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Abstract

:

Carbon xerogel spheres co-doped with nitrogen and eco-graphene were synthesized using a typical solvothermal method. The results indicate that the incorporation of eco-graphene enhances the electrochemical properties, such as the current density (JK) and the selectivity for the four transferred electrons (n). Additionally, nitrogen doping has a significant effect on the degradation efficiency, varying with the size of the carbon xerogel spheres, which could be attributed to the type of nitrogenous group doped in the carbon material. The degradation efficiency improved in the nanometric spheres (48.3% to 61.6%) but decreased in the micrometric-scale spheres (58.6% to 53.4%). This effect was attributed to the N-functional groups present in each sample, with N-CNS-5 exhibiting a higher percentage of graphitic nitrogen (35.7%) compared to N-CMS-5 (15.3%). These findings highlight the critical role of sphere size in determining the type of N-functional groups present in the sample. leading to enhanced degradation of pollutants as a result of the electro-Fenton process.
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1. Introduction


Low rainfall and high temperatures are leading to increasingly extreme drought conditions. In this context of water scarcity, wastewater reuse is essential. However, the presence of emerging pollutants in water makes its reuse difficult, as such pollutants represent an environmental and human health risk [1]. Antibiotics are being detected in the wastewater in increasing amounts due to the rapid development of urbanization, which generates a more serious problem in the form of antibiotic resistance genes [2,3]. Conventional treatment plants cannot effectively remove these pollutants, so there is an urgent need to develop effective technologies to address this problem [4,5]. The advanced oxidation processes (AOPs) have shown excellent results in the degradation of antibiotics, thanks to the generation of hydroxyl radicals (OH). Specifically, the electro-Fenton (EF) process has been studied due to its advantages associated principally with the risks, transport, and storage of peroxide hydrogen (H2O2), since the H2O2 is produced directly in the cathode of EF [6] in mild conditions and does not involve other hazardous materials [7]. The electro-generation of H2O2 in EF is based on the oxygen reaction reduction (ORR) via two electrons (2e−) pathway (Equation (1)).


O2 + 2H+ + 2e− → H2O2



(1)







However, the main problems associated with the EF are the slow regeneration of Fe(II) (Equation (3)), which is responsible for the H2O2 transformation into ·OH (Equation (2)), and the competitive route of ORR four electrons (4e−) (Equation (4)) which decrease the H2O2 production, and therefore the overall efficiency of the process [8,9,10].


Fe(II) + H2O2 → Fe(III) + ·OH+ OH−



(2)






Fe(III) + e− → Fe(II)



(3)






O2 + 4H+ + 4e− → 2H2O



(4)







Carbon materials are promising candidates as electrodes for 2e− ORR due to carbon’s good properties such as high electrical conductivity, electrochemical stability, low cost, non-toxicity, high overpotential for H2 evolution, and low decomposition of H2O2 [11,12]. Some carbon materials used in the H2O2 electro-generation with promising results included graphite modified with polypyrrole/multiwalled carbon nanotube (MWCNT) [13], inks based on different carbon materials (activated carbon, carbon graphite and carbon black) [14], vulcan XC-72 carbon with niobium oxide (Nb2O5) [15] and biochar’s [16,17], among others. An alternative that is usually used to improve the H2O2 production is nitrogen (N) doping/functionalization. Y. Zhang et al. [18] synthesized a hierarchical porous O, N co-doped porous carbon nanosheet (ONPC) for the selective reduction of O2 to H2O2, demonstrating that the pyrrolic-N and C=O motifs enhance the H2O2 generation. F. Wu et al. [19] also synthesized an N, O co-doped graphite nanosheet, corroborating that the different oxygen-containing functional groups and N species affect the H2O2 generation. In this case, the combination of epoxy and graphitic N was identified as the most favorable configuration with the lowest theoretical overpotential for H2O2 generation. In turn, X. Wang et al. [20] used density functional theory (DFT) calculations to analyze the effect of O, N co-doping of carbon nanosheets on the H2O2 selectivity. They demonstrated that the binding strength of *OOH was optimized by the co-doping of oxygen and nitrogen at certain content, and that the O/N-C_COOH site exhibits a lower theoretical overpotential for H2O2 formation than O-C_COOH site. Thus, besides the nitrogen doping level, the nitrogen speciation is also crucial for the selective reduction of oxygen to hydrogen peroxide (ORR to H2O2). Various nitrogen configurations can exist in nitrogen-doped carbon materials, such as N-pyridinic, N-pyrrolic, N-graphitic, N-quaternary, and N-oxide [21]. Y. Yang et al. [22] investigated the efficiency of a nitrogen-doped carbon electrocatalyst in selectively producing H2O2 from O2, suggesting that disordered carbon defects and pyrrolic-N structures are pivotal in enhancing H2O2 generation. S. Han et al. [23] also evidenced that the nature of the nitrogen groups is key to controlling the H2O2 selectivity. They showed that Pyridinic-N and graphitic-N enhanced the 2e− ORR selectivity of the cathode and promoted ·OH generation at acidic pH. Y. Zhu et al. [24] synthesized N-doped carbons by pyrolysis of three N-precursors (2,6-diaminopurine, 2,4,6-tripyridin-2-yl-1,3,5-triazine and 1h-1,2,4-triazole-3,5-diamine). All N-doped carbons presented enhanced H2O2 production in relation to graphite, since N doping provides active sites for oxygen reduction, improving ORR activity. However, the types and proportions of N-functional groups are different in the three materials. All samples contained a high amount of a high proportion of pyrrolic N content, which favors the H2O2 accumulation. However, the sample prepared from 1h-1,2,4-triazole-3,5-diamine showed the highest H2O2 accumulation among the three nitrogen-doped cathodes, which was attributed to the high electroactive surface area and pyrrolic N (60.45%) incorporation. Y. Sun et al. [25] studied a series of nitrogen-doped porous carbon materials for ORR to H2O2, indicating that pyridinic-N plays a crucial mechanistic role in acidic conditions, whereas graphitic-N acts as the active site in neutral and alkaline environments. J. Zhang et al. [26] identified graphitic-N as the active site for the 2e− ORR to H2O2 on nitrogen-doped carbons. Interestingly, these same nitrogen species have been proposed as active sites for the 4e− ORR to H2O. Consequently, the significance of nitrogen speciation in promoting ORR remains contentious and subject to debate. It is probable that a combination of carbon defects and specific nitrogen sites facilitates the 2e− pathway for ORR to H2O2. However, more extended observations in the literature have indicated that N-pyridinic tends to enhance the four-electron oxygen reduction reaction (ORR) by facilitating electron donation, whereas N-pyrrolic aids in accelerating the two-electron ORR [27,28]. Additionally, graphitic-N has also been identified as the superior active site for the 2e− ORR to H2O2. Regarding oxidized N, simulated calculations from other research suggest that the free energy of oxygen adsorption in the ORR process on oxidized nitrogen is notably higher compared to that of other nitrogen species, indicating its unfavorable contribution to H2O2 generation [29].



Although H2O2 generation is improving, the EF process still necessitates the utilization of two catalysts: one tailored for oxygen reduction to H2O2 and another Fenton-type catalyst for converting H2O2 to hydroxyl radicals. In recent years, there have been numerous endeavors to create materials that possess dual functionality for electroreduction of oxygen to H2O2 and Fenton reactions. However, crafting heterogeneous EF catalysts with high selectivity and activity towards ORR through the two-electron pathway remains challenging. This is because transition metals, which are primarily responsible for Fenton reactions, typically catalyze oxygen reduction via the 4e− pathway, which does not yield H2O2. To overcome these limitations, researchers worldwide have recently started to study the use of carbonaceous materials as possible bifunctional catalysts, which are capable of directly generating OH• without the need for transition metal or Fenton-type catalysts.



As shown above, carbonaceous materials are optimal catalysts for ORR 2 e−. However, it has recently been shown that well-developed mesoporosity can be more beneficial for ORR, as unlike nano- or micropores, which can easily be blocked, mesopores allow adequate transfer of reactants, products and/or electrons, which can lead to the reduction of H2O2 with an additional electron (Equation (5)) [30].


H2O2 + e− → ·OH+ OH−



(5)







Tan et al. [31] demonstrated that nitrogen-doped porous carbon (NPC) can activate H2O2 to ·OH, which was attributed to the enhanced hydrogen peroxide adsorption on the N-graphitic sites. They [32] also showed the bifunctionality of ordered mesoporous carbon, which proved to be active for ·OH generation from ORR; the catalytic activity was associated with the nano-confinement in the mesoporous structure and C-O-C groups. Carbonaceous materials doped with transition metals (Fe or Mn) have also been proposed as catalysts for the in situ generation of ·OH via a three-electron ORR reaction (Equation (6)) [33,34].


O2 + 3e− → OH•+ H2O



(6)







In this work, free-metals bifunctional electrocatalysts based on carbon spheres doped with N functional groups were synthesized and their behavior as electrodes in the ORR 3e− was analyzed with regard to the degradation of tetracycline, which was used as an antibiotic reference. The effect of the carbon microsphere size on the stabilization of different N functional groups, and consequently, the electro-Fenton activity, as well as the improvement of conductivity of samples by adding eco-graphene, were deeply analyzed. The control of the selectivity to three- or two-electrons pathways, which was achieved by changing the operational voltage, was also evaluated.




2. Results and Discussion


2.1. Morphological and Textural Characterization


2.1.1. Morphology


SEM images of bare carbon nano- and microspheres (CNS and CMS, respectively) and eco-graphene (EG)-doped carbon spheres (CNS-3, CNS-5 and CMS-5) are collected in Figure 1. Isolated spheres smaller than 1.6 μm were obtained via the hydrothermal method (CNS), whereas spheres of up to 24 μm were obtained via the inverse emulsion method [35] (CMS). Notably, a cleaner and more perfect surface was observed in CNS in comparison to CMS, with which a more rugous and imperfect surface was obtained. This result could be associated with the oxygen concentration in each sample. It has been reported that hydrophilicity and roughness are inversely proportional to the oxygen amount [36], which can be derived from the synthesis method, where according to the literature, the solvothermal method, due to high temperature and pressure, can incorporate oxygen into the final material [37]. In both seria, CNS and CMS, doping with EG affected the sphere size distribution, causing the size to decrease with a concurrent increase in the EG doping. The size of CNS decreased from a mean size of 1.21 μm to 510 and 440 nm with the addition of 3 and 5 wt.% of EG, respectively; the size of CMS also decreased from a mean size of 17.42 μm to 4.13 μm when 5 wt.% of EG was added. The EG could interfere in the sol–gel polymerization, creating nucleation centers which favor the creation of more spheres of smaller size instead of a sphere’s growth. In any case, EG seems not to affect the shape or rugosity of the spheres.



TEM was used to try to observe the EG distribution in the samples. TEM images are collected in Figure 2. The same findings can be derived from the analysis of TEM images. Once again, larger particles are evident in the non-EG doped samples (CNS and CMS), whereas spheres that are smaller in size are observed in samples doped with eco-graphene. However, significant differences could be observed between micro and nanospheres. Nanospheres seem to be more dense and less porous, with more uniform surfaces than microspheres, on which surface rugosity and internal voids can be clearly identified. In turn, the synthesized eco-graphene (EG) comprises smooth and seemingly defect-free nanosheets. It is noteworthy that some eco-graphene sheets are uniformly distributed in close proximity around the spheres in all eco-graphene-doped samples, which could allow a better distribution of loads or electronic transfer, which would be beneficial for the ORR.




2.1.2. Textural Characterization


The porous texture of samples was analyzed by N2 and CO2 adsorption at −196 and 0 °C, respectively. N2 isotherms are depicted in Figure 3 and results from the data analysis are included in Table 1. A type I isotherm is obtained, denoting the presence of micropores in all samples. In samples doped with EG (both micro and nanospheres), there is an increase in N2 adsorption at intermediate relative pressures, which indicates the creation of some mesoporosity in the samples by the addition of EG (Vmeso, Table 1). Moreover, the N-doping results in a reduction in microporosity due to the blockage of wider micropores by the fixed N-functional groups. It is important to highlight that despite both CMS and CNS presenting a similar surface area and pore volume, carbon nanospheres are mainly ultramicroporous with micropores of around 0.51 nm, whereas carbon microspheres present wider micropores of a mean size of 1.19 nm.




2.1.3. Raman Characterization


The degree of graphitization of all samples was analyzed by Raman spectroscopy and the results are collected in Table 1 and Figure 4. Two bands at around 1345 and 1587 cm−1 were identified: these are referred to as defect (D) and graphitization (G) bands, respectively. The G peak arises from the in-plane stretching motion among sp2 carbon atoms, whereas the D band is attributed to structural defects, edge effects, and unpaired sp2 carbon bonds, disrupting the symmetry [38]. The variation in the position, width, and intensity of the Raman bands is used to determine the structural order of the material. The intensity ratio ID/IG is indicative of carbon structural ordering, with a significantly lower ratio correlating to a higher degree of graphitization. According to the Raman spectra (Figure 4), the change in the band position of D and G peaks and the intensity ratio (ID/IG) in the pure eco-graphene and EG-doped carbon spheres clearly confirm the different degrees of graphitization. Note that the G peak is much intense than the D peak for EG, showing a low ID/IG ratio (0.78), which denotes the high graphitization degree of eco-graphene. The IG is also significantly higher than ID for carbon nanospheres (CNS) in contrast to CMS samples where ID is higher than IG, denoting a higher defects concentration in carbon microspheres regarding carbon nanospheres. The addition of EG to both carbon spheres (nano and micro) decreases the ID/IG ratio, thus increasing the degree of graphitization of carbon spheres to a greater extent at a higher EG concentration. The G band position also shifts to a higher wavenumber with the amorphization degree of samples [38]; thus, the G band shifts from 1563 cm−1 in EG to 1588 and 1590 cm−1 in CNS and CMS, respectively. This shift is lower at higher EG contents, corroborating the improvement of graphitization of samples with the EG content. It is also important to highlight that the N-doping does not highly affect the graphitization degree of samples, as has been mentioned in the literature [39,40].





2.2. Elemental Analysis and XPS Characterization


2.2.1. Elemental Analysis


The elemental composition of samples was analyzed by elemental analysis to identify the amount of nitrogen within the samples after the N-doping with melamine, and the results are shown in Table 2. It is observed that the increase in eco-graphene in both nano and microspheres series increases the nitrogen content. The presence of nitrogen can be attributed to the process of synthesizing eco-graphene. During the hydrothermal process at 270 °C, CTAB molecules decompose, releasing nitrogen and hydrogen gases. These gases interact with the graphitic structure, resulting in nitrogen doping and a reduction in the oxidized structure, respectively. After treatment with melamine, an increase in the N content is observed in all samples. However, the nitrogen content depends on the size of the carbon spheres. The N content of CNS is around 3%, whereas the N fixed in CMS is almost twice that amount. Gong et al. [41] illustrated that imperfections in carbon structures, such as defects, edges, and functionalized carbon atoms, are energetically favorable for the incorporation of nitrogen atoms compared to the basal plane on the surface of carbon materials. Thus, the higher functionalization degree in carbon microspheres could be related to the greater amount of defective and porous surface accessible to the N precursor salt of carbon microspheres, which favors the melamine–surface interaction and consequently, N doping.




2.2.2. XPS Characterization


The surface chemistry of more representative samples was analyzed by XPS. Six peaks are required to fit the C1s region at 284.6 eV, 285.3 eV, 286.6 eV, 288.0 eV, 289.9 eV and 291.7 eV (π-π*) attributed to C=C, C-C, C-O, C=O, COO- and π-π* transition in the aromatic systems, respectively (Figure 4a). Note that the peaks’ positions and peaks’ contributions are quite similar in all samples, indicating that the carbon surface chemistry of samples was not modified after the eco-graphene and N-doping. In turn, the O1s region (Figure 4b) is deconvolved in three peaks assigned to quinone functional groups at 530.8 eV, C=O at 532.3 eV and C-O at 533.5 eV [38]. The presence of quinone functional groups in N- and EG-doped samples is justified by the fixation of these groups after the thermal treatment or by the presence of these functional groups in the added EG. Note that in pure EG (Table 3), quinone functional groups represent 30.8% of O1s spectra. However, it is important to highlight that the quinone contribution is not detected in CMS samples in which nitrogen is not detected by elemental analysis, whereas CNS presents an 8.1% contribution and nitrogen is detected by elemental analysis and XPS, although nitrogen or eco-graphene doping is not performed. This behavior can be explained based on the different synthesis methods used in CMS and CNS samples. In CMS sample, any nitrogen containing reactant is used, whereas urea is used in the hydrothermal synthesis of carbon nanospheres (CNS) which could be decomposed and fixed in the carbon matrix under the pressurized hydrothermal method. The quinone contribution and N content increases, as expected after the nitrogen doping. Note that although the total N content analyzed by elemental analysis in N-doped CMS (6.08 wt.%) is twice that observed for N-doped CNS (2.41 wt.%), the nitrogen content in N-CMS-5 (5.1 wt.%) is lower than in N-CNS-5 (9.1 wt.%). This difference in both techniques is explained based on the N-functional groups’ distribution and carbon spheres’ porosity. Both carbon micro- and nanospheres are microporous materials with similar surface areas. However, wide micropores with a size of 1.19 nm with the presence of some mesoporosity is observed in microspheres whereas mesoporosity is not detected in nanospheres in which ultramicropores (0.51 nm) are present. The wide micropores allow the melamine solution to be accessed at all levels of porosity and thus, N-functional groups are distributed throughout the microspheres with varying porosity, whereas this melamine aqueous solution cannot enter ultramicroporous surfaces, and thus avoids the functionalization of the internal nanospheres’ surface. Since the XPS is a surface technique, only a few nm of the surface is analyzed. The NXPS content (5.1 wt.%) of CNS is much higher than the total N detected by EA (2.41 wt.%) because N-groups are mainly localized on the external surface. In the case of CMS, NXPS (5.1 wt.%) is similar to NEA (6.1 wt.%), since the N-functional groups are distributed homogeneously.



The N-containing functional groups of samples are analyzed by deconvolution of the N1s region (Figure 5c). Three peaks are detected at 398.4 eV (pyridinic-N), 399.9 eV (pyrrolitic/pyridonic-N) and 401.0 eV (graphitic-N). Note that the distribution of N-containing functional groups is very different depending on the carbon size (Figure 5c and Table 3). In N-doped carbon microspheres (N-CMS-5), pyridinic-N and pyrrolitic/pyridonic-N are predominant, whereas quaternary-N only represents 15.3%. However, quaternary-N increases significantly in N-doped carbon nanospheres (30.6%) at the expense of a decrease in pyridinic N. Since the nitrogen doping method is the same in both carbon nano- and microspheres, the size of the carbon spheres and consequently, the surface texture and defects seem to be crucial for the selective introduction of graphitic-N. The nature of the N-functional groups determines the ORR selectivity, so the different groups’ distributions in CMS and CNS samples determine their electro-Fenton behavior.





2.3. Electrochemical Characterization


2.3.1. Voltammetries


Prior to analyzing the behavior of samples as electrodes for the electro-Fenton degradation of drugs in wastewater, their catalytic performance in the generation of H2O2 and/or ·OH radicals need to be evaluated. To this end, the oxygen reduction reaction was analyzed using a rotating ring-disk electrode (RRDE). First, cyclic voltammograms were performed under a constant flow of nitrogen and oxygen and the results are shown in Figure 6. At first glance, an increase in the current intensity near −0.2 V vs. Ag/AgCl is observed when the electrolyte is saturated with O2 in comparison with N2, suggesting that all samples are active in the oxygen reduction reaction (ORR). The varying electrochemical responses of samples under N2 bubbling conditions (Figure 6, blue line) may be attributed to differences in conductivity, graphitization degree, textural properties, and surface chemistry [42]. The area enclosed in the cyclic voltammograms (CVs), representing the capacitance, is clearly affected by the EG doping and the size of the spheres. EG presents a very low capacitance due to the reduced surface area on which the electrical double layer could form. Although CMS and CNS present similar textural properties (SBET and W0 (N2), Table 1) and surface chemistry (elemental composition, Table 2), the capacitance of CMS is much higher than that of CNS. It is well established that the optimal specific capacitance is achieved when pores fall within the range of 0.7−1 nm. Pores smaller than 0.5 nm are too narrow for effective electrolyte diffusion and the formation of double layers [43,44]. Conversely, while mesopores (2−50 nm) may not contribute as significantly as micropores to the formation of double layers, they can enhance the formation of electric double-layer capacitors (EDLC) at high charge rates by facilitating electrolyte diffusion through the carbon network to the active sites within micropores. The pores size in CMS is around 1 nm with the presence of some mesoporosity, whereas ultramicropores of around 0.5 nm without mesoporosity are observed in CNS. This explanation elucidates the distinct capacitance behavior observed in CMS and CNS samples. According to previous studies, it is understood that microporosity can enhance the current diffusion into the pores, thereby increasing capacitance (as evidenced by a higher area of cyclic voltammetry under an oxygen atmosphere) [45]. Regardless of the size of the carbon spheres (CNS or CMS), the enclosed area increases with the increase in EG doping. The enhancement in capacitance resulting from an increase in EG content can be attributed to the enhancement of conductivity and graphitization degree in the samples. It is widely recognized that improved electrical conductivity leads to significant enhancements in energy and power densities, as well as specific capacitance [46]. However, it is important to highlight that N-doping has a different effect on nanospheres (CNS) compared to macrospheres (CMS). In both cases, the surface area decreases upon N-doping, but whereas in CMS-5 the capacitance increases with N-doping in CNS-5, the capacitance decreases. Notably, pseudofaradaic peaks are observed in N-CMS-5 but are not clearly identified in N-CNS-5. This can be ascribed to the porosity blockage and different distribution of the nitrogen functional groups. Peng Zhao et al. [47] observed that the capacitance of N-doped NCTs is improved when abundant pyrrolic-N are presented on the surface of the material. K. Tian et al. [48] also identified pyrrolic nitrogen species as highly active pseudocapacitive sites in nitrogen-doped carbon materials employed as supercapacitors. The pseudocapacitance of these carbon materials exhibits a positive correlation with the pyrrolic nitrogen content. In CMS-5, the SBET decreases from 555 to 260 m2 g−1 upon N-doping, but a high amount of pyrrolitic/pyridonic-N is fixed (around 28%), which compensates for the decrease in porosity and increases the capacitance. In CNS-5, the porosity is highly blocked and fewer highly active pyrrolitic/pyridonic-N (24%) active sites are obtained, which enhances the decrease in pseudocapacity as a result of the porosity blockage.



Linear Sweep Voltammetries (LSV) were performed at different rotation speeds to obtain information about the kinetic current density (Jk) in the ORR as well as the reaction mechanism by determining the number of electrons transferred (n). Figure 7a,b show LSV at 3500 rpm for all the tested materials. The introduction of eco-graphene, both in micro and nanospheres, enhances catalytic activity. As the percentage of eco-graphene increases, greater activity is observed (see Jk values in Table 4). This can be attributed to the improved electron transfer to carbon microspheres that is facilitated by eco-graphene, leading to enhanced efficiency in the ORR process. However, note that the activity of carbon microspheres (CMS) is greater that of the carbon nanospheres (CNS) which can be explained based on the intrinsic carbon xerogels defects and the exposed surface area. The intrinsic defects serve as active sites to rapidly adsorb O2 and accelerate its transformation [49]. As was confirmed by N2-isotherms, the CNS porosity is composed mainly of narrower ultramicropores that are less accessible to the electrolyte and reactants than CMS porosity; thus, CNS has a less active site surface for ORR than CMS. Moreover, Raman spectroscopy shows that the CNS surface presents fewer defects than the CMS surface, providing a smaller number of actives sites for ORR conversion. Figure 7c and d show the number of electron transfers versus the potential for all samples. An almost-pure two-electron pathway was obtained with EG of H2O2 being the main product (>90%). The two-e− pathway is also the main route for pure microspheres and nanospheres (CMS and CNS) in all potential range. However, the addition of EG does not have a significant effect on the electrons transferred at a potential lower than −0.5, which is (n) in all cases near to 2.5–2.6 (Table 4), similar to the findings for pure carbon spheres. Nonetheless, at a potential higher than −0.5, the addition of EG increases the number of electrons transferred (n), mainly obtaining a 3e− pathway.



In the electro-Fenton context, the conventional understanding suggests that a two-electron transfer is the typical route for generating hydrogen peroxide in situ (Equation (1)), followed by its conversion into hydroxyl radicals by a Fenton catalyst (Equation (2)). However, previous studies have shown the viability of a three-electron pathway [50] which directly generates ·OH radicals. Recently, Miao et al. [51] proposed a mechanism to elucidate this alternate pathway. According to their proposal, oxygen undergoes reduction to form adsorbed H2O2, which then directly generates hydroxyl radicals without necessitating desorption (Equation (6)) via one-electron ORR. Thus, the three-electron pathway observed in our samples could be explained based on (i) the materials under consideration potentially possessing active sites capable of facilitating both the reaction outlined in Equation (1), generating H2O2 via 2e− ORR, and that described in Equation (6) at potential higher than −0.5 V, obtaining ·OH radicals via 1e− ORR, and/or (ii) at this potential, the ORR via 4 electron pathway becoming important and obtaining a competitive production of H2O2 and H2O. L. Xie et al. [52] identified the 3e− pathway in Cu/CoSe2/C catalyst, which exhibits remarkable activity for ·OH generation. Using DFT, they performed calculations which demonstrated that Co sites exhibit an easy H2O2 formation process, but a considerable energy barrier of 0.26 eV is required to form ·OH, meaning that it is favorable for H2O2 desorption. The transfer of n is almost constant with the voltage for all two-electron samples (EG, CMS, CNS), whereas a mechanism change is observed at −0.5 V for EG-doped samples. This could manifest that the introduction of new sites for H2O2 conversion to an ·OH radical is the most plausible route in EG-doped samples, rather than the competitive production of water, but potential higher than −0.5 V is required to activate this transformation.



On the other hand, N-doping increases the ORR activity in both CMS and CNS series (Figure 7b and Table 4). It is well known that nitrogen functional groups have been proposed as active sites for the ORR, improving its catalytic performance [29,53]. It is important to highlight that although the N-content fixed on carbon microspheres is double that on carbon nanospheres, the catalytic improvement achieved in nanospheres by N-doping, N-CNS-5, is much higher than in carbon microspheres, N-CMS-5, in relation to their non-N-doped counterpart (see Table 4, Jk values). Moreover, the effect of N-doping on the ORR selectivity is very different depending on the size of the carbon sphere (Figure 7d and Table 4). The N doping has a different effect on the selectivity depending on the size of the carbon spheres. The n transferred and its profile vs. E0 do not change after N-doping of carbon nanospheres (CNS-5 vs. N-CNS-5), whereas the number of electrons increases to a value higher than three and it is univariable with the potential for N-CMS-5 sample regarding CMS-5. This different behavior is attributed to the different N functional groups’ distribution obtained on the carbon surface depending on the size of the sphere. XPS results revealed that pyridinic and pyrrolitic/pyridonic are the main N-functional groups on carbon microspheres surface, whereas Graphitic-N are predominant in carbon nanospheres. The literature indicated that N-pyridinic tends to enhance the four-electron oxygen reduction reaction (ORR) by facilitating electron donation, whereas N-pyrrolic and graphitic-N, mainly the latter, aid in accelerating the two-electron ORR [24,27,28]. Note that the amount of 2e− ORR actives sites account for 60.5% in N-CNS-5, with 35.7% being graphitic-N groups in comparison with the 43.4% of 2e− ORR active sites and 15.3% of graphitic-N of N-CMS-5. Since mainly N-pyridinic groups are introduced in carbon microspheres, the selectivity to the H2O production is enhanced, increasing the n transferred. However, N graphitic dominates in carbon nanospheres and thus, the activity of N-doped CNS increases (see Jk) but the selectivity to the production of H2O2 and ·OH radicals remains high. It is important to highlight that N-doping in CMS enhanced the four-electron pathway in all potential ranges, which corroborates the notion that the three-electron pathway observed in EG-doped carbon spheres seems to be ascribed to the production of H2O2 and its conversion to OH radicals, rather that the enhancement of the four-electron pathway only occurs in a defined range of potentials.



To corroborate the above finding, the H2O2 generation was determined using a rotating disk electrode (Figure 7e,f). EG, CMS and CNS, which are predominantly 2e− catalysts, produce > 75% of H2O2 in all potential ranges. Doping with EG favors the introduction of new sites for the direct conversion of H2O2 to ·OH radicals active at potential higher than −0.5 V, and thus, the amount of H2O2 detected is around 70% for a potential lower than −0.5 V and then decreases to 40% at higher potential, although the n transferred only increases from 2.7 to 3.1 eV, corroborating the H2O2 transformation to ·OH radicals.




2.3.2. Size Effect of N-CS in the Catalytic Activity


Since ·OH radicals seem to be produced in EG-CNS and mainly in N-CNS samples, the N-CNS-5 sample is presented as an excellent EF catalyst. Thus, samples doped with nitrogen and 5% of eco-graphene with both carbon spheres sizes (CMS-5, CNS-5, N-CMS-5 and N-CMS-5) were selected to evaluate the catalytic performance in the EF degradation of tetracycline (TTC) at a potential of −0.8 V to ensure high activity and selectivity to OH radicals. To clearly identify the degree of degradation attributed to the electro-Fenton process, the adsorption process was first eliminated by saturating the working electrode with TTC at room temperature, in the dark, and setting the initial concentration at 3.4 × 10−5 M. The reaction was then initiated by applying the selected potential with constant O2 bubbling, and TTC degradation was monitored over time. The results are shown in Figure 8. As expected, all samples are active in the EF process, which is attributed to the capability of samples to produce ·OH radicals through the electro-reduction of O2 via three electrons. It is crucial to emphasize that in a previous study, the possibility of TTC degradation solely through oxidation with H2O2 or via a simple oxidation–reduction process induced by the applied current was ruled out [34]. However, the EF activity of samples depends on the N-doping and the size of the carbon sphere. A degradation of 48.3% is obtained after 240 min using CNS-5 as an electrode. The activity of their micro-sized counterpart, CMS-5, is 58.6% at 240 min. This higher activity is explained based on the higher ORR activity and thus, OH radicals generation. CMS samples present a more accessible porosity and more defective surface, providing a greater number of actives sites for ORR. When analyzing the effect of the N-doping, it is important to highlight that the introduction of N has a positive or negative effect depending on the size of the carbon spheres, since as it was previously pointed out, the carbon size affects the nature of functional groups anchored on the carbon spheres and, consequently, the ORR selectivity and ·OH radicals production. In this way, while doping with N increases degradation from 48.3% to 61.6% in sample CNS-5, it decreases from 58.6% to 53.4% in sample CMS-5. As was pointed out in ORR, the number of electrons remains invariable after N-doping in the CNS-5 sample, showing a high selectivity to the 3e− pathway, but the activity (see Jk values) highly increases due to the selective anchoring of graphitic-N, which are active sites for H2O2 generation. However, for the CMS-5 sample, the activity increases due to the introduction of active sites for ORR (N-functional groups) but selectivity to ·OH radicals generation decreases due to the enhanced anchoring of pyridinic-N, which are highly selective to H2O production.



Considering the obtained results, the miniaturization of the carbon spheres from micro- to nanospheres via more ecofriendly synthesis routes (hydrothermal methods) is an excellent strategy to control the nature of nitrogen functional groups and, thus, enhance the ·OH radicals generation for drug degradation. However, this synthesis method provides carbon nanospheres with a less defective surface and less accessible porosity that do not favor the ORR activity. Thus, in future works, the use of polymerization catalysts could be used to control the carbon sphere size and the pore size distribution, as well as activation protocols to make the designed porosity more accessible and create surface defects to enhance the ORR activity and, thus, the TTC degradation.



In general, our results demonstrate that it is possible to obtain metal-free catalysts capable of directly generating ·OH radicals, making them excellent candidates for new bifunctional electro-Fenton catalysts. Table 5 provides a summary of other bifunctional metal-free catalysts based on carbon materials.



Based on the findings presented in the literature, it is evident that the samples synthesized in this study show promise. Unlike other approaches, our synthesis methods are more environmentally friendly, as they do not involve the use of sulfuric acid. Additionally, operationally, our methods are simpler in some cases. Furthermore, our carbon xerogels exhibit a selectivity closer to three electrons in the ORR compared to those reported in other studies. While the ORR 3e− route is proposed as the principal pathway for the degradation of pollutants by electro-Fenton in these studies, the selectivity values are below 2.6.






3. Conclusions


Based on the findings of this study, it can be concluded that the hydrothermal method not only offers operational simplicity but also enables the synthesis of metal-free carbonaceous catalysts with bifunctional activity in electro-Fenton processes for tetracycline degradation. Furthermore, doping with EG significantly boosts the current density of the electrocatalytic reaction, while parameter n tends to increase.



The size of the carbon spheres was identified as a critical factor in the impact of nitrogen doping. For instance, in CNS-5, the degradation of TTC increased from 48.3% to 61.6%, whereas in CMS-5 it decreased from 58.6% to 53.4%. This disparity can be primarily attributed to the nitrogenous groups present in each sample, as revealed by XPS analysis. Specifically, the N-CMS-5 sample exhibited a higher concentration of pyridinic nitrogen, which favors water production, whereas the N-CNS-5 sample had a higher concentration of graphitic nitrogen, which promotes H2O2 generation.




4. Materials and Methods


4.1. Synthesis of Materials


4.1.1. Eco-Graphene (EG)


To achieve a more environmentally friendly process, the synthesis of eco-graphene (EG) was conducted according to procedures reported in the literature [57]. The process involved hydrolyzing glucose in ammonia/CTAB solution followed by a hydrothermal process. CTAB was dissolved in a 0.5 M glucose solution with a CTAB/glucose molar ratio of 1.5/8. Ammonium hydroxide was then added to adjust the pH to 11. The solution was treated in an autoclave at 270 °C for 4 h, cooled slowly, and the product was collected by filtration. After being washed with distilled water, it was dried at 70 °C under vacuum for two days.




4.1.2. Carbon Xerogel Spheres (CS)


We synthesized CS using two different methods, aiming to employ an operationally simpler process (solvothermal) compared to one that offers more favorable conditions for synthesis (65 °C in atmospheric pressure).



The carbon xerogel nanospheres (CNS) were synthesized with different percentages of EG (0, 1, 3, and 5 wt.%). The synthesis was carried out following a typical solvothermal process [58]. Briefly, a solution composed of 67.2 mL of ethanol (98%), 168 mL of deionized water, and 1.5 mL of NH4OH (28%) was prepared. Then, 1.68 g of resorcinol was dissolved and the appropriate quantity of eco-graphene for each doping percentage was dispersed. Finally, 2.35 mL of formaldehyde was added, and the mixture was sonicated for 10 min. The homogeneous solution was transferred to a Teflon reactor in a stainless-steel autoclave and treated at 100 °C for 24 h. The obtained solid was recovered by centrifugation and immersed in acetone. The acetone was changed twice daily for three days to exchange the water within the pores, with the aim of reducing the porosity shrinkage during the subsequent drying process. Finally, the organic gel was dried using a microwave oven (800 W) under argon flow at 300 W during a 1 min cycle until it reached a constant weight and then carbonized at 850 °C for 2 h with a heating rate of 1.5 °C min−1 under a continuous flow of nitrogen gas (150 mL min−1).



The carbon xerogels spheres with micrometric size (CMS) were obtained by an inverse microemulsion polymerization of resorcinol (R) and formaldehyde (F) within an organic medium [35]. To achieve this, a mixture composed of R, F and water (W) in the molar ratios of R/F = 0.5 and R/W = 0.067 was prepared. Then, the corresponding amount of EG required to obtain the desired wt % in the final carbon material was added and the mixture was sonicated for 10 min. The mixture was pre-gelled for 1 h at 65 °C in a sealed vessel and then added dropwise to a solution of 22 mL of Span 80 (S) and 900 mL of n-heptane under stirring (650 rpm) and reflux at 65 °C. The molar ratio of R/S was 4.42. This solution was maintained at 65 °C under reflux and stirring for 24 h. Subsequently, the gel was filtered and immersed in acetone. The acetone was replaced twice daily for five days to aid in the exchange of water within the pores and removal of the surfactant Span 80. Finally, the organic gels were dried and carbonized in the same conditions described above.



The samples were labeled as carbon xerogels micro or nanospheres (CMS of CNS, respectively) followed by the wt % of EG in the final carbon xerogel, e.g., CMS-3 means that carbon xerogel microspheres were doped with 3 wt.% of eco-graphene.




4.1.3. N-Doped Carbon Xerogel Spheres (N-CS)


The N doping of carbon spheres was carried out using melamine as nitrogen source. The melamine in a mass melamine/carbon of 1:1 was dissolved in ethanol (98%) and mixed with the carbon xerogel. The mixture was stirred for 2 h and then dried in infrared light. Finally, the solid was thermically treated at 650 °C for 1 h under a N2 flow (150 mL min−1) with a heating rate of 10 °C min−1. The samples were labeled as N-CYS-Z, where Y is the sphere size (M: Micro or N: nano), Z is the EG wt % and N indicates the nitrogen doping (if there is no “Y”, it means that N-doping was not performed).





4.2. Characterization


4.2.1. Chemical and Textural Characterization


The textural properties of samples were studied by N2 adsorption isotherms at 77 K. the Brunauer–Emmett–Teller (B.E.T) method, Dubinin–Radushkevic (DR) equation, and density functional theory (DFT) were applied to obtain the specific surface area (SBET), micropore volume (W0) and width (L0), and the pore size distribution, respectively. The N2 volume adsorbed at the relative pressure of 0.95 was used as the total pore volume (V0.95). The mesopore volume (Vmeso) was calculated as the difference between V0.95 and W0.



Raman spectroscopy was used to analyze the graphitization degree of the samples. The spectra were reordered at 24 Mw in a range from 200 to 3000 cm−1 using a Micro-Raman JASCO NRS-5100 dispersive spectrophotometer equipped with a 532 nm laser.



The surface composition was determined by X-ray photoelectron spectroscopy (XPS) using a Kratos Axis Ultra-DLD spectrometer equipped with a hemispherical electron analyzer connected to a detector DLD (delay-line detector) and an Al-Kα monochromator of a power of 600 W. The C1s peak position at 284.6 eV was used as internal reference for binding energy correction.



The morphology of the samples was studied by scanning electron microscopy (SEM) in an AURIGA FIB-FESEM microscope and by transmission electron microscopy (TEM) in a LIBRA 120 Plus microscope. Microphotographs were analyzed by the appropriate software (ImageJ 1.54f) to obtain the spheres size distributions.




4.2.2. Electrochemical Characterization


The electrochemical characterization was performed in a Biological VMP Multichannel potentiostat using a rotating ring-disk electrode (RRDE) as working electrode, a Ag/AgCl as a reference electrode, and a Pt wire as a counter electrode. The carbon spheres-based samples were deposited onto the Glassy Carbon tip of the RRDE. To achieve this, an ink composed of 5 mg of sample and 1 mL of Nafion water solution in a volumetric ratio of 1:9 (Nafion 5% solution water) was prepared, and 20 mL of this ink was deposited on the tip and was dried by infrared radiation.



Cyclic voltammetries (CVs) were conducted in N2- or O2-saturated 0.1 M KOH solutions in a range from 0.4 V to −0.8 V (vs. Ag/AgCl) at two scan rates (5 mV s−1 and 50 mV s−1) while the RRDE rotated at 1000 rpm. The linear sweep voltammetry (LSV) was carried out in O2-saturated 0.1 M KOH solutions at different rotation rates (500, 1000, 1500, 2000, 2500, 3000, 3500, 4000 rpm) in a working window from 0.4 to −0.8 V (vs. Ag/AgCl) at a sweep rate of 5 mV s−1. The LSV was fitted to the Koutecky–Levich model to calculate the number of electrons transferred (n) and the kinetic density current (Jk). Based on the disk and platinum ring current measurements, the overall electron transfer number (n) and the H2O2% were calculated by means of Equations (7) and (8), respectively.


  n =   4 ·   I   D       I   D   −     I   R     N      



(7)






    H   2     O   2     %   = 100 ·   2 ·     I   R     N       I   D   −     I   R     N      



(8)




where IR and ID are the ring and disk currents, respectively, and N is the collection efficiency of RRDE (0.245).





4.3. Electro-Fenton Processes


The electro-Fenton process was carried out in a three-electrode glass cell controlled by a Biological VMP multichannel potentiostat (BioLogic Science Instruments VMP3 0216, Granada) using Ag/AgCl as reference electrode, a Pt-wire as the counter electrode and graphite paper on which the sample was pasted as the EF working electrode. For the preparation of the EF electrodes, a homogeneous paste was prepared by mixing finely milled carbon xerogel spheres and polytetrafluoroethylene (PTFE) binder in a mass ratio of 9:1. The paste was dried at 80 °C overnight and, finally, 50 mg of this paste was coated on graphite paper with an area of 3 cm × 1 cm.



To study the dual-functional electrocatalysts in electro-Fenton (EF) tests, tetracycline (TTC) was chosen as the emerging pollutant. Tetracycline adsorption kinetics and isotherms were performed on the working electrode prior to the EF tests to determine the amount of time required to achieve the adsorption equilibrium and the adsorption capacity, respectively. Once the adsorption capacity had been determined, the working electrode was put in contact with a tetracycline solution of the appropriate TTC concentration in 0.5 M Na2SO4 to obtain a final concentration of 3.4 × 10−5 M after reaching the adsorption equilibrium. Once the adsorption equilibrium was achieved, the TTC solution was saturated with bubbling O2 for 30 min before the EF experiment started and continuously bubbled throughout the experiment. During the EF experiment, 1 mL aliquots were periodically taken from the glass cell at the specified time intervals. The concentration of TTC in each aliquot was immediately analyzed at 358 nm using a UV-spectrophotometer model UV-2600i Shimadzu.
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Figure 1. SEM images of carbon nano- (CNS) and macrospheres (CMS) without eco-graphene and with 3% (CNS-3%) and 5% (CNS-5 and CMS-5) of eco-graphene and particles size distribution of nano (a) and micro-sized spheres (b) obtained from analysis of SEM images. 
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Figure 2. TEM images of eco-graphene (EG) and carbon nano- (CNS) and macrospheres (CMS) without eco-graphene and with 3% (CNS-3%) and 5% (CNS-5 and CMS-5) eco-graphene. 
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Figure 3. N2-adsorption/desorption isotherms CMS series. 






Figure 3. N2-adsorption/desorption isotherms CMS series.



[image: Gels 10 00306 g003]







[image: Gels 10 00306 g004] 





Figure 4. Raman spectra of (a) CNS and (b) CMS series. 
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Figure 5. XPS patterns. 
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Figure 6. Cyclic voltammograms at 50 mV s−1 and 1000 rpm under N2 flow (blue line) and O2 (red line). 
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Figure 7. (a,b) LSV at 3500 rpm, (c,d) number of electrons transferred and (e,f) % H2O2 produced; (a,c,e) reflects the effect of EG doping and (b,d,f) the effect of sphere size and N-doping. 
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Figure 8. Normalized TTC concentration vs. time at potential of −0.8 V for eco-graphene-doped and N-eco-graphene-doped microspheres and nanospheres. 
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Table 1. Textural characteristics of all samples obtained by N2 adsorption at 77K.
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Sample

	
N2-Isotherm

	
CO2

Isotherm

	
Raman




	
SBET

	
W0

	
L0

	
V0.95

	
Vmeso

	
W0

	
L0

	
ID/IG

	
D Position

	
G Position




	
m2g−1

	
cm3g−1

	
nm

	
cm3g−1

	
cm3g−1

	
cm3g−1

	
nm

	
n.a.

	
cm−1

	
cm−1






	
EG

	
1

	
0.00

	
-

	
0.00

	
0.00

	
-

	
-

	
0.78

	
1363

	
1563




	
CNS

	
560

	
0.23

	
0.51

	
0.27

	
0.00

	

	

	
1.00

	
1344

	
1588




	
CNS-1

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.98

	
1340

	
1587




	
CNS-3

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.98

	
1341

	
1587




	
CNS-5

	

	

	

	

	

	

	

	
0.97

	
1341

	
1585




	
N-CNS-5

	

	

	

	

	

	

	

	
0.98

	
1338

	
1583




	
CMS

	
501

	
0.20

	
1.19

	
0.23

	
0.03

	
0.26

	
0.56

	
1.05

	
1343

	
1590




	
CMS-5

	
555

	
0.23

	
0.86

	
0.41

	
0.18

	
0.24

	
0.56

	
1.00

	
1340

	
1587




	
N-CMS-5

	
260

	
0.11

	
1.60

	
0.32

	
0.21

	
0.24

	
0.56

	
1.01

	
1343

	
1590











 





Table 2. Analysis of the elemental composition.
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Sample

	
Elemental Composition (wt.%)




	
C

	
H

	
O

	
N






	
CNS

	
95.46

	
0.34

	
4.15

	
0.05




	
N-CNS

	
87.15

	
0.95

	
8.67

	
3.23




	
CNS-1

	
95.38

	
0.33

	
4.20

	
0.09




	
CNS-3

	
95.00

	
0.33

	
4.53

	
0.14




	
CNS-5

	
95.93

	
0.35

	
3.51

	
0.21




	
N-CNS-5

	
89.18

	
0.67

	
7.74

	
2.41




	
CMS

	
95.96

	
0.33

	
3.71

	
0.00




	
CMS-5

	
96.00

	
0.35

	
3.42

	
0.23




	
N-CMS-5

	
90.10

	
0.25

	
3.57

	
6.08











 





Table 3. Surface chemical composition determined by XPS.
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Sample

	
C1s

	
O1s

	
N1s

	
CXPS (%)

	
OXPS (%)

	
NXPS (%)




	
BE (eV)

	
% Peak

	
Assign.

	
BE (eV)

	
% Peak

	
Assign.

	
BE (eV)

	
% Peak

	
Assign.






	
CMS

	
284.6

	
59.3

	
C=C

	
532.4

	
54.1

	
C=O

	

	

	

	
96.1

	
3.9

	
-




	
285.3

	
23.1

	
C–C

	
533.8

	
45.9

	
C-O

	

	

	




	
286.6

	
8.0

	
C–O

	

	

	

	

	

	




	
288.1

	
3.3

	
C=O

	

	

	

	

	

	




	
289.8

	
4.1

	
COO−

	

	

	

	

	

	




	
291.4

	
2.2

	
π−π*

	

	

	

	

	

	




	
N-CMS-5

	
284.6

	
55.2

	
C=C

	
530.8

	
12.2

	
Quin.

	
398.4

	
56.6

	
Pyridinic

	
92.4

	
2.5

	
5.1




	
285.3

	
23.4

	
C–C

	
532.3

	
50.3

	
C=O

	
399.8

	
28.1

	
Pyrrolitic/Pyridonic




	
286.6

	
9.7

	
C–O

	
533.5

	
37.5

	
C-O

	
401.0

	
15.3

	
Graphitic




	
288.0

	
4.9

	
C=O

	

	

	

	

	

	




	
289.9

	
4.2

	
COO−

	

	

	

	

	

	




	
291.5

	
2.6

	
π−π*

	

	

	

	

	

	




	
CNS

	
284.6

	
56.6

	
C=C

	
530.7

	
8.1

	
Quin.

	
398.4

	
23.7

	
Pyridinic

	
92.3

	
7.1

	
0.6




	
285.3

	
23.7

	
C–C

	
532.3

	
53.2

	
C=O

	
399.9

	
11.1

	
Pyrrolitic/Pyridonic




	
286.6

	
9.4

	
C–O

	
533.6

	
38.7

	
C-O

	
401.0

	
65.2

	
Graphitic




	
288.0

	
4.2

	
C=O

	

	

	

	

	

	




	
289.3

	
3.9

	
COO−

	

	

	

	

	

	




	
290.9

	
2.2

	
π−π*

	

	

	

	

	

	




	
CNS-5

	
284.6

	
55.8

	
C=C

	
530.7

	
6.2

	
Quin.

	
398.4

	
47.4

	
Pyridinic

	
90.9

	
8.7

	
0.4




	
285.4

	
23.1

	
C–C

	
532.3

	
50.1

	
C=O

	
399.9

	
22.7

	
Pyrrolitic/Pyridonic




	
286.6

	
10.9

	
C–O

	
533.7

	
43.7

	
C-O

	
400.9

	
29.9

	
Graphitic




	
288.0

	
4.4

	
C=O

	

	

	

	

	

	




	
289.3

	
3.9

	
COO−

	

	

	

	

	

	




	
290.9

	
1.9

	
π−π*

	

	

	

	

	

	




	
N-CNS-5

	
284.6

	
57.8

	
C=C

	
530.8

	
13.8

	
Quin.

	
398.3

	
39.5

	
Pyridinic

	
85.6

	
5.2

	
9.1




	
285.4

	
22.2

	
C–C

	
532.3

	
59.3

	
C=O

	
399.8

	
24.8

	
Pyrrolitic/Pyridonic




	
286.6

	
8.9

	
C–O

	
533.5

	
26.8

	
C-O

	
401.0

	
35.7

	
Graphitic




	
288.2

	
5.2

	
C=O

	

	

	

	

	

	




	
289.8

	
3.4

	
COO−

	

	

	

	

	

	




	
291.5

	
2.5

	
π−π*

	

	

	

	

	

	




	
Eco-G

	
284.5

	
72.8

	
C=C

	
530.6

	
30.9

	
Quinone

	
398.4

	
47.4

	
Pyridinic

	
75.7

	
11.3

	
13.1




	
285.7

	
20.9

	
C–C

	
532.0

	
69.1

	
C=O

	
399.6

	
47.2

	
Pyrrolitic/Pyridonic




	
286.9

	
6.3

	
C–O

	

	

	

	
401.8

	
5.4

	
Graphitic











 





Table 4. Electrochemical parameters obtained from the analysis of LSV curves.
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Sample

	
Eonset (V)

	
Jk mAcm−2

	
n

	
H2O2 (%)




	
−0.8 V

	
−0.4 V

	
−0.8 V

	
−0.4 V

	
−0.8 V

	
−0.4 V






	
EG

	
−0.26

	
5.27

	
0.67

	
2.31

	
2.12

	
84.72

	
94.10




	
CNS

	
−0.28

	
1.90

	
0.28

	
2.65

	
2.58

	
67.36

	
70.76




	
CNS-1

	
−0.23

	
9.62

	
2.89

	
2.87

	
2.54

	
56.63

	
78.24




	
CNS-3

	
−0.23

	
10.05

	
2.95

	
3.13

	
2.63

	
43.28

	
68.60




	
CNS-5

	
−0.23

	
10.81

	
3.07

	
3.18

	
2.69

	
40.99

	
65.27




	
N-CNS-5

	
−0.22

	
14.13

	
3.96

	
3.18

	
2.64

	
41.10

	
68.05




	
CMS

	
−0.19

	
4.60

	
1.99

	
2.54

	
2.34

	
73.04

	
83.18




	
CMS-5

	
−0.18

	
14.16

	
8.66

	
2.83

	
2.47

	
58.47

	
76.72




	
N-CMS-5

	
−0.15

	
16.10

	
9.45

	
3.10

	
2.91

	
45.62

	
54.43











 





Table 5. Bifunctional catalysts employed in the electro Fenton degradation process, as reported in the literature.
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	Catalyst
	n
	Pollutant
	Experiment Conditions
	Time

(min)
	%Degradation
	Ref





	OCNT-80

(O-doped carbon nanotubes)
	2.5 to 2.6

(−0.3 to −1.0V vs. SCE)
	Phenol
	−0.4V vs. SCE,

pH = 6.5
	60
	99.2
	[49]



	NGE

(Nitrogen-doped Graphene)
	2.1 to 2.5 (−0.6 to −1.2V vs. Ag/AgCl)
	Phenol
	pH neutral
	180
	93.6
	[54]



	PPC

(O and F doped porous carbon)
	2.1 to 2.2

(−0.4 to −1.6V vs. Ag/AgCl)
	Sulfamerazine
	−1.5V vs. Ag/AgCl,

pH = 3
	180
	90.1
	[55]



	ACSS (Activated carbon wrapped with stainless steel)
	-----
	RB19
	100 mA,

pH = 7
	720
	61.5
	[12]



	N,S-EEGr (Nitrogen and sulfur co-doped graphene)
	2.22 to 2.27 (−1.0 to 0.0V vs. SCE)
	Phenol
	6.25 mA cm−2,

pH = 7
	15
	100
	[56]
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