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Abstract

:

Sluggish oxygen reduction reaction (ORR) of electrodes is one of the main challenges in fuel cell systems. This study explored the kinetics of the ORR reaction mechanism, which enables us to understand clearly the electrochemical activity of the electrode. In this research, electrocatalysts were synthesized from platinum (Pt) catalyst with multi-walled carbon nanotubes (MWCNTs) coated by three polymers (polybenzimidazole (PBI), sulfonated tetrafluoroethylene (Nafion), and polytetrafluoroethylene (PTFE)) as the supporting materials by the polyol method while hexachloroplatinic acid (H2PtCl6) was used as a catalyst precursor. The oxygen reduction current of the synthesized electrocatalysts increased that endorsed by linear sweep voltammetry (LSV) curves while increasing the rotation rates of the disk electrode. Additionally, MWCNT-PBI-Pt was attributed to the maximum oxygen reduction current densities at −1.45 mA/cm2 while the minimum oxygen reduction current densities of MWCNT-Pt were obtained at −0.96 mAcm2. However, the ring current densities increased steadily from potential 0.6 V to 0.0 V due to their encounter with the hydrogen peroxide species generated by the oxygen reduction reactions. The kinetic limiting current densities (JK) increased gradually with the applied potential from 1.0 V to 0.0 V. It recommends that the ORR consists of a single step that refers to the first-order reaction. In addition, modified MWCNT-supported Pt electrocatalysts exhibited high electrochemically active surface areas (ECSA) at 24.31 m2/g of MWCNT-PBI-Pt, 22.48 m2/g of MWCNT-Nafion-Pt, and 20.85 m2/g of MWCNT-PTFE-Pt, compared to pristine MWCNT-Pt (17.66 m2/g). Therefore, it can be concluded that the additional ionomer phase conducting the ionic species to oxygen reduction in the catalyst layer could be favorable for the ORR reaction.
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1. Introduction


With growing concerns associated with climate change and CO2 emissions, the quest for sustainable energy conversion and storage technologies has gained significant momentum. In particular, proton exchange membrane (PEM) fuel cells offer a promising approach to green hydrogen generation [1]. One of the main issues with fuel cell systems is the sluggish oxygen reduction reaction (ORR) on the cathode electrode. As electrocatalysts for fuel cells, noble metals such as platinum (Pt) and Pt alloys have traditionally been employed. The commercialization of these fuel cells is difficult, nevertheless, due to the high price of Pt and the problem with CO poisoning. Thus, extensive attempts are being made to explore new catalysts that will demonstrate a faster ORR reaction in the proton-exchange membrane fuel cell (PEMFC). The cathode compartment is significant for the energy component since it is the place the ORR happens. The ORR is a sluggish response that devours about 90% of the total Pt content in PEMFC [2,3]. The kinetics of the ORR is the primary factor influencing the vitality change proficiency of the fuel cells [4]. Developing the electrocatalyst performance by increasing Pt nanoparticles on high surface area carbon support has been proposed as one of the best ways to address the reduction in Pt content with the better activity of ORR [5,6,7].



Recently, carbon nanotube-supported metal-based electrocatalysts have gained attention due to their enhanced catalytic activity for ORR at the electrodes in the fuel cells [8,9,10]. In addition, carbon nanotubes (CNT) have unique attributes regarding the surface area and electronic conductivities, both are ideal for a supporting material of the electrocatalyst. Additionally, it has a particular surface area that runs from 200 to 900 m2/g contrasted with 240 m2/g for ordinary carbon black, and the electronic conductivity of the CNT has been accounted as 104 S/cm, while it is 4 S/cm for Vulcan XC72 [11,12,13]. Along these lines, multi-wall CNT (MWCNT is the most encouraging candidate as the catalyst-supporting material due to the inertness of the nanotube wall, which is associated with suitable attachment and high material compatibility between the catalyst and MWCNT [14,15,16]. Nevertheless, the deposition of catalyst nanoparticles on the MWCNT surface is a key challenge. Uniform attachment shields these particles from undesirable aggregation but improves their catalytic activities by a uniform distribution of the catalyst layers [17,18]. A CNT-based composite catalyst material was synthesized by several researchers and used as an electrode, with the surfaces of the electrode being uniformly coated with platinum nanoparticles and wrapped in a polymer layer called polybenzimidazole (PBI). This polymer can be employed as a catalyst binder and ionomer simultaneously. PBI polymer coated Pt nanoparticle aggregation and diffusion from the substrate via the well-structured system by adhering to the Pt nanoparticles like an adhesive to the carbon nanotubes [19,20].



At high temperatures, the existence of the Pt catalyst and/or high potential, catalyst support materials are prone to degradation by carbon oxidation (or carbon corrosion). The polymer-coated carbon nanotube had Pt nanoparticles placed on them that were resistant to carbon corrosion [21]. However, due to the poor proton conduction, these electrocatalysts have limited use as the supporting carbon in high-temperature PEM fuel cells. In addition, Nafion ionomers can be employed in these experiments under low temperatures (under 100 °C) [22,23,24]. Another significant problem with the endurance of the electrocatalyst and catalyst layer is the corrosion of the catalyst carbon support [25]. Shao et al. [26] reported that the Pt/CNTs were attributed to the specific interaction between Pt and CNTs and to the higher resistance of the CNTs to electrochemical oxidation. Another significant problem with the endurance of the electrocatalyst and catalyst layer is the corrosion of the catalyst carbon support [27]. Berber et al. [28] fabricated electrocatalysts using MWCNT wrapped by Py-PBI polymer and poly-vinylphosphonic acid (PVPA)-doped PyPBI. Pt nanoparticles were immobilized on the MWCNT/PyPBI and MWCNT/PVPA-PyPBI to form MWCNT/PyPBI/Pt and MWCNT/PVPA-PyPBI/Pt electrodes. A reduction in the electrochemically active surface area (ECSA) was observed after PVPA coating, which can reduce the hydrogen accessible area due to the low amount of polymer in the electrocatalysts. Therefore, the effect of mass transfer inhibition is another concern. The Pt mass loading can reduce the quantity of Pt precursor by maintaining a homogeneous dispersion of Pt on the polymer-coated carbon nanotube catalyst support materials. However, high density of polymer coated catalyst support materials can be enclosed in the reactive sites of the catalyst.



Moreover, Su et al. [29] explained that the high mass loading of PBI and Nafion polymer ionomers is easily spread over the surface of the catalyst particles, which could impose mass transport limitation and diffusion complexity in the catalyst layer due to the low gas permeability of these films formed on the catalyst sites. Therefore, excessive polymer mass in the MWCNT could make the kinetics of the ORR sluggish. Hafez et al. [30] also reported that the coating of the pyridine-based PBI polymer layers on the MWCNTs was not uniformly covered leading to the formation of bare surface spots due to the difference in the scattering efficiency of the pyridine-based PBI polymer area and the bare CNT surfaces for the secondary electrons. Several research groups synthesized the modified CNTs catalyst-supporting material and Pt-based electrocatalysts that demonstrated good performance and durability in the PEM fuel cells. Despite the research efforts, the kinetics of the oxygen reduction reaction (ORR) rate of the electrocatalysts were not fully understood. In addition, sluggish oxygen reduction reactions at the cathode are a complex mechanism. Therefore, this work investigated the kinetics of the ORR rate of novel polymer-coated MWCNT-supported Pt-based electrocatalysts by LSV technique to improve electrochemical performance and reduce cost.




2. Experimental Procedure


2.1. Materials


Hexachloro platinic acid (H2PtCl6.6H2O), multiwalled carbon nanotube (MWCNT), dimethylacetamide (DMAc), ethylene glycol (EG), nitric acid (HNO3 65%), sulphuric acid (H2SO4 98%), hydrochloric acid (HCl 36%), PBI powder, and phosphoric acid (H3PO4 85%), were obtained from Sigma Aldrich. Polytetrafluoroethylene (PTFE) (60 wt.%) and Nafion solution (10 wt.%) were bought from DuPont (Wilmington, DE, USA). All chemicals were of analytical grade and used as received. Deionized water was used during the experiments.




2.2. Functionalization of MWCNT


Prior to the oxidative treatment of pristine MWCNT, it underwent purification using 1.0 M HCl acid in the ultrasonic bath for 2 h. The sample was rinsed and filtrated several times to remove any unwanted residues. Subsequently, it was dried in an oven at 110 °C for 10 h. In addition, MWCNTs were immersed in dual acids 2.0 M HNO3/H2SO4 (v/v = 1:3). Later, the mixture was sonicated in an ultrasound bath for 30 min under room temperature (26 °C). Then, it was refluxed at 180 °C for 12 h. After that, it was allowed to stand at room temperature for 1 h. Finally, it was washed with deionized H2O and filtrated using nylon filter paper (pore sizes ≤ 0.2 μm) and rinsed repeatedly using acetone and de-ionized H2O. Additionally, the oxidized MWCNTs were oven dried at 110 °C for 10 h and stored in an airtight bottle for further analysis [31].




2.3. Composite Preparation


Oxidized MWCNTs (30 mg) and polybenzimidazole (PBI) powder (15 mg) were dissolved in dimethylacetamide (DMAc) solvent and placed in an ultrasonic bath for 1 h at room temperature (26 °C). Then, it was continuously stirred on a magnetic plate for 2 days at 80 °C temperature. Then, it was washed with de-ionized water to remove unwanted residue. In addition, the solid residue (MWCNT-PBI) was filtered with 602 h nylon filter paper and dried in an oven under 110 °C temperature for 10 h. Similarly, the MWCNT-Nafion and MWCNT-PTFE were also synthesized and stored for electrocatalyst synthesis [30,32].




2.4. Synthesis of Electrocatalysts


The required amount (30 mg) of MWCNT-PBI catalyst-supporting material was weighed and dissolved in 50 mL of ethylene glycol (60 vol.%) solvent, and then, an ultrasonic bath was used for 30 min [11]. The catalyst precursor solution (100 mL of 1.2 mM concentrated solution) was added to the MWCNT-PBI solution and stirred continuously for 4 h at room temperature. The solution was refluxed at 140 °C temperature for 8 h. Later, it was allowed to cool for one hour at room (26 °C) temperature and filtered by 602 h nylon filter paper (pore sizes ≤ 0.2 μm), rinsed repeatedly with de-ionized water. Finally, the solid samples were dried in an oven for 10 h under 70 °C temperature and stored in a bottle in a desiccator for further analysis. Similarly, the MWCNT-Pt, MWCNT-Nafion-Pt, and MWCNT-PTFE-Pt electrocatalysts were synthesized for further analysis.




2.5. Characterization


Field-emission scanning electron microscopy (model: Zeiss SUPRA 55VP, Carl Zeiss AG, Jena, Germany) was used to assess the surface morphology of the modified MWCNT-supported Pt electrocatalysts. Transmission electron microscopy (TEM) was used to examine the surface topography of the synthesized electrocatalysts at a higher magnification, which determined the platinum (Pt) nanoparticle distribution onto the polymer-coated MWCNT catalyst-supporting materials. This technique was performed by an HT 7700 TEM machine, which operated at 200 kV. X-ray diffraction (Bruker/D8 Advance, Billerica, MA, USA) was used to determine the crystal phase and size in the range of 5° to 80° with 2θ diffraction angles while operating under Cu-Kα radiation. A Raman spectrometer (WITec Alpha 300R, WITec, Ulm, Germany) was used to measure the structural defectiveness of the synthesized electrocatalysts in the range of 500 to 3000 cm−1.



A potentiostat (Autolab AUT128N, Metrohm AG, Herisau, Switzerland) was used to determine the electrochemical performance at room temperature (26 °C). It was constructed with glassy carbon as a working electrode, reversible hydrogen electrode (RHE) as a reference electrode, and platinum (Pt) as a counter electrode, respectively. The required amount of catalyst ink was dissolved in IPA (60 wt.%) with Nafion ionomer (5 wt.%) and prepared as a homogeneous solution using ultrasound. Moreover, the prepared ink solution (10) µL was poured using a micropipette onto a glassy carbon electrode while maintaining Pt mass loading at 0.01 mg/cm2 and kept at room temperature for drying. Finally, the electrocatalyst-coated glass electrode was used to investigate the kinetics of the ORR phenomena using linear sweep voltammetry (LSV) in nitrogen (N2) gas saturated with 1.0 M H2SO4 electrolyte solution.





3. Results and Discussion


3.1. Surface Morphology


Figure 1 shows the FESEM images of the various electrocatalyst specimens, which were synthesized from the Pt catalyst with different catalyst-supporting materials. Recent studies reported that the Pt catalyst nano-particle was deposited on the catalyst-supporting materials’ surface [33]. Meanwhile, the results conducted on MWCNT-Pt exhibited that a mesh-like structure and carbon nanotubes were entangled with no considerable residue as shown in Figure 1a. In addition, Figure 1b shows the analyzed image of the MWCNT-PBI-Pt electrocatalyst. Results indicated that the Pt nanoparticles were homogeneously deposited on the surface of the MWCNT-PBI nanocomposite because there was no uneven surface detected. Figure 1c shows the MWCNT-Nafion-Pt electrocatalyst in which the nanotubes are evenly distributed. Furthermore, Figure 1d shows the MWCNT-PTFE-Pt electrocatalyst in which limited residues are observed. Moreover, it indicated that the catalyst nanoparticles were evenly distributed. These occurrences were due to the different interaction phenomena between the Pt catalyst and the MWCNT-PTFE nanocomposite materials.




3.2. Surface Topography and Particle Size Distribution


The TEM technique was performed to examine the Pt catalyst deposition onto the various catalyst-supporting materials. Figure 2a1,b1,c1,d1 show the TEM images of the MWCNT-Pt, MWNT-PBI-Pt, MWCNT-Nafion-Pt, and MWCNT-PTFE-Pt, respectively. It can be clearly seen that the Pt nanoparticles were uniformly decorated onto the MWCNTs-based nanocomposite materials’ surfaces. In contrast, Figure 2a2 exhibits a fine distribution of the catalyst particles. This phenomenon was due to the interfacial resistance between the Pt nanoparticles and the catalyst-supporting materials [34].



In addition, MWCNT-PBI-Pt and MWCNT-Nafion-Pt electrocatalysts showed uniform deposition of the catalyst particles on the entire surfaces of the polymer-coated catalyst-supporting materials. These were explained by the fact that the PBI and Nafion polymers acted in reducing the interfacial resistance while functioning as the catalyst binder, which enhanced the bonding between the catalyst and the nanocomposite materials. Despite that, Figure 2d2 shows the MWCNT-PTFE-Pt electrocatalyst in moderate catalyst distribution. This further affected the tendency of the catalyst toward cluster formation, which later led to a catalyst agglomeration.



From Figure 2, the average sizes of the Pt nanoparticles were found as 5.3 ± 0.5 nm, 4.3 ± 0.4 nm, 5.1 ± 0.5 nm, and 6.2 ± 0.6 nm in the MWCNT-Pt, MWCNT-PBI-Pt, MWCNT-Nafion-Pt, and MWCNT-PTFE-Pt electrocatalysts, respectively. These results indicate that the deposited Pt nanoparticles were of different sizes for the various MWCNT-based catalyst-supporting materials. The uneven distribution and agglomeration of catalyst particles could increase the average particle sizes. In contrast, fine distribution reduces the average particle sizes. The TEM analysis reports that few agglomerations have been detected for the MWCNT-PTFE-Pt electrocatalyst which can be reflected in the highest average particle size.




3.3. Determination of Crystalline Phases


Figure 3 shows the XRD patterns of the synthesized electrocatalysts, MWCNTs attributed to graphite with hexagonal structure. It displays a major peak associated with a 2θ of 26° while a minor peak at 43° corresponds to the reflective planes with interlayer spacings d002 and d100 of MWCNT. In addition, it recorded crystallinity and amorphous phases for the MWCNT specimen at 57.5% and 42.5%, respectively [35]. Meanwhile, the MWCNT-PBI-Pt electrocatalyst exhibited five major peaks of 26°, 40°, 43°, 47°, and 68° in 2θ position while the reflection planes were located at d002, d111, d100, d200, and d220, respectively. Based on the studies conducted, the reflection planes of d111, d200, and d220 are attributed to the face-centered cubic (fcc) structure of the Pt deposition on the supporting materials while the d002 reflection plane at 26° indicated the hexagonal structure of the carbon nanotubes.



Despite that, the studies demonstrated that the XRD pattern of the MWCNT-PTFE-Pt electrocatalyst consists of several dominated peaks at 18°, 26°, 32°, 40°, 43°, 47°, and 68° in the 2θ range with the reflection planes of d100, d002, d110, d111, d100, d200, and d220, respectively. However, the peaks at 18° and 32° were detected as the PTFE polymer. Meanwhile, research reported that the peaks of 40°, 47°, and 68° indicated the Pt nanoparticles that were incorporated on the MWCNT nanotube surfaces [36,37]. Furthermore, the MWCNT-Nafion-Pt explicitly demonstrated numerous major peaks at 17°, 26°, 40°, 43°, 47°, and 68° with the reflection planes of d100, d002, d111, d100, d002, and d220, respectively. Among these peaks, the Pt nanoparticles were attributed to the three strong peaks at 40°, 47°, and 68°, which indicated the adhesion of Pt with MWCNT-PTFE-supporting material [38]. Moreover, the crystal sizes were obtained at 5.5 nm, 4.1 nm, 5.3 nm, and 6.3 nm of MWCNT-Pt, MWCNT-PBI-Pt, MWCNT-Nafion-Pt, and MWCNT-Pt specimens, respectively. Again, these crystal sizes were aligned with the results found in the particle size distribution obtained from the TEM analysis. It should be highlighted that the smallest particle size was recorded for the MWCNT-PBI-Pt electrocatalyst.




3.4. Chemical Structure Analysis


Raman spectroscopy was performed to investigate the structural defectiveness and degree of deviation of synthesized electrocatalyst specimens. Figure 4 exhibits the two major dominating peaks that explicitly appear at 1345 cm−1 and 1575 cm−1, which are designed as D-band (disorder mode) and G-band (tangential mode), respectively [39]. Studies indicated that the D-band endorsed the amorphous carbon, suggesting the degree of disorder in the carbon nanotubes. Meanwhile, the G-band is ascribed to crystalline graphite carbon, which indicates carbon nanotube purity. Moreover, previous studies suggested that this carbon nanotube purity was related to the lattice structure of all carbon materials [40].



From Figure 4, it is clearly seen that the G-band has a sharp shape, which refers to the high purity of specimens. Meanwhile, the ID/IG ratios were credited to the degree of disorder of the samples or structural defectiveness in the carbon nanotube surfaces [41]. In addition, the ratios obtained for the MWCNT-Pt, MWCNT-PBI-Pt, MWCNT-PTFE-Pt, and MWCNT-Nafion-Pt were 1.19, 1.22, 1.25, and 1.29. However, the interfacial interaction of MWCNT with polymers such as PBI, Nafion, and PTFE can vary due to their different morphological structure. Therefore, MWCNT-Nafion-Pt showed the highest degree of defectiveness while the MWCNT-Pt produced the lowest defectiveness. In addition, these results also clearly indicate the presence of defectiveness within the specimens, which suggested the incorporation of Pt nanoparticles on the surfaces of the polymer-coated MWCNT.




3.5. Electrochemical Analysis


The rotating disk electrode was used to understand the kinetics of ORR using the linear sweep voltammogram curves. According to the Koutchy–Levich equation, the sluggish reaction occurs when the reduction current does not change upon applying a different rotation rate [10]. Recent studies suggested various rotational rates such as 200 rpm, 400 rpm, 650 rpm, 900 rpm, 1200 rpm, and 1600 rpm can be applied. The oxygen reduction current increased with the increase in the rotation rates [42]. Meanwhile, the MWCNT-PBI-Pt was associated with the maximum oxygen reduction current densities while the MWCNT-Pt exhibited minimum oxygen reduction current densities; however, MWCNT-Nafion-Pt showed moderate oxygen reduction current densities. Figure 5a,b show the curves of disk current densities and ring current densities of the MWCNT-Nafion-Pt specimen at various rotation rates. The overall disk current densities increased from −0.85 mA/cm2 to −1.30 mA/cm2 while increasing the rotation rate from 200 rpm to 1600 rpm at an applied potential range of 1.0 V to 0.00 V vs. RHE. In contrast, the ring current densities steadily increased from the potential of 0.6 V to 0.0 V. This phenomenon happened due to the fact that the ring current densities encounter the hydrogen peroxide species which was generated by the ORR [43,44].



Moreover, the Koutchy–Levich plots are constructed according to the linear sweep voltammetry curves as shown in Equation (1) [10].


   1 J  =  1   J k    +  1  0.62 n F  C O    2   D   O 2        2 3       ν    − 1  6     ω   1 2       



(1)




where n represents the electron number consumed by the O2 molecule, F = Faraday constant of 96,485 C mol−1, CO2 = electrolyte oxygen concentration of 1.1 × 10−6 mol cm−3, DO2 = oxygen diffusion coefficient of 1.4 × 10−5 cm2 s−1, ʋ = viscosity of H2SO4 electrolyte solution is 0.01 cm2 s−1, and ω = the rotation speed (rad s−1). The value of these variables was obtained from the previous studies [8,10,43,45]. Therefore, the ORR mechanism refers to the catalytic activity. Figure 6 shows the linear Koutchy–Levich plots of the various electrocatalysts considered in this study. It was constructed based on Equation (1), which was calculated from the reduction current densities of respective electrocatalysts using the linear sweep voltammetry curve. This linear relationship indicated that the ORR reactions were first-order reactions regarding the dissolved oxygen concentration [46,47]. In addition, MWCNT-PBI-Pt displayed low reciprocal reduction current densities due to its high reduction current densities. In addition, the MWCNT-Nafion-Pt and MWCNT-PTFE-Pt electrocatalysts displayed moderate reciprocal reduction current densities while MWCNT-Pt provided high reciprocal reduction current density. These results were consistent with their physical properties because of their Pt nanoparticle distribution, different interfacial phenomena of polymer with MWCNTs, and different Id/Ig ratios. Despite that, using the slope of the Koutchy–Levich plots, the total number of electrons transferred was calculated as approximately 4 (four) for every electrocatalyst.



The kinetic limiting current density (JK) of the various electrocatalysts obtained from the intercepts of the Koutchy–Levich plot at different potentials are shown in Figure 7. This JK refers to the reaction rate of ORR on the electrode materials and also provides information regarding the reaction paths [10,48]. Figure 7 shows the kinetic limiting current density (JK) of various electrocatalysts in terms of the potential differences. The values of the JK increased gradually from the starting kinetic limiting current densities until the final kinetic limiting current densities while increasing the applied potential from 1.0 V to 0.0 V. Although this trend of JK of electrocatalysts was different at 0.8 V and 0.6 V potentials, the ultimate JK trend was quite similar for all the specimens. It could happen due to the different surface areas of the catalyst-supporting materials and different ionomer polymer activities in electrocatalysts. In addition, the JK trend in electrocatalysts implies an association of oxygen reduction in a single step which refers to the first-order ORR reaction. Moreover, this result suggests that the ORR reaction involves the four-electron transfer mechanism while the rise in potential also agrees with the Koutchy–Levich plot results.



Watanabe et al. [49] reported that the small sizes of Pt nanoparticles made for a poor diffusion of oxygen. Therefore, not all the Pt surface areas are expected to be available for the ORR. Consequently, the Pt inter-particle distance plays an important role in the increase in Pt mass activity. Cost reduction is the key challenge to the commercialization of fuel cells because of the high cost of noble metals such as Pt catalysts. In addition, the MWCNTs themselves are an expensive catalyst-supporting material. For this reason, MWCNTs were coated by additional polymers such as PBI, Nafion, and PTFE to reduce the mass loading of Pt with MWCNTs, which can be effective for cost reduction. In our electrocatalysts, the distributions of the Pt particle distances obtained >2.0 nm from the TEM images, which had enough space for oxygen diffusion. Moreover, the polymer ionomers can enhance the ORR reaction by associating the mass transfer in the catalyst layer. In addition, the ionomer phase conducts the ionic species to oxygen reduction in the catalyst layer which could be associated with the ORR reaction.



Moreover, the mean electron transfer number (n) and the HO2− species were calculated using Equations (2) and (3), where ID represents the disk current, IR represents the ring current, and N represents the collection efficiency (0.37) [10].
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Figure 8a shows the electron transfer numbers (n) of the electrocatalysts specimen. Higher n values were found for the electrocatalysts such as 3.83 for MWCNT-Pt, 3.99 for MWCNT-PBI-Pt, 3.84 for MWCNT-Nafion-Pt, and 4.01 for MWCNT-PTFE-Pt at different potentials. These results indicate that the four-electron transfer pathways dominated the ORR reactions, which were also endorsed by the Koutchy–Levich plots. Figure 8b shows the yield % of HO2− species at the various electrocatalysts within the same potential range from 0 V to 0.8 V. The MWCNT-PBI-Pt and the MWCNT-PTFE-Pt electrodes exhibited low HO2− % species at almost zero potential. Meanwhile, the MWCNT-Pt was attributed to 8.62% of the HO2− species within the same potential range from 0.0 V to 0.8 V. The yield of high HO2− % species can be sluggish in the ORR reactions because the high HO2− % species require the additional activation energy of forming the intermediate HO2− % species. At this stage, the HO2− % species was very high for all samples, again sharply decreasing at 0.55 V potential and continuing this phenomenon until zero potential. Based on these results, it can be suggested that the MWCNT-PBI-Pt and MWCNT-PTFE-Pt electrodes are more favorable for the ORR reactions compared to the other electrocatalysts [10].



Figure 9 shows a comparison of the LSV curves of various electrocatalysts attained at the rotation rate of 1200 rpm. The ORR onset potentials of the catalysts were approximately 0.9 V. A more positive onset potential which refers to the fact that the ORR can take place more readily on the surface of these electrocatalysts than on the glassy electrode surface. In addition, Table 1 shows the electrochemical performances of various electrocatalysts. Meanwhile, the kinetic limiting current density plateaus of the MWCNT-PBI-Pt (−1.45 mA/cm2), MWCNT-Nafion-Pt (−1.26 mA/cm2), and MWCNT-PTFE-Pt (−1.16 mA/cm2) were obtained compared to the MWCNT-Pt (−0.96 mA/cm2) under a negative scan window. These indicated that the rate at which the oxygen molecules can reach the surface of these proposed electrodes was faster than the MWCNT-Pt electrocatalyst [10,50]. Finally, it is concluded that the polymer-coated MWCNT-supported Pt-based electrocatalyst exhibits more electrocatalytic activity than the pristine MWCNT-supported Pt-based electrode.



The cyclic voltammogram (CV) was conducted by an autolab potentiostat in a three-electrode system at room temperature (26 °C). This technique is used to assess the electrochemically active surface area (ECSA) of synthesized electrocatalysts, which is considered an electrode performance capability test. Our research group earlier reported that polymer-coated MWCNT nano-composites exhibited high peak currents while pristine MWCNT showed low peak currents [51]. This result demonstrated that with an increase in the surface area of the polymer-coated MWCNT catalyst-supporting materials, the electrochemical activity increases. The produced MWCNT-based nano-composites had a very high surface area that improved electrochemical reactions in the redox process, according to comparable findings from other researchers.



Moreover, Figure 10 displays the CV curves of the Pt-based electrocatalysts supported by polymer/MWCNT that had the following three regions: (a) hydrogen adsorption or desorption, (b) double layer (DL) for capacitive current, and (c) oxygen reduction. The hydrogen oxidation reaction controlled the synthesis of platinum-hydrogen (Pt-H) from about −0.15 V to 0.09 V. As a result of the synthesis of platinum-oxygen (Pt-O), the electrocatalyst revealed the oxygen reduction reaction in the potential range of 0.70 V to 1.0 V. In addition, the polymer-coated MWCNT-supported electrocatalysts provided higher electrochemically active surface area compared to pristine MWCNT-supported electrocatalysts. Despite that, the MWCNT-PBI-Pt demonstrated maximum electrochemical activity (maximum ECSA of 24.31 m2/g) compared to other polymer-coated catalyst-supporting materials presented in Table 1. By comparing the contemporary studies, it can be seen that our synthesized electrocatalysts displayed very satisfactory performance in terms of ECSA, kinetic limiting current density, electron transfer number, and HO2− species. In addition, the electrochemical performance can vary in terms of Pt catalyst mass loading, type of electrolytes with concentrations, and reaction conditions. However, this research extensively reduced the Pt mass loading in the synthesized electrocatalysts compared to other electrocatalysts. Although few studies show high ECSA, they did not considerably reduce Pt mass loading during electrocatalyst synthesis. In addition, our previous studies reported high HO2− species with low Pt mass loading, which was a sluggish ORR rate compared to this study. It also can be clarified that polymer-coated MWCNT-supported electrocatalysts with high surface area contributed to additional Pt catalyst exposure for an electrochemical reaction. Moreover, polymer ionomers such as PBI, Nafion, and PTFE can assist electrochemical interaction by providing high surface areas of the catalyst-supporting material. Based on the results, the overall performance of the polymer-coated electrocatalysts can be ranked in the following order: MWCNT-Pt < MWCNT-PTFE-Pt < MWCNT-Nafion-Pt < MWCNT-PBI-Pt.
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Table 1. The electrochemical performance of different electrocatalysts.
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	Sample Items
	Pt

Loading
	ECSA (m2/g)
	JK (mA/cm2)
	Electrons Transfer (n)
	% of HO2− Species
	Ref.





	MWCNT-Pt
	0.01 mg/cm2
	17.66
	−0.96 (at 0.2 V)
	3.83
	8.62
	This work



	MWCNT-PBI-Pt
	0.01 mg/cm2
	24.31
	−1.45 (at 0.2 V)
	3.99
	0.72
	This work



	MWCNT-Nafion-Pt
	0.01 mg/cm2
	22.48
	−1.26 (at 0.2 V)
	3.84
	7.86
	This work



	MWCNT-PTFE-Pt
	0.01 mg/cm2
	20.85
	−1.16 (at 0.2 V)
	4.01
	0.02
	This work



	MWCNT-PVP-Pt
	50% (wt.)
	60.91
	9.33 (at 0.45 V)
	2.9
	-
	[52]



	MWCNT-PVP-PWA-Pt
	50% (wt.)
	69.9
	35.7 (at 0.45 V)
	3.9
	-
	[52]



	MWCNT-PTFE-Pt
	0.01 mg/cm2
	-
	0.28 (at −0.38 V)
	3.89
	11.34
	[53]



	MWCNT-Pt
	0.01 mg/cm2
	-
	0.22 (at −0.38 V)
	3.77
	-
	[53]



	DWCNT-Pt
	0.031 mg/cm2
	-
	0.88 (at 0.8 V)
	4.18
	-
	[54]



	MWCNT-Pt-1
	0.031 mg/cm2
	-
	1.72 (at 0.8 V)
	3.83
	-
	[54]



	MWCNT-Pt-2
	0.031 mg/cm2
	-
	1.30 (at 0.8 V)
	3.69
	-
	[54]










4. Conclusions


This study explores the kinetics of oxygen reduction reactions of synthesized polymer-coated MWCNT-supported Pt-based electrocatalysts. Based on the obtained results, the following conclusions can be drawn:




	I.

	
MWCNT-supported Pt-based electrocatalysts coated with polymers were synthesized successfully by the polyol method which was endorsed by several microstructural and performance characterization techniques such as XRD, Raman spectroscopy, and electrochemical analysis.




	II.

	
TEM image depicts that the Pt nanoparticles were deposited consistently on the polymer-coated MWCNT surfaces with Pt nanoparticle sizes ranging from 4.3 nm to 6.2 nm.




	III.

	
Electron transfer numbers (n) were found to be 3.83 for MWCNT-Pt, 3.99 for MWCNT-PBI-Pt, 3.84 for MWCNT-Nafion-Pt, and 4.01 for MWCNT-PTFE-Pt, which suggests that the ORR reaction mechanism of electrocatalysts is controlled by four electron transfer reaction pathways.




	IV.

	
All modified MWCNT-supported Pt electrocatalysts exhibit high electrochemically active surface areas and limiting current density compared to pristine MWCNT-based Pt electrocatalysts, but the modification by PBI produced the best results.




	V.

	
The kinetics of ORR reactions reveals that the modified MWCNT-based electrocatalysts provide low HO2−% species at zero potential while MWCNT-Pt electrocatalysts provide high HO2−% species. In addition, the yield of high HO2−% species can decrease the ORR.




	VI.

	
The newly developed catalysts, in particular the MWCNT-PBI-Pt, produced higher ORR compared to the traditional ones, indicating greater efficiency in the PEM fuel cell through a reduction in electrode cost and Pt mass loading.









Finally, it can be recommended that the performance of the synthesized polymer-coated MWCNT-supported Pt-based electrocatalysts can be explored for high-temperature PEM fuel cell applications compared to the pristine MWCNT-based Pt catalysts.
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Figure 1. FESEM images (×50 k; WD = 3 mm; EHT = 3kV) of various electrocatalysts: (a) MWCNT-Pt; (b) MWCNT-PBI-Pt; (c) MWCNT-Nafion-Pt; and (d) MWCNT-PTFE-Pt. 
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Figure 2. TEM images of various electrocatalysts: (a1) MWCNT-Pt; (b1) MWCNT-PBI-Pt; (c1) MWCNT-Nafion-Pt; and (d1) MWCNT-PTFE-Pt. Pt nanoparticle distribution sizes of (a2) MWCNT-Pt; (b2) MWCNT-PBI-Pt; (c2) MWCNT-Nafion-Pt; and (d2) MWCNT-PTFE-Pt electrocatalysts. 
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Figure 3. XRD graph of various electrocatalysts: (a) MWCNT-Pt, (b) MWCNT-PBI-Pt, (c) MWCNT-Nafion-Pt, and (d) MWCNT-PTFE-Pt. 






Figure 3. XRD graph of various electrocatalysts: (a) MWCNT-Pt, (b) MWCNT-PBI-Pt, (c) MWCNT-Nafion-Pt, and (d) MWCNT-PTFE-Pt.



[image: Energies 16 01537 g003]







[image: Energies 16 01537 g004 550] 





Figure 4. Raman spectroscopy analysis of various electrocatalysts. 
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Figure 5. (a) The disk current density and (b) the ring current density curves of MWCNT-Nafion-Pt electrocatalyst using a rotating disk electrode loaded at various rotation rates in oxygen saturated 1.0 M H2SO4 using 10 mV/s scan rate. 
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Figure 6. Koutecky–Levich plots of various electrodes. 
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Figure 7. The kinetic limiting current density (Jk) of various electrocatalysts at different potentials. 
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Figure 8. (a) The electron transfer number (n) of various electrodes and (b) the percentages (%) of HO2− species of various electrocatalysts. 
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Figure 9. The linear sweep voltammetry curves of all electrodes in oxygen gas saturated 1.0 M H2SO4 using a 10 mV/s scan rate and a rotation rate at 1200 rpm. 
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Figure 10. Cyclic voltammogram (CV) of electrocatalysts in oxygen gas saturated 1.0 M H2SO4 using 10 mV/s scan rate. 
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