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Abstract- In this study, electrochemical green synthesis, characterization, and application of 

Carbon dot-doped TiO2 nanocomposites (TiO2@CDs) as carbon paste electrode modifiers have 

been carried out. The preparation of nanocomposites begins with the synthesis of carbon dots 

(CDs) by varying the value of the oxidation potential. The obtained CDs were incorporated on 

the surface of TiO2 through continuous stirring at room temperature followed by heating at a 

constant temperature of 140oC for 4 hours. To determine the effect of potential variations of 

CDs on the characteristics of nanocomposites, we used SEM, XRD, and FTIR. Based on SEM 

characterization, potential variations of CDs didn’t affect or change the surface morphology of 

TiO2. TiO2 has a characteristic surface morphology which is composed of spherical particles 

of uniform size. However, XRD and FTIR characterization showed that the potential variation 

of CDs caused a 2θ angle shift and TiO2 wavenumber in the fingerprint region. Potential 

variations of CDs caused the average particle size of TiO2 to increase from 37.32 nm to 42.89 

nm, 45.12 nm, and 49.01 nm for oxidation potentials of 10 V, 15, and 20 V, respectively. The 

results of the electrochemical characteristics showed superior performance of CPE in the 

Fe(CN)6
3-/Fe(CN)6

4- solution system after being modified with TiO2@CDs. Superior 

performance is demonstrated by significantly increased peak currents, both oxidizing and 

reducing. This phenomenon is strongly influenced by the size of the synthesized CDs particles 

through potential variations. Based on these results, a potential of 15 V is stated as the best 

potential in the application of CDs as a modifier.  
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1. INTRODUCTION   

Titanium dioxide (TiO2) is a photocatalyst material that has attracted the attention of 

researchers because its particle size can be synthesized and modified to nano size. With nano 

size, the effectiveness of a material, especially TiO2 will increase. Based on this, TiO2 is widely 

synthesized and applied to various fields of nanotechnology, such as organic pollutant 

degradation [1–3], water purification [4], COD sensors [5,6], sensors and biosensors [7–9], 

electrode modifiers [10–12], and many other applications that were currently being studied . 

The unique electronic structure of TiO2 is one of the reasons why this material is used in 

various applications. As a semiconductor material, TiO2 has an ideal gap energy level to 

modify. The TiO2 gap energy level plays an important role in the process of pollutant 

degradation [13], conversion of water molecules into hydrogen [14,15], or storage and current 

transfer in DSSC technology [16,17]. Nevertheless, the role of a very important energy level 

of TiO2 is faced with the problem of the recombination rate of the e-/h+ pair. Recombination of 

the e-/h+ pair will reduce the performance of TiO2 [18–20]. In other applications, such as 

electrode modifiers, TiO2 is faced with current conductivity and surface area problems. These 

two problems are reported to affect the interfacial electron transfer and the movement of analyte 

molecules toward the electrode surface. These two problems are reported to affect the 

interfacial electron transfer and the movement of analyte molecules toward the electrode 

surface [21-23]. 

Efforts to the various problems above, several studies show that the doping of TiO2 

photocatalyst surfaces is reportedly effective in reducing the recombination rate of the e-/h+ 

pair, increasing electron transfer on the surface of the electrode, and increasing the 

photocatalyst surface area of TiO2 [13]. Currently, the doping material that is of interest to 

researchers is Carbon dots. Carbon dots (CDs) are carbon-derived materials that have been 

widely applied in various fields since their invention in 2004. Some advantages of using CDs 

are their unique surface area, where CDs consist of very small spherical nanoparticles (<10 

nm). In addition, CDs have strong chemical properties and good biocompatibility. So, the use 

of doping will produce a nanocomposite that has a good hybrid structure [24]. 

CDs synthesis methods that have been reported come from many pathways [25–27]. the 

electrochemical method being one method that shows different characteristics. Among the CDs 

synthesis methods that have been reported, the electrochemical method is one green method 

that shows different characteristics. The electrochemical method is a green synthesis method 

because it is effective in minimizing waste, energy efficient, non-toxic, and has high safety 

standards [28–30]. This green method is widely applied in the synthesis of organic materials 

and has been declared an innovative synthesis method. In the synthesis of CDs, the application 
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of this method will depend on the oxidation potential, current intensity, electrode type, and 

electrolysis time [31]. This condition has the potential to produce CDs with different 

characteristics from those previously reported. Based on this, we report the characteristics of 

the CDs we synthesized through the variation of the oxidation potential. Furthermore, the 

obtained CDs were applied as a TiO2 photocatalyst doping material, resulting in the production 

of TiO2@CDs nanocomposites whose characteristics we report in this study. Based on these 

problems, in this work, we report the characteristics of the synthesized CDs through various 

oxidation potentials. Furthermore, we applied the CDs obtained as a TiO2 doping material, 

resulting in a TiO2@CDs nanocomposite whose characteristics, including morphology, crystal 

size diameter, and intermolecular vibrations, we report in this study. In addition, another 

novelty and uniqueness that we report from this study are the electrochemical properties of the 

TiO2@CDs nanocomposite when applied as a carbon paste electrode (CPE) modifier. The 

electrochemical properties were studied using cyclic voltammetry in a Fe(CN)6
3-/Fe(CN)6

4- 

solution system. 

 

2. EXPERIMENTAL SECTION 

2.1. Electrochemical Synthesis of CDs Solution 

The CDs solution was synthesized electrochemically by varying the oxidation potential of 

10, 15, and 20 Volts, respectively. Graphite rod electrodes are used as an anode and cathode. 

The two electrodes were inserted in an electrochemical cell in the presence of a mixture of 

NaOH/Ethanol as an electrolyte solution. The distance between the two electrodes is kept 

constant at 3 cm. The synthesis process was carried out for 5 hours. Furthermore, the formed 

CDs solution is separated from the carbon residues through a centrifugation process. The 

schematic of the electrochemical synthesis of the Carbon dots solution is shown in Figure 1. 

 

 

 

Figure 1. Schematic of electrochemical synthesis of CDs solution 
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2.2. Synthesis of TiO2@CDs nanocomposites  

The electrochemical synthesis process produced three solutions of CDs which were marked 

as CDs 10 V, CDs 15 V, and CDs 20 V. These three solutions were used in the synthesis of 

TiO2@CDs nanocomposites. The synthesis of nanocomposites was carried out by the 

hydrothermal-impregnation method. A total of 4.0 mL of CDs solution was put into a beaker 

containing 40 mL of deionized water and 6 mL of ethanol. The solution was homogenized 

using a magnetic stirrer, then slowly added 1.50 g of TiO2 nanoparticle. The composite was 

stirred with a magnetic stirrer at room temperature for 4 hours, followed by separation of the 

TiO2@CDs nanocomposites using filter paper and hydrothermally at a constant temperature of 

140oC for 4 hours. The success of the synthesis and the effect of potential variations of CDs on 

the characteristics of TiO2 nanoparticles were characterized using SEM, XRD, and FTIR.  

 

2.3.  Electrochemical performance of TiO2@CDs nanocomposites 

The electrochemical performance of the CPE-TiO2@CDs nanocomposites was studied 

using cyclic voltammetry. Fabrication of electrodes is done through mechanical 

homogenization. A total of 0.70 g of pristine graphite is mixed simultaneously with 0.10 g of 

TiO2@CDs into paraffin oil at 80oC. The composite was then homogenized and inserted into 

the electrode body with a diameter of ±4.0 mm. As a result, three electrodes were obtained, 

namely CPE-TiO2@CDs 10 V, CPE-TiO2@CDs 15 V, and CPE-TiO2@CDs 20 V. The tests 

were carried out alternately by inserting these electrodes into a voltammetric cell containing 

Fe(CN)6
3-/Fe(CN)6

4- 0.01 mol L-1. The performance test of the three electrodes was carried out 

at a potential range of -1.0 to +0.8 V. The scan rate values were varied to determine whether 

the electrochemical reaction in the Fe(CN)6
3-/Fe(CN)6

4- solution system was controlled by the 

diffusion rate. In addition, scan rate variations are performed to calculate the EASA value. The 

design of the electrode body and the stages of the cyclic voltammetry test are shown in Figure 

2. 

 

Figure 2. Design of electrode body and the stages of the cyclic voltammetry test 
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3. RESULTS AND DISCUSSION 

3.1. Characteristics of CDs solution 

The characteristics of the electrochemically synthesized CDs solution are shown in Figure 

3. The CDs solution visually produces a brick-red color. This specific color is shown in Figure 

3a. The fundamental difference from the variation of the oxidation potential to the visual color 

of the CDs solution is the intensity of the color produced. The large oxidation potential (20 V) 

shows a dark brick red color compared to the use potential of 10 and 15 V. This is correlated 

with the number of carbon particles produced. Based on previous studies it was explained that 

certain oxidation potentials will affect the formation and characteristics of CDs [32].  

 

 

 

Figure 3. Characteristics of the CDs solution: (a) the color of the synthesized CDs solution; 

(b) Maximum wavelength; and (c) Specific IR absorption 

 

Figure 3b is the result of a characteristic test using UV-Vis spectroscopy. The results show 

that the active CDs solution absorbs UV light with wavelengths of 242 and 352 nm. This 

wavelength is the specific wavelength of the CDs solution we synthesized. The variation of the 

oxidation potential shows the effect on the absorbance intensity of the CDs molecules. The 
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absorbance bands at 242 and 352 nm result from the π→π⋆ and n→π⋆ transitions originating 

from the C=C and C=O double bonds. The C=C double bond is a bond originating from the 

carbon core, while C=O is a carboxylate group found on the surface of CDs. Based on the 

comparison results with previous studies, it is known that the specific wavelength of the CDs 

molecule is also influenced by the nature of the electrolyte solution and the electrodes (anode 

and cathode) used [14,15]. In addition, different synthesis methods and carbon sources will 

provide unique characteristics of CDs. This characteristic is seen in the visual color and the 

resulting wavelength [34]. 

Figure 3c shows the IR absorption characteristics of CDs. Although there are differences, 

these characteristics have similar functional groups to CDs which were synthesized 

hydrothermally using lemon juice as a carbon source [35]. Based on the results of the literature 

comparison of the specific IR peaks of the ethanol molecule, we believe that the specific IR 

peaks of the CDs we synthesized were indicated by the presence of a peak at 3417.86 cm-1 (O-

H stretching); 1641.42 cm-1 and 1635.63 cm-1 (C=C stretching); 1381.03 cm-1 (C-H bending); 

1305.81 cm-1 and 1274.95 cm-1 (C-O stretching); and 435.91 cm-1 which is a specific peak for 

carbon in the fingerprint region.  

 

3.2. Morphological Characteristics of TiO2@CDs 

In the synthesis of TiO2@CDs nanocomposites, we used three solutions of CDs (shown in 

Figure 1a) as doping agents. The effect of these three solutions in the formation of 

nanocomposites was observed based on the results of morphological characterization, 

crystallinity properties, and functional groups. Physically, the synthesized TiO2@CDs are 

white and are composed of fine particles. Based on the morphological characterization (Figure 

4), it is known that the hydrothermal-impregnated doping process of three CDs solutions does 

not affect the surface of TiO2 nanoparticles. TiO2 nanoparticles have a specific morphology 

which is composed of spherical particles [33,34]. These particles have a uniform size. 

  

 

Figure 4. Morphological characterization of TiO2@CDs 
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Advanced morphological mapping of the doping effect of three CDs solutions on the TiO2 

surface is shown in Figure 5. These results clearly show that the CDs molecules are evenly 

distributed on the TiO2 surface. In addition, the mapping results also provide an overview of 

the effect of variations in oxidation potential on the number of CDs produced.  

 

 

Figure 5. Advanced morphological mapping of TiO2@CDs 

 

3.3. Crystal size characteristics and Functional groups of TiO2@CDs 

In addition to looking at the diffractogram peaks and IR absorption, the characteristics of 

crystalline properties and functional groups were used to observe how variations in the 

oxidation potential of CDs affected the characteristics of TiO2. Figure 6 is the peak of the 

TiO2@CDs diffractogram which we specifically observed in the 2θ = 60-80o region. The 

selection of this region is based on our previous study which found the specific diffractogram 

peak for TiO2@CDs was in the 2θ = 50-80o region [24].  

 

 

Figure 6. Diffractogram peaks of pristine TiO2 and TiO2@CDs synthesized by impregnation- 

hydrothermal 
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The diffractogram comparison between pristine TiO2 (black line) and TiO2@CDs (red, 

blue, and green lines) shows the same diffractogram pattern. Pristine TiO2 has a diffractogram 

peak at 2θ=62.32o, 68.43o, 69.99o, 74.72o, and 75.76o. The presence of CDs causes these 

specific peaks to shift towards a larger 2θ. This was shown for all synthesized nanocomposites, 

both TiO2@CDs 10 V, TiO2@CDs 15 V, and TiO2@CDs 20 V. 

In addition to the 2θ shift, based on the calculation of the average particle size using the 

Scherrer equation, data were obtained that the CDs doping on the TiO2 surface caused a change 

in the average particle size. Where this change is shown for all variations of the oxidation 

potential. The greater the value of the oxidation potential used in the synthesis of CDs, the 

greater the change in the average particle size of TiO2. The average particle size values of 

pristine TiO2 and TiO2@CDs are shown in Table 1.  

 

Table 1. Average particle size values of prestige TiO2 and TiO2@CDs 

 
Materials Average particle size 

(nm) 

Pristine TiO2 37.32 

TiO2@CDs 10 V 42.89 

TiO2@CDs 15 V 45.12 

TiO2@CDs 20 V 49.01 

 

 

Figure 7. IR spectra of pristine TiO2 and TiO2@CDs in the fingerprint region 

 

Figure 7 shows the IR absorption characteristics of pristine TiO2 (black line), TiO2@CDs 

10 V (red line), TiO2@CDs 15 V (blue line), and TiO2@CDs 20 V (green line). This 

characteristic is observed in the fingerprint region. The observed phenomenon of the variation 

of CDs oxidation potential is the shift of the specific IR peak of pristine TiO2. In the fingerprint 
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area, pristine TiO2 has specific IR peaks at several wave numbers, including 410 cm-1, 417 cm-

1, 426 cm-1, 433 cm-1, and 482 cm-1. The doping process causes the wave numbers to experience 

irregular vibrations so that the peak shift pattern becomes different between 10 V CDs, 15 V 

CDs, and 20 V CDs. 

 

3.4. Effect of TiO2@CDs on the electrochemical performance of CPE 

This section examines the role of TiO2@CDs on the electrochemical performance of CPE. 

In this case, the observed electrochemical performance is the value of the redox potential and 

peak current of the Fe(CN)6
3-/Fe(CN)6

4- aqueous system. In addition, this observation 

specifically aims to study the role of CDs synthesized with varying potential on the 

performance of the TiO2@CDs composite. Figure 8 shows the superior performance of CPE 

after the addition of TiO2@CDs. The addition of TiO2@CDs succeeded in increasing the 

conductivity and electron transfer rate of CPE. In the Fe(CN)6
3-/Fe(CN)6

4- aqueous system, 

pristine CPE (inset) shows a cyclic voltammogram with small and wide current peaks, both 

oxidation and reduction peaks. But interestingly, the addition of TiO2@CDs makes CPE 

electrochemical performance very good. This performance is shown in all observed modifiers. 

The high and narrow current peak indicators and small potential values are the basis for our 

belief that the TiO2@CDs modifier has a significant effect on increasing the electrochemical 

performance of CPE. 

 

 

Figure 8. Cyclic voltammogram of the electrochemical performance of TiO2@CDs as a CPE 

modifier in the Fe(CN)6
3-/Fe(CN)6

4- 0.01 mol L-1 aqueous system (supporting electrolyte: NaCl 

0.1 mol L-1) 

 

Table 2 shows the redox current potential and peak values of TiO2@CDs modified CPE. 

Based on Figure 8 and Table 2, the electrochemical performance of CPE modified by 
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TiO2@CDs 15 V as a modifier showed much better performance than the other two modifiers, 

namely TiO2@CDs 10 V and TiO2@CDs 20 V. Homogenization of CPE with TiO2@CDs 15 

V effectively changed the electrochemical characteristics of CPE in the Fe(CN)6
3-/Fe(CN)6

4- 

aqueous system. Previously, CPE was quasi-reversible and turned into reversible. The peak 

current value (Ip) generated from CPE-TiO2@CDs 15 V is Ip (Ipa/Ipc) = 1. These results also 

show how the effect of potential bias CDs against performance modifiers. CDs synthesized 

using a potential of 15 V showed the best performance compared to using a potential bias of 

10 V and 20 V. The difference in bias potential will result in different sizes of CDs particles, 

so their use as a dopant will give different characteristics. This condition is corroborated by the 

average particle size data from TiO2@CDs as shown in Table 1. The use of a large potential 

bias will result in a large CDs particle size that correlates with a larger average particle size of 

the modifier. Based on this, it was found that CDs suitable for application as dopants in the 

synthesis of electrode modifiers were 15 V CDs. 

  

Table 2. Redox current potential and peak values of CPE-TiO2@CDs 

Electrodes Epa 

(V) 

Ipa 

(A/cm2) 

Epc 

(V) 

Ipc 

(A/cm2) 

CPE-TiO2/CDs 10 V -0.03 1.74×10-5 -0.39 -2.01×10-5 

CPE-TiO2/CDs 15 V -0.06 2.20×10-5 -0.33 -2.45×10-5 

CPE-TiO2/CDs 20 V -0.02 1.66×10-5 -0.39 -2.01×10-5 

 

The superior electrochemical performance of TiO2@CDs in the Fe(CN)6
3-/Fe(CN)6

4- the 

aqueous system was also studied by varying the scan rate in the range of 0.02 to 0.50 Vs-1. 

Variation of scan rate is important in obtaining information regarding whether an 

electrochemical reaction is driven by a diffusion process. The current is directly related to the 

concentration of the analyte in the body of the solution. So that the value of the scan rate has a 

linear relationship to the peak current, both anodic and cathodic. Figure 9 shows how the 

performance of the three electrodes, namely CPE-TiO2@CDs 10 V, CPE-TiO2@CDs 15 V, 

and CPE-TiO2@CDs 20 V when the scan rate values are varied. In general, the three electrodes 

show a linear relationship between the value of the scan rate and the peak current. This is 

indicated by the increase in the peak current value along with the increase in the scan rate value. 

So it can be assumed that the electrochemical reactions produced by the three electrodes in the 

Fe(CN)6
3-/Fe(CN)6

4- solution system are controlled by a diffusion process. Nonetheless, CPE-

TiO2@Ds 15 V exhibits the property that most interests us. This electrode shows the stability 

of the potential value, both oxidation and reduction of solutions containing Fe(CN)6
3-

/Fe(CN)6
4- analytes. The resulting oxidation and reduction potential values for each scan rate 

variation are 0.1 V and 0.3 V respectively. The stability of the potential values, when the scan 

rate varies, illustrates that the electrochemical reactions that occur on the surface of the 
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electrode are reversible. These results corroborate the previous information shown in Figure 8 

and Table 1.  

 

 

 

 

Figure 9. Cyclic voltammogram of scan rate variation in Fe(CN)6
3-/Fe(CN)6

4- solution system: 

(a) CPE-TiO2@CDs 10 V; (b) CPE-TiO2@CDs 15 V; and (c) CPE-TiO2@CDs 20 V 
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Figure 10 shows the results of plotting the roots of the scan rate vs. the peak anodic current. 

We use the slope values from these plotting results to estimate the electroactive surface area 

(EASA) of the three electrodes that we synthesize. 

      

 

Figure 10. Plotting of root scan rate vs. peak anodic current 

 

The estimated value of EASA is calculated according to the Randles-Sevcik equation 

[21,22,38]. For the Fe(CN)6
3-/Fe(CN)6

4- aqueous system, we use the equation Ip = 269 n3/2 

AD1/2 Cυ1/2, where n = 1, D = 7.6×10-6 cm2/s, and C = 0.01 M. The Ip is the slope value as 

shown in Figure 10. The estimated EASA value is then shown in Table 3. Overall, the results 

illustrate that the CPE-TiO2@CDs electrode composite has a different surface area. These 

differences affect the electrochemical characteristics, especially the transfer of electrons on the 

surface of the electrode. 

 

Table 3. Estimation of the EASA value of CPE-TiO2@CDs in the Fe(CN)6
3-/Fe(CN)6

4- 

aqueous system 

 
Electrodes Slope EASA Values 

(cm) 

CPE-TiO2/CDs 10 V 8×10-5 (R2 = 0.9984) 0.01 

CPE-TiO2/CDs 15 V 7×10-5 (R2 = 0.9974) 0.009 

CPE-TiO2/CDs 20 V 7×10-5 (R2 = 0.9999) 0.009 

 

4. CONCLUSION 

The effect of electrochemically synthesized CDs using various oxidation potentials on the 

characteristics of nanocomposite based on TiO2 has been successfully studied in this study. 

The variation of the oxidation potential resulted in a brick red CDs solution that actively 

absorbs UV light at a wavelength (λmax) of 242 nm and 352 nm. The CDs solution also showed 
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specific IR peaks at wave numbers (1/λ) of 3417.86 cm-1, 1641.42 cm-1, 1635.63 cm-1, 1381.03 

cm-1, 1305.81 cm-1, 1274.95 cm-1 and 435.91 cm-1. The doping process carried out by 

hydrothermal impregnation succeeded in obtaining TiO2@CDs nanocomposites with 

morphological characteristics composed of spherical particles of uniform size. Another 

characteristic produced is the increased average particle size which has a specific IR absorption 

in the fingerprint region. These characteristics are influenced by the variation of the oxidation 

potential used during the synthesis of CDs. The results of electrochemical tests in the Fe(CN)6
3-

/Fe(CN)6
4- solution system illustrate that TiO2 doped with CDs 15 V (TiO2@CDs 15 V) is the 

best modifier for CPE. However, the application of the TiO2@CDs we synthesized needs to be 

studied further in the future. This application is closely related to its performance as an 

electrode modifier for voltammetry-based chemical pollutant detection. Based on preliminary 

observations, we found the superior performance of CPE after the addition of TiO2@DCs. 

TiO2@CDs succeeded in increasing the conductivity properties of CPE, whereas TiO2@CDs 

made the redox current peaks higher. Not only that, TiO2@CDs make the rate of electron 

transfer at the electrode surface increase significantly. 
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