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Abstract

:

The membrane electrode assembly (MEA) encompassing the polymer electrolyte membrane (PEM) and catalyst layers are the key components in Polymer Electrolyte Membrane Fuel Cells (PEMFCs). The cost of the PEMFC stacks has been limiting its commercialization due to the inflated price of conventional platinum (Pt)-based catalysts. As a consequence, the authors of this paper focus on developing novel bi-metallic (Pt-Co) nano-alloy-catalyzed MEAs using the non-equilibrium impregnation–reduction (NEIR) approach with an aim to reduce the Pt content, and hence, the cost. Herein, the MEAs are fabricated on a Nafion® membrane with a 0.4 mgPtcm−2 Pt:Co electrocatalyst loading at three atomic ratios, viz., 90:10, 70:30, and 50:50. The High Resolution-Scanning Electron Microscopic (HR-SEM) characterization of the MEAs show a favorable surface morphology with a uniform distribution of Pt-Co alloy particles with an average size of about 15–25 µm. Under standard fuel cell test conditions, an MEA with a 50:50 atomic ratio of Pt:Co exhibited a peak power density of 0.879 Wcm−2 for H2/O2 and 0.727 Wcm−2 for H2/air systems. The X-ray diffractometry (XRD), SEM, EDX, Cyclic Voltammetry (CV), impedance, and polarization studies validate that Pt:Co can be a potential affordable alternative to high-cost Pt. Additionally, a high degree of stability in the fuel cell performance was also demonstrated with Pt50:Co50.
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1. Introduction


Energy is an inevitable element that is mutually correlated to the environment, climate change, and GDP of any nation, and subsequently necessitates huge advancements in sustainable energy technology. In that aspect, fuel cells have been identified as a reliable technological innovation in a new clean energy system that is capable of competing with conventional energy systems and counteracting the day-to-day ever-escalating energy crisis apart from being renewable. The fact that Proton Exchange Membrane Fuel Cells (PEMFCs) are among the most extensively used fuel cells is due to their distinctive features such as a low operating temperature (60–90 °C), high power density, and quick warm-up times, which make them a viable choice for a wide range of applications including automobile applications [1,2]. Various components are intricately integrated or engineered in fabricating a PEMFC. Specifically, the membrane electrode assembly (MEA) is considered as the heart of the PEMFCs and consists of a polymer electrolyte membrane (also named PEM), gas diffusion layers (GDLs), and electrocatalyst layers. In PEMFCs, GDLs play vital functions [3] that offer electron conduction; the transportation of reactants (O2/H2 for example), products (water), and heat; and, more importantly, provide mechanical backing (support) for the electrocatalysts. A more comprehensive description on the various components of PEMFCs can be obtained from [1,3].



Despite a score of benefits, PEMFCs continue to see commercial trade-off, primarily due to the obvious highly expensive noble elements, such as platinum group metals (PGMs), that are used to fabricate the electrodes [3]. In principle, the electrode materials used in the fabrication of a membrane electrode assembly (MEA) such as the gas diffusion layer (GDL) and micro-porous layer (MPL) influence the reaction kinetics and the performance of the PEM fuel cell stack [4,5]. A potential strategy to enhance the catalytic efficiency of a PEMFC is to produce highly active catalysts for the Oxygen Reduction Reaction (ORR) [6,7]. In this regard, Pt metal, which is bestowed with strong catalytic activity, has long been utilized for PEMFCs [6,7]. An alternate strategy to develop catalysts to enhance faster oxygen kinetics is based on alloying Pt with other cheap metals, such as Ni, as reported by Mardle et al. [8], and Fe, as reported by Tamaki et al. [9], which has demonstrated promising outcomes. Liu et al. [10] stated that a high catalytic surface area can be achieved with a nominal metal loading by dispersing Pt at a nanoscale on an activated conductive carbon support. However, the challenge with this approach is carbon corrosion, as observed in a study by Hou et al. [11]. Wang et al. [12] reported that the oxidation of the carbon support leads to corrosion (Equation (1)), which potentially impedes fuel/oxidant gas transportation or diffusion in the cell.


C + 2H2O → CO2 + 4H+ + 4e−      Eo = 0.207V vs. RHE



(1)







It is useful to understand that the concurrent approach used by Wu et al. [13] is a direct four-electron reduction, which also poses challenges as it produces hydrogen peroxide, especially when some inadvertent impurities contaminate the electro-catalytic surface. The production of hydrogen peroxide eventually leads to sluggish electrode kinetics, thereby reducing the overall efficiency. The catalyst-coated membrane (CCM) approach is indeed practicable for large-scale production compared to the conventional approach, as the latter has a relatively small electrochemical surface area and sluggish catalytic activity, and hence, poor efficiency [14,15]. There have been numerous studies [16,17,18,19,20] that have reported the development of catalyst inks directly applied to the polymer membrane without the gas diffusion layer (GDL). However, they observed the swelling of the Nafion® film while coating, making it harder to deposit thin catalytic layers atop the membrane, and this remains a challenge. This is because the Nafion® film is always hydrated, and it has certain water and species uptake values. Furthermore, it should be noted that Nafion® is a perfluoro sulphonic acid (PFSA) polymer with a hydrophobic PTFE backbone and hydrophilic sulphonic acid groups decorated at the end of the side chains. As we know, the presence of both hydrophobic and hydrophilic groups bestows Nafion® the thermal, chemical, and proton-exchange natures that have proven it to be the standard for fuel cell applications. Thus, a reliable approach such as a nano-catalyzed membrane could be used to develop the catalytic layer to overcome the aforesaid challenge, which would also offer a large electrochemical surface area, thus enabling the affordable and large-scale production of PEMFCs. Accordingly, numerous studies have focused extensively on developing nano-catalyzed membranes for PEMFCs. Melo et al. [21] investigated the potential of fabricating MEAs with optimal Pt usage by leveraging the Takenata–Torikai technique. On the other hand, the NEIR approach, which is employed in the current work, is a versatile method in materials science, offering several key advantages. To mention a few, NEIR enables the precise control over the composition and distribution of nanoparticles in a host matrix, leading to enhanced catalytic, optical, and electronic properties. It allows for the synthesis of nanomaterials with unique morphologies and sizes, facilitating tailored applications in areas like energy storage, catalysis, and sensors. Moreover, NEIR is a cost-effective and scalable technique. The utility of NEIR in designing advanced nanocomposites with improved performance makes it a promising method for diverse nanotechnology applications. Thus, NEIR yielded very robust electrodes featuring self-humidification, a large electrochemical surface area, and efficient catalyst utilization that, too, only had a low catalyst loading [22].



Taking into account the high cost of PGM and the aforementioned challenges including sluggish electrode kinetics and carbon corrosion, the objective of the present study accomplishes developing an MEA by alloying Pt with a cost-effective transition metal. Numerous publications discussed alloying Pt; for instance, alloying Pt with Pd was studied by Alia et al. [23], alloying Pt with Ru was reported by Tokarz [24], and alloying Pt with Ir was studied by the authors of [25]. However, these metals are all part of the noble, i.e., expensive Pt family. On the other hand, in order to reduce the cost of the electrocatalyst, binary alloys with Pt and transition metals became topics of active research thereafter. To cite a few, Pt-Cu was reported by Garcia-Cardona [26], a Pt-Ni couple was reported by Wang et al. [27], and Pt-Cr was reported by Sakthivel et al. [28]. Nevertheless, their overall performances have fallen short of expectations. Based on a detailed study [15,16,17,18,19,20,21,22,23,24,25,26,27,28], Pt-Co is considered as one of the most promising Pt alloy catalysts over the other binary alloys because of its excellent stability and substantial ORR electro-catalytic activity. Alloying Pt with Co also results in relatively smaller electro-deposited catalyst particles, which means there is an increased electroactive surface area. In other words, the electro-catalytic efficiency of the Pt-Co alloy catalyst is stated to be significantly enhanced by reducing the particle size of the alloy. Subsequently, the present research report, as stated earlier, focuses on the development of a novel bi-metallic (Pt-Co) nano-alloy-catalyzed MEA through the NEIR method for PEMFC applications and reports the interesting results obtained via electrochemical and physical characterization through XRD, HR-SEM, and EDX, Cyclic Voltammetry (CV), impedance analysis, and polarization studies.




2. Experimental details


2.1. Materials and Methods


2.1.1. Materials


Proton exchange membrane (Nafion® 1135, DuPont, Wilmington, DE, USA) and high-purity chemicals such as Pt (NH3)4C12, CoCl2.6H2O (bot from Johnson Matthey Corp., London, UK), NaBH4, H2SO4, H2O2, NaOH (all from Merck Inc., Rahway, NJ, USA), carbon powder (Cabot Corp., Boston, MA, USA), 40%Pt/C (Duralyst, Marietta, GA, USA), and carbon cloth (Ballard, Bend, OR, USA) were used in the experimental work.




2.1.2. Physical Characterizations


X-ray diffraction (XRD) patterns of Pt-Co nanocomposite membranes were acquired at room temperature with X’pert PRO PANalytical diffractometer using Cu-kα radiation as the source and operated at 40 kV. The sample was scanned in the 2θ ranging from 10 to 80° for 2 s in the step-scan mode. Surface morphology, cross-sectional view, and the chemical composition of the Pt:Co-impregnated nanocomposite membranes were characterized using field emission scanning electron microscopy (FE-SEM, Horiba, Kyoto, Japan, Japan EMAX) with an energy-dispersive X-ray spectroscopy (EDX) analyzer (JEOL JSM-6400, Tokyo, Japan).




2.1.3. Electrochemical Characterizations


The CV technique was used to measure the electrochemical surface area (ECSA) of the fuel cell electrodes. Pure argon and hydrogen gas were passed through the working electrode (fuel cell cathode) and reference electrode (fuel cell anode) compartments, respectively, using an electrochemical analyzer (Auto lab, Canton, MI, USA); the potential was swept between 0 and 1.2 V vs. RHE at a scan rate of 15 mVs−1. The anode serves as both the reference and counter electrode. From the CV, the charge equivalent to the area under the hydrogen desorption region was evaluated, which is useful to calculate the electrochemical surface area, roughness factor, and Pt utilization [1]. We assumed that the charge required for the adsorption/desorption of a monolayer of atomic hydrogen on the surface is about 210 μCcm−2. The ohmic resistance of the fuel cell was measured via electrochemical impedance spectroscopy. The impedance spectrum was recorded in the frequency range of 10 MHz to 100 kHz with an amplitude of 10 mV using an electrochemical analyzer (Auto lab). The oxygen and hydrogen gases were passed to the cathode and anode, respectively. The graphite plates with a serpentine flow channel were used for the single-cell studies. The hydrogen and oxygen gases were passed to the fuel cell from an external humidifier with the relative humidity of 100%, and the gas flow rate was changed with the current in order to keep a constant stoichiometry (2× stoichiometric) at a cell temperature of 75 °C with 15 psi pressure. The cell was connected to the Hewlett Packard DC electronic load bank for the polarization studies. All of the operating parameters were kept constant to facilitate the comparative evaluation of various MEAs.





2.2. Membrane Pretreatment


The polymer electrolyte membrane (Nafion® 1135) with a thickness of 88.9 µm was treated in line with the regulatory standards [29] for 30 min in 5 wt. % aqueous H2O2 solution at 80 °C, followed by 30 min in distilled water at 80 °C, and then for 30 min in 0.5 M H2SO4 solution at 80 °C, and finally, again for 30 min in distilled water at 80 °C.




2.3. Preparation of Platinum-Cobalt (Pt-Co) Nano-Catalyzed Membranes


The pretreated membrane was then subjected to drying for 12 h continuously at a temperature of 80 °C in a vacuum oven and then treated using 0.5 M NaCl solution in order to convert the membrane to Na+ form. NEIRP with a modified cell structure, shown in Figure 1, was used to generate three binary alloys of Pt and Co with atomic ratios, viz., Pt:Co ratios of 90:10, 70:30, and 50:50, and nano-catalyzed membranes with constant catalyst loading of 0.4 mgcm−2.



Pt and Co precursors were prepared using Pt(NH3)4Cl2.H2O and CoCl2.6H2O with H2O and HCl, respectively. For the NEIR approach, the membrane’s top surface was treated to an impregnation solution constituting 0.6 mM Pt and Co in a 60 mL MeOH:H2O (1:3) solution for 50 min. Next, the impregnation solution was drained from the cell and reconstituted with a curbing solution containing 10 mM NaBH4 at pH level 13 consistently for 2 h. The solution was stirred at 50 °C at 190 rpm at a 2.5 cm height from the membrane. Eventually, the Pt-Co/PEM was immersed for 1 h in 0.5 M H2SO4 solution and then for 1 h in deionized (DI) water before being dried and weighed. The resulting Pt-Co loading obtained on the membrane was 0.4 mgcm−2. Gravimetric measurements of the initial and final concentrations of the impregnation solution were used to quantify the catalyst deposition on the membrane. For further work, the Pt-Co catalytic membranes were stored in desiccators with a high level of ventilation.




2.4. MEA Fabrication from Pt-Co Nano-Catalyzed Membranes


The Pt-Co-coated Nafion® membrane was hot-pressed across two gas diffusion electrodes (GDEs) containing 0.1 mg cm−2 of 40% Pt/C catalyst on the cathode and similarly with 0.5 mg cm−2 on the anode side. The Pt-Co-catalyzed surface was employed for the cathode side and was hot-pressed for 3 min at 130 °C under a 1000 psi pressure. To develop the GDE, the 40% Pt/C catalyst was treated using a specified amount of DI water and ultra-sonicated for approximately 15 min with the addition of 5 wt. % Nafion® ionomer. The resulting slurry was subsequently sprayed on Teflon-coated micro-porous layered carbon paper with a Sono-tek spray coating apparatus. The process flow diagram for platinum–cobalt-catalyzed membrane fabrication is illustrated in Figure 2.



The GDE was exposed to drying for 10 min at 60 °C and 3 min at 90 °C in an inert environment, and the Pt loading was measured by weight. In addition to the direct loading of Pt-Co upon the surface of the membrane via the impregnation method, an additional layer (0.1 mg cm−2) of 40% Pt/C with a Nafion® ionomer was deposited on the cathode to ensure a high current was carried from the thinner Pt-Co catalyst and to offer a strong contact with the gas diffusion layer (GDL). To ease the comparison analysis, invariably, the net Pt loading on the anode was set as 0.5 mg cm−2, and the topological surface area of all the electrodes were set at 5 cm2.




2.5. Physical Characterization of Pt-Co Nano-Catalyzed Membrane


2.5.1. XRD Analysis


XRD patterns of Ptx-Co100−x (x = 90, 70, and 50) nano-catalyzed membranes are shown in Figure 3.



The peaks observed at 2θ = 40°, 47°, and 68° correlate, respectively, to the (1 1 1), (2 0 0), and (2 2 0) lattice levels of the FCC geometry of Pt, and the amorphous band at approximately 16.5° could be attributed to the crystalline peak of the Nafion® 1135 membrane [30]. Furthermore, it is noteworthy that the peaks corresponding to Co or its oxides were not seen; apparently, the peaks correlating to the samples seem to be shifted slightly towards higher 2θ as the cobalt level increases, confirming alloy formation. Additionally, the shifting of the characteristic peaks indicates the decrease in the inter-atomic distance of Pt upon the substitution with cobalt [31]. Table 1 gives the computed lattice parameter and the Pt–Pt inter-atomic distance.



In the Ptx-Co100−x catalysts, the relatively stable reduction in lattice characteristics with the cobalt ratio (adhering to Vegard’s rule) [32] and the change in the Pt–Pt closest neighbor distance in the alloys compared to pure Pt were claimed to facilitate the rapid reduction in oxygen. Therefore, the decrease in the Pt lattice parameters reported in the as-prepared catalysts could be favorable for oxygen dissociation, and thus, the ultimate fuel cell performance. Table 1 also includes the mean particle size of Pt:Co alloys as determined from the diffraction pattern using Debye–Scherer’s relation [33]. Prominently, due to the identical experimental conditions for sample preparation, the particle size of the alloy samples did not differ with the loadings, and the particle size measured in this study is lesser than the earlier known values [34], possibly due to the lower alloying temperature [35].




2.5.2. High-Resolution Scanning Electron Microscopic Studies (HR-SEM) with EDX


HR-SEM images of the three Ptx-Co100−x nano-alloy-catalyzed membranes are shown in Figure 4a–c. The metal nanoparticles exhibited a good spatial dispersion on the surface of the PEM membrane, and this is a significant factor that is expected to influence the catalyst activity for ORR kinetics [36]. It is also evident from the HR-SEM images that the alloy formation on the membrane surface has an extensively uniform distribution of particles of the Pt-Co alloy with an average size of about 15–25 µm. The authors observed that the average particle size calculated from XRD was smaller than the particle size observed from the HR-SEM images, which is a fact reported by Roxana Muntean et al. [37] in their studies with carbon nanofibers decorated with Pt-Co alloy nanoparticles as catalysts for electrochemical cell applications. Further, the cross-sectional view of the Pt-Co nano-catalyzed membrane with the atomic ratio of 50:50, as a representative sample, is shown in Figure 4d.



The cross-sectional image shows that the Pt catalyst has a strong bond with the membrane, which lowers the cell’s contact resistance and increases its efficiency. The thickness of the Pt-Co layer on the membrane is ca. 1.5 to 2.0 µm. The EDX spectra of the prepared samples are displayed in Figure 5a–c. The high intense peaks at 2.5 keV and 6.9 keV, respectively, confirm the presence of Pt and Co particles in the three membranes investigated. Invariably, the three membranes displayed peaks corresponding to Pt and Co; however, as expected, the intensity of the peak due to Co was obviously increased as the Co content increased. Accordingly, the elemental composition of the Ptx-Co100−x alloy nano-catalyzed membranes were calculated and are given in Table 2. The obtained atomic ratios are very nearly identical to the nominal value, and furthermore, it is observed that the increase in the Pt content apparently increases the atomic fraction in the deposited layer [38], but an exact correspondence was not observed.





2.6. Electrochemical Characterization of Pt-Co Nano-Catalyzed Membranes


Cyclic Voltammetry Studies


In an effort to define the membrane electrode interface and to obtain a quantifiable steady voltammogram, the electrode was swept through 50 and 1200 mV at a sweep frequency of 50 mV s−1 throughout the first hour. Figure 6 shows the CV of the single cell in which hydrogen and argon were used as the reactant gases. From the CV studies, the electrochemical surface area of the electrocatalyst on each sample was calculated, and it is given in Table 3. It was found that there is a steady decline in the current density of the hydrogen zone in proportion to the increasing concentration of Co in the Pt:Co composition, which modifies the electrochemical active surface area (ECSA). This is in accordance with the study by Sievers et al. [39]. The ECSA of the nano-divided Pt was ascertained via the H adsorption/desorption peaks. All of the platinum and platinum–cobalt alloy catalysts exhibit an identical double-layer characteristic, which signifies that all of the catalysts possess the same levels of resistance to the transport of electrons. In addition, when the amount of Co increased, the onset of oxide production and the peak potential of the oxide both shifted slightly to significantly higher positive potentials (refer Figure 7). This signifies that the oxygenated element (e.g., OH) has a lesser adsorption potential on alloy interfaces compared to the surface of pure Pt particles, i.e., the oxygenated species are simpler to dissolve from the interfaces of alloy particles.



Pt surfaces can be inhibited by the adsorption of OH (or other oxygenated species); therefore, the poor adsorption of oxygenated elements would enhance the interface active surface area for the ORR. This is consistent with the study of Wu et al. [40]. As a consequence, this implies that catalysts made from Pt or Co are stable and do not dissolve under such experimental conditions, as seen by the uniformity of their CV shapes for the oxidation reactions.



Table 3 lists the electrochemical characteristics of each of the produced samples. From the results, it is inferred that the electrochemical properties of the Pt:Co nano-alloy-catalyzed MEA decreased by increasing the Co content. However, the decreasing percentage is comparatively lower than the catalyst prepared using other methods, viz., [41]; this is attributed to the expansion of three-phase boundary of the catalyst layer, as reported by Pethaiah et al. [42]. The electrochemical surface areas (ECSAs) of the MEA fabricated from the Pt-Co nano-catalyzed membrane with different ratios are given in Table 3. The variation in the CSA is directly related to the presence of varying proportions of Pt-Co nano-catalyzed membranes and 40% Pt/C-catalyst-coated GDE in MEA [43].





2.7. Electrochemical Impedance Spectroscopy (EIS)


Figure 8 depicts the impedance response of the single cell prepared from the Pt-Co nano-catalyzed membrane with various Pt:Co ratios under H2/O2 at 0.85 V cell potential. Impedance spectra (Nyquist plots) are found to exhibit identical semi-circles, although their diameters dramatically decrease with the increasing Co content [44]. This is due to the reduction in contact resistance at the interface via the Pt–Co network [45]. Since the ORR at cathode kinetically dominates the cell impedance, a smaller impedance curve for the cell generated by the 50:50 ratio of the Pt:Co nano-catalyzed membrane signifies that the ORR of the single cell formed from Pt:Co nano-catalyzed membrane is substantially faster in contrast to that of pure Pt and other ratios. This is consistent with that of the polarization and CV studies.



The impedance parameters obtained from the single cells utilizing the Pt:Co nano-catalyzed membranes with various ratios are presented in Table 4. It is worth mentioning that, under the same testing conditions, the cell employing the Pt:Co (50:50) nano-catalyzed membrane demonstrates a notably lower ohmic resistance, R1, that comprises the internal resistance of the PEMFC (such as the resistance of electrodes, the resistance of conductive plates, and the resistance of proton transfer which are transferring through the PEM) when compared to the other Pt:Co nano-catalyzed membranes. Even though these cells were fabricated and tested under identical conditions, the observed lower R1 in the Pt:Co (50:50) cell may indirectly be attributed to the improved inter-particle contact within the MEA of this specific composition.



Furthermore, the reduced charge transport resistance, R2, suggests a more rapid charge transfer process or enhanced electron kinetics for the Oxygen Reduction Reaction (ORR) at the electrode–electrolyte interface when utilizing Pt:Co nano-catalyzed membranes at the 50:50 ratio [46]. This observation reaffirms that the MEA employing the Pt:Co (50:50) composition possesses a considerably more effective electrochemically active surface area (ECSA) in comparison to the typical MEA employing Pt-Co nano-catalytic membranes, thus proving to be beneficial as electrocatalyst for fuel cell applications.



Polarization Studies


Figure 9 shows the current–voltage characteristics of a single cell made from a Pt:Co nano-catalyzed membrane with variable Pt:Co atomic ratios.



The cells were tested with fully humidified H2/O2 and H2/air reactants at 15 psi pressure and a cell temperature of 80 °C with a constant catalyst loading on both sides of the MEA. According to the results, the Pt:Co atomic ratio variation in the Pt-Co nano-catalyzed membranes exerted a substantial influence on the cell performance not just through the activation phase at the increased cell potential, however, likewise throughout the Ohmic region for a medium cell potential to a low cell potential. Under identical test circumstances, the PEMFC with the 50:50 atomic ratio of Pt:Co outperformed the other Pt:Co atomic ratios. The peak power density was found to be 0.879 Wcm−2 for H2/O2, which is higher than that in the previous study report, which was 0.744 Wcm−2 [47]. The enhanced catalytic activity of the Pt:Co (50:50) alloy catalysts in contrast to Pt and other ratios is because of the minimal Pt-Pt atomic distance [48]. In addition, the higher catalytic activities of Pt alloy catalysts relative to Pt might be a result of other variables, such as variations in the Pt–Pt bond distance, the number of Pt closest neighbors, the electron concentration in the Pt:5d orbital, and surface oxide layers. The catalytic activity may also be influenced by the particle size, as has been described in the literature [35,49,50,51]; however, we do not see any substantial difference in the particle size in relation to the Co concentration. The polarization behaviors of PEMFC made from the Pt-Co nano-catalyzed membrane at a constant voltage of 0.6 V are shown in Table 5.



The single cell made from a Pt:Co nano-catalyzed membrane was investigated for 100 h at a 500 mAcm−2 steady current density to determine its stability, with the same above operating parameters and at an ambient pressure. Steady-state voltage of 0.85 V at 500 mAcm−2 was attained after a gradual rise in voltage over a prolonged period of time, as shown in Figure 10 for the Pt:Co (50:50) nano-catalyzed membrane, as a representative sample.



The findings are in accordance with references [52,53,54,55,56] and hence show that the Pt-Co nano-catalyzed membrane has a high degree of stability. Table 6 provides a comparison on the various related works in the literature along with the present work.



To conclude, the present research bestows the following interesting outcomes.



Firstly, a novel synthesis method, viz., the non-equilibrium impregnation–reduction (NEIR) method, was adopted and has resulted in more efficient Pt-Co alloy electrocatalysts. This method not only enhanced the catalytic activity but also improved the durability of the MEAs. Additionally, the Pt:Co atomic ratio was optimized in a manner that significantly improves the catalyst’s performance in terms of the power output, durability, or cost-effectiveness. These unique attributes make the NEIR approach distinct from the prior similar research.



Secondly, the NEIR method is advantageous as it effectively addresses some of the key challenges observed in previous research, as stated in the earlier sections. By fine-tuning the Pt:Co atomic ratio, the performance of the catalysts and stability were optimized. This improvement directly translates into a higher power output and prolonged MEA lifespan.



Last but not least, the NEIR synthesis method is more efficient and cost-effective, which makes it a practical and economically viable solution for fuel cell applications (PEM-based).






3. Conclusions


The successful development of non-platinum (non-Pt) catalysts plays a crucial role in advancing the commercial viability of Proton Exchange Membrane Fuel Cell (PEMFC) systems. In the context of our investigation, we focused on creating a Pt-Co bimetallic nano-catalyzed membrane using a non-equilibrium impregnation–reduction (NEIR) method. The specific innovation in our study lies in the variation in the Pt and Co atomic ratios within this catalyst, and our findings suggest a remarkable enhancement in the PEMFC performance as the concentration of cobalt (Co) increases.



Through experimentation, it was observed that the Pt-Co-catalyzed membrane demonstrated increasingly promising performance as the Pt:Co atomic ratio approached 50:50. The improvement in performance can be primarily attributed to the alteration in the inter-atomic distance between platinum (Pt) atoms, which results from the inclusion of cobalt. This variation in the electrochemical activity of the catalysts has a beneficial impact on contributing to a higher power output and overall efficiency in the fuel cell. Specifically, peak power density of 0.879 Wcm−2 and 0.727 Wcm−2 are observed when operating the PEMFC respectively with hydrogen/oxygen (H2/O2) fuel and hydrogen/air (H2/air) combination. These results signify substantial progress in both the performance and stability of the Pt–Co nano-catalyzed membrane. Furthermore, this study indicates that this innovation could potentially lead to cost reductions in the production of PEMFC systems. This is a significant advantage as it makes the technology more economically viable and attractive for widespread adoption.



In conclusion, the present investigation demonstrates that the Pt-Co alloy nano-catalyzed membrane exhibits great promise as a candidate for sustainable and efficient power generation in PEMFCs. The improved performance, stability, and potential cost savings make this technology an appealing option for the advancement of PEMFC systems for practical and environmentally sustainable power generation.
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Figure 1. Schematic diagram for non-equilibrium impregnation–reduction method for fuel cell. 
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Figure 2. Process flow diagram for Pt-Co-catalyzed membrane. 
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Figure 3. XRD analysis pattern of prepared Pt-Co nano-catalyzed membranes. 
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Figure 4. HR-SEM images of (a) 90:10; (b) 70:30; (c) 50:50 at % of Pt-Co in the nano-catalyzed membranes. (d) Cross-sectional view of Pt-Co (50:50) nano-catalyzed membrane. 
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Figure 5. EDX spectrum of (a) 90:10; (b) 70:30; (c) 50:50 at % of Pt-Co in the nano-catalyzed membranes. (The unit of abscissa is keV). 
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Figure 6. Cyclic voltammogram of MEA made from Pt-Co nano-catalyzed membrane with various atomic ratios. 
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Figure 7. Positively shifted reduction peak potential of Pt-Co nano-catalyzed membrane with various atomic ratios. 
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Figure 8. Impedance plot (Nyquist) of the MEA made from Pt-Co nano-catalyzed membrane with various atomic ratios. Inset: equivalent circuit; R1 is ohmic resistance, R2 is charge transfer resistance, and Cdl is double-layer capacitance. 
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Figure 9. Polarization curves of PEMFC made from Pt-Co nano-catalyzed membranes for (a) H2/O2 and (b) H2/Air. 
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Figure 10. Durability study of Pt:Co (50:50) nano-catalyzed membrane at 500 mAcm−2. 
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Table 1. Physical parameters of the Pt:Co nano-catalyzed membranes obtained from XRD.
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	Samples
	Lattice Parameter (μm)
	Pt-Pt Inter-Atomic Distance (μm)
	Particle Size (μm)





	Pt-Co (90:10)
	0.3948
	0.227977
	5.1



	Pt-Co (70:30)
	0.3914
	0.225990
	5.1



	Pt-Co (50:50)
	0.3892
	0.224752
	5.3










 





Table 2. The elemental composition of Pt-Co present in membrane analyzed via EDX.
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	Pt:Co in Solution at %
	Pt:Co in Membrane at %





	90:10
	93:7



	70:30
	72:28



	50:50
	51:49










 





Table 3. Electrochemical properties of all MEAs made from Pt-Co nano-catalyzed membranes.
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	Pt:Co Atomic Ratios
	ECSA (cm2)
	RF
	EAS (m2g−1)
	ECSA (m2g−1)
	Catalyst Utilization (%)





	90:10
	1150
	230
	46
	62.67
	73.40



	70:30
	1100
	220
	44
	62.67
	70.21



	50:50
	1050
	210
	42
	61.81
	67.95










 





Table 4. Fitted impedance parameters of the single cells made of Pt-Co nano-catalyzed membrane with various atomic ratios.
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	Pt:Co Atomic Ratio %
	R1
	R2





	90:10
	0.22
	3.56



	70:30
	0.19
	3.46



	50:50
	0.18
	3.26










 





Table 5. Polarization behaviors of PEMFC made from Pt-Co nano-catalyzed membrane at constant voltage of 0.6 V.
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Pt:Co Atomic Ratios

	
Current Density (mAcm−2)

	
Power Density (Wcm−2)




	
H2/O2

	
H2/Air

	
H2/O2

	
H2/Air






	
90:10

	
1280

	
880

	
0.76

	
0.52




	
70:30

	
1360

	
920

	
0.82

	
0.55




	
50:50

	
1480

	
1200

	
0.88

	
0.73











 





Table 6. Performance assessment on the various related works in the literature vs. the present work.
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	S. No.
	Composition of the Alloy
	Fuel/Oxidant
	Peak Power Density @ 0.6 V (Wcm−2)
	Ref. No.





	1
	Pt.
	H2/O2
	0.72
	[42]



	2
	Pt/C
	H2/O2
	0.615
	[57]



	3
	Pt.
	H2/O2
	0.6
	[58]



	4
	Pt-Co
	H2/O2
	0.88
	Present Work
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