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Abstract

:

Herein, a straightforward electrochemical method was used to evaluate the total phenolic antioxidant capacity in natural extracts prepared from pomegranate, hibiscus, and pitaya. In light of this, the well-known electrochemical index (EI), a screening protocol for natural antioxidant properties evaluation, was determined using differential pulse voltammetry. Initially considering rutin and catechin as standards, we found that the system’s sensitivity greatly increased by using platinum (Pt) and platinum/ruthenium (Pt/Ru) nanoparticles (NPs) immobilized on Vulcan XC-72 to modify screen-printed carbon electrodes (SPCEs). When such modifications were applied to natural fruit/plant extracts, their electrochemical ability proved highly superior to the bare SPCE, even considering a very small amount of materials for electrode preparation. However, with an optimized ratio, the bimetallic counterpart was more sensitive to detection. When the pomegranate extract was used, for example, EI values of 52.51 ± 6.00 and 104.79 ± 6.89 µA/V were obtained using Pt and Pt/Ru (with an optimized ratio) electrocatalysts, showing the remarkable sensitivity increase obtained in our bimetallic protocol. Thus, based on physicochemical and electrochemical characterizations, we found that the ruthenium content was essential for the achievements. In due course, XPS analysis suggested that the Pt2+/Pt0 species ratio could have improved the system’s sensitivity, which significantly changed when ruthenium was used in the material.
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1. Introduction


Plant-based food is often rich in bioactive compounds that impact humans’ physiological and cellular activities. Therefore, the regular consumption of fruits, vegetables, and antioxidant-rich beverages can potentially reduce pathological risk factors and may help treat certain diseases [1]. In this scenario, it is essential to point out that the leading representative of such components is the group of phenolic compounds, with more than ten thousand structures cataloged. Due to their importance, they are very well studied, and it is suggested that their antioxidant activity originates from their hydroxyl radicals [2]; however, many considerations may be derived from their structure and in vivo complex interactions, which make them exciting but challenging [3].



Antioxidants act as free radical scavengers (deactivators of reactive oxygen and nitrogen species), inhibitors of lipid peroxidation and ‘DNA’ oxidation, among other functions. Although free radicals are naturally generated by the human body and are involved in critical metabolic processes [4], the excessive production of these free radicals favors a homeostatic imbalance known as oxidative stress, which causes damage to essential biomolecules and is associated with inflammatory processes and chronic diseases [5]. Therefore, antioxidant compounds are of great importance to the food and pharmaceutical industries and can be applied in product quality control and conservation [6].



After highlighting their importance, it is vital that the antioxidant capacity of natural sources be evaluated as they may assist in designing novel foods with better health potential [7]. Thus, there are several ways to assess the antioxidant activity of a given substance, ranging from chemical tests using lipid substrates to more sophisticated assays using a wide range of instrumental techniques [8]. However, electrochemical methods are widely used to quantify antioxidant compounds due to their high selectivity and sensitivity; along with these characteristics, electrochemistry offers fast and low-cost analyses [9].



The electrodes can be modified with different materials holding specific properties that allow synergetic abilities [10]. Surface area gain using NPs also directly affects the electrochemically active area, an important issue to pursue in such systems. Thus, the choice of modifiers is essential to optimize physical and chemical properties for advanced sensing properties [11]. Noble metal NPs can be efficiently used on the surface of carbon-based electrodes, but their use must be reduced and optimized due to their cost. Platinum NPs stand out due to their high electrocatalytic activity; when combined with carbon-based materials, their area greatly increases, apart from electrocatalytic properties that may arise (such electrocatalyst—Pt/C—is highly used in several electrochemical methods) [12,13]. However, a suitable combination with other noble metals would enhance electrical conductivity and fast electron transfer; Ru NPs may play this role and will be studied herein [14,15].



Thus, the total phenolic antioxidant capacity in natural extracts prepared from pomegranate, hibiscus, and pitaya will be evaluated by EI using differential pulse voltammetry as a fast, suitable, and straightforward method. We also designed Pt and Pt/Ru-based electrocatalysts supported on Vulcan XC-72, which were used to modify SPCEs used in the sensing system. Based on physicochemical and electrochemical characterizations, we found that the Ru content was essential for the outcomes, improving systems that regularly use commercial Pt/C materials as a rule of thumb for electrochemical techniques. XPS analysis also brought insights related to the Pt2+/Pt0 species ratio change with the Ru addition, which could have improved the systems’ sensitivity.




2. Experimental Section


The solutions and washing procedures were performed with deionized water (resistivity of 18.2 m Ω cm Millipore®, Billerica, MA, USA). Before analysis, the glassware was soaked in an alkaline solution of 0.1% potassium permanganate (v/v) for 24 h, followed by washing with a piranha solution (comprised of H2SO4 and H2O2 in a proportion of 7:1), and maintained in an ultrasound bath for 20 min with deionized water. Finally, an abundant rinse with water was performed before drying.



The Vulcan XC-72 carbon powder was purchased from Cabot Corporation (Boston, MA, USA), and H2PtCl6·3H2O, RuCl3·3H2O, H2SO4, glycol ethylene, methanol, and KCl were acquired from Merck (Darmstadt, Germany); SnCl2·2H2O, KI, HCl, and HNO3 were purchased from Isofar (Rio de Janeiro, Brazil). Catechin and rutin were purchased from Sigma-Aldrich (MilliporeSigma, St. Louis, MO, USA), with purity greater than 98% and 94%, respectively.



2.1. Pretreatment of Vulcan XC-72 Carbon


The treatment of Vulcan XC-72 carbon was performed before the NPs’ immobilization, aiming to increase the material’s current capacity. Typically, 1.0 g of the powder was dispersed in 250 mL of 5.0 M HNO3 using a 500 mL round bottom flask. Then, the mixture was kept under ultrasound for 1 h before reflux for 5 h at 80 °C. The obtained material was filtered off and washed with deionized water until the pH was neutral [16].




2.2. Pt and Pt/Ru-Based Electrocatalysts Synthesis


The materials were prepared according to the literature with modifications [17]. In a typical synthesis, the metal precursor—H2PtCl6·3H2O—(or precursors, when bimetallic counterparts were prepared; in the present procedure, RuCl3 3H2O) was added to 50 mL of ethylene glycol/water volume ratio (3:1) containing Vulcan XC-72 carbon and refluxed for 2 h at 80 °C before filtering and washing with deionized water three times. The resulting materials were left to dry under ambient conditions for 12 h before utilization. The metal loading was calculated to make up 20 wt.%. The bimetallic catalysts were prepared considering the following Pt/Ru metal ratios: 80:20 and 60:40 [18].




2.3. Sample Preparation


The extracts were prepared using pitaya, hibiscus, and pomegranate purchased in a local market in São Luís, Maranhão. They were frozen for preservation up to the preparation of the extract to be used in electrochemical analyses. Typically, 10 g of each sample was macerated for 10 min before filtration (200 mesh filter) to obtain a liquid extract. Then, the extracted liquid of each sample was mixed with an extraction solution (comprised of HCl-acidified methanol that was prepared using 1% (v/v) of concentrated HCl) in the proportion of 1 mL of each sample to 4 mL of extraction solution. Then, 2 mL of the final solution was mixed with 10 mL of the electrolyte, and the analyses were performed [9,19].




2.4. Electrochemical Measurements


The electrochemical studies carried out herein were performed using Autolab PGSTAT 302 N potentiostat equipped with a FRA2 impedance module (Metrohm, Herisau, Switzerland). The data was acquired using screen-printed carbon electrodes (SPCEs, DropSens, DRP-110). To perform our experiment, we needed to modify the SPCEs, as follows: 2.5 mg of the electrocatalyst was added to 0.5 mL of methanol with 0.05 mL Nafion® 5.0 wt.% and 0.7 mL of deionized water. An ultrasound device was used for 20 min to disperse the mixture. After this procedure, 10 μL of the dispersion was drop-casted onto the work electrode surface. Every analysis was carried out at pH 2.2 buffer HCl/KCl, 0.2 mol L−1.



Differential pulse voltammetry (DPV) and Cyclic voltammetry (CV) evaluations were performed in 0.2 mol L−1 HCl/KCl electrolyte. A regular electrochemical Impedance Spectroscopy (EIS) procedure was accomplished in 0.1 mol L−1 KCl with 5 mmol L−1 Fe(CN)63−/4− at room temperature [20]. The electrochemical index (EI) was used to study parameters of peak potential (EP—donor capacity of the species at 0 V) and peak current (IP—number of electroactive species) [9,21]. The EI is calculated as follows:


  E I =    I  P 1      E  P 1     +    I  P 2      E  P 2     + … +    I  P n      E  P n      











The electrochemical surface area (ECSA) of the electrodes was obtained based on the following equation:


  E C S A =    A H    ν  Q H   M  P t      











   A H    is the Hydrogen adsorption area,  ν  is the scan speed,    Q H    is the charge density for polycrystalline Pt with a value of 210 and platinum mass,    M  P t     is platinum mass. The unit of measurement used was     Cm  2     g    Pt   − 1       [16,17].




2.5. Physico-Chemical Characterizations


The materials’ crystalline structures were studied using X-ray diffraction (XRD). The spectra were obtained using an ULTIMA IV diffractogram (Rigaku, Shibuya, Tokyo) with Cu Kα radiation (1.54060 Å) [22]. The equipment was set to work for 10–90° 2θ, at 3°/min speed. The crystallite sizes were calculated from the Scherrer equation:


  τ =   K   λ   β cos θ    








where  τ  is the mean size of the crystalline domains, K is a dimensionless shape factor, λ is the X-ray wavelength, β is the line broadening at half the maximum intensity (FWHM), and θ is the Bragg angle.



Transmission electron microscopy (TEM) images were obtained using JEOL JEM 2100 microscope (operating at 110 kV). The NPs sizes were determined using the open-source image processing program ImageJ [23]. Samples for microscopy were prepared by drop-casting an isopropanol suspension of the materials over a grid comprised of carbon-coated copper, followed by drying under ambient conditions. X-ray photoemission spectroscopy (XPS) spectra were obtained with a Thermo Scientific K-alpha spectrometer, with a monochromatic Al K-alpha radiation source (E = 1486.68 eV) operating at 12 kV; the X-ray spot size was 400 μm, and the analyzer pass energy was set on 50 eV. Charge compensation was achieved using the FG03 flood gun using a combination of low-energy electrons and the ion flood source. The data was analyzed by CasaXPS software version 2.3.15 (Casa Software Ltd., Teignmouth, UK) [24].





3. Results and Discussion


3.1. Physico-Chemical and Electrochemical Characterizations


We started our investigations by analyzing the synthesis of the electrocatalysts. The Vulcan XC-72 powder was treated with 5 mol·L−1 HNO3 to improve its capacity current before NPs immobilization, which proved to be a good strategy. Such a process can also eliminate impurities and enhance the surface area, which are interesting features to seek in NPs immobilization procedures. Once we aimed to obtain small NPs, we selected the well-established polyol method to guarantee their size homogeneity. To this end, H2PtCl6·3H2O (and RuCl3·3H2O for the bimetallic electrocatalysts) was used as a metal precursor and ethylene glycol as both a solvent and reducing agent.



One can notice that all the TEM images show the disordered structure of amorphous carbon, in which the NPs are immobilized (Figure 1). Figure 1A reveals that the Pt/C presents a high dispersion of the NPs all over the support, with some agglomeration points; higher magnification shows the formation of individual NPs (Figure 1B). Figure S1A,B shows well-ordered crystallite planes with d-spacings of 2.28 Å due to {111} lattice fringes in face-centered cubic Pt; the NPs presented 4.3 ± 3.6 nm in diameter, although a small number of the NPs was much higher (Figure 1C). At first glance, the bimetallic electrocatalyst comprised of Pt:Ru 80:20 (Pt80Ru20/C) seems to present the formation of larger-sized NPs, as displayed in Figure 1D; however, the NPs’ disposition was concentrated in some support sites, as observed at higher magnification (Figure 1E). The material presented d-spacings of 1.84 and 2.28 Å, regarding cubic Pt with {200} and {111} lattice fringes, respectively; also, 2.34 Å, due to the Ru hexagonal {100} (Figure S1C,D). Thus, we cannot suggest an alloy formation; on the contrary, the Ru e Pt atoms were very close to each other in an aleatory manner. The NPs’ sizes were performed considering the structure as a whole, showing dimensions of 4.1 ± 2.4 nm (Figure 1F).



The same evidence was achieved for the Pt:Ru 60:40 (Pt60Ru40/C) electrocatalyst, with particles’ size of 4.1 ± 2.6 nm and d-spacings of cubic Pt of 2.01 Å {200} and 2.26 Å {111}, and hexagonal Ru of 2.05 Å {101} and 4.23 Å {002} (Figure 1G–I and Figure S1D,E). Such findings were expected regarding the chosen synthesis procedure. Nevertheless, the synergy among the different metals may be other among the samples. High-index facets tend to present higher catalytic activity than low-index ones due to higher surface energy. EDS analysis showed that the impregnation over carbon was effective, i.e., followed by the nominal preparation (Table 1). The 20.0 wt.% Pt loading was also achieved for the monometallic electrocatalyst.



The X-ray diffraction patterns of catalysts are shown in Figure 2. Due to the nature of the supporting material, the (002) peak of the graphite basal plane is present in all samples [20]. One can also notice that the Pt/C and Pt80Ru20/C samples presented similar characteristics: distinct peaks could be indexed to (111), (200), (220), and (311) planes (2θ = 40°, 47°, 68° and 82°) for face-centered cubic Pt, which corroborates the microscopy analyses presented before for these materials. Peaks regarding Ru were not observed, probably due to its very low concentration. However, it is noteworthy that apparent changes in the XRD pattern are visible with increasing Ru concentration.



With the augmentation of this metal to compose 40.0 wt.%, an evident change in crystallinity was detected, with broader peaks. The Pt {111} and {200} planes were also not available, different from those observed in the microscopy analyses; instead, a peak at 2θ = 43.6° related to Ru (101) is consistent and also observed in the microscopy analyses. Herein, the importance of the XRD results is noticeable: Pt60Ru40/C presents some substantial peak pattern changes, probably related to the increased amount of Ru instead of alloy formation. Thus, although some degree of alloying is possible, the NPs formation was more likely to be spatially close to a mixture of metallic phases, corroborating our previous conclusions. Notably, the NPs sizes obtained in the TEM images are similar to those observed by crystalline measurements calculated by the Scherrer equation (Table S1).



The electrochemically active area (ECSA) was calculated for the modified electrodes, and these results are presented in Table 2. One can notice that the Ru40Pt60/C modified electrode gave the higher EASA, followed by the Ru20Pt80/C modified electrode.



The results of the CVs are presented in Figure 3A, considering the ECSA calculated before. In the Pt/C modified-electrode, the potentials from −0.5 V to −0.2 V are attributed to the Pt-hydrogen adsorption/desorption region [20], while the potentials centered at 0.15 V and 0.87 V are related to PtOx formation and reduction, respectively. The region comprising the electrical double layer ranges from −0.1 V to +0.5 V. When alloying the catalyst with 20.0 at.% Ru, we can see a shift of the reduction peak to lower potential, which could be due to PtOx and RuOx species; however, 40.0 at.% Ru caused a reduction peak shift to a higher potential. In addition, a notorious current decrease in the Ru content was observed.



EIS was performed to assess the electrochemical performance of the modified electrodes. For this, the plotting of the real (Z′) and imaginary (−Z″) components was performed, resulting in two distinct regions in a Nyquist plot, according to Figure 3B. The resistances observed were: 145.5 Ω, 125.5 Ω, 103.5 Ω, and 95 Ω for the SPCE, Pt/C, Pt60Ru40/C, Pt80Ru20/C modified-electrodes, respectively. Interestingly, the catalysts with Ru presented lower resistances, suggesting that the final catalysts’ structure is directly related to the mixing process and quantity, finding an optimum improved electrical conductivity. Such results follow the data obtained by previous characterizations.




3.2. Antioxidant Evaluation by DPV and EI


Low selectivity and sensitivity are expected on unmodified carbon electrodes. There are several explanations for these results, such as low kinetics of the electrochemical reactions, high background current, and a need for overpotentials [25]. Based on the previous electrochemical characteristics herein presented, we are prone to believe that such drawbacks can be partially overcome by using the prepared catalysts, and they can provide considerable differences when applied to phenolic content assessment. For such analyses, rutin and catechin were chosen as standards.



When unmodified SPCE was used for the electrochemical studies (Figure 4A), one can notice that two peaks are observed for the catechin sample (10|µM) centered at 0.36 and 0.62 V. At the same time, the rutin (10|µM) presents one peak centered at 0.40 V. Performing the same experiments with the modified SPCE electrode with our electrocatalysts, remarkable differences were noticed. Using catechin (Figure 4B), the Pt/C-modified electrode showed a peak at 0.49 V, displaying some potential shift; however, without the modification, two signals were noticed. When the bimetallic counterparts were used, three signals were detected. Peaks at 0.06, 0.35, and 0.62 V were obtained for the Ru20Pt80/C material, and signals at 0.14, 0.34, and 0.58 V for the Ru40Pt60/C electrocatalyst. These results show that the SPCE modification was essential for the sensing behavior for detecting the compound, indicating that the bimetallic catalysts were more sensitive to detection. Nevertheless, the current density with less quantity of Ru was higher. Similar conclusions could be obtained when the same was performed using rutin as a standard (Figure 4C). For the Pt/C-modified SPCE, only one signal was detected (0.44 V), with a shift in the potential compared to the bare SPCE (0.40 V). The Ru20Pt80/C material showed two resolved peaks at 0.18 and 0.43 V, while the Ru40Pt60/C electrocatalyst showed two clear signals at 0.42 and 0.63 V and one broad signal between 0.00 and 0.25 V.



The electrochemical index (EI) is another critical parameter in the antioxidant field despite the potential differences observed. Such information is regarded as the total antioxidant capacity of a molecule, i.e., its ability to donate electrons and protons [9]. The EI obtained for the standards showed remarkable differences: using the unmodified SPCE, catechin, and rutin presented 0.99 and 0.27 µA/V, respectively. Pt/C-modified SPCE gave 21.74 and 19.93 µA/V for catechin and rutin, respectively. The bimetallic counterparts showed improvements: 488.64 µA/V (Pt80Ru20/C) and 31.18 µA/V (Pt60Ru40/C) for catechin and 157.93 µA/V (Pt80Ru20/C) and 57.10 µA/V (Pt60Ru40/C) for rutin. Such results indicated that the samples were more sensitive to antioxidant detection in the bimetallic materials.



Based on the data obtained, we performed experiments with natural samples prepared by extracts of fruits/flowers (hibiscus, pitaya, and pomegranate). For the unmodified electrodes, the following potentials were observed: 0.14, 0.36, and 0.50 V (pomegranate), 0.20, 0.39, and 0.62 V (hibiscus), and 0.22, 0.34, and 0.53 V (pitaya). One can notice that these values are within the ranges obtained previously for the rutin and catechin standards; therefore, they can be associated with the presence of these phenolic compounds. The SPCE presented the following EI: 20.55 ± 3.59 µA/V (pomegranate), 10.36 ± 1.22 µA/V (hibiscus), and 11.28 ± 0.39 µA/V (pitaya). It is important to highlight that this methodology is used in the literature for similar studies [26].



The modified electrodes were tested at the same conditions; the results are shown in Table 3 and Figure 5. All the modified electrodes showed similar potential; however, EI values were quite different. For pitaya (Figure 5A) and hibiscus (Figure 5B) extracts, the following order of EI was obtained: Pt60%Ru40%/C > Pt80%Ru20%/C > Pt/C. Nevertheless, the order for pomegranate was Pt80%Ru20%/C > Pt60%Ru40%/C > Pt/C (Figure 5C). It is noticeable that the modified electrode with bimetallic materials was essential to evaluate the antioxidant content most accurately. Although the analyses with pomegranate showed that the Pt80%Ru20%/C had improved performance, the other two extract analyses also delivered the information that the Pt60%Ru40%/C could be considered as the optimized material for the analysis. To evaluate the performance of the materials comprehensively, we decided to analyze the XPS data comparing the Pt60%Ru40%/C and Pt/C electrodes.



Using a Shirley-type background for the spectra and a standard Gaussian-Lorentzian (GL) line shape fitting for the high-resolution data, we were able to evaluate the surface composition, oxidation state, and charge transfer tendencies between the electrocatalysts components by XPS [27]. The high-resolution spectrum obtained for Pt (Figure 6A,B) showed binding energies (B.E.) for Pt0 and Pt2+ species for both materials. However, completely different Pt2+/Pt0 ratios were observed, according to Table 4. Analyses showed an unexpected outcome. The catalyst without Ru presented a higher content of the reduced Pt species. On the contrary, the sample with Ru 40.0 at.% addition showed more oxidized Pt species. Although it is just a possibility, we can suggest that the oxidized Pt species content could affect the materials’ performance, explaining the previously observed data.





4. Conclusions


In the present article, we proposed the modification of SPCE with mono- and bimetallic electrocatalysts based on Pt (or Pt/Ru) supported on Vulcan XC-72 to evaluate the antioxidant capacity of extracts of pomegranate, hibiscus, and pitaya by the electrochemical quantitative index. Initially, we considered rutin and catechin as standards on unmodified and modified SPCE to assess the performance of metal-based materials. Interestingly, the antioxidant evaluation of the materials was remarkably different when the Pt/C was used; however, the bimetallic catalysts were even more sensitive. When the natural extracts were used, the trend was similar, reaching higher EI values with the modified SPCE with the bimetallic materials, which was quite interesting, considering that the metal content was very low as the modification process used a small amount of the prepared materials. We also observed that the material with a higher content of Ru presented the best performance in two of the extracts. XPS analysis showed that the Pt oxidation state was different when Ru was in the material, which could have affected the obtained results. These results showed the excellent electrochemical detection sensitivity and the suitability of the electrochemistry method for detecting low levels of electroactive phenolic compounds without the need to utilize other methods, such as chromatographic techniques. Although we believe that we could progress in the field by showing how the present electrocatalysts can be considered for detecting the total antioxidant capacity of natural extracts, some shortcomings were raised in the studies: (1) the electrode cannot be used several times; (2) we used two noble metals, which are in very low concentrations, however, may be considered not cost-effective by some. Then, future experiments will be performed to decrease their concentration over the carbon; (3) we can see the total concentration of the antioxidants, but we do not detect individual molecules, just a majority of them (several different molecules). Future studies are aiming to improve such results.
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Figure 1. TEM of (A,B) Pt/C, (D,E) Pt80Ru20/C, and (G,H) Pt60Ru40/C electrocatalysts. Histograms of the (C) Pt/C, (F) Pt80Ru20/C, and (I) Pt60Ru40/C electrocatalysts. 
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[image: Chemosensors 11 00314 g001]







[image: Chemosensors 11 00314 g002 550] 





Figure 2. XRD patterns of the Pt/C, Pt80Ru20/C, and Pt60Ru40/C electrocatalysts. 
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Figure 3. (A) CV of Pt/C, Ru20Pt80/C, and Ru40Pt60/C in 0.2 mol L−1 HCl/KCl solution, recorded in a potential range of −0.5 V to 0.5 V. (B) Electrochemical impedance spectroscopy performed on SPCE, Pt/C, Ru20%Pt80%/C, and Ru40%Pt60%/C electrodes. 
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Figure 4. DPV tests performed with the (A) bare SPCE, (B) catechin, and (C) rutin standards in HCl/KCl 0.2 mol L−1, v = 10 mV/s. 
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Figure 5. DPV tests performed with the modified electrodes for (A) pitaya, (B) hibiscus, and (C) pomegranate in HCl/KCl 0.2 mol L−1, v = 10 mV/s. 






Figure 5. DPV tests performed with the modified electrodes for (A) pitaya, (B) hibiscus, and (C) pomegranate in HCl/KCl 0.2 mol L−1, v = 10 mV/s.



[image: Chemosensors 11 00314 g005]







[image: Chemosensors 11 00314 g006 550] 





Figure 6. XPS Analyses show the Pt 4f regions of (A) Pt/C and (B) Pt60Ru40/C electrocatalysts. 
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Table 1. Comparison between the nominal and EDS metal ratios.
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Electrocatalysts

	
Nominal Ratio (%)

	
Atomic Ratio (%)






	
Pt80%Ru20%/C

	
80

	
20

	
81

	
19




	
Pt60%Ru40%/C

	
60

	
40

	
60

	
40
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Table 2. Electrochemically active surface area for the modified electrodes.
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	Electrodes
	Active Electrochemical Area (   C    m  2      g    P t    − 1    )





	Pt/C
	22.60



	Pt80Ru20/C
	21.43



	Pt60Ru40/C
	41.42
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Table 3. Extracts potential and IE of the modified SPCE.
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Electrodes

	
Extracts

	
E (V)

	
IE (µA/V)




	

	

	
E1

	
E2

	
E3

	






	
Pt/C

	
pomegranate

	
0.2

	
0.39

	
0.55

	
52.51 ± 6.00




	

	
hibiscus

	
0.22

	
0.40

	
-

	
54.84 ± 8.37




	

	
pitaya

	
0.24

	
-

	
-

	
65.92 ± 7.52




	
Pt80%Ru20%/C

	
pomegranate

	
0.15

	
0.39

	
0.65

	
104.79 ± 6.89




	

	
hibiscus

	
0.19

	
0.39

	
0.64

	
117.88 ± 9.78




	

	
pitaya

	
0.19

	
0.65

	
-

	
66.87 ± 4.52




	
Pt60%Ru40%/C

	
pomegranate

	
0.15

	
0.39

	
0.64

	
74.48 ± 5.94




	

	
hibiscus

	
0.20

	
0.40

	
0.64

	
154.96 ± 5.34




	

	
pitaya

	
0.26

	
0.68

	
-

	
81.03 ± 7.05
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Table 4. XPS data for the electrocatalysts.
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	Samples
	Pt 4f7/2
	Pt 4f5/2
	Pt2+/Pt0





	Pt/C
	71.3
	74.6
	0.74



	Pt60Ru40/C
	71.3
	74.6
	1.68
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