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Abstract


This article outlines the method of creating electrodes for electrochemical sensors using hybrid nanostructures composed of graphene and conducting polymers with insertion of gold nanoparticles. The technology employed for graphene dispersion and support stabilization was based on the chemical vapor deposition technique followed by electrochemical delamination. The method used to obtain hybrid nanostructures from graphene and conductive polymers was drop-casting, utilizing solutions of P3HT, PANI-EB, and F8T2. Additionally, the insertion of gold nanoparticles utilized an innovative dip-coating technique, with the graphene-conducting polymer frameworks submerged in a HAuCl4/2-propanol solution and subsequently subjected to controlled heating. The integration of gold nanoparticles differs notably, with P3HT showing the least adhesion of gold nanoparticles, while PANI-EB exhibits the highest. An inkjet printer was employed to create electrodes with metallization accomplished through the use of commercial silver ink. Notable variations in roughness (grain size) result in unique behaviors of these structures, and therefore, any potential differences in the sensitivity of the generated sensing structures can be more thoroughly understood through this spatial arrangement. The electrochemical experiments utilized a diluted sulfuric acid solution at three different scan rates. The oxidation and reduction potentials of the structures seem fairly alike. Nevertheless, a notable difference is seen in the anodic and cathodic current densities, which appear to be largely influenced by the active surface of gold nanoparticles linked to the polymeric grains. The graphene–PANI-EB structure with Au nanoparticles showed the highest responsiveness and will be further evaluated for biomedical applications.
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1. Introduction


The electrochemical sensor is a common type of sensing device that converts biochemical events into electrical signals. In this kind of sensor, the working electrode is an essential element used as a solid base for the immobilization of biomolecules and the transfer of electrons. Owing to various nanomaterials with significant surface area, synergistic effects are facilitated by enhancing loading capacity and the mass transport of reactants, leading to improved performance in analytical sensitivity. The carbon allotropes can serve as electrodes and supporting scaffolds because of their extensive active surface area and efficient electron transfer rate. Conducting polymers represent other significant category of functional materials that have been extensively utilized in the production of electrochemical sensors, due to their adjustable chemical, electrical, and structural characteristics. Conducting polymers can also be engineered with other functional materials like nanoparticles to significantly enhance the sensitivity and selectivity of the sensor’s reaction to various analytes. In recent years, hybrid materials made of graphene and different polymers have been thoroughly studied, considered to lead to considerable progress in electrochemical sensing. The creation of such hybrid nanostructures is associated with their unique electrical properties.



A method for producing graphene/polyaniline, graphene/poly(3,4-ethylenedioxythiophene), and graphene/polypyrrole (PPy) nanocomposites is highlighted in [1]. A detailed overview of various hybrid structures comprising metallic oxides, graphene, and conductive polymers like poly-indole, polypyrrole, and poly-aniline is provided in [2]. A review of analogous structures of graphene oxide/conducting polymer composites, now presented as hydrogels, is provided in [3]. Similar technologies are noted in additional sources [4,5,6,7,8,9]. The main use of hybrid structures made from graphene and conducting polymers is related to sensors. In the last 15 years, numerous sensors have been developed, starting from simple types like those for humidity [10,11], temperature [12], and gas detection [13,14,15,16,17], which also include waste gas evaluation [18] and various chemical sensors [19,20]; advancing to sensors with multiple applications for detecting dopamine, serotonin, cholesterol, bilirubin, uric acid, and others [21,22,23,24,25,26]; as well as specialized sensors for environmental monitoring that identify pollutants in water, such as heavy metals [27,28]; and finishing with examinations of food and pharmaceutical products [29,30].



A new research direction in the field of sensors involves integrating metallic nano-structures into the architecture of conducting polymers to improve the sensitivity and/or selectivity of sensors, as detailed in [31,32,33,34,35], with applications tested for impedimetric, electrochemical, or chemosensors. However, no research has so far attempted to improve the characteristics of sensors by incorporating gold nanoparticles into more complex structures, even if the advantage of simple use of gold nanoparticles for sensor application was noticed by some authors in recent studies [36,37]. Therefore it is worthwhile to further investigate the development of electrodes featuring more intricate structures that incorporate gold nanoparticles. Various techniques for integrating gold nanoparticles into polymer frameworks are extensively discussed in the literature, such as: drop-casting, dip-coating or in-situ synthesis and integration, [38,39,40], but the paper introduced an innovative approach in this domain based on dip-coating method.



The significance of this study lies in creating functional electrodes for electrochemical sensing systems by embedding gold nanoparticles within hybrid assemblies of graphene and conducting polymers, a complexity of materials for electrodes not previously detailed in the literature. An effective technique for incorporating gold nanoparticles into the surface of conducting polymers was presented, involving the immersion of the polymer film in a highly diluted HAuCl4 solution, followed by controlled heating, resulting in a substantial impact on a broader surface, potentially serving as a working electrode. Three hybrid structures were analyzed, ultimately determining which one was the optimal selection based on responsive features evaluated through cyclic voltammetry.




2. Materials, Preparation and Characterizing Methods


2.1. Materials and Preparation Methods for Graphene Substate


The technology used for graphene synthesis, dispersion and support stabilization was widely describe in [41], and was based on the chemical vapor deposition method followed by an electrochemical delamination. The optimal process, by examining the outcomes achieved at 900 °C and correspondingly 950 °C as detailed in [41], was achieved at 950 °C, leading to enhanced grain structure and the formation of layers mainly characterized by peaks rather than hollows. The samples were ultimately moved onto a SiO2/Si substrate, because a nonmetallic support allows a more efficient treatment with conducting polymers and can finally generate a functional precursor for an electrochemical electrode. The graphene structures resulted uniform and free from structural defects. The grain size ranged from 1.5 μm and the peak density was reduced, resulting in an improved equilibrium between peaks and hollows.




2.2. Materials and Preparation Methods for Hybrid Nanostructures from Graphene and Conducting Polymers


The method used for creating hybrid nanostructures from graphene and conducting polymers was drop-casting, and five samples of each type were created to evaluate technological feasibility, as widely described in [41]. For Poly 3-hexylthiophene (P3HT), 15 mg/mL of the polymer was dissolved in CHCl3 at room temperature using an ultrasonic bath and allowed to sit for 30 min to achieve a uniform dispersion. In the case of Polyaniline emeraldine-base (PANI-EB), a 20 mg/mL polymer solution was prepared in N-methyl pyrrolidinone (NMP) by dissolving it at room temperature with an ultrasonic bath and allowing it to rest for 30 min for uniform distribution. For Poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-bithiophene] (F8T2), a 20 mg/mL polymer solution was prepared in toluene at 60 °C using an ultrasonic bath and allowed to disperse uniformly for 30 min.



In all instances, 120 μL of each polymer solution was applied to graphene (SiO2/Si substrate) via the drop-casting technique with Pasteur pipettes. The evaporation of each solvent occurred for 30 min under vacuum conditions, utilizing a Pfeiffer vacuum pump linked to a desiccator.




2.3. Materials and Preparation Methods for Embedding Au Nano-Particles Within Hybrid Graphene-Polymer Structures


The graphene-conductive polymer composite structures were impregnated with a HAuCl4/2-propanol solution by the dip-coating method. The samples were completely immersed and kept for 24 h in a diluted HAuCl4/2-propanol solution (0.001 M). After impregnation, the samples were dried in an oven at 150 °C in a stream of Ar (100 sccm) for 30 min. The system was then cooled to room temperature in a stream of Ar. As shown below, Au nanoparticles with an average size of 100 nm were quasi-uniformly integrated into the hybrid graphene-polymer structures. This approach for obtaining pre-defined Au nanoparticles from a very diluted HAuCl4 solution on the polymeric substrate, heated from room temperature to slightly above one hundred degrees Celsius, is similar to those detailed in [42,43], in those instances handling with remnants of a droplet of HAuCl4 solution and following the same process of heating. But this technique, introduced by the paper, using immersion of the polymer film in a very diluted HAuCl4 solution, has the advantage of creating and quasi-uniformly dispersing gold nanoparticles on larger surfaces, along with several extra advantages: (1) the cost of generating gold nanoparticles is low; (2) the method is simple; (3) no waste liquid is produced following the synthesis of gold nanoparticles.




2.4. Characterization Equipment


Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) were performed with a field emission and focused ion beam scanning electron microscope Lyra III XMU (TESCAN GROUP a.s., Brno-Kohoutovice, Czech Republic).



Optical analysis using atomic force microscopy (AFM) was conducted with a Dimension Edge device (Bruker, Billerica, USA). The assessment of roughness was performed using these derived parameters: Ra = Average Roughness; RSk = Skewness; RMS = Root Mean Square Roughness; RKu = Kurtosis. The outcomes for the roughness parameters are shown as averages for 4 scanned regions on each type of sample. The surface roughness parameters are described according to ISO 21920-2:2021 [44,45].



A PARSTAT 4000 potentiostat/galvanostat device (AMETEK Scientific Instruments Inc., Oak Ridge, TN, USA) along with its associated software linked to a computer via the VersaStudio electrochemistry graphical interface was used to assess electrochemical features of samples. Its K0264 Micro-Cell Kit was used as electrochemical cell assembly.





3. Results and Discussion


3.1. AFM Analysis


Along with the initial analysis presented in [41], a SEM analysis was also introduced for all hybrid structures of graphene-conducting polymers. In the case of graphene covered with P3HT, although, at first glance, it seems to have a fairly uniform grain distribution, Figure 1a), when relaying to the image at 500× Figure 1b), it can be noticed that the roughness is quite high. Grains of different sizes but also smoother stretches can be observed, Figure 2.



The grain size is small, typically below 0.3 μm. The grains are typically organized in bigger groups. The Rku values are near 3, Table 1, indicating that the grain distribution is fairly symmetrical. The Rsk values are minimal, and we can approximate a roughly equal percentage of peaks and hollow distributed across the surface.



In the case of graphene covered with PANI-EB, we can evaluate a roughly equal percentage of peaks and valleys distributed across the surface, but here the grains are organized in smaller groups and present a higher density, Figure 3. The grain size is larger, typically over 2.2 μm, Figure 4, and their concentration is heightened. The Rku values remained near 3, indicating that the grain distribution is symmetrical. The Rsk values are also minimal, comparable with the values for graphene–P3HT structures, suggesting that polymer deposition creates a similar architecture, see Table 2.



In the case of graphene covered with F8T2, a different topography is observed compared to the structures presented above. Analyzing Figure 5, even if it seems to present a fairly uniform grain distribution, the roughness is much higher compared to the graphene deposited with P3HT or PANI-EB. The grains are arranged less uniformly, and there are grains of different sizes separated by smoother stretches.



The grain size is generally 3 μm, Figure 6, about 10 times larger compared to the graphene deposited with P3HT, where the grain dimension was 0.28 μm. But the grain size for graphene–F8T2 assembly is in line with the dimension for graphene deposited with PANI-EB, of 2.2 μm. The grains are generally arranged in smaller clusters, and according to the values of RSk and Rku the grain distribution is quite symmetrical, Table 3.



In all, AFM emphasized a higher roughness in the case of F8T2 compared to P3HT or PANI-EB, and a larger dimension of grain size.



The analysis of the structure obtained after inserting Au nanoparticles within graphene–P3HT assembly is presented in Figure 7. The existence of gold as quasi-spherical particles with the average dimension of approx. 100 nm is easily observable. However, at first glance, the number of gold particles bonded to the polymer is quite minimal.



The grain size typically measures 0.48 μm, consistent with the size of graphene deposited with PANI-EB without the addition of Au, as shown in Figure 8. The grains are usually organized in smaller groups too. The RSk values are elevated, suggesting the formation of distinct hollows post-Au deposition; however, the structure of these hollows is scattered due to the limited number of Au particles. The Rku values exceed 4, indicating that the grain symmetry is somewhat altered by the addition of Au, as shown in Table 4.



Figure 9 shows the analysis of the structure achieved after incorporating Au nanoparticles into the graphene—PANI-EB assembly. The presence of gold in the form of quasi-spherical particles with an average size of about 100 nm is clearly visible, yet the quantity of metallic particles is greater and somewhat grouped in small clusters.



The grain size is generally 1.8 μm, in line with the dimension for graphene deposited with PANI-EB without Au addition, Figure 10. The grains are usually organized in larger groups. The RSk values are high, indicating the development of unique hollows after Au deposition, characterized by a specific arrangement featuring large hollows among the groups of grains. The Rku values are over 7, demonstrating that the grain symmetry is completely altered by the inclusion of Au, as illustrated in Table 5, as integration of metal compels the initial grains to form gaps for Au particles to delve further and gather into small clusters, thereby sharpening the peaks.



Figure 11 illustrates the analysis of the structure obtained after adding Au nanoparticles to the graphene–F8T2 composite. Gold is noticeably present. At first glance, when comparing Figure 7, Figure 9 and Figure 11, in this instance, the area covered with nanoparticles surpasses that of the graphene–P3HT assembly but is fewer compared to the graphene–PANI-EB assembly. The metallic particles are somewhat clustered in larger groups, but the respective clusters are quite dispersed among the graphene–F8T2 grains.



The grain size typically reaches 3.8 μm, aligning with the dimensions for graphene deposited with F8T2 without the addition of Au, as shown in Figure 12. The grains are typically arranged in smaller clusters. The low RSk values suggest the formation of some hollows; however, the architecture of these hollows is scattered, due to the fairly dispersed gold clusters, and overall, the grains settle closely together, resulting in minimal free space among them. The Rku values exceed 4, indicating that the grain symmetry is somewhat modified by the presence of Au, as shown in Table 6, although this modification is less significant compared to the graphene–PANI-EB assembly case, since, despite clustering, the Au particle clusters are few and fairly dispersed.



To evaluate the amount of gold in these hybrid structures, energy dispersive X-ray analyses were performed. The images have been very challenging to identify differences regarding the Au peak intensities, as there is a very low amount of gold relative to the graphene quantity, and minimal fluctuation in atomic percentage of gold as well, which renders the images irrelevant. Conversely, because of the weak EDS signal from small nanoparticles, the detection time for these particles increased, and other elements, such as Cu, Fe, and Co (likely connected to the sample holders etc.), appeared in the images, affecting the quality of the Au peak intensities. EDS analysis, a semi-quantitative method, has reasonably confirmed the incorporation of gold nanoparticles into hybrid structures. Table 7 depicts the weight and atomic percentage of gold atoms in the hybrid samples, but under the previously mentioned experimental conditions, the accuracy of this information is constrained.



In assessing the incorporation of gold nanoparticles into graphene-conducting polymer assemblies, we can infer that the interaction of gold with the polymer structures varies significantly, with P3HT exhibiting the weakest physical connection and lowest quantity of linked gold nanoparticles and PANI-EB showing the strongest. Conversely, the effect of incorporating gold nanoparticles varies, being more individual and dispersed for P3HT, and distinctly clustered and more agglomerated for the other two structures. In every instance, a fairly symmetrical arrangement of grains was observed, with minimized space between them. Structures featuring symmetrical distribution and roughness dimensions at the micrometer scale are regarded as ideal for use as electrochemical sensors, although electrochemical evaluations in various reactants could determine their definitive usefulness.




3.2. Analysis of Electrochemical Functionality


The literature describes various metallization processes for graphene-supported composite materials, such as in [46], but many of them are unsuitable for a basic sensor application. In our instance, an ink-jet printer was utilized, and the metallization was performed using commercial ORGACON SI-J20X ink (Agfa-Gevaert N.V., Mortsel, Belgium) designed for printed electronics, by deposition in 2 layers. A uniform dispersion of the ink on the active area was observed, Figure 13a. An electrode structure was created from each of the earlier shown hybrid samples, featuring an active surface approximately 1–1.5 cm2, linked on one side to the connecting conducting path.



The electrochemical cell utilized for obtaining the cyclic voltammograms consisted of three electrodes: one of the previously mentioned electrodes served as the working electrode, the reference electrode was Silver/Silver chloride, and the counter electrode was a Pt spiral of 0.3 mm diameter. The K0264 Micro-Cell Kit configuration, used as electrochemical cell assembly, is presented in Figure 13b.



The solution employed for the preliminary testing the three working electrodes was a 0.5 M aqueous H2SO4 solution, a typical method associated with cyclic voltammetry for examining proton reduction [47,48,49], primarily if pertaining to electrodes that include metallic elements. Figure 14 displays the cyclic voltammograms of the graphene–P3HT electrode with Au nanoparticles, employing 3 scanning rates of: 200, 100, and 50 mV/s respectively.



A thorough examination of Figure 14 shows that the peaks of oxidation and reduction in the voltammograms are found at 439 and 325 mV, respectively, indicating an irreversible process related to the electrochemical doping of P3HT by HSO4− anions in the vicinity of Au nanoparticles, similar with the cases described in [50,51]. As the scanning speed slows down, a reduction in both the anodic and cathodic current densities of the voltammograms is noted.



Figure 15 presents the cyclic voltammograms of the graphene–PANI-EB electrode with Au nanoparticles, at the same scanning rates.



It was observed that regardless of the scanning speed, the cyclic voltammograms display an oxidation peak at 450 mV and a reduction peak at 291 mV. This difference in potential between the maximum oxidation and reduction indicates an irreversible process resulting from the doping of PANI-EB, which leads to the creation of emeraldine polyaniline salt (PANI-ES). Furthermore, as the scanning speed decreases, there is a nearly linear drop in the anodic and cathodic current densities, suggesting that the electrochemical process is controlled by diffusion.



Finally, Figure 16 presents the cyclic voltammograms of the graphene– F8T2 electrode with Au nanoparticles, at the same scanning rates.



Upon examining the voltammograms collected at a sweep rate of 200 mV/s, it is evident that the maximum anodic and cathodic current densities increase with a growing number of cyclic voltammograms. By the conclusion of the 5 cycles, the process generally starts to stabilize, with the oxidation and reduction potentials of 428 and 325 mV, respectively. This effect is reduced at slower scanning speeds. More than this, a slower sweep speed leads to a decreased density of the anodic and cathodic currents, with a slight shift in the positions of the oxidation and reduction peaks; at a sweep speed of 50 mV/s, the potentials of the anodic and cathodic maxima are 448 mV and 337 mV, respectively. The voltage variation linked to the anodic and cathodic peaks suggests an irreversible process tied to the doping of the F8T2 macromolecular compound with gold nanoparticles, especially concerning their clustering in large quantities.



In all cases, especially at higher scanning speeds, preliminary minor oxidation and reduction processes, at potentials of about 200 and 180 mV, respectively, were noticed. They can be explained by the surface oxidation of gold nanoparticles, especially if pertaining to electrodes that include a carbon-based support, as described e.g., in [52]. A piece of evidence supporting this hypothesis is that for the graphene–F8T2 electrode, the effect is somewhat intensified when taking into account the clustering of Au nanoparticles in greater amounts. The variations of the electrochemical features demonstrated by the three electrodes when exposed to the 0.5 M H2SO4 solution distinctly show that the oxidation and reduction reactions at the electrode/electrolyte interface possess an irreversible nature due to the doping of the conjugated polymers, enhanced by the presence of gold nanoparticles.



The notable differences in roughness (grain size) and the arrangement of Au nanoparticles distribution within polymer grains lead to differing behaviors of those structures, and thus, any possible discrepancies in the sensitivity of the created sensing structures can be further clarified by this spatial configuration. At first glance, the oxidation and reduction potentials of the structures appear quite similar, particularly in the presence of sulfuric acid solution. However, a significant distinction can be observed in the values of the anodic and cathodic current densities, which seem to be greatly influenced by the amount and the way the gold nanoparticles are attached to the polymeric grains. In examining the slight oxidation and reduction reactions of Au nanoparticles for graphene–P3HT assembly, the effect appears comparable to that observed for graphene-F8T2 assembly, despite a noticeable difference in the atomic percentage of Au nanoparticles attached to each polymer surface, Table 7. Conversely, the oxidation and reduction processes of Au nanoparticles are hardly significant for the graphene–PANI-EB assembly, despite the amount of Au nanoparticles attached to the respective polymer surface being similar to that of the graphene-F8T2 assembly. For graphene–P3HT and graphene-F8T2 assemblies, the incorporation of Au nanoparticles appears to provide a distinct effect that does not necessarily improve the polymer’s electrochemical activity. In contrast, for the graphene–PANI-EB assembly, the impact is more synergistic, the oxidation and reduction processes of Au nanoparticles being negligible. These findings are supported by the analysis of Au nanoparticle dispersion linked to Figure 7, Figure 9 and Figure 11, where a more uniform and consistent distribution of Au nanoparticles among the polymer grains is observed solely in the case of the graphene–PANI-EB assembly.



In Figure 17, the current densities of structures at different scanning speeds is presented for the three graphene-polymer assemblies. The tests were repeated five times, and the results presented achieved a confidence level exceeding 90%. As shown, the most responsive structure is validated to be graphene–PANI-EB integrating Au nanoparticles. The explanation is founded on an adequately large grain size of 1.8 μm of the structure, with a significant quantity of Au nanoparticles, arranged as small clusters uniformly dispersed among the polymer grains, which become sharper due to arrangement of Au nanoparticles.



In contrast to other research on graphene-polyaniline composites that may serve as electrochemical sensors [53,54,55,56,57], which primarily focus on graphene clusters embedded within PANI chains and utilize Van der Waals interactions on larger surfaces, the electrode technology introduced in this paper is groundbreaking and highlights a novel approach in altering at the nanoscale the architecture of sensing structures traditionally composed solely of graphene and conducting polymers. Additionally, incorporating gold nanoparticles enhances sensitivity regarding redox potential, both of which are critical attributes for an electrochemical sensor that targets specific biomolecular components for testing. Future research will focus on specifying hybrid structures of graphene–PANI-EB integrating Au nanoparticles for cancer diagnosis, aiming to exceed the results presented in [58,59], where the properties of PANI and graphene are examined independently, or the results presented in [60,61,62,63], where gold nanoparticles and graphene are examined independently.





4. Conclusions


This paper describes the process of fabricating electrodes utilizing hybrid nanostructures made from graphene and conductive polymers, as well as integrating gold nanoparticles.



The technique employed to create hybrid nanostructures from graphene and conducting polymers was drop-casting, using solutions of P3HT, PANI-EB, and F8T2. Furthermore, the graphene-conducting polymer structures were submerged in a HAuCl4/2-propanol solution employing a novel dip-coating method, followed by a controlled heating from room temperature to just above one hundred degrees Celsius. The technique offers the benefit of generating and quasi-uniformly distributing gold nanoparticles with an average size of 100 nm across larger graphene-polymer structure surfaces. The incorporation of gold nanoparticles into polymer structures varies significantly, as P3HT shows the least affinity while PANI-EB exhibits the greatest.



An ink-jet printer was utilized to fabricate electrodes for electrochemical experiments from the relevant hybrid structures, with metallization carried out using commercially available silver ink intended for printed electronics. The electrochemical experiments used a 0.5 M aqueous H2SO4 solution at three different scanning rates. The significant difference in roughness (grain size) leads to diverse behaviors of these structures, and thus, any possible variation in sensitivity can be better comprehended through this spatial configuration. At a glance, the oxidation and reduction potentials of the structures appear quite similar. However, a significant distinction is observable in the anodic and cathodic current density values, which seem to be greatly influenced by the active surface and structure of gold nanoparticles attached to the polymeric grains. The most responsive structure seems to be graphene–PANI-EB with Au nanoparticles, featuring a grain size of 1.8 μm and a significant quantity of Au nanostructures, arranged in small clusters that are evenly spread across the polymer grains.



Upcoming studies will target the specification of this electrode type for cancer detection.
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Figure 1. Optical analysis of graphene–P3HT: (a) SEM at 10 kx and (b) optical at 500×. 
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Figure 2. AFM Topographic image and profile lines for graphene–P3HT. 
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Figure 3. Optical analysis of graphene–PANI-EB: (a) SEM at 1 kx and (b) optical at 500×. 
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Figure 4. AFM Topographic image and profile lines for graphene–PANI-EB. 
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Figure 5. Optical analysis of graphene–F8T2: (a) SEM at 5 kx and (b) optical at 500×. 
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Figure 6. AFM Topographic image and profile lines for graphene–F8T2. 
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Figure 7. Optical analysis of graphene–P3HT+Au: (a) at 100× and (b) at 500×. 
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Figure 8. AFM Topographic image and profile lines for graphene–P3HT+Au. 
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Figure 9. Optical analysis of graphene–PANI-EB+Au: (a) at 100× and (b) at 500×. 
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Figure 10. AFM Topographic image and profile lines for graphene–PANI-EB+Au. 
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Figure 11. Optical analysis of graphene–F8T2+Au: (a) at 100× and (b) at 500×. 
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Figure 12. AFM Topographic image and profile lines for graphene–F8T2+Au. 






Figure 12. AFM Topographic image and profile lines for graphene–F8T2+Au.



[image: Chemosensors 13 00130 g012]







[image: Chemosensors 13 00130 g013] 





Figure 13. (a) Sample of working electrode; (b) K0264 Micro-Cell Kit configuration used as electrochemical cell assembly. 
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Figure 14. Cyclic voltammograms for graphene–P3HT+Au at scanning speeds of 200, 100, and 50 mV/s. 
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Figure 15. Cyclic voltammograms for graphene–PANI-EB+Au at scanning speeds of 200, 100, and 50 mV/s. 
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Figure 16. Cyclic voltammograms for graphene–F8T2+Au at scanning speeds of 200, 100, and 50 mV/s. 
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Figure 17. Current densities of structures at different scanning speeds. 
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Table 1. Average roughness parameters determined by AFM lines: graphene—P3HT.
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	Scanned Area
	RMS (nm)
	Ra (nm)
	RSk
	RKu





	40 × 40 μm
	64
	53
	0.143
	3.31










 





Table 2. Average roughness parameters determined by AFM lines: graphene—PANI-EB.






Table 2. Average roughness parameters determined by AFM lines: graphene—PANI-EB.





	Scanned Area
	RMS (nm)
	Ra (nm)
	RSk
	RKu





	40 × 40 μm
	522
	414
	0.16
	3.16










 





Table 3. Average roughness parameters determined by AFM lines—graphene–F8T2.
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	Scanned Area
	RMS (nm)
	Ra (nm)
	RSk
	RKu





	40 × 40 μm
	705
	546
	0.191
	3.36










 





Table 4. Average roughness parameters determined by AFM lines: graphene—P3HT+Au.






Table 4. Average roughness parameters determined by AFM lines: graphene—P3HT+Au.





	Scanned Area
	RMS (nm)
	Ra (nm)
	RSk
	RKu





	40 × 40 μm
	255
	197
	0.51
	4.59










 





Table 5. Average roughness parameters determined by AFM lines: graphene—PANI-EB+Au.
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	Scanned Area
	RMS (nm)
	Ra (nm)
	RSk
	RKu





	40 × 40 μm
	465
	297
	0.42
	7.44










 





Table 6. Average roughness parameters determined by AFM lines: graphene—F8T2+Au.
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	Scanned Area
	RMS (nm)
	Ra (nm)
	RSk
	RKu





	40 × 40 μm
	767
	563
	0.195
	4.63










 





Table 7. Weight and atomic percentage of gold atoms in the hybrid samples.
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	Hybrid Structure
	Weight Percentage (%)
	Atomic Percentage (%)





	Graphene–P3HT+Au
	3.79 ± 0.14
	0.25 ± 0.05



	Graphene–PANI-EB+Au
	9.81 ± 0.16
	0.65 ± 0.04



	Graphene–F8T2+Au
	6.02 ± 0.12
	0.39 ± 0.08
















	
	
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.











© 2025 by the authors. Licensee MDPI, Basel, Switzerland. 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/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg





media/file4.png
0.2 1
- — Profile 1
- =
5 -
=] =
0.1
= _ 3
5 003
> =
" =
< -
0.13
S 0.2 3
llllllll]llllllllllllllllll]lllllll]l]lllllll]lll

' A 0 10 20 30 40 S0
(39.3pum, 1.9 um): 114.5nm X [pm]






media/file30.png
i [10* mA/cm]
200 mV/s

i [10* mA/cm]
20 100 mV/s

4.0

1 L 1 L 1

02 00 02 04 06 08 10 02 00 02 04 06 08 10
E (V) vs. SCE E (V) vs. SCE
2.0
i [10* mA/cm]

50 mV/s
1.0
0.0

-1.0

-0.2 0.0 0.2 0.4 0.6 0.8 1.0
E (V) vs. SCE






media/file18.png





media/file21.jpg





media/file26.png
)

b

(






media/file27.jpg
11104 mAtem]

§[10% mAlcm] e i el

“of s
///\_/ 40

| 00

40

-40)
-80]

.02 00 02 04 06 08 10 -02 00 02 04 06 08

Ewve sce e sce
s
1104 e
i ,
20} |
- //‘
o

Vn‘/\
-40

02 00 02 04 06 08 10
E(V)vs. SCE

10





media/file3.jpg
G s

ozmum





media/file22.png





media/file35.png





media/file19.jpg





media/file7.jpg





media/file28.png
i [10°° mA/cm]
100 mV/s

4.0

0.0

80} i[10°°mA/cm]
200 mV/s

4.0
0.0
~4.0H

_8.0f

0.4 0.6 0.8 1.0 -0.2 0.0 0.2 0.4

0.6
E (V) vs. SCE E (V) vs. SCE
4.0
i [10-° mA/cm]
50 mV/s
2.0
0.0+
-2.0
-4.0
-0.2 0.0 0.2 0.4 0.6 0.8 1.0

E (V) vs. SCE

0.8

1.0





media/file10.png
. T

WD =12.0 mm Slgnal A = SE1 EHT = 20,00 kY
Mag= S00KX Signal B = SE1 Spot Size = 400

"






media/file33.jpg
Current density [x 10-° mA/cm?]

—o—P3HT
—e—PANI-EB
—e—F8T2

50 100 150
Scanning speed [mV/s]

200





media/file32.png
5.0

0.0

-5.0F

i [10-° mA/cm]

100 mV/s

i [10* mA/cm]
200 mV/s

0.4 0.6 0.8

E (V) vs. SCE

0.4
E (V) vs. SCE

4.0F

2.0

0.0

-2.0

-4.0

i [10-° mA/cm]

50 mV/s

-6.0

-0.2

0.0

02 04 06 08
E (V) vs. SCE

1.0

0.6 0.8

1.0





media/file14.png
.
Y
)

4
5 ,.)m
X

7%






media/file11.jpg
20mm
23um






media/file6.png
.‘l"_
-'_'i.“

>

. . 2 e ] 4
WD =13.0 mm Signal A = SE1 EHT = 20.00 KV
Mag= 1.00K X Signal B = SE1 Spot Size = 350






media/file15.jpg





nav.xhtml


  chemosensors-13-00130


  
    		
      chemosensors-13-00130
    


  




  





media/file16.png
» |Op 10 20 30 |0.5 um
i _ - 0.4
[ —23
- =
3 0.3 =
0.2
= 0.2-_
_ 3 4
E 013 0.48 um
= = 2 -0.49 um
0.0 S
0.2 =
0.1=
=4
04 0.2
llllll]Il]]lIIII!IIIIIIIIIIIIIIIIIIIIllTllllllIll
A - 3 -05 0 10 20 30 40 S0
(37.6 um, 4.6 pm): -158.0 nm X [um]





media/file2.png
2 .4

o““ 7 .ao.nl_*

A

= SE1 ENT = 20
Signal B = SE1 Spot Size = 300

Signal A

OKX

WD=145mm
10

Mag =






media/file20.png
0 —
5 - 1.8 um
> n
4 -1.4 um
ey
"r""l'llllllllTlIlllllIlllllllllllll'[l"lIllllll'll'l"
0 10 20 30 40 50 60

x [um)

(39.5 um, 37.6 pm): 0.149 ym





media/file23.jpg





media/file5.jpg





media/file24.png
*
1
_ 03 3.8 um
=| = -3.3 um
N
2 3
IlIIlIlIIIIlIIlIIlIIIIIIllllllllIlllIIIIIlIlIIIII

10 20 30 40 50
X [pm]






media/