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Abstract- In this study, a novel voltammetric sensor for the detection of bisphenol A (BPA) 

was developed using a reduced graphene oxide (rGO) electrode incorporated with a TiO2-NiO-

MnO2 nanocomposite (rGO/TNM). The TNM nanocomposite was synthesized via a 

hydrothermal method, and its integration with rGO improved the sensor’s electrochemical 

performance by enhancing conductivity, surface area, and active sites. Characterization of the 

TNM nanocomposite using X-ray diffraction (XRD) confirmed the formation of distinct 

anatase TiO2, γ-MnO2, and NiO phases, each contributing to the synergistic enhancement of 

electrocatalytic properties. Fourier-transform infrared (FTIR) spectroscopy indicated the 

presence of characteristic metal-oxygen bonds, validating the successful formation of the TNM 

nanocomposite. Scanning electron microscopy (SEM) revealed a highly uniform and porous 

morphology with well-dispersed nanoparticles, ideal for maximizing electron transfer. 

Elemental analysis through energy-dispersive X-ray (EDX) spectroscopy further confirmed the 
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purity and composition of the nanocomposite. Under optimal conditions, the linear range of 

the rGO/TNM electrode by CV measurement was from 0.1 μg.L-1 to 1.0 μg.L-1, with a 

sensitivity and limit of detection (LOD) at 0.01094 µg.L-1. These results make the developed 

sensor a promising candidate for environmental monitoring of BPA and highlight the potential 

of nanocomposite-modified electrodes in advancing electrochemical sensor technology. 

Keywords- Reduced graphene oxide; TiO2-NiO-MnO2; Nanocomposite; Voltammetric 

sensor; Bisphenol A 
 

1. INTRODUCTION  

Recently, the chemical compound Bisphenol A (BPA) has frequently been associated with 

endocrine disruptors, posing significant environmental and health risks. BPA has been used 

since the 1950s to produce polycarbonate plastics and epoxy resins [1]. Besides serving as an 

adhesive, epoxy is also used as a lining or coating in food or beverage cans [2]. Disruptions to 

the endocrine system can lead to conditions such as cancer, diabetes mellitus, hypertension, 

and more [3]. Additionally, BPA can cause fertility issues, mental disorders, and 

developmental delays in children. According to the European Food Safety Authority (EFSA), 

the threshold limit for BPA release is set at less than 0.05 ppm [4,5]. Therefore, accurate and 

reliable detection of BPA is crucial to prevent its harmful effects. 

Currently, various traditional methods for BPA detection have been widely used, such as 

liquid chromatography techniques [6], chromatography-mass spectrometry [7], fluorescence 

polarization immuno assay (FPIA) [8], enzyme-linked immunosorbent assays (ELISA) [9], 

lateral flow immunoassay (LFIA) [10], and others. However, these methods tend to be 

complex, require expensive equipment, and rely on trained professionals. Biomolecule 

detection typically depends on natural diffusion processes, which are often slow and less ideal 

for rapid BPA detection. For instance, Kumar et al. [11] developed a technique to measure 

BPA concentrations in five brands of canned soft drinks and bottled water using liquid 

chromatography coupled with tandem mass spectrometry, but this process takes considerable 

time. Additionally, Jia et al. [13] also demonstrated an innovative colorimetric biosensor based 

on CeO2@ZIF-8/Apt composites; however, this method still requires too much time for rapid 

detection applications. Recently, various types of electrochemical sensors have gained 

increasing attention due to their numerous advantages. 

Electrochemical methods, such as cyclic voltammetry, are increasingly favored for 

detection processes due to their high sensitivity, ease of application, minimal solvent 

requirements, relatively low cost, and the lack of need for specialized expertise [12–14]. In 

practice, this technique requires three electrodes: a working electrode, a counter electrode, and 

a reference electrode, with the working electrode playing a critical role in the detection of 

analyte compounds [15]. In many cases, it is essential to modify the surface of the working 

electrode to enhance peak currents and facilitate the redox reactions of the analyte molecules. 

Therefore, electrode material modification is crucial for improving sensor performance in 
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terms of sensitivity, selectivity, and reproducibility [16–18]. The working electrode can be 

modified through physical and chemical approaches, including the use of composite materials, 

nanomaterials, and polymers, which have been proven effective in enhancing the performance 

of electrochemical sensors [19,20].  

Reduced Graphene oxide (rGO) can be modified through both chemical and physical 

approaches. Hidayat et al. [21] developed a BPA sensor by combining a carbon paste electrode 

(CPE) with a TiO2/rGO composite. This study demonstrated that the BPA sensing process 

involves an irreversible reaction controlled by diffusion currents. The sensor also exhibited an 

outstanding detection limit of 0.08 µM. Similarly, Buledi et al. [22] modified the GPE by 

integrating reduced graphene oxide with NiO-ZnO nanoparticles (rGO/NiO-ZnO) for the 

detection of BPA in mineral and tap water. The synergistic effect of rGO and NiO-ZnO resulted 

in superior conductivity with an ohmic resistance value of 412 Ω. This sensor achieved 

effective recovery for monitoring various levels of BPA in drinking water and tap water 

samples. Previously, Lou et al.  [23] reported that MnO2 microspheres modified with carbon 

ion liquid exhibited enhanced stability due to the role of MnO2 nanoparticles in improving 

electron transfer during the BPA monitoring process. Similarly, Nasehi et al. [24] modified 

multiwall carbon nanotubes (MWCNTs) with TiO2-ion liquid for BPA detection in soft drinks. 

The study showed that TiO2 nanoparticles were effective in facilitating electron transport in the 

working electrode. This phenomenon highlights that nanomaterials are highly effective in 

enhancing electrode performance, owing to their large surface area and high surface-to-volume 

ratio. 

In this work, we successfully synthesized TiO2-NiO-MnO2 (TNM) bimetallic 

nanocomposites through a stainless steel-lined autoclave hydrothermal method by 

simultaneously adding three types of metal ions. Variations in the molar ratio between Ti, Ni, 

and Mn ions were also conducted in this study. The TNM bimetallic nanocomposites were then 

incorporated into a conductive material, namely reduced Graphene Oxide (rGO), to maximize 

and enhance the performance, conductivity, surface area, and active sites of the rGO [25]. For 

the first time, we report the development of a new electrode based on TNM bimetallic 

incorporated with rGO (rGO/TNM) for high-sensitivity BPA detection. This bimetallic-based 

sensor offers broad potential applications in modern electrochemical sensor technology. 

 

2. EXPERIMENTAL SECTION 

2.1. Apparatus 

The crystal phase of nanocomposite materials was investigated using X-ray diffraction 

(XRD, UltimaIV, Rigaku, Japan), while their surface morphology was analyzed by scanning 

electron microscopy (SEM, Jeol JSM-7001F, Tokyo-Japan). Fourier Transform Infrared 

(FTIR) was employed to characterize the functional group nanocomposite materials used for 

electrode modification. Electrochemical experiments were conducted using a Potentiostat 
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DY2100B. A three-electrode system was utilized for electrochemical measurements, 

comprising a graphene paste electrode (GPE, 3 mm) or its modified version as the working 

electrode, a platinum wire as the counter electrode, and an Ag/AgCl as the reference. 

 

2.2. Synthesis of rGO Nanomaterials 

The synthesis of rGO nanomaterials was conducted based on a modified Hummers’ 

method. Briefly, 0.4 grams of graphite oxide (GO) was dispersed in 100 mL of distilled water 

and stirred for 4 hours. The resulting suspension was then transferred into a Teflon-lined 

autoclave and heated at 160 °C for 12 hours. After the hydrothermal treatment, the obtained 

GO was dried at 105 °C for 3 hours and subsequently calcined at 500 °C for 1 hour.  

 

2.3. Synthesis of TNM Nanocomposite 

The synthesis of the TNM nanocomposite was initially by weighing 1 gram of TiO2 

powder, which was then added to 25 mL of 0.5 M MnCl2.4H2O solution while stirring for 20 

minutes at 50⁰C. This step is followed by the addition of 25 mL of 0.5 M NiSO4.4H2O solution 

with stirring for the same duration. The mixed solution is then subjected to microwave 

irradiation at 600 watts for 5 minutes. After cooling, the mixture is transferred into a 

hydrothermal Teflon-lined autoclave and heated at 180⁰C for 3 hours. Upon completion of the 

reaction, 7.5 mL of 5 M NaOH solution is gradually added until a gel forms. In the final step, 

the sample is calcined at 500⁰C for 1 hour, resulting in a yellowish-brown TNM powder.  

 

2.4. Fabrication of rGO/TNM Working Electrode 

Through the development of our procedure previously, 0.7 g of rGO/TNM nanocomposite 

was placed into a glass vial containing 0.3 g of paraffin oil. The mixture was then stirred 

uniformly using a magnetic stirrer at 80°C for 15 minutes, resulting in the formation of a 

homogeneous rGO/TNM paste. This paste underwent characterization via XRD, SEM-EDS, 

and FTIR techniques. Subsequently, the prepared paste was loaded into a glass tube with an 

approximate inner diameter of 0.4 mm, which functioned as the electrode casing. The material 

was compacted mechanically to shape the electrode, after which the electrode surface was 

polished using sandpaper. Finally, a copper wire was attached to establish electrical contact. 

 

2.5. Performance Test of Electrodes in BPA Detection 

In voltammetry sensors, the rGO/TNM was used as the working electrode, connected with 

Ag/AgCl (reference electrode) and platinum wire (counter electrode) in a Potentiostat circuit 

utilizing the Cyclic Voltammetry (CV) method. In short, the voltammetric cell contains a test 

solution of 10 µM BPA and 0.01 M phosphate buffer, and measurements are conducted with a 

scan rate of 0.1 V/s, within a potential range of -0.8 V to 0.8 V. The performance test and 
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analytical parameters of the rGO/TNM electrode include the following evaluations: the effect 

of supporting electrolyte, pH influence, buffer influence, linear detection range, detection limit, 

repeatability and reproducibility, selectivity, electrode lifespan, and real sample analysis. 

 

3. RESULTS AND DISCUSSION 

3.1. XRD Analysis 

The phase composition and purity of the TNM nanocomposite were examined using XRD, 

as illustrated in Figure 1. The presence of sharp peaks in the diffraction pattern indicates that 

the nanocomposite exhibits high crystallinity. Diffraction peaks appearing at 2θ values of 

25.1°, 38.9°, 49.6°, 53.4°, 54.6°, and 65.3° are attributed to the (101), (004), (200), (105), (211), 

and (204) crystal planes of the anatase TiO₂ phase, in accordance with JCPDS card No. 84-

1286. [26]. The presence of the anatase phase is crucial, as anatase TiO2 is known for its 

superior photocatalytic and electrocatalytic properties compared to other phases. Additionally, 

the diffraction peaks at 2θ = 37.8° and 58.7° are associated with the (031) and (106) crystal 

planes of γ-MnO2 (Figure 1c), corresponding to JCPDS No. 00-014-0644 [27]. The presence 

of γ-MnO2 is crucial as this material is known for its high oxidative capacity, which enhances 

the sensor's capability in electrochemical detection processes [28]. Meanwhile, the peaks at 

61.4° and 68.2° correspond to the (220) and (002) crystal planes of the β-MnO2 phase, which 

also exhibits significant electrocatalytic activity (JCPDS No. 24-0735) [29]. Meanwhile, the 

NiO phase shows a characteristic diffraction peak at 2θ = 62.7°, which corresponds to the (220) 

crystal plane of the cubic crystal structure of NiO, as per JCPDS No. 47–1049 [30]. NiO, with 

its p-type semiconductor properties, is known for its good catalytic activity in redox reactions, 

and its ability to enhance electron transfer in electrochemical systems [31]. 

  

 

Figure 1. XRD pattern of (a) pristine TiO2, (b) TiO2-NiO, (c) TiO2-MnO2 and (d) TiO2-NiO-

MnO2 
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The presence of the NiO phase in this nanocomposite plays a crucial role in accelerating 

the rate of electrocatalytic reactions, particularly in detecting target molecules, as NiO 

improves conductivity and increases the active surface area. The presence of various crystal 

phases (anatase TiO2, γ-MnO2, β-MnO2, and NiO) within this nanocomposite creates a 

synergistic effect that enhances the electrochemical activity of the electrode, resulting in 

improved sensor performance for detecting target compounds. 

 

3.2. FTIR Analysis 

The Fourier Transform Infrared (FTIR) spectroscopy analysis was conducted to identify 

the functional groups present in the TNM nanocomposite and to confirm the successful 

formation of metal oxide bonds. The FT-IR spectrum of the TNM nanocomposite was 

measured over the wavenumber range of 500 cm⁻¹ to 4000 cm⁻¹, as illustrated in Figure 2. The 

peak is broad and sharp at 3400 cm⁻¹- and 1620 cm⁻¹ is attributed to the O-H stretching 

vibrations of adsorbed water molecules and the bending vibration of H-O-H, further confirming 

the presence of adsorbed water. This could be due to the high surface area of the 

nanocomposite, which allows for more water adsorption. Specifically, the peak at around 698 

cm⁻¹ can be attributed to the Ti-O-Ti stretching mode, which is a signature of anatase TiO2 

[32]. The presence of peaks in this region also suggests the successful formation of NiO and 

MnO2 phases. The stretching modes for Ni-O bonds are observed around 1256 cm⁻¹, while the 

characteristic Mn-O vibrations, associated with γ-MnO2 and β-MnO2 phases, appear in the 

same region 718 cm⁻¹, confirming the coexistence of these metal oxides in the nanocomposite. 

The absence of significant peaks related to organic contaminants in the spectrum indicates the 

high purity of the synthesized nanocomposite. 

 

 

Figure 2. FT-IR spectra of (a) TiO2-NiO, (b) TiO2-MnO2 and (c) TiO2-NiO-MnO2 

nanocomposite 
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3.3. SEM-EDX Analysis  

The morphology and elemental composition of nanocomposite were analyzed by SEM-

EDX. The SEM images of the TiO2-NiO, TiO2-MnO2, and TiO2-NiO-MnO2 nanocomposite 

with different magnifications are displayed in Figure 3. The SEM analysis of the three samples 

revealed significant morphological differences. As displayed in Figure 3(a,b), TiO2-NiO 

nanocomposite is tightly packed on the surfaces and a more compact structure, with particles 

tightly bound together. The integration of NiO into TiO2 promotes structural integrity and 

improves electrical conductivity, but the reduced porosity compared to both samples. It's 

visible also in Figure 3(b) that the NiO surface appears notably thick, with the presence of 

microcracks due to the excessive thickness resulting. Figure 3 (c,d) exhibits a fairly uniform 

nanosphere morphology, with the hollow spherical structures achieved through the calcination 

at 500 °C. Some fragments of particles were observed, which visibly demonstrated the 

formation of hollow spheres (Figure 3d). Moreover, in Figure 3 (e,f) the TNM nanocomposite 

exhibited a highly uniform and porous structure, characterized by well-dispersed nanoparticles 

across the surface [33,34]. This morphology facilitates efficient electron transfer and provides 

an increased surface area for electrochemical reactions, making it ideal for sensor applications. 

The synergy between TiO2, NiO, and MnO2 in this composite results in minimal particle 

agglomeration, which enhances conductivity and sensor sensitivity. 

 

 

Figure 3. SEM image from (a,b) TiO2-NiO, (c,d) TiO2-MnO2, and (e,f) TiO2-NiO-MnO2 
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To support this statement, the prepared nanocomposites were analyzed using EDX to 

determine their chemical composition both qualitatively and quantitatively. Figure 4 displays 

the EDX spectra for (a) TiO2-NiO, (b) TiO-MnO2, and (c) TiO2-NiO-MnO2 nanocomposite, 

with inset tables providing quantitative data.  For TiO2-NiO, the EDX spectrum shows peaks 

corresponding solely to Ti, Ni and O, with mass ratios of 12.40%, 57.60%, and 30.00%, 

respectively. No detectable impurities such as Na or C were observed within the EDX detection 

limit, indicating the high purity and well-crystallized nature of the TiO2-NiO, consistent with 

the XRD results. The EDX spectrum for TiO-MnO2, depicted in Figure 4b, reveals signals for 

Ti, Mn, and O, with mass ratios of 11.80%, 57.50% and 30.7% respectively. The quantitative 

EDX analysis of the TiO2-NiO-MnO2 nanocomposite, shown in Figure 4c, confirms the 

presence of Ti, Ni, Mn, and O with mole ratios of 7.00% for TiO2 30.13% for NiO, 43.54% for 

MnO2 and 19.31% for O, validating the successful synthesis of the TNM nanocomposite. 

 

 

Figure 4. EDX spectra; (a) TiO2-MnO2, (b) TiO2-NiO, and (c) TNM nanocomposites 

 

3.4. Electrochemical Characterization 

The CV profile of bare rGO (unmodified) exhibited a well-defined pair of redox peaks, as 

shown in Figure 5, displaying broad peaks in the [Fe(CN)₆]³⁻/⁴⁻ solution system on its surface. 

The redox peaks for the rGO-TiO₂-NiO and rGO-TiO₂-MnO₂ electrodes were also observed, 
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both demonstrating improved electrochemical performance compared to unmodified rGO, 

although the enhancement in peak currents was relatively minor. It can be seen that the redox 

peaks of these two electrodes are nearly identical and only slightly higher than those of bare 

rGO, indicating that the individual contributions of NiO and MnO₂ did not result in a significant 

synergistic effect [35]. In Figure 5, the highest redox peak currents were observed for the 

rGO/TNM electrode. The oxidation and reduction peak currents increased markedly compared 

to the other electrodes, indicating enhanced charge transfer efficiency and redox activity. This 

phenomenon can be attributed to the strong synergy among the metal oxide components, which 

provide abundant active surface sites, thereby accelerating the electron transfer process. A 

comparison of the redox peak current (Ip) values for both oxidation and reduction processes 

across all tested electrodes is presented in Table 1. 

 

 

Figure 5. Voltammogram of rGO/TNM electrode with scan rate 0.1 V/s in 0.01 M 

Fe(CN)6
3−/Fe(CN)6

4− solution system 

 

Table 1. Comparison of the Ip values of pristine rGO, rGO/TN, rGO/TM, and rGO/TNM 

electrodes in the Fe(CN)6
3−/Fe(CN)6

4− solution system 

 
Electrode Ep (V) Ip (µA) 

Epa Epc Ipa Ipc 

Pristine rGO -0.11 0.21 191 -383 

rGO-TiO2-NiO 0.18 -0.19 359 -354 

rGO-TiO2-MnO2 0.32 -0.14 359 -341 

rGO-TNM 0.10 -0.10 466 -445 

 

Furthermore, to understand the charge transport mechanism and the electrochemical 

properties of the rGO/TNM electrode, scan rate variation studies were conducted using CV in 
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a K₃Fe(CN)₆ system. This study aimed to evaluate the stability and electron transfer kinetics at 

the electrode surface. The obtained CV curves (Figure 6a) show that the redox peak currents 

increase with increasing scan rates [36,37]. Figure 6b presents a good linear relationship 

between the anodic peak current (Ipa) and the square root of the scan rate (v¹ᐟ²), indicating that 

the redox process in this system is diffusion-controlled by the [Fe(CN)₆]³⁻ ions towards the 

electrode surface [38,39]. The linear regression equations obtained were Ipa (y) = 1.8007x + 

0.1167 and Ipc (y) = –1.5876x – 0.1249, with corresponding correlation coefficients (R²) of 

0.9896 and 0.9897, respectively, demonstrating excellent linearity (Figure 6b). 

 

 

Figure 6. Voltammogram of (a) scan rate variation and (b) square root of scan rate of 

rGO/TNM in a K3[Fe(CN)6] 

 

 

Figure 7. Voltammogram comparison of supporting electrolytes and in the presence of 1 µm 

BPA 
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3.5. Voltametric detection of BPA 

In this study, the prepared rGO/TNM electrode was applied for the electrochemical 

detection of BPA using cyclic voltammetry. Figure 7 displays the CV curves of the rGO/TNM 

electrode in PBS solution containing 1.0 μg L⁻¹ BPA. It is clearly observed that no distinct 

redox peaks appeared for the blank PBS solution (black curve), whereas after the addition of 

1.0 μg L⁻¹ BPA, a noticeable reduction current corresponding to BPA was observed (red curve). 

Additionally, the reduction mechanism of BPA in this study likely involves the conversion of 

the oxidized quinone-like intermediate (formed during previous oxidation) back to its 

hydroquinone or phenolic form. The appearance of a distinct cathodic peak in the CV curve 

supports this reductive transformation under the applied potential. This phenomenon indicates 

that the detected peak is indeed attributed to BPA, suggesting that the rGO/TNM electrode has 

strong potential for BPA detection. The excellent conductivity and large surface area of 

rGO/TNM contribute to the clear and well-defined reduction peak as expected. 

Furthermore, the current response of BPA solutions with varying concentrations (0.1-1.0 

µg.L-1) was analyzed using the rGO/TNM electrode via CV technique. Figure 8a presents the 

CV curves for BPA solutions at different concentrations under optimized conditions. 

 

 

Figure 8. (a) Cyclic voltammogram of variations in BPA concentration and (b) linearity curve 

of BPA detection using rGO/TNM 

 

It can be observed that the reduction peak current of BPA gradually increases with 

increasing BPA concentration, indicating a stable and sensitive electrochemical response. A 

strong linear relationship between the peak current and BPA concentration was established, 

with a regression equation of 𝑦 = 1.1915𝑥 + 1.2133 and a determination coefficient (R2) of 

0.9928. The calculated limit of detection (LOD) was 0.01094 µg.L-1, demonstrating the high 

sensitivity of the sensor. This enhanced performance can be attributed to the synergistic effects 

of the large specific surface area and excellent electrical conductivity of rGO, combined with 

the catalytic activity of the TNM nanocomposite, which collectively accelerate electron 
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transfer kinetics [40,41]. These findings confirm that the rGO/TNM-based electrode offers a 

highly promising electrochemical platform for sensitive BPA detection. Additionally, the 

sensor performance was compared with various previously reported sensors, as summarized in 

Table 2. 

 

Table 2. Comparison of the rGO/TNM modified electrode for BPA determination with other 

modified electrodes 

 

Modified Electrode Linear Range LOD 
Analytical 

Methods 
Ref. 

CPE/TiO2 NRs 6×10-4-10-2 M 0.08 μM CV [42] 

MWCNTs/CuFe2O4/GCE 10-120 μM 0.0032 μM DPV [43] 

TiO2/rGO-CPE 1-200 µM 0.08 µM DPV [21] 

Gd@ZnO-MWCNTs/GCE 0.5 to 80 µM 0.2 µM DPV [44] 

MnFe2O4/graphene/GCE 0.8-400 µmol/L 0.0235 µmol/L CV [45] 

rGO/TNM 
0.1 to 1.0 ugL-1 

0.439-4.39 µM 

0.01094 µg.L-1 

0.048 µM 
CV This work 

 

4. CONCLUSION 

Herein, we successfully synthesized a TNM nanocomposite and integrated it with reduced 

graphene oxide (rGO) to fabricate an electrochemical sensor for detection of bisphenol A 

(BPA). The unique combination of TiO2, NiO, and MnO2 nanomaterials, each contributing 

their catalytic and conductive properties, significantly enhanced the sensor’s performance. The 

rGO/TNM composite electrode exhibited excellent sensitivity, selectivity, and reproducibility, 

making it a promising tool for detecting BPA in various environmental samples. The 

synergistic effects of the nanocomposite materials resulted in superior electron transfer rates 

and increased active surface areas, as evidenced by electrochemical measurements. This 

innovative sensor design offers broad potential for applications in environmental monitoring 

and public health, especially for rapid, low-cost detection of hazardous compounds such as 

BPA. Future work should focus on expanding its applicability in complex matrices and 

exploring further enhancements in electrode stability and lifetime. 
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