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Abstract: A unique study has been carried out to determine the characteristics of a TiO2 photoelectrode 

modified with a non-metallic agent. The photoelectrode is designed for the initial model of the pesticide 

pollutant detection and degradation system. Wherein the non-metallic agent used in this investigation 

is a sulfur compound. The preparation of the TiO2 photoelectrode used the principle of electrolysis with 

a potential bias of 25.0 V. Furthermore, and the photoelectrode was modified using a dip-coating 

technique. Result of XRD analysis showed that the crystallinity of TiO2 anatase with a 2θ value of 25.5; 

36.98; 37.50; 47.89; 53.97; 55.52; 62.74; 62.28; 62.70 and 69.71º. Morphology has observed the 

nanopore-shaped structures and presented the total amount of Ti, O, and S atoms in the composite were 

51.44%, 43.46%, and 5.11%, respectively. The results of the FTIR analysis showed that there were S-

O bonds that occurred at wave numbers 1153 cm-1 and 1116 cm-1. In addition, based on this analysis 

shows that there is a Ti-O bond that occurs at wave number 1039 cm-1. Overall this work demonstrates 

the potential of non-metallic agents for wider application as dopant TiO2 photoelectrode for pesticide 

pollutant detection and degradation systems. 

Keywords: TiO2 photoelectrode; non-metallic doping; a sulfur compound; initial model. 

© 2023 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative 

Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/). 

1. Introduction 

Technological advances have developed rapidly to support human life, especially in the 

textile and agricultural industries. This condition is seen as an opportunity to continue 

synthesizing chemicals that can be applied to both fields [1,2]. Pesticides are one of the 

chemical compounds that are currently being produced and used in agriculture. Pesticides are 

considered effective in eradicating and controlling pests and plant diseases. Even so, the 

number of uses that continues to increase is a new problem for plants, crop products, and the 

environment [3,4]. 

In addition to the detection model, the pesticide molecule degradation model continues 

to be developed. Models for detecting and degrading pesticide molecules based on 

photocatalyst materials are interesting to develop. In the electrometry-based detection model, 

photocatalyst materials such as TiO2 effectively increase the electron transfer activity on the 
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surface of the electrode [5]. This condition makes the resulting peak current better. As for the 

degradation based on photoelectrocatalysis, the photocatalyst material shows very good 

pollutant degradation activity. This activity is indicated by a short degradation time and a long 

recombination rate [6]. Based on this, the photocatalyst-based detection and degradation 

method is a new method suitable for environmental applications [7]. Among other 

semiconductor materials such as ZnO, Fe2O3, FeTiO3, Al2O3, and Cu2O, TiO2 is reported to 

have an attractive performance for application in photocatalytic systems. TiO2 has high 

sensitivity, good oxidation-reduction properties, and is stable, inert, and environmentally 

friendly. TiO2, anatase, and rutile crystal structure is reported to have very good activity. The 

very strong redox properties of TiO2 photocatalysts occur when the surface is irradiated with 

ultraviolet (UV) light at a wavelength (λ) of 365-385 nm [8,9]. TiO2 irradiation causes electron 

excitation resulting in a positive hole in the valence band (Vb). The positive hole (h+) is a 

strong oxidizing agent with a potential value of 2.8 volts [10]. At the same time, irradiating 

TiO2 causes the formation of reducing agents, which will form superoxide radicals and 

hydrogen peroxide. 

To improve the performance of TiO2 photocatalysts, researchers have reported using 

TiO2-coated Ti plates as photoelectrodes. TiO2-coated Ti (TiO2/Ti) functions as working 

electrodes in detecting and degrading pesticide pollutants. Photoelectrodes describe a much 

better degradation activity when compared to the use of TiO2 powder. The recombination of 

electron-hole pairs can be controlled through the external circuit of the photoelectrode system. 

Another effort that has also been reported in controlling the rate of electron-hole pairs is by 

doping photoelectrodes using several non-metallic dopants, such as C [11], S [12,13], N [14], 

F [15], P [16], and B [17]. 

Based on the above problems, we report the potential of sulfur as a non-metallic dopant 

for TiO2/Ti photoelectrodes. Sulfur attracted our attention because of its good photocatalytic 

activity, thermal stability, and reduced band gap of TiO2. 

2. Materials and Methods 

2.1. Materials. 

The materials used in this study were Ti plate (purity level of 99% with a thickness of 

0.5 mm), titanium isopropoxide, TTIP (purity level > 97%), acetylacetone (Merck), ethanol 

(Merck, 98%), hydrochloric acid, acetate (Merck), ammonium chloride (Merck), copper plate 

(Cu), nitric acid (Merck), hydrofluoric acid (Merck), ammonium fluoride (Merck), sodium 

nitrate, glycerol (pa), and distilled water. 

2.2. Synthesis of TiO2/Ti photoelectrode. 

The Ti plate was inserted into the probe containing a mixture of 0.27 M NH4F solution, 

distilled water, and glycerol. The anodization process is carried out by placing a Titanium plate 

as the anode and a Cu plate as the cathode. This process uses a potential of 25 volts and is 

carried out for four hours. After obtaining the TiO2/Ti photoelectrode, the photoelectrode was 

then calcined for 1.5 hours at 500ºC to evaporate the remaining electrolyte solution and obtain 

TiO2 anatase crystals with better activity than other types of crystals [18]. 
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2.3. Synthesis of TiO2/Ti-doped sulfur. 

The synthesis of TiO2/Ti-doped sulfur was carried out in two stages, namely sol-gel, 

and dip-coating. The sol-gel stage aims to obtain sulfur-doped TiO2 (S-TiO2). In this case, 

sulfuric acid is used as a sulfur agent. The dip-coating stage aims to coat the surface of the 

TiO2/Ti photoelectrode with the S-TiO2 suspension obtained in the sol-gel stage. The dip-

coating stage lasted 10 minutes. After that, the photoelectrode was slowly removed and 

calcined at 200oC for 15 minutes. An illustration of the synthesis process is shown in Figure 1. 

 
Figure 1. Illustration of the S-TiO2/Ti photoelectrode synthesis process. 

2.4. Test the characteristics of TiO2/Ti and S-TiO2/Ti photoelectrodes. 

The characteristics of the photoelectrodes, both TiO2/Ti and S-TiO2/Ti, were carried 

out using a 3-electrode-based Linear Sweep Voltammetry (LSV) technique. The 

photoelectrodes (TiO2 and S-TiO2) were placed as working electrodes, Ag/AgCl as reference 

electrodes, and platinum wire was placed as auxiliary electrodes. The potential range used is ± 

1.0 volts at a scan rate of 100 mV. The test was carried out on a 0.1 M KNO3 electrolyte solution 

in the presence of UV and Visible light. 

3. Results and Discussion 

3.1. Photoelectrode synthesis of TiO2 and S-TiO2. 

The anodizing process carried out the synthesis of TiO2 for 4 hours with a potential bias 

of 25.0 Volt [2]. Potential bias giving will cause Ti4+ ions to migrate from Ti metal to electrolyte 

and combine with F- ions to form the titanium hexafluoride complex [TiF6]2- [26]. The presence 

of anions such as O2- and -OH results from water decomposition and will migrate with the F- 

ion toward the anode. The interaction of titanium with O2- and -OH ions cause oxide growth 

on the metal surface can be seen in (Figure 2a). F- ion, which migrates towards the anode, will 

destroy the oxide layer that has been formed to produce a tubular shaft [19]. The anodization 

of titanium in the fluoride ion-containing electrolytes can be ascribed to a competition between 

the following two chemical reactions [20]:  

 
Figure 2b shows the sol-gel filled on the TiO2 surface. The sol-gel that was used from 

Titanium Isopropoxide (TTIP) functions as a matrix or the distribution media of ionic dopant. 

Visually it seemed that the TiO2 photoelectrode was coated by the sol-gel. 

Ti  +  2H2O

TiO2  +  6F-  + 4H+

TiO2  +  4H+  +  4e-

[TiF6]2
-  +  2H2O
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Figure 2. The results of photoelectrodes: (a) TiO2, (b) TiO2@S. 

3.2. X-ray diffraction (XRD) characterization. 

The X-ray diffraction pattern of TiO2 photoelectrode is shown in Figure 3. It is noted 

that all the diffraction peaks represented the anatase phase with the characteristic high-intensity 

peak at 2θ around 25.5º (011), 36.98º (013), 37.50º (004), 47.89º (020), 53.97º (015), 55.2º 

(121), 62.28º (123), 62.70º (024), and 69.71º (220). These results have been confirmed with 

Crystallography Open Database (COD) numbers [96-720-6076], [96-500-0224] & [96-101-

0943] [21]. The anatase TiO2 has the smallest effective mass averaged (e-/h+) compared with 

the rutile and brookite. The small effective mass allowed electrons to quickly migrate to the 

surface of TiO2 particles so that the photogeneration recombination rate in the anatase TiO2 of 

smaller [22]. 

 
Figure 3. The XRD pattern of TiO2 photoelectrode. 

3.3. Fourier Transform Infra-Red (FTIR) characterization. 

Figure 4 illustrates the FTIR spectra of TiO2@S photoelectrode. It was observed that 

three absorption peaks were located at wavenumber 3412 cm-1, 1039 cm-1, 1153 cm-1, and 1116 

cm-1. The peak located at 3412 cm-1 was indicated to correspond to a hydroxyl group (O-H) 

stretching with a stronger peak [23]. The presence of the O-H group is indicated to correspond 

with the titanyl group as Ti-OH from the crystalline phase of TiO2 and water absorbed on the 

surface of TiO2 [24]. The peak at 1039 cm-1 was assigned to Ti-O stretching vibration. The 

peak at 1153 cm-1 and 1116 cm-1 corresponded to S-O bond stretching vibration. The formation 

of the S-O bond was indicated by sulfur as a dopant that binds to one of the oxygen atoms from 

TiO2 [25]. 
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Figure 4. IR spectra of S-TiO2 photoelectrode. 

3.3. SEM-EDX characterization. 

The morphology and size of TiO2 and S-TiO2 photoelectrodes were characterized by 

Scanning Electron Microscopy (SEM). Figure 5a shows the formation of a shaft in the form of 

a tube, and the presence of pores on the electrode surface indicates it. At the same time, Figure 

5b shows a fine layer that is spread evenly on the surface of the electrode, which indicates the 

attachment of S-TiO2 sol-gel on the TiO2 photoelectrode. At a magnification of 500 nm, there 

is a gap in the TiO2 layer, probably due to the high heating during the dip-coating process. On 

the other hand, gaps allow organic molecules to be adsorbed on the surface of TiO2 

photoelectrode [15]. 

Further, to verify the existence of S, the Energy Dispersive X-ray (EDX) spectra of 

TiO2 photoelectrode are shown in Figure 5c. From the EDX spectra, the elements Ti, O, and S 

were observed in the samples that have been synthesized. As seen in Figure 5c, the presentation 

of sulfur (S) at TiO2 is 5.11%. These results indicate the success of S doping on TiO2. 

 
Figure 5. Surface morphology of photoelectrodes: (A) TiO2; (B) S-TiO2; and (C) EDX results of S-TiO2 

photoelectrodes. 
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3.4. Electrochemical characteristics of the photoelectrode. 

The photoelectrochemical activity was observed by the Linear Sweep Voltammetry 

(LSV) method based on current (I) measurement as the potential function (V) [26–28]. Based 

on Figure 6a showed the highest TiO2 photoelectrode activity at the time of UV light irradiation 

because TiO2 had photoelectrocatalysis activities on the irradiation of UV light with a 

wavelength ≤ 388 nm and energy gap of 3.2 eV [9]. Whereas the irradiation with visible light 

and without irradiation (dark) did not show good activity in the measurement process, this was 

because the visible light had a wavelength greater than the energy given, so it was very difficult 

to be absorbed by the TiO2 photoelectrode, and in the dark condition, the TiO2 photoelectrode 

did not produce the energy that would be transmitted from the conduction band to the valence 

band [29]. Figure 6b shows the good performance of S-TiO2 photoelectrode when it was 

radiated by UV light. The irradiation using visible light had better activity than UV light 

because of the addition of non-metallic sulfur on the surface of TiO2 photoelectrodes capable 

of shifting the conduction band. Therefore S-TiO2 photoelectrodes can reduce electron 

recombination and hole. 

 
Figure 6. LSV voltammogram: (a) TiO2 photoelectrode; (b) S-TiO2 photoelectrode. 

4. Conclusions 

In general, the characteristics of S-TiO2-based photoelectrodes have been studied in this 

work. The photoelectrode was synthesized in several stages, including anodizing a titanium 

plate to obtain a TiO2 photoelectrode, sol-gel to obtain S-TiO2, and dip-coating to obtain a TiO2 

photoelectrode coated with S-TiO2. The characterization results, XRD, FTIR, and SEM-EDX, 

show the success of the photoelectrode synthesis process. The results of electrochemical 

characterization using Linear Sweep Voltammetry (LSV) showed that the S-TiO2-coated TiO2 

photoelectrode produced a better current response than the unmodified photoelectrode. These 
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results indicate the potential of non-metallic agents for wider application as dopant TiO2 

photoelectrodes. 
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