruginosa is difficult due to its resistance to many disinfection methods, 

including some antibiotics[18, 19]. Hence, it is imperative to develop technologies for the removal of 

organic compounds and bacteria from water. 

Therefore, the emergence of water contamination elevated the importance of electrochemical 

technologies that involve chemical, physical, or biological stages. An example is represented by water 

depollution through procedures involving photocatalysis based on TiO2 nanostructures. Titanium 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 July 2023                   doi:10.20944/preprints202307.0653.v1

©  2023 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202307.0653.v1
http://creativecommons.org/licenses/by/4.0/


 2 

 

dioxide (TiO2) a nontoxic material, due to its great chemical stability, high resistance to photo 

corrosion, and inexpensive cost, has been one of the most investigated materials in the past few years 

[20, 21]. TiO2 photocatalysts most efficient and stable can be developed out of nanomaterials with 

morphologies ranging from 0D to 3D and among all these forms, TiO2 nanotubes (NT) are a part of 

1D titanium nanostructures and are remarkable nanostructured photocatalysts, in large part due to 

their exceptional electron transport capabilities [22]. While nanostructured TiO2 possesses 

remarkable properties, it is not without its limitations. As a semiconductor, it exhibits a forbidden 

band in the energy bands where electronic transitions take place [23]. This band gap restricts TiO2 to 

respond only to UV light irradiation. The key challenge in TiO2 studies lies in progressively reducing 

the energy of the forbidden band to enable irradiation with visible light from the solar spectrum.  

Numerous research have been undertaken to improve the photocatalytic activity of TiO2 by doping 

with a transition metal oxide such as Fe, Zn, Cu, Ni, Co and V [24]. Doping TiO2 with these metals 

effectively reduces the band gap for photo-excitation (red shift) while also lowering the 

recombination rate of photogenerated electron-hole pairs [24]. Despite the extensive exploration of 

various dopants, a significant focus has been placed on investigating Co-doped TiO2 thin films. These 

films have attracted considerable attention due to their ability to display ferromagnetic behavior 

under typical room temperature conditions. This characteristic makes them highly suitable for many 

applications. Additionally, Co-doped TiO2 thin films also show promise in enhancing their 

photocatalytic properties within the visible region, opening up possibilities for efficient light-driven 

chemical reactions [25, 26]. In this study, we introduce a new photo-electro-catalyst designed for the 

TCs degradation from wastewater. Specifically, we present the utilization of blue TiO2 nanotubes (BT) 

doped with Cobalt ions as a novel electrocatalyst. The fabrication process involves the creation of 

anatase TiO2 nanotube arrays followed by cathodic polarization [27], which are then subjected to 

metal doping through either electrochemical techniques or plasma treatment. The resulting material 

exhibits remarkable characteristics, including stable and irreversible electrochromism as well as high 

conductivity.  

This study aims to emphasize the dual functionality of the photocatalyst obtained in our research. 

The photocatalyst possesses the unique ability to serve a dual purpose: firstly, it can effectively 

eliminate pathogenic bacteria present in water, contributing to water purification efforts. Secondly, 

it exhibits photo-electro-catalytic properties, enabling the efficient degradation and removal of 

organic compounds from water. By showcasing the photocatalyst's versatile capabilities, this research 

highlights its potential in addressing both bacterial contamination and organic pollution in water 

sources. 

2. Experimental 

2.1. Doped catalysts preparation 

2.2.1. Blue TiO2 nanotubes electrochemically obtained on Titanium plate. 

Blue titanium dioxide nanotubes (BT) were produced by anodizing recycled Titanium plates 

taken from aerospace industry (considered waste products from the production line) at 40 V for 2 

hours in a two-electrode cell. The precursor electrolyte is composed of ethylene glycol (EG) (Sigma 

Aldrich), 10% (vol.) of water, and 0.3% (vol.) of ammonium fluoride (NH4F) (Sigma Aldrich) (Solution 

1). After anodization, the sample was submerged to calcination in an oven at 450o C for 2 h. After this 

step, the sample is activated and more stabilized in the same anodization precursor solution for 10 

minutes at 4 V. As a final step, reduction is made in an EG solution which contains also H2O2 for 4 

minutes at -40 V. 

2.2.1. Cobalt doping of the blue TiO2 nanotubes 

To highlight the most efficient Cobalt (Co) doping method of BT previous obtained on titanium 

electrodes, two doping methods were applied: electrochemical technique and plasma treatment.  
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The pulsed chronoamperometry method was used for the electrochemical Co doping technique 

(see Figure 1), which involved immersing a BT plate into a specific Co solution and applying a 

potential domain (vs. Ag/AgCl) for 200 cycles, at room temperature, using a potentiostat/galvanostat 

from the Metrohm Autolab (PGSTAT 302N) system. The electrochemical Co doping / blue TiO2 

nanotubes (BT/Co-E) photocatalyst was obtained.   

 

Figure 1. Pulsed chronoamperometry scheme used for Co electrodeposition on BT electrode. 

were: 

- E1 is -1.5 V, t1 = 2 s, initiation of cobalt nucleation takes place. 

- E2 is open circuit potential, and t2 = 5 s. 

- E3 is -0.95 V, t3 = 5 s, cobalt deposition takes place 

Co solution was obtained according with literature[28]. A molecular ratio of       Co (NO3)2: 

HNO3 = 1:1 was used to obtain an aqueous solution of Co (NO3)2.  

The plasma Co doping / blue TiO2 nanotubes (BT/Co-P) sample was obtained by deposited 

Cobalt using plasma magnetron sputtering method onto BT plate support. We used a magnetron 

plasma source, with 1 inch Co target (99,9% from Kurt Lesker Company) and RF power supply 

generator to generate plasma. Details about experimental plasma set-up descriptions are presented 

in our previously report [29]. In the present work we use the following parameters: RF power supply 

of 100 W, a basic pressure at about 4×10-5 mbar (without gases) and a working pressure 5×10-4 mbar 

for 100 sccm of Ar. The deposition time of Co was 30 seconds.  

For an easy understanding of the work stages, the steps involved are shown in next figure:  

,  

Figure 2. A description of the steps taken to create a photocatalyst with improved properties. 
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2.1. Catalysts characterization and applicability 

To study the morphological characteristics of obtained catalysts, SEM and EDX were performed 

using Scanning Electron Microscope including Oxford EDX detector-analyser. 

Optical characteristics were performed using Perkin Elmer Lambda 650-850-950 UV-Vis 

spectrophotometer.  

Wettability. The sessile drop method was used along with an optical contact angle meter (Contact 

Angle Meter – KSV Instruments CAM 100) fitted with a camera to determine the contact angles of 

distilled water solvent onto samples. 

Electrochemical methods as by Electrochemical Impedance Spectroscopy (EIS) and Mott Schottky 

were performed to investigate the interfacial charge-separation efficiencies of prepared 

photocatalysts, using potentiostat/galvanostat from the Metrohm Autolab (PGSTAT 302N) system.  

Antibacterial behaviour. The effectiveness of the materials' antibacterial properties was measured 

against two different harmful microbial strains Salmonella typhimurium - ATCC 14028 and 

Pseudomonas aeruginosa - ATCC 15442. Luria Bertani Agar (LBA) plates were used for bacterial 

culture [30]. The LBA compositions are peptone (Merck), 10 g/L; yeast extract (Biolife) 5 g/L, NaCl 

(Sigma-Aldrich) 5 g/L and agar (Fluka) 20 g/L. The stock of bacterial culture was kept at 4 °C. 

Percentage of growth inhibition (I%) was used to assess antibacterial efficacy. 𝐼% = [ሺ𝐵ଵ଼ − 𝐵଴ሻ − ሺ𝐶ଵ଼ − 𝐶଴ሻ]/ሺ𝐵ଵ଼ − 𝐵଴ሻ × 100  (1) 

where “I” is the rate of growth inhibition, B18 - blank - compensated optical density (OD) at 600 

nm, B0 - blank-compensated OD600 of the positive control organism at 0 h, C18 - negative control-

compensated OD600 of the organism in the presence of test sample at 18 h, and C0 - negative control-

compensated OD600 of the organism in the presence of test sample at 0 h. 

Sterilized samples were incubated in a Laboshake Gerhardt shaker for 18 hours at 37 °C and 250 

rpm in 10 mL of Luria-Bertani broth (the sterile medium was inoculated with 1% bacteria). To 

determine bacterial proliferation, the optical density of the samples and the control (bacteria culture 

without sample) was measured at 600 nm using a UV-VIS spectrophotometer (Jenway 

Spectrophotometer). 

Photodegradation applicability. DOX (hydrochloride salt, MW = 480.9 g mol−1) was purchased from 

DELOS Medica. As found in literature [31], the antibiotic changes into different species based on the 

pH. These species are DXCH3+ at pH 9, DXCH2± at pH 6, DXCH−. Moreover, 70% of the molecule at 

pH 3 is DXCH3+, 98% of the molecule at pH 6 is DXCH2±, and 75% of the molecule at pH 9 is DXCH- 

[31]. 

DOX photodegradation was carried out in a quartz cell enclosed in a faradaic cage where outside 

light could not penetrate. Mercury vapor lamps fitted with filters from 200-600 nm wavelengths were 

utilized as illumination, illuminating the sample from one side of the reaction cell at around 5 cm. A 

D Lab MS-PA magnetic stirrer was used to control the stirring of the fluid. With NaOH and/or HCl 

solutions, the solution's pH was adjusted to the desired value. Prior to irradiation, 10 mL of a known 

concentration DOX solution was added in the cell, and the stirring was turned on. Before being 

exposed to light, the photocatalyst electrodes were immersed in DOX solution for 30 minutes to 

achieve optimal DOX adsorption at the solid's surface. A fixed volume of solution was exposed to 

light for various periods. 

All the characterizations and tests were run in triplicate for maximum reproducibility. 

3. Results  

3.1. Characterization of the synthesized electrodes 

Physicochemical characterisation of BT, BT/Co-E and BT-Co-P electrodes by SEM, EDX and 

wettability 

In Figure 3b) after anodized process the TiO2 electrode is observed white, but turns into a black 

colour for 5 seconds after annealing at 450o C and after cathodic polarization it is stabilized to a blue 

colour (obtained stable BT electrode) caused by electrochromism [32]. In fact, the electrochromic 
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effect is caused by the change from Ti4+ to Ti3+ and the intercalation of protons. The network structure 

of BT film was well organized, and a thickening of the tubular walls is observed with the outer 

diameter of the nanotubes of 100 nm approximately (see Figure 3a). Through reduction, the concept 

of self-doping was developed. 

 

Figure 3. SEM images recorded at various magnifications for (a) BT; (c) BT/Co-E; (e) BT/Co-P. (b) 

Digital photos of BT surface after anodization, annealing and reduction. EDX spectra for (d) BT/Co-E 

and (f) BT/Co-P. 

Following the metal doping, SEM images (Figures 3c and 3e, respectively) were captured at 

different magnifications to examine various structures. The presence of cobalt is highlighted by the 

formation of star-shaped nanostructures electrochemically doped with cobalt (BT/Co-E), according 

to Figure 3c). Co was electrochemically deposited onto the BT surface and completely doped it. The 

results of the EDX test, which show that there is approximately 34.81% cobalt in the BT nanostructure, 

also support the presence of cobalt there. 

Furthermore, metal doping was accomplished using plasma technique. As a result, the SEM 

images for the BT/Co-P sample are displayed below (Figure 3e)). In contrast to the previously 

discussed sample (BT/Co-E), there is no apparition of the formation of Co star-shaped structures. 

There is no observable morphological change also from the BT substrate after Co doping in the 

plasma has been accomplished (see Figure 3a, and 3e). Also, EDX results for the BT/Co-P sample 

showed a small amount of cobalt (Figure 3f)) of about 0.03%.  
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Contact angle analysis was used to investigate the wettability property of the samples. The 

outcomes are shown in Table 1 and it can be observed that BT/Co-E had a minimal contact angle. As 

the data show, Co doping was shown to be more effective at decreasing the contact angle. The 

hydrophilicity of these photocatalysts was confirmed by reducing the contact angle of surfaces with 

Co-doped Blue TiO2 compared to BT, which is an important metric for antibacterial behaviour. The 

higher the antibacterial action, the lower the contact angle [26]. 

Table 1. Contact angle measurements. 

Sample Contact angle (o)  

Water solvent 

BT 30   ± 0.13 

BT/Co-P 10   ± 0.04 

BT/Co-E 6    ± 0.05 

Optical parameters - Band gap energy and Urbach energy. 

As literature reported, TiO2's high band gap (approximately 3.2 eV in the anatase phase) limits 

its absorption to the solar spectrum's ultraviolet rays, making titania powders unsuitable for use as a 

visible light absorber [33]. 

As a result, the goal is to reduce the band gap, which in this case is reduced from 3.04 eV for BT 

to 2.88 eV and 3 eV for BT films doped with cobalt via electrochemical and plasma methods, 

respectively. TiO2's band gap was calculated by Tauc plot representing αhν vs energy [34], were Eg is 

the band-gap energy, hν is the energy of the incident photon and α is the absorption coefficient [35]. 

The introduction of some localized defect states into the band gap of Blue TiO2 by cobalt doping 

process is what causes the reduction of band gap in case of doped BT catalysts. 

The Urbach tail, with an associated Urbach energy, is responsible for the absorption tail 

produced by these localized defect states, that extends far into the forbidden gap [36]. The Urbach 

energy was calculated from the absorption spectrum using the formulas below [37]: 𝛼 = 𝛼଴.𝑒𝑥𝑝 ቀ௛஥ாೠቁ and 𝐸௨ = ቀௗ[ఈ௛஥]ௗ[௛஥] ቁିଵ
  (2) 

here α0 is a constant and Eu is the Urbach energy.  

The Urbach energy was calculated as Eu = 1/Slope, which is the inverse of the linear region 

beneath the band gap slope, from the graph ln(α) = f (photon energy) (Figure 4b). It is evident from 

the above properties of the developed BT nanostructures electrochemically doped with Cobalt 

exhibits the performance features required for further photocatalysis applications. As shown in 

Figure 4b, the Urbach energy increased from 1.171 eV to 3.836 eV, indicating that the BT/Co-E 

electrode has more structural defects than BT. According to the EDX results (Figure 3d), a higher 

concentration of Co was doped using an electrochemical method, increasing absorption at longer 

wavelengths, and reducing bandgap. 

 

Figure 4. (a) Represented band-gap energy found from Tauc plot; and (b) ln(α) versus photon energy 

plots for Urbach energy determination. 
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Antibacterial tests 

In continuous, as-prepared Co-doped TiO2 nanostructures were tested for their antibacterial 

activity against Salmonella and Pseudomonas aeruginosa. Previous reported literature studies found 

antibacterial action on TiO2 nanotubes, but it was certainly unsatisfactory for use as an antibacterial 

surface when compared to other studied modified surfaces [38].  

The developed photocatalysts' antibacterial activity were displayed in Figure 5. The outcomes 

of the antibacterial tests indicate that Co-doped TiO2 blue nanotubes are highly effective against both 

Gram-negative and Gram-positive bacteria compared to undoped BT. According to the EDX results, 

the concentration of Co in the doped samples seems to have not an visible effect on the antibacterial 

activity. Even so, BT/Co-E has the most effective antibacterial action. 

 

Figure 5. Antibacterial efficiency charts of the obtained samples against Salmonella typhimurium and 

Pseudomonas aeruginosa. 

Electrochemical features of the developed electrodes 

Electrochemical impedance spectroscopy (EIS) and Mott Schottky (MS) were used to estimate 

the charge transfer and recombination process at the electrode/electrolyte interface. The EIS 

measurements for BT, BT/Co-E, and BT/Co-P are done at free potential in 0.9% NaCl solution and in 

the frequency domain between 0.01 and 10,000 Hz with an amplitude of ± 10 mV. The Nyquist plots 

for these measurements are shown in Figure 6(a). A Randles equivalent circuit, depicted in the inset 

of Figure 6a, was proposed to understand electrode behaviour by associating the arc radius with the 

charge transfer resistance (Rct) at the obtained catalyst / NaCl solution interface, which is in parallel 

with a constant phase element (CPE). Rct values for BT, BT/Co-E and BT/Co-P were determinate as 

370 kΩ, 76 kΩ and 143 kΩ respectively. The BT/Co-E film with the lowest Rct value has the highest 

interfacial charge transfer efficiency and the slowest recombination rate, which is an important factor 

to consider in catalytic degradation applicability. 

 

Figure 6. (a) Nyquist plots and (b) MS plots. 
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The impedance data was analysed using the Mott-Schottky equation (3), which is defined as 

follows: ଵ஼మ = ൬ ଶ௤ఌఌబಿವ൰ ቀ𝐸 − 𝐸௙௕ − ௞௤் ቁ  (3) 

where C is capacity of the space charge layer, q – elementary charge, ε0 - vacuum permittivity, ε - 

dielectric constant, ND –concentration of donors, E – applied external bias, Efb – flat band potential, k 

– Boltzmann’s constant, T- absolute temperature. 

The slope of the Mott-Schottky plot reveals the doping level (ND), and the flat band potential (Efb) 

is calculated by extrapolating to 1/C2 = 0, which depends on the recombination rate and interfacial 

charge transfer [34].  

In contrast to normal TiO2, which has a positive slope [39], all Mott-Schottky plots for doped and 

undoped blue TiO2 have a negative slope. This is because the TiO2 conductivity is changed from n-

type to p-type due to the application of reduction and Co-doping procedures, resulting in greater 

charge mobility [40]. 

The calculated Efb for BT is -1.07 V and -1.03 V for BT/Co-P, which are close values due to a small 

amount of Co doped by the plasma method, according to the EXD results (Figure 3f). In the case of 

BT/Co-E obtained through electrochemical doping of BT with Cobalt, Efb is shifted to a more negative 

potential of -1.19 V, due to more localized defect states associated with higer Urbach energy. As a 

result, the electrochemical doping method improves the photocatalytic abilities of the BT/Co-E 

surface, implying a slower recombination rate, which is in accordance with the decrease in charge 

transfer resistance determined by EIS [41]. 

The flat band potential values obtained from Mott-Schottky plots are commonly regarded as the 

conduction band potential (CB) for semiconductors [39]. 

Correlating with the variations in Urbach energy (Figure 4b) is a change in the doping level (ND) 

of BT, BT/Co-E, and BT/Co-P from 1.32×1021 cm3 to 1.23×1022 cm3 and 2.77×1021 cm3. After 

electrochemical doping with a greater quantity of Cobalt (according to EDX results from Figure 3d), 

the flat band potential of BT shifts to more negative values. This suggests that the BT/Co-E film has 

better photocatalytic properties and a higher doping level, because of improved charge transfer 

efficiency in bulk and at the electrode / electrolyte interface [40]. 

Finally, the BT/Co-E catalyst obtained through electrochemical Co doping of BT has the highest 

interfacial charge transfer efficiency and the slowest recombination rate, as well as better p-type 

conductivity than the BT/Co-P catalyst obtained through plasma doping. These properties are due to 

the presence of more localized defect states caused by a higher amount of Cobalt star-shaped 

nanostructures electrochemically doped onto BT, which increases absorption at longer wavelengths 

and decreases bandgap while also improving wettability and increasing antibacterial effect. 

Figure 7 depicts the schematic energy-level diagram for the investigated catalysts based on the 

MS Efb results (Figure 6b) and UV-VIS Eg data (Figure 4a).  
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Figure 7. Schematic energy–level diagram of the BT, BT/Co-P and BT/Co-E photoelectrodes. 

The measured CB and Eg were used to calculate the valence band (VB) energies.  

The BT/Co-P catalyst has the same VB value (1.97 eV) as BT, indicating that plasma doping does 

not significantly change the catalytic properties of BT, as previously shown by surface and 

electrochemical data. The BT film electrochemically doped with Co, on the other hand, has the 

narrowest bandgap energy of all the catalysts studied and VB is reduced by 0.62 eV, indicating that 

Co has been doped in an adequate amount and that the structure, optical, and electrochemical 

characteristics have been enhanced. This makes the BT/Co-E catalyst the best candidate among all 

investigated catalysts for using in DOX photodegradation. 

3.2. Applicability of the BT/Co-E catalyst 

Influence of pH on the photocatalytic degradation of DOX. Figure 8 displays the variations in UV-Vis 

spectra of a DOX solution throughout a standard photodegradation experiment carried out at 

diferrent pH values, 2.5, 5.5 respectively 9.5. In presence of BT/Co-E catalyst, the DOX solution shows 

a spectrum with two maxima observed at 271 nm and 375 nm [31]. Depending on the chosen pH, the 

DOX solution shows different colors. At an acidic pH no coloration of the solution is observed, at a 

pH of 5.5 the solution becomes slightly yellow and at a pH of 9.5 the solution becomes slightly pink, 

as it was observed also in other studies from literature [31]. 

 

Figure 8. Evolution of UV-Vis Spectra in the DOX solution during varied reaction times in pH-

controlled photodegradation experiments. 

It is significant to note that even after many hours of exposure, the absorbance at any wavelength 

never stabilizes, indicating that complete photo-degradation was not accomplished. Under the 

conditions of our experiment, the findings indicate that the photodegradation of DOX is quite distant 

from reaching equilibrium. Furthermore, these findings reveal that photodegradation and the 

mechanism are very pH dependent. Better results when exposing the catalyst to light are observed at 

a pH of 6.5, so compared to the other degradations at the other pHs, the absorption reduces 

significantly.  
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Photo-electro-catalytic application. Going forward with our studies, it may be deduced from the 

pH influence graphs that the best outcomes are obtained at a pH of 6.5. As a result, for further testing, 

a 6 mol/L DOX solution with a pH of 6.5 will be utilized. Both photodegradation and 

photoelectrodegradation tests were conducted in order to create a dual system in which DOX 

degradation from water occurs. An efficient and cost-effective system is characterized by the synergic 

combination between light and a photocatalyst to generate reactive oxygen species (ROS). These 

reactive oxygen species are responsible for breaking down the organic compound.  

The efficiency of photodegradation and photoelectrodegradation will be compared here. The 

DOX solution was photoelectrocatalytically degraded at three distinct potentials: 0.35 V, 0.50 V and 

0.80 V, in order to demonstrate the impact of input potential on DOX degradation efficiency. 

According to recent research in the literature [42] the oxidation potential of TCs is founded at almost 

0.80 V, although as shown in the data below (Figure 9b), the degradation of DOX has a poor response 

to this potential. The oxidation potential value of DOX was drastically reduced to 0.35 V due to 

BT/Co-E with enhanced catalytic features so this is why three additional imposed potentials were 

chosen.  

 

Figure 9. (a) Photocatalytic and (b) Photo-electro-catalytic DOX degradation      efficiency. 

After only 60 minutes, the photo-electro-catalytic system reaches 70% degradation efficiency, as 

can be seen in Figure 9b. An efficiency of 50% degradation is attained after 60 minutes in the 

photocatalytic system (Figure 9a). Given that the photocatalysis investigations were conducted over 

a period of 180 minutes, it was found that the degradation reached 80% efficiency, but only after 

irradiating for a triple time compared to the time allocated to the photoelectrodegradation. 

It was clearly observed that the system doesn't work as well only when exposed to UV-Vis light, 

so the system will be coupled up to a potentiostat once the 60 minutes of photodegradation process 

is done. This potentiostat will apply a potential of 0.35 V, effectively fast eliminating the compounds 

that have resulted from the photocatalytic degradation and which were not previously degraded. 

This could be because when exposed to light, the electron-hole pairs generated by the photons were 

quickly separated. This separation resulted in a significant number of electrons being produced, 

which facilitated the transfer of electrons through the electrode. As a result, the photocurrent, which 

is the current generated by light, showed a rapid improvement upon the onset of light exposure. 

Eventually, the photocurrent reached a stable state after continuous exposure to light. 

The degradation kinetics was calculated for the photocatalytic degradation using the Langmuir–

Hinshelwood pseudo first-order kinetic model [43], which is shown in the equation below, was used 

to study the speed of the process.  𝐿𝑛 ቀ ஼஼బቁ = 𝑘 × 𝑡  (4)

where C0 and C are the initial concentration (mol/L) and final concentration (mol/L) of DOX and t 

(min) and k (min-1) are the solution concentration and the rate constant. 
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Figure 10 shows that for DOX degradation in the presence of BT/Co-E catalyst and UV-Vis light, 

the relationship between 𝐿𝑛 ቀ ஼஼బቁ time (min) is linear. The R2 values for the association coefficients 

were greater than 0.900, and the first-order kinetic model did a good job of fitting the experimental 

data. Looking closely at the degradation diagram, two distinct degradation tendencies can be seen. 

Based on the slope of the linear plots, the first-order rate constants (k) were found to be 15×10-3 min-1 

for the first degradation tendency and 0.5×10-2 min-1 for the second degradation tendency [44].  

 

Figure 10. Photodegradation kinetics curve of DOX, pH=6.5. 

Proposed mechanism of DOX degradation in the presence of BT/Co-E 

Figure 11 shows a probable mechanism of BT/Co-E for DOX degradation based on the above 

characterization and photocatalytic activity results. The improved photocatalytic performance of 

TiO2 could be explained as follows. Under visible-light irradiation, a Ti-O-Co hybridization energy 

level is formed, leading to a reduction in the bandgap. This reduction enhances the ability to excite 

electrons [45]. As the catalytic process unfolds, a small quantity of dissolved O2 from wastewater 

reacts with the electrons generated by light, electrons produced by the CB of Co-E that were caught 

and transported to TiO2 (BT), resulting in the production of a limited amount of O2−·radicals. This 

process will improve the electronhole separation efficiency.  

 

 

Figure 11. The mechanism of BT/Co-E photocatalyst. 
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Furthermore, a limited quantity of holes generated by light, situated in the VB, engage with 

water to produce·OH and OH-. Moreover, the holes existing in the VB of the doped photocatalyst will 

be stimulated in the presence of light and will transform water into hydroxyl-type 

compounds/hydroxyl radicals that will produce photocatalytic degradation. 

4. Conclusion  

By using electrochemical pulsed deposition and plasma magnetron sputtering, Co-doped Blue-

TiO2  samples were synthesized successfully. The results showed that doping blue-TiO2 with star-

shaped Cobalt deposited electrochemically gave the best results compared to doping blue-TiO2 with 

Cobalt plasma magnetron sputtering, because has the highest interfacial charge transfer efficiency, 

the slowest recombination rate, and better p-type conductivity. Also the Urbach energy increased 

from 1.171 to 3.836 eV while the band gap energy decreased from 3.04 to 2.88 eV making this material 

an effective catalyst for a variety of applications, including photocatalysis, photo-electrocatalysis, 

water splitting, solar cells, the development of smart windows, batteries, etc. 

The catalysts were also studied as antibacterial surfaces. Among the three photocatalysts 

obtained for this study, electrochemically doped blue-TiO2 (BT/Co-E) has the strongest antibacterial 

effect. This indicates that this catalyt will eradicate antibiotic-resistant bacteria from wastewater. 

All of these tests performed in this study, such as electrochemical, optical and antibacterial 

showed enhanced results for BT/Co-E doped and this sample was employed to photodegradation 

and photoelectrodegradation processes. In both cases, the effects of the degradation were satisfactory. 

With the photocatalytic system, 50% DOX was degraded after 60 minutes, and 80% DOX was 

degraded after 180 minutes. After 60 minutes of using the photoelectrocatalytic irradiation device, 

70% yield was reached. The synergistic combination of light and applied potential makes the 

suggested system extremely straightforward, efficient, cost-effective and suitable for many other 

applications. 
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