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Abstract- Paracetamol is one of the most commonly used analgesics and its overdose causes 

toxicity. Therefore investigation of simple and effective techniques to determine paracetamol 

in the metabolism is very important. In this study TiO2 modified Fluorine-doped Tin Oxide 

(FTO) electrodes were investigated for photoelectrochemical determination of paracetamol and 

parameters affecting the photoelectrochemical signal of the electrodes were investigated. 

Initially, FTO electrodes were modified by adsorbing two commercial TiO2 (Merck and 

Degussa P25) and used for paracetamol determination. Higher photocurrent value was obtained 

by Degussa P25 (DegTiO2) modified electrode with respect to Merck one, therefore the 

optimization of the other analytical parameters was carried out with DegTiO2 modified 

electrodes. The effect of DegTiO2 amount on the FTO, solution pH, and applied voltage on the 

photocurrent values for paracetamol oxidation was studied. The electrode prepared as            

four-layer of DegTiO2 on the FTO surface showed the highest photocurrent value at 0.30 V 

and at pH 5.0. The photocurrent values are linear from 0.25 µM to 10 µM concentration of 

paracetamol and the limit of detection of paracetamol concentration is 0.07 µM. These results 

show that DegTiO2 modified FTO could be used as an effective and sensitive 

photoelectrochemical paracetamol sensor. 
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1. INTRODUCTION  

Paracetamol (acetaminophen, N-acetyl-p-aminophenol, 4-acetamidophenol) is widely used 

as an analgesic and antipyretic drug active ingredient [1]. However, it has been reported that 

overdose paracetamol usage may cause acute liver and kidney failure and may even result in 

death [2,3]. It has been also reported that paracetamol is present in water up to 10 μg L- 1 and 

this high concentration causes significant environmental pollution [4-5]. Therefore the studies 

carried out for sensitive paracetamol analysis are important in the areas of drug quality control 

and clinical diagnosis [6]. Numerous analytical techniques such as chromatographic [7,8], 

spectrofluorometric [9], electrophoretic [10], spectrophotometric [11] and electroanalytic  

[12-14] were widely used for the paracetamol determination. These methods usually also 

require long pre-treatments and time-consuming sample preparation steps.  

An electrochemical method, rapid, economic, high sensitive, and simple is preferred to 

determine biologically important compounds such as paracetamol [15]. When bare electrodes 

are used in electrochemical determinations, it is generally not possible to obtain 

electrochemical signals at lower voltage and/or high current values. Modification of the 

electrodes to remove such problems is of great importance. The electrochemical determinations 

could be carried out at low voltages and high currents by modification of bare electrode surface. 

Additionally, the measurement sensitivity of modified electrodes could be also increase by 

using photoelectrochemical measurements in which electrocatalytic and photocatalytic effects 

are used together. Recently, significant advantages have been obtained in photoelectrochemical 

measurements by using electrodes modified with photoactive substances [16-18]. 

In photoelectrochemical studies, semiconductor electrodes coated on the glass surface as a 

thin film layer are widely used [19-21]. Indium doped tin oxide (ITO) coated on the glass 

surface is one of the most well-known transparent semiconductor electrode since it is not highly 

expensive. On the other hand, fluorine doped tin oxide on glass substrate (FTO) is a much 

cheaper electrode material and its use in photoelectrochemical studies is becoming widespread 

[6,20,22-24]. 

TiO2 is the most used photoactive material and has many advantages such as being very 

photoactive, biologically compatible, cheap and very stable. Due to these unique properties, 

TiO2 is also used in the electrochemical [25,26] and photoelectrochemical sensor [27-29] 

applications. In this study, in view of these advantages above mentioned, it was aimed to obtain 

TiO2 modified FTO electrodes and to show their usability as a photoelectrochemical 

paracetamol sensor. It is also intended to use commercially available low-cost material and 

electrode and to perform a simple modification. In addition, it is planned to demonstrate that 

photoelectrochemical technique may be an important alternative in the determination of 

paracetamol by using appropriate modified electrodes. For this purpose, FTO electrode surface 

was modified by commercially available TiO2, and their electrochemical performances in 

paracetamol determination were investigated. Although many TiO2 modified electrodes were 
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used as electrochemical paracetamol sensors [12-14,30-34] so far, determination of 

paracetamol by using photoelectrochemical method was performed first time in this study. 

 

2. EXPERIMENTAL 

2.1. Instruments, electrodes and materials 

Computer controlled potentiostat-galvanostat (Ivium, CompactStat) was used in 

electrochemical (EC) and photoelectrochemical (PEC) studies. PEC measurements were 

performed by the potentiostat-galvanostat system which was operated simultaneously with the 

UV light system (Fig. 1). The EC and PEC measurements were performed at room temperature 

(25 °C±2) in a three-electrode electrochemical cell made of borosilicate glass. Fluorine doped 

tin oxide glass substrate (FTO, 10 Ω/sq) was obtained from Sigma-Aldrich. Orion 3 Star model 

(Thermo Scientific) pH meter was used for pH measurements. The ultra-pure water (resistance: 

18.2 MOhm) used in the preparation of stock, buffer, and electrolyte solutions was obtained 

from the TKA Smart 2 Pure model (Thermo Fisher Scientific) water purification system. 

 

 

 

 

Fig. 1. Photoelectrochemical measurement system 

 

2.2. Modification of FTO surface with TiO2 

Two well-known commercial TiO2 nanoparticles (Degussa P25 TiO2 and Merck TiO2), 

obtained from Degussa and Merck companies, were used for FTO modification as photoactive 

materials. Degussa P25 TiO2 and Merck TiO2 were abbreviated as “DegTiO2” and "MerTiO2", 

respectively.  

FTO electrodes (1.0×5.0 cm) were ultrasonically cleaned in acetone, ethanol and deionized 

water for 30 min, dried in a closed environment. A suspension containing 1.0 mg of TiO2 in 

1.0 mL deionized water was prepared and sonicated for 10 min. Twenty µL of the suspension 

was spread over a 1.0×1.0 cm area of the FTO surface by using a micropipette. The adsorption 

of TiO2 on the FTO surface was completed by waiting the electrode for 15 min at room 

temperature. The more TiO2 layered electrodes were produced by using this process more 
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times. The modified electrodes were named as FTO/TiO2/XL in which X is the TiO2 layer 

count on the FTO surface and L is the abbreviation of “layer”. 

 

2.3. Electrochemical and photoelectrochemical measurements 

Nitrogen gas was passed for 10 min to remove dissolved oxygen from phosphate buffer 

solution (PBS) in which choronoamperometric and photocurrent measurements were 

performed. The light system used for PEC measurements consists of 3 UV fluorescent lamps 

(Philips, 8 W) with a maximum wavelength of 365 nm. The distance between the light source 

and the electrode surfaces was 5.5 cm. The light intensity impinging on the TiO2 surface (27.5 

W/m2, in the range 315-400 nm) was measured by a radiometer (Deltaohm, DO9721). The 

other part of the electrodes immersed in the solution was coated with Teflon tape to ensure that 

the UV light was applied to the area of 1.0 cm2 of the electrodes (Fig. 2). 

 

 

 

Fig. 2. FTO and TiO2 modified FTO electrodes 

 

3. RESULTS AND DISCUSSION 

3.1. Photoelectrochemical performance of FTO/DegTiO2/4L  

Fig. 3 shows the linear sweep voltammograms (LSVs) obtained under the UV light (PEC) 

and in the dark (EC) by using "DegTiO2" modified FTO electrodes (FTO/DegTiO2/4L). No 

significant difference for the oxidation current values between presence and absence of 0.5 mM 

paracetamol at pH 7.0 by using FTO/DegTiO2/4L under dark, but just a slight increase occurred 

after +0.25 V in the presence of paracetamol. However, the current values notably increased 

under UV irradiation (photocurrent) and in the presence of paracetamol much higher current 

was obtained with respect to absence of paracetamol, even at low very voltages (i.e. 0.0 V). At 

this low voltage, 2.5 times higher current was obtained with respect to absence of paracetamol 

under UV irradiation. These results showed that FTO/DegTiO2/4L electrode significantly 

improved photoelectrochemical performance for paracetamol oxidation. No improvement was 

observed with unmodified FTO. 
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Fig. 3. LSVs obtained by using EC and PEC techniques in the absence and presence of 

paracetamol (0.5 mM) in PBS (at pH 7.0) by using FTO/DegTiO2/4L electrode (Scan rate: 10 

mV/s) (PS: paracetamol) 

 

3.2. Photoelectrochemical performance of FTO/MerTiO2/4L  

Fig. 4 shows the LSVs obtained under the UV light and under the dark by using "MerTiO2" 

modified FTO electrodes (FTO/MerTiO2/4L) at pH 7.0 in PBS. No significant differences on 

current values were observed between in absence and presence of paracetamol under dark until 

+0.70 V.  

 

Fig. 4. LSVs obtained by using EC and PEC techniques in the absence and presence of 

paracetamol (0.5 mM) in PBS (at pH 7.0) by using FTO/MerTiO2/4L electrode (Scan rate: 10 

mV/s) 

 

After that voltage, the oxidation current was higher in the presence of paracetamol. 

Photocurrent values obtained in the presence of PS under UV light were much higher than 

those obtained under the dark.  

FTO/DegTiO2/4L electrode showed ca. 4 times higher photocurrent values with respect to 

FTO/MerTiO2/4L electrode. It is reported that Degussa P25 consists of 80% anatase and 20% 
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rutile crystal phases, while Merck completely consists of the anatase phase [35]. Even if the 

both electrodes modified by the same mass of TiO2 (0.080 mg/cm2), the BET specific surface 

area of Degussa P25 TiO2 is ca. 5 times higher than Merck one (ca. 50 vs 10 m2·g-1, [35-36]). 

The high surface area of DegTiO2 could be the reason of its better photoelectrochemical 

performance. Therefore the following experiments were performed with DegTiO2 modified 

electrodes.  

 

3.3. Effect of TiO2 amount on PEC performance  

FTO/DegTiO2/1L, FTO/DegTiO2/2L, FTO/DegTiO2/3L, FTO/DegTiO2/4L, 

FTO/DegTiO2/5L, and FTO/DegTiO2/10L electrodes were prepared to determine the effect of 

DegP25 amount on the photoelectrochemical signal. PEC measurements showed that the 

highest photocurrent was achieved by using FTO/DegTiO2/4L. Fig. 5 shows the photocurrent 

profiles of FTO/DegTiO2/1L and FTO/DegTiO2/4L electrodes in the present and absent of 

paracetamol under UV light. The highest photoelectrochemical signal increase with respect to 

absence of paracetamol was obtained by using FTO/DegTiO2/4L electrode. FTO/DeTiO2/5L 

and FTO/DeTiO2/10L electrodes did not show further photocurrent increase in the presence of 

paracetamol.  

 

 

Fig. 5. LSVs obtained by using FTO/DegTiO2/4 L and FTO/DegTiO2/1 L in the absence and 

presence of paracetamol (0.5 mM) at pH 7.0 in PBS under UV light (Scan rate: 10 mV/s) 

 

3.4. Effect of voltage on the PEC performance  

The highest current difference between in the presence of paracetamol under UV irradiation 

at pH 7.0 was determined at 0.30 V by using FTO/DegTiO2/4 L electrode, evaluated from Fig. 

5, after this voltage value the difference remains almost constant. Therefore 0.30 V of applied 

voltage was chosen for following experiments. Moreover, the same results were obtained as a 

result of measurements made at 0.0, 0.10, 0.20, 0.30, 0.40, and 0.50 V constant voltages. 
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3.5. pH effect on PEC performance  

Choronoamperometric measurements were performed to obtain pH effect on the 

paracetamol determination in phosphate buffers at different pH values at 0.30 V by using 

FTO/DegTiO2/4L electrode. Choronoamperometric measurements were started during the 

solution under stirring (250 rpm) was irradiated by UV light. As shown the 

choronoamperomogram in Fig. 6, up to 30 seconds, FTO/DegTiO2/4L electrode had its own 

photocurrent value. The stock paracetamol solution was added in PBS at 30th second and the 

current suddenly highly increased due to the paracetamol oxidation. The photocurrent values 

of paracetamol at different pH values are shown inside of Fig. 6. The highest, optimum, 

photocurrent value was reached at pH 5.0. 

  

 

 

Fig. 6. The choronoamperomogram obtained at pH 6.0 in PBS under UV light by using 

FTO/DegTiO2/4L electrode 

 

3.6. The effect of paracetamol concentration on PEC performance  

Fig. 7 shows the photocurrent response changes by increasing paracetamol concentration 

at a constant voltage of 0.30 V and at pH 5.0 by using FTO/DegTiO2/4L electrode. As expected, 

the photocurrent values increased by increasing paracetamol concentration. This profile is 

Langmuir type and higher than 0.5 mM paracetamol concentration, no significant photocurrent 

increase was observed (Fig. 7B).  
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Fig. 7.  The current values at light off and light on (A) and its photocurrent-paracetamol 

concentration graphic (B) obtained at 0.30 V by using the FTO/DegTiO2/4L at pH 5.0 in PBS 

containing different concentrations of paracetamol.  

 

In order to determine the performance of the FTO/DegTiO2/4L electrode at lower 

concentrations, the stock paracetamol solution was added at pH 5.0 in PBS solution under 

stirring (250 rpm) at certain time intervals to measure choronoamperometric photocurrent. 

Owing to the choronoamperometric measurements made in this way, it is not necessary to use 

a new electrode each time. In these measurements, the photocurrent of FTO/DegTiO2/4L in 

PBS (pH 5.0) was measured up to 200 seconds under UV light. At and after 200th second, the 

stock paracetamol solutions were added in PBS every 50 seconds (Fig. 8A). This procedure 

was also applied for unmodified FTO (inside of Fig. 8A), but the results show that the 

modification significantly increases the photocurrent value for paracetamol oxidation. The 

photocurrent versus paracetamol concentration is linear from 0.25 to 10 µM (inside of Fig. 8B). 

The limit of detection (LOD) of paracetamol concentration by photoelectrochemical method 

was determined as a 0.07 µM (3σ). The linear regression equation (n=4) was I(photocurrent) 

=0.1974c+0.0745 [I(photocurrent: μA, c: μM] with a correlation coefficient of R2=0.992. 

The chronoamperomogram of the paracetamol additions at very low concentrations is 

shown in Fig. 8(C). The chronoamperomogram was obtained by adding appropriate volumes 
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of stock paracetamol solution at pH 5.0 in PBS at 200th second. The current values obtained 

from 0.25 to 2.0 µM of the calibration curve were obtained by using these measurements. The 

data were evaluated as an indicator that photoelectrochemically effective and sensitive 

paracetamol determinations can be made. 

 

 

 

 

 

Fig. 8.  (A) Choronoamperomograms obtained with consecutive 2.5 µM paracetamol additions 

by using FTO/DegTiO2/4 L and FTO (inside) under UV light at 0.30 V; (B) Paracetamol 

concentration vs photocurrent profile by using FTO/DegTiO2/4L; (C) Choronoamperomogram 

obtained with consecutive 0.25 µM paracetamol additions by using FTO/DegTiO2/4L 

 

Table 1. The efficiency of FTO/DegTiO2/4L for paracetamol determination at pH 5.0 in PBS 

 

Unknown 

sample 

Paracetamol 

concentration 
Obtained PS concentration (μM) 

Initial PS 

(μM) 

Added PS 

(μM) 

By using standart addition 

method and [Recovery (%)] 

By using calibration curve 

and [Recovery (%)] 

Sample 1 

 

0.00 1.24 1.34     (108.1) 1.15    (92.7) 

Sample 2 

 

0.00 2.00 2.12      (106.0) 1.90   (95.0) 

The feasibility of FTO/DegTiO2/4L electrode was investigated for paracetamol 

determination and the results were presented in Table 1. The standard solution of paracetamol 

was added in PBS (at pH 5.0) and their concentrations were determined by both standard 
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addition method and calibration curve. The recoveries were from 92.7% to 108.1% for 

paracetamol determination. 

The analytical parameters obtained in the paracetamol determination by using various 

modified electrodes and electrochemical techniques from literature [37-42] are shown 

comparatively in Table 2. As can be seen, the data reveals that FTO/DegTiO2/4L electrode 

shows competitive performance with low LOD comparing with electrochemical techniques. 

 

Table 2. Comparison of the performance of modified electrodes used for paracetamol 

determination 

 
Modified electrodes Techniques Electrolyte LOD Linear range 

(µM) 

Ref. 

BDD DPV pH 7 (PBS) 0.43 0.065–32 [37] 

Au/cysteic acid/GCE SWV pH 7 (PBS) 0.03 0.1-10 [38] 

Nafion/TiO2–graphene/GCE CV pH 7 (PBS) 3.8 100-600 [39] 

PAMAM/AgNPs/MWCNTs/

PNR 

SWV pH 7 (PBS)  0,16-2000 [40] 

Nafion/TiO2–graphene DPV pH 7 (PBS) 0.21 1-100 [41] 

AuNP-PGA/SWCNT DPV (PBS)  8,3-145,6 [42] 

FTO/DegTiO2/4L PEC pH 5 (PBS) 0.07 0.25-10 [This 

work] 
BDD: Boron-doped diamond electrode, DPV: Differential pulse voltammetry, GCE: Glassy carbon electrode, 

PAMAM/AgNPs/MWCNTs/PNR: Poly(amidoamine) dendrimer/silver nanoparticles/multi-walled carbon 

nanotubes/poly (neutral red), SWV: Square wave voltammetry, CV: Cyclic voltammetry, AuNP-PGA/SWCNT: 

Gold nanoparticles/poly(glutamic acid)/single-walled carbon nanotube film. 

 

4. CONCLUSION 

In this work FTO surface was modified with commercially available two type of TiO2 

(Degussa P25 TiO2 and Merck TiO2), and used as photoelectrochemical sensor for 

determination of paracetamol. Degussa P25 TiO2 modified electrode showed much better 

performance than that of Merck TiO2. As a result of the optimization studies, the highest 

photocurrent for oxidation of paracetamol was obtained by using FTO/DegTiO2/4L at 0.30 V 

and at pH 5.0 in phosphate buffer. Under these conditions, the photocurrent values of the 

paracetamol by using FTO/DegTiO2/4L electrode was linear from 0.25 µM to 10 µM 

concentration of paracetamol. Low LOD (0.07 µM) result shows that the FTO/DegTiO2/4L can 

be used as photoelectrochemical sensor for paracetamol determination even at very low 

concentration levels. 

Compared to ITO, frequently used in photoelectrochemical measurements, FTO electrodes 

are much cheaper. This study also shows that FTO can be used in photoelectrochemical 

measurements with appropriate modifications. Furthermore, the TiO2 catalyst used in the study 

may lead to the production of more effective modified electrodes in combination with other 
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substances having a catalytic or photoelectrocatalytic effect. In this respect, it is seen that the 

development potential of the method is high. 
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