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Abstract

:

The stability of new membrane–electrode assemblies of a proton-exchange membrane fuel cell with highly porous electrodes and low Pt loading, based on the proton-conducting polymer Nafion, was characterized in conditions of electrochemical aging. A comprehensive study of the effect of the microstructure on the evolution of the electrochemical characteristics of the new assemblies was obtained by voltammetry, electrochemical impedance spectroscopy, X-ray powder diffraction, and scanning electron microscopy. Because high (>70%) porosity provides intensive mass transfer inside an electrode, structural-modifying additives—long carbon nanotubes—were introduced into the new electrodes. PEM fuel cells with electrodes of a conventional composition without carbon nanotubes were used for comparison. The aging of the samples was carried out according to the standard accelerated method in accordance with the DOE (Department of Energy) protocols. The results show two fundamental differences between the degradation of highly porous electrodes and traditional ones: 1. in highly porous electrodes, the size of Pt nanoparticles increases to a lesser extent due to recrystallization; 2. a more intense “washout” of Nafion and an increase in ionic resistance occur in highly porous electrodes. Mechanisms of the evolution of the characteristics of structurally modified electrodes under electrochemical aging are proposed.
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1. Introduction


Today, the issue of global energy transition and decarbonization is acute. Various technologies are used for the successful energy transition (e.g., wind energy and solar energy). However, the reliance of these resources on weather conditions and other shortcomings makes them unstable and intermittent during energy generation. These drawbacks have led to the need to store energy. Hydrogen energy storage is of interest because of the wide distribution of hydrogen in nature and its high energy density. Hydrogen can then be used as fuel in fuel cells (FCs). Proton exchange membrane (PEM) FCs are electrochemical devices that can efficiently convert chemical energy directly into electrical energy. PEM FCs possess notable advantages such as low operating temperatures, high efficiency, minimal maintenance, and compactness [1].



A well-known problem of modern PEM FCs is their insufficient lifetime. Several works were devoted to the issues of long-term PEM FCs and their individual components; see, e.g., [2,3,4,5,6]. The insufficient lifetime of PEM FCs affects their price and is a serious obstacle to their widespread adoption in the economy. In addition, insufficient operating times limit the range of the possible applications of these devices. Another serious challenge in PEM FC technology is to increase the electrochemical efficiency.



One of the ways to increase efficiency is to reduce the mass transport losses in the electrode [7]. The high porosity of the electrode makes this possible, thus increasing the power density [8,9]. For newly developed materials, the permanence of such highly porous electrodes over time under prolonged electrochemical exposure is questionable and needs to be studied.



As is well known, PEM FC electrodes in the classical form are composite structures; they have mixed conductivity and consist of a catalyst on a carbon carrier and an ionomer. In the case of FCs with a PEM, Nafion is usually used as an ionomer, and Pt is used as a catalyst. Due to the pronounced catalytic properties of Pt during the operation of the device, there might be a strong effect on the corrosion of the electrode components, primarily on the corrosion of the carrier (as a rule, the carrier is carbon black), and it could itself be subjected to the corrosive effects of oxygen, water, and other components in contact with its surface in one way or another.



Nafion is a typical perfluorinated sulfonic acid material (membrane or dispersion) with a hydrophobic polytetrafluoroethylene (PTFE) backbone and side chains terminated with hydrophilic sulfonic acid groups [10]. The PTFE backing must provide excellent chemical and mechanical stability. At the same time, Nafion is prone to colloidization and migration in the electrode.



The issue of the stability of electrochemical energy conversion systems has been topical for many years [11,12,13] due to several circumstances. Firstly, electrochemical systems (electrolyzers, fuel cells, supercapacitors, etc.) are inherently corrosive with respect to their components, and second, their cost strongly depends on the service life of the devices, which in many cases limits the commercialization of the product. Moreover, the development and continuous improvement of such devices, aimed at increasing efficiency and productivity, is associated with the use of new materials, the design of new electrode structures, and other deviations from traditional technological solutions, and this, in turn, is associated with the need for appropriate studies of the longevity of such systems.



A large number of publications are devoted to the degradation of membrane–electrode assemblies (MEAs) of PEM FCs, and in particular, a separate group of them focuses on the degradation of individual forms of nanostructured carbon [14,15]. The use of materials such as carbon nanotubes (CNTs) and graphene-like materials in the composition of electrodes offers several advantages in terms of increasing both the electrode activity [16] and the intensification of mass transport processes due to the formation of a special kind of structure [17]. The improved characteristics of new electrodes containing CNTs and graphene-like materials motivated us to study their long-term operation and degradation mechanisms during operation.



CNTs are used in PEM FCs to improve some properties of the electrodes [18,19,20]:




	−

	
Improve mass transport by increasing the porosity and the number of large transport pores [19];




	−

	
Increase the performance of PEM FC through cocatalysis [20];




	−

	
CNTs have corrosion resistance and thermal stability, and they are used as catalyst carriers with a high specific surface area.









In [18], it was noted that CNTs have numerous superior properties, including electrical conductivity, thermal conductivity, mechanical strength, and the ability to support catalysts by providing an increased surface area. CNTs offer great promise for overcoming the problems of existing FCs. In [19], it was noted that a CNT sheet as a functional interlayer would be advantageous in improving the performance of commercialized PEM FCs.



At the same time, an obvious problem with the use of CNTs is the stability of the electrochemical system during long-term operation.



To study the resistance of MEA to electrochemical exposure in laboratory conditions, the USA Department of Energy (DOE) developed a system of accelerated stress tests (ASTs), which allow for the assessment of the stability of one or another part of a system in a relatively short time. To assess the longevity of a catalyst, multiple superpositions of triangular voltage pulses in the range of 0.6–1.0 V are used. These ASTs are often used in catalyst longevity studies.



This approach, based on multiple cyclic applications of the potential under certain conditions to assess the long-term viability of a catalyst, has been used in many works (e.g., [21,22]).



In [21], single triangular potential scans with different upper and lower limits were applied to FCs containing electrodes with different Pt/C compositions to evaluate the catalytic effect of Pt on the corrosion of a carbon carrier with a large surface area. The rate of carbon loss in H2/N2 and air/air modes was determined by integrating the resulting peaks of CO2 concentration in the exhaust gases of the positive electrode. In the work [22], a single-element PEMFC was used to study the degradation of an industrial membrane electrode catalyzed by Pt by conducting AST with a rectangular voltage in the potential range from 0.6 to 1.0 V.



An analysis of the scientific literature shows that practically no attention has been paid to the issues of ionomer migration during the functioning of the MEA. In addition, we note that most of the works are aimed at stabilizing the membrane itself, and the problems of Nafion stability in the electrode are practically ignored.



In accordance with this, the goal of the present work was to study the features of the degradation processes of proton-conducting components of PEM FCs with highly porous electrodes and low Pt loading containing CNTs in comparison with traditional systems without CNTs to find out which degradation processes are critical for these systems.




2. Experimental Section


2.1. Materials


Samples of MEAs with two types of electrodes were studied:




	
Traditional electrodes containing platinized carbon black and Nafion proton-conducting polymers;



	
Structurally modified electrodes containing the addition of CNTs.








Table 1 presents the composition of the studied samples of MEA.



Dispersions of solid components in a water–alcohol medium of the corresponding component composition served as the initial electrode material for these samples.



MEAs were fabricated using composite electrode materials containing platinized carbon black (Pt/C), a structure-modifying additive: multi-walled CNTs and a Nafion-type proton-conducting polymer, as described below.



Platinized carbon black (Pt/C).



A commercial E-TEK (The Fuel Cell Store, Bryan, TX, USA) product containing 40% Pt on Vulcan XC-72 carbon black was used [23]. The specific surface area was 200 [24]–250 m2/g [25,26,27,28].




2.2. Taunit MD CNTs


Multiwalled CNTs of the Taunit MD type (LLC NanoTechCenter, Tambov, Russia) were used. The characteristic structural properties of these nanotubes were large length-to-diameter ratios amounting to 670–2500 and high porosity due to pores being larger than 100 nm [29]. CNTs were purified from the catalyst additives used during their fabrication by acid treatment, washed with distilled water, and dried. Nitric acid diluted with water in a volume ratio of 1:1 was used. The treatment was performed at a temperature of about 100 °C for 15 min.




2.3. Proton-Exchange Polymer of Nafion Type


The commercial product, i.e., a 2-propanol–water solution of Nafion with a concentration of 20% (DE2020, Ion Power Inc., DuPont, Wilmington, DE, USA), was used. The ionomer was introduced into the electrode material. MEAs were prepared on an MF4-SK-type PEM (OJSC «Plastpolymer», St. Petersburg, Russia) that is an analog of the Nafion 212-type membrane (see Table 2).




2.4. Preparation of Dispersion


The preparation of the electrode material dispersion included two stages: the mechanical and ultrasonic dispersion of the mixture of components in the 2-propanol–water solution. The volume ratios of the 2-propanol–water liquid components were in the range of 1:1–1:5. The ratios of the solid to liquid phases in the final dispersion were in the range of 1:40–1:80. A sample with CNTs was prepared using a method assuming the preliminary coagulation of Nafion from its solution in the liquid phase, followed by its introduction into the electrode structure [31,32]. For coagulation, a commercial Nafion dispersion with the required concentration was diluted with water in a volume ratio of 1:1 prior to its addition to the dispersion.



Mechanical dispersion was performed in a Milaform MM-5M magnetic stirrer with a rotation speed of about 400 rpm (the magnetic stirring bar was covered with Teflon) to obtain a visually homogeneous mixture (without visible blobs) (~0.5 h). Subsequent ultrasonic dispersion was carried out in a Branson 3510 ultrasonic bath for 40–100 h until a homogeneous dispersion that did not delaminate within 1 min was obtained.




2.5. MEA Preparation


MEAs were prepared by depositing a homogeneous dispersion of components directly on a PEM through a stainless-steel mask. Prior to the deposition of the electrode material, the membrane was kept for 15 min in 0.5 M sulfuric acid at a temperature of 70–80 °C and then washed five times with water. The electrodes were prepared by depositing dispersion components in the 2-propanol–water solution directly on a Nafion-type PEM (MF4-SK) with a thickness of 50 μm. The deposition was carried out sequentially, first on one side of the membrane, then on another. To achieve this, a 5 × 5 cm2 membrane was placed on a stainless-steel substrate 6 × 6 cm2, 2 mm thick, which was placed on the surface of the IKA C-MAG HP 7 wafer with a heat controller. A 5 × 5 cm2 stainless-steel mask was placed on the membrane surface, in the center of which there was a 1 × 1 cm2 window. After thermostatting the system at a temperature of T = 85 °C for ~15 min, an electrode layer was applied, layer by layer, with each layer being dried. The amount of applied material was controlled gravimetrically after cooling the membrane for ~15 min in an air-dry state. The amount of the deposited material was monitored gravimetrically.



Before performing electrochemical measurements, MEAs were kept in 0.5 M sulfuric acid for 15 min at a temperature of T = 70–80 °C and were then washed five times with distilled water.




2.6. Characterization and Aging Procedures


The morphology of the carbon materials was studied by the low-temperature nitrogen adsorption method on the ASAP 2020 analyzer by Micromeritics (USA). The specific sample surface area was calculated using the BET method, volume, size, and size distribution of pores were calculated using the DFT method. The bulk density and specific pore volume were measured gravimetrically.



Raman spectra were recorded with a Renishaw Confocal Raman Microscope (UK) using a green laser (532 nm, 100 mW power). For the Nafion study, 15 µL of a 10% Nafion dispersion was applied to a silicon plate and then covered with glass. MEAs were investigated as they were.



The testing of electrocatalysts in the MEA was carried out as follows:



The MEA was placed in a standard measuring cell (FC-05-02, ElectroChem Inc., Woburn, MA, USA) with graphite current collectors with the following characteristics: temperature maintenance that ranged from room temperature to 180 °C, gas overpressure P = 0–2 atm., and electronic resistance less than 10 mΩ [33]. Toray 060 standard carbon paper was used as the gas diffusion layer.



MEAs were subjected to electrochemical aging according to the accelerated DOE method at room temperature and atmospheric pressure for a given number of cycles (0, 100, 300, 1000, etc.) of a voltage scan in the range of E = 0.6–1.0 V at a sweep rate of v = 50 mV/s. Wet (≈100%) N2 and H2 were applied to the electrodes. An aging electrode was supplied with N2. The MEA aging regime corresponded to that of the DOE protocols (Table A-1 in [34]).



During the electrochemical action, the change in the MEA characteristics caused by aging was monitored by the current–voltage characteristic (CVC) method at a sweep rate of v = 10 mV/s. The two-electrode method was used with the P-150 potentiostat (LLC Electrochemical Instruments, Chernogolovka, Russia). Before the measurements, the MEA was activated as described in [35]. The area of the electrochemically active surface area (ESA) of Pt was periodically measured by cyclic voltammetry under N2/H2 flow (by hydrogen desorption).



The electrochemical impedance spectra (EIS) were recorded on the Z-500X instrument with the AX-500PL attachment (LLC Electrochemical Instruments, Chernogolovka, Russia) in the H2/N2 humid gas flow (relative humidity close to 100%).



The hodographs were recorded at a voltage close to the open circuit voltage (polarization 0–100 mV) with an alternating voltage amplitude of A = 8 mV and a charge transfer resistance of RCT > 80 Ω in the frequency range of f = 500 kHz–0.1 Hz. The parasitic inductance of the cell was taken into account and corrected in the high-frequency region of the hodographs using the ZView2 program [36].



X-ray diffraction (XRD) patterns of initial and aged samples were collected on the X’Pert X-ray diffractometer (Malvern Panalytical Ltd., Malvern, UK) with Cu Kα radiation (λ = 1.54060 nm). The step size was 0.1313028°, and the time per step was 599.25 s. The diffraction patterns were processed using the HighScore Plus 3.0.5 program. The Rietveld method was used to refine and determine the crystallite size and microstrains.




2.7. Calculations of Electrochemical Characteristics from the Experimental Data


The ESA of Pt was calculated from the ratio:


SPt = Qdes/210



(1)




where SPt—Pt ESA, cm2; Qdes—charge spent on hydrogen desorption, µC; 210—coefficient relating the charge to the surface, µC/cm2.



The Pt loading was gravimetrically calculated by the ratio:


GPt = MCL ∗ N ∗ 0.4



(2)




where GPt—Pt loading in the electrode, mg/cm2; MCL—catalytic layer weight, mg; N—proportion of Pt/C in the catalytic layer; 0.4—proportion of Pt in E-TEK.



The specific mass catalytic activity (CA) of Pt in the oxygen reduction reaction (ORR) was calculated from the known relation:


CA = J@E/GPt



(3)




where CA—Pt CA at a potential of E = 0.9 V vs. NHE, A/mg (Pt); J@E—current density of ORR at a potential of E = 0.9 V vs. NHE, A/cm2; GPt—Pt loading in the electrode, mg/cm2.



The Pt specific activity (SA) in ORR was calculated by the ratio:


SA = (J@E ∗ SCL)/SPt



(4)




where SA—Pt SA at a potential of E = 0.9 V vs. NHE, mA/cm2 (ESA Pt); J@E—current density ORR at a potential of E = 0.9 V vs. NHE, mA/cm2; SCL—visible electrode surface area, SCL = 1 cm2; SPt—Pt ESA, cm2.





3. Results and Discussion


3.1. Structural Characteristics


Table 3 lists some of the structural characteristics of carbon materials: the platinum support (Vulcan XC-72 carbon black) and the structure modifier (CNTs).



Figure 1 compares the pore size distribution for the two materials.



It can be seen from the data presented in Table 3 and Figure 1 that the specific pore volume of CNTs is much larger than that of carbon black at comparable values of the specific surface area. This is due to structural features of CNTs that have a high length/diameter ratio and form a framework with large pores.



Figure 1 shows that CNTs also have higher porosity compared to carbon black in the pore range up to 100 nm.



Figure 2 shows the Raman spectra of the pristine MEA and the MEA sample after aging. It can be seen from the figures that the structure of the Nafion spectra (wavenumber range ~1150–100 cm−1) for these two samples is qualitatively similar, and there is a triad with a strong central band at 916 cm−1. At the same time, the relative intensity (with respect to carbon lines D and G) of the Nafion lines in the case of an aged sample is lower. This fact may indicate various causes of degradation and requires further research. The reasons may be, for instance, the washing out of a part of Nafion from the electrode, or its partial destruction with the washing out of more mobile reaction products.




3.2. Electrochemical Characteristics


The CVCs of the studied samples in the process of aging are shown in Figure 3. For both the traditional samples (type 2) and the samples containing CNTs (type 1) in the composition of the electrodes, an abrupt deterioration in electrochemical characteristics after a certain number of cycles is observed. The main feature seen from the figure is a change in the slope of the middle linear part of the CVC, corresponding to an increase in electrical resistance and the disappearance of the “diffusion bend” of the final part of the CVC. Since the ionic resistance in such systems is much higher than the electronic resistance, this indicates that the ionic conductivity is significantly degraded during aging and is responsible for losses limiting the electrochemical process.



Cyclic voltammograms were taken to compare the surface area of Pt before and after AST (Figure 4). The surface area of Pt was estimated from the charge spent on the desorption of hydrogen from the surface of Pt.



It can be seen from Figure 4 that the cyclic voltammograms during aging change differently for different samples and different electrodes. For the H2 electrode with CNTs, the polarization capacitance of the electrical double layer increased significantly after aging, as evidenced by the relatively high current density. The surface area of Pt for electrodes with CNTs decreased to a lesser extent than for electrodes of traditional composition, both for H2 and N2 electrodes.



To assess the degradation of the electrocatalytic activity of the electrode, the Pt ESA was measured (Figure 5) and the Pt CA in the ORR was calculated as the current density at E = 0.9 V divided by the mass of Pt in the electrode (Figure 6). Under such conditions, with small polarization, the electrochemical process proceeded in the region of the reaction kinetics control. There were therefore practically no diffusion losses, and the result was determined by electrocatalytic activity. Note that the Pt CA in the ORR for the sample with CNTs was significantly (~2 times) higher throughout the entire aging process, which is consistent with the results of our work [20]. At the same time, the Pt SA for the initial sample with CNTs was ~1.5 times higher (see Table 1, Figure 5 and Figure 6). Figure 5 and Figure 6 show that both parameters (ESA and CA) for both samples changed symbiotically: they gradually decreased. The decrease in the CA for 10,000 cycles for both samples occurred by ~1.8 times. The situation was somewhat different for ESA. The decrease in the Pt ESA over 10,000 aging cycles was less for the sample without CNTs than for the sample with CNTs: the decrease was 1.3 and 1.8 times, respectively. This indicates that the Pt SA for the sample without CNTs decreased by ~30% during aging, while the Pt SA for the sample with CNTs remained at the same (initial) level. Characteristic data are given for samples of two types.



EIS values of the studied samples are shown in Figure 7. From the analysis of the high-frequency region responsible for the ionic resistance of the electrode [36,37,38], it follows that during the degradation of the samples, the ionic resistance increased and the slope of the region responsible for the ionic resistance decreased. This was associated with the appearance of the inhomogeneity of the electrode resistance [35,39].



Quantitative data on the change in ionic resistance, calculated from the EIS data, are summarized in Table 4. For the sample with CNTs (type 1 MEA), a jump in resistance precisely at 3000 cycles of electrochemical exposure was observed. For the sample without CNTs (type 2 MEA), the resistance grew more smoothly and reached 760 mΩ after only 5000 cycles. These results are in good agreement with the CVC dynamics (Figure 3). We also note that the decrease in the slope (tg(a), Figure 7) of the linear section of the EIS for the sample without CNTs occurred more smoothly and by a smaller amount (up to 0.8 versus 0.5 for type 1 MEA).




3.3. Microstructure Evolution


The crystal structures of Pt/C catalysts were examined by XRD. XRD patterns for initial Pt/C, Pt/C, and Pt/C+CNTs after aging electrocatalysts are shown in Figure 8. For all cases, the diffraction peaks at about 40°, 46°, 68°, 81°, 86°, 104°, 118°, and 123° were due to Pt (111), (200), (220), (311), (222), (400), (331), and (420) reflections, respectively, which confirmed a face-centered cubic structure of Pt (ICDD 03-065-2868). This is in good agreement with the literature [40,41].



The intensive peak at 2θ = 26.8° for the Pt/C+CNTs sample, corresponded to graphite, plane (002) [42]. For other samples, although it was noticeable, it was less pronounced, which could be explained by the absence of highly ordered forms of graphite in samples not containing CNTs.



Table 5 shows the structural characteristics of Pt particles for the samples of different compositions and with different prehistories obtained from the XRD spectra.



Several important conclusions can be made from Table 5.



The Pt unit cell parameter varied, and in all cases, it was less than the usual value (3.923 Å—Standard JCPDS card no. 00-004-0802). The initial Pt/C samples with or w/o CNT had the smallest cell parameter. With aging, the unit cell parameter increased, and to a greater extent for the sample w/o CNTs (the value reached 3.917(2) Å, while for the sample with CNTs, it was only 3.911(5) Å). This could be attributed to two possible effects: 1. the size effect [43] (the influence of the carrier substrate [44,45] on the cell parameters) and 2. Pt recrystallization during aging. During Pt recrystallization under relatively stationary conditions during aging, the crystals tend to form a cell without distortion. Following this logic, we can say that in the sample w/o CNTs, Pt underwent recrystallization during aging to a greater extent than in the sample with CNTs.



This was confirmed by a change in the coherent scattering region (CSR), which is usually associated with the size of crystallites, and a change in micro stresses. For the initial sample and the aged sample with CNTs, these parameters had fairly close values. The CSR for the sample with CNTs slightly increased after aging, while the shape of the crystallites (the CSR values for different crystallographic directions) did not undergo significant distortions, and the micro strain also practically did not change, while for the aged sample of the traditional composition, the micro strain of platinum crystallites decreased, the CSR increased, and the crystallites acquired a more uniform shape along the crystallographic directions.



Some SEM observations of the surfaces before and after aging are illustrated in Figure 9. Pt agglomerates of larger size seemed to be visible on the top surface of the Pt/C sample w/o CNTs aged for 10,000 cycles in H2/N2 gas flow (brilliant zone in Figure 9b). So, large agglomerates were not evidenced on the surfaces of the Pt/C with and w/o CNTs aged in the same conditions (Figure 9a,c).



All this indicates a significantly greater Pt change during aging in a sample that did not contain CNTs. Since the processes of Pt recrystallization under electrochemical exposition occur with the participation of the PEM Nafion, it can be argued that in the sample with CNTs, due to the spatial mismatch, Pt contacted Nafion to a lesser extent and was more stable during aging.



In addition, it cannot be ruled out that, as a result of the recrystallization of Pt in samples without CNTs, its SA decreased due to the size effect but also due to a decrease in micro strain (see the above discussion of Figure 5 and Figure 6). However, this requires additional research.



An analysis of the obtained results suggests that the degradation of highly porous electrodes in the presence of CNTs occurs somewhat differently than electrodes of traditional composition and structure. In the case of highly porous electrodes (with CNTs), a significant contribution is made by an increase in the resistance to proton transfer in the electrode due to its migration and loss of contact with Pt nanoparticles. In this case, the decrease in the area of the electrochemically active surface of platinum in electrodes with CNTs occurs to a large extent due to the loss of this contact with Nafion, that is, due to the loss of part of the Pt from the electrochemical process, whereas in traditional electrodes, Pt recrystallizes to a greater extent and its particles increase in size, which lead to a decrease in the surface area.



The idea of losing some of the contact between Pt and Nafion is consistent with the EIS data (see Figure 7). The decrease in tg(a) during aging reflects the appearance of inhomogeneity in the proton conductivity in the electrode [35,39] associated with Nafion migration.





4. Conclusions


Higher stability of the electrocatalytic activity characteristics of Pt, both CA and SA, was shown in the samples with CNTs compared to the conventional samples. A linear decrease in Pt ESA and a corresponding decrease in CA in terms of the initial Pt loading were observed during aging for both samples. While per 10,000 cycles for the sample with CNTs, a slight change in the Pt SA was observed, for the sample without CNTs, a decrease in the Pt SA by ~30% was observed. The latter was attributed to the recrystallization of Pt: an increase in the size of crystallites and relaxation of the micro strain. In the sample with CNTs, due to the spatial mismatch of the components, in particular, Pt and Nafion, the recrystallization of platinum was expected to be slowed down. As a result of the high porosity of the sample with CNTs, Nafion migration and a decrease in the homogeneity of the proton resistance of the electrodes were proposed to occur more intensively in it.



The degradation mechanism leading to the degradation of electrochemical performance upon aging for the sample with CNTs with high porosity was proposed to be due to Nafion migration in the MEA electric field through large pores, resulting in inhomogeneity and an increase in resistance to proton transfer. An increase in the resistance to proton transfer was also facilitated by the disruption of the interfacial region and the loss of part of the Pt from the electrode process due to the loss of contact with Nafion. In the sample with a traditional composition (without CNTs), these processes could also occur, but to a lesser extent. The decrease in the Pt ESA for the sample with CNTs seemed to be largely determined by the loss of contact with Nafion, while for the sample of traditional composition, this decrease was primarily attributed to recrystallization. These mechanisms need further verification by advanced chemical and microstructure characterizations of aged samples.







Author Contributions


Data curation, N.V.G. and A.K.; funding acquisition, A.A.N.; investigation, N.V.G. and A.K.; methodology, P.V., N.V.G. and A.K.; supervision, A.A.N.; visualization, A.K.; writing—original draft, A.A.N.; writing—review and editing, P.V. and A.K. All authors have read and agreed to the published version of the manuscript.




Funding


The research was funded by the Russian Science Foundation, grant number 22-23-20127, https://rscf.ru/project/22-23-20127/, grant of the St. Petersburg Science Foundation in accordance with an agreement dated 14.04.2022 N° 28/2022.




Institutional Review Board Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


We thank Nith Cam from the University of Bordeaux for conducting the SEM research and Dmitry Kurchavov from the Photovoltaic Institute Ile de France (IPVF) for assistance during the Raman spectroscopy research.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Tellez-Cruz, M.M.; Escorihuela, J.; Solorza-Feria, O.; Compañ, V. Proton Exchange Membrane Fuel Cells (PEMFCs): Advances and Challenges. Polymers 2021, 13, 3064. [Google Scholar] [CrossRef] [PubMed]

	



Habib, M.S.; Arefin, P.; Ahmed, K.; Salam, M.A.; Uddin, M.S.; Hossain, T.; Papri, N.; Islam, T. Proton Exchange Membrane Fuel Cell (PEMFC) Durability Factors, Challenges, and Future Perspectives: A Detailed Review. Mater. Sci. Res. India 2021, 18, 217–234. [Google Scholar] [CrossRef]

	



Moein-Jahromi, M.; Kermani, M.J.; Movahed, S. Degradation forecast for PEMFC cathode-catalysts under cyclic loads. J. Power Sources 2017, 359, 611–625. [Google Scholar] [CrossRef]

	



Wang, J.; Geng, J.; Wang, M.; Hu, X.; Shao, Z.; Zhang, H. Quantification on degradation mechanisms of polymer exchange membrane fuel cell cathode catalyst layers during bus and stationary durability test protocols. J. Power Sources 2022, 521, 230878. [Google Scholar] [CrossRef]

	



Thakare, J.; Masud, J. Magnéli TiO2 as a High Durability Support for the Proton Exchange Membrane (PEM) Fuel Cell Catalysts. Energies 2022, 15, 4437. [Google Scholar] [CrossRef]

	



Pourrahmani, H.; Siavashi, M.; Yavarinasab, A.; Matian, M.; Chitgar, N.; Wang, L.; Van Herle, J. A Review on the Long-Term Performance of Proton Exchange Membrane Fuel Cells: From Degradation Modeling to the Effects of Bipolar Plates, Sealings, and Contaminants. Energies 2022, 15, 5081. [Google Scholar] [CrossRef]

	



Zhao, J. Catalyst Layers in Polymer Electrolyte Membrane Fuel Cells: Formation, Characterization and Performance. Ph.D. Thesis, University of Waterloo, Waterloo, ON, Canada, 2019. [Google Scholar]

	



Larbi, B.; Alimi, W.; Chouikh, R.; Guizani, A. Effect of porosity and pressure on the PEM fuel cell performance. Int. J. Hydrog. Energy 2013, 38, 8542–8549. [Google Scholar] [CrossRef]

	



Mortazavi, M.; Santamaria, A.D.; Chauhan, V.; Benner, J.Z.; Heidari, M.; Médici, E.F. Effect of PEM fuel cell porous media compression on in-plane transport phenomena. J. Power Sources Adv. 2020, 1, 100001. [Google Scholar] [CrossRef]

	



Sun, C.-Y.; Zhang, H. Investigation of Nafion series membranes on the performance of iron-chromium redox flow battery. Int. J. Energy Res. 2019, 43, 8739–8752. [Google Scholar] [CrossRef]

	



Bruijn, F.A.; Dam, V.A.T.; Janssen, G.J.M. Review: Durability and Degradation Issues of PEM Fuel Cell Components. Fuel Cells 2008, 8, 3–22. [Google Scholar] [CrossRef]

	



Department of Energy, Durability Working Group. Available online: https://www.energy.gov/eere/fuelcells/durability-working-group (accessed on 4 February 2022).

	



Zhao, J.; Li, X. A review of polymer electrolyte membrane fuel cell durability for vehicular applications: Degradation modes and experimental techniques. Energy Convers. Manag. 2019, 199, 112022. [Google Scholar] [CrossRef]

	



Nakashima, N. Nanocarbons for Energy Conversion: Supramolecular Approaches; Springer International Publishing: Cham, Switzerland, 2019. [Google Scholar] [CrossRef]

	



Andersen, S.M.; Borghei, M.; Lund, P.; Elina, Y.; Pasanen, A.; Kauppinen, E.; Ruiz, V.; Kauranen, P.; Skou, E.M. Durability of carbon nanofiber (CNF) & carbon nanotube (CNT) as catalyst support for Proton Exchange Membrane Fuel Cells. Solid State Ion. 2013, 231, 94–101. [Google Scholar] [CrossRef]

	



Glebova, N.V.; Nechitailov, A.A.; Velichko, E.N. Characteristics of the composite platinum-carbon electrode containing carbon nanofibers. J. Phys. Conf. Ser. 2019, 1238, 012004. [Google Scholar] [CrossRef]

	



Nechitailov, A.A.; Glebova, N.V.; Krasnova, A.O. Structure Formation Model in the Pt/C-CNT-Nafion System. J. Struct. Chem. 2019, 60, 1507–1519. [Google Scholar] [CrossRef]

	



Mukherjee, S.; Bates, A.; Lee, S.C.; Lee, D.; Park, S. A Review of the Application of CNTs in PEM Fuel Cells. Int. J. Green Energy 2015, 12, 787–809. [Google Scholar] [CrossRef]

	



Kwon, O.; Kim, J.; Choi, H.; Cha, H.; Shin, M.; Jeong, Y.; Park, T. CNT sheet as a cathodic functional interlayer in polymer electrolyte membrane fuel cells. Energy 2022, 245, 123237. [Google Scholar] [CrossRef]

	



Glebova, N.V.; Nechitailov, A.A.; Krasnova, A.O. Electrode material containing carbon nanotubes and its kinetic characteristics of oxygen electroreduction. React. Kinet. Mech. Catal. 2020, 131, 599–612. [Google Scholar] [CrossRef]

	



Linse, N.; Gubler, L.; Scherer, G.G.; Wokaun, A. The effect of platinum on carbon corrosion behavior in polymer electrolyte fuel cells. Electrochim. Acta 2011, 56, 7541–7549. [Google Scholar] [CrossRef]

	



Shokhen, V.; Strandberg, L.; Skoglundh, M.; Wickman, B. Impact of Accelerated Stress Tests on the Cathodic Catalytic Layer in a Proton Exchange Membrane (PEM) Fuel Cell Studied by Identical Location Scanning Electron Microscopy. ACS Appl. Energy Mater. 2022, 5, 11200–11212. [Google Scholar] [CrossRef]

	



Fuel Cell Store. VULCAN XC-72 Carbon Black. Available online: https://www.fuelcellstore.com/spec-sheets/vulcan-xc72-spec-sheet.pdf (accessed on 24 January 2023).

	



Glebova, N.V.; Nechitaylov, A.A. Physico-chemical properties of carbon materials intended as a component of a catalytic nanocomposite for low-temperature fuel cells. Perspekt. Mater. 2010, 9, 71–77. [Google Scholar]

	



Uchida, M.; Aoyama, Y.; Tanabe, M.; Yanagihara, N.; Eda, N.; Ohta, A. Influences of Both Carbon Supports and Heat-Treatment of Supported Catalyst on Electrochemical Oxidation of Methanol. J. Electrochem. Soc. 1995, 142, 2572–2576. [Google Scholar] [CrossRef]

	



McBreen, J.; Olender, H.; Srinivasan, S.; Kordesch, K. Carbon supports for phosphoric acid fuel cell electrocatalysts: Alternative materials and methods of evaluation. J. Appl. Electrochem. 1981, 11, 787–796. [Google Scholar] [CrossRef]

	



Pantea, D.; Darmstadt, H.; Kaliaguine, S.; Summchen, L.; Roy, C. Electrical conductivity of thermal carbon blacks: Influence of surface chemistry. Carbon 2001, 39, 1147–1158. [Google Scholar] [CrossRef]

	



Antolini, E. Carbon supports for low-temperature fuel cell catalysts. Appl. Catal. 2009, 88, 1–24. [Google Scholar] [CrossRef]

	



NanoTechCenter. CNTs “Taunit” and Synthesis Thereof. Available online: http://eng.nanotc.ru/producrions/87-cnm-taunit (accessed on 24 January 2023).

	



DuPont Fuel Cells. DuPont™ Nafion® PFSA Membranes NRE-211 and NRE-212. Available online: http://www.hesen.cn/userfiles/bochi/file/212%E3%80%81211%E5%8F%82%E6%95%B0.pdf (accessed on 15 February 2022).

	



Krasnova, A.O.; Glebova, N.V.; Nechitailov, A.A. Technology and structural characteristics of electrode material in the Pt/C–Taunite-MD–Nafion system. Russ. J. Appl. Chem. 2016, 89, 916–920. [Google Scholar] [CrossRef]

	



Litster, S.; McLean, G. PEM fuel cell electrodes. J. Power Sources 2004, 130, 61–76. [Google Scholar] [CrossRef]

	



QuinTech. PEM Single Cell without MEA. Available online: https://www.quintech.de/en/produkte/test-cells-for-different-applications/pem-single-cell-without-mea/fc-05-02-ref/ (accessed on 24 January 2023).

	



DOE Catalysis Working Group Meeting. 2015. Available online: https://www.energy.gov/sites/prod/files/2015/12/f27/fcto_cwg_june2015_zelenay.pdf (accessed on 24 January 2023).

	



Nechitailov, A.A.; Glebova, N.V.; Tomasov, A.A.; Krasnova, A.O.; Zelenina, N.K. Study of the Heterogeneity of a Mixed-Conducting Electrochemical Electrode. Tech. Phys. 2019, 64, 839–847. [Google Scholar] [CrossRef]

	



Cruz-Manzo, S.; Chen, R.; Rama, P. Inductive Effect on the Fuel Cell Cathode Impedance Spectrum at High Frequencies. J. Fuel Cell Sci. Technol. 2012, 9, 051002. [Google Scholar] [CrossRef]

	



Jiang, R.; Mittelsteadt, C.K.; Gittleman, C.S. Through-Plane Proton Transport Resistance of Membrane and Ohmic Resistance Distribution in Fuel Cells. J. Electrochem. Soc. 2009, 156, B1440–B1446. [Google Scholar] [CrossRef]

	



Makharia, R.; Mathias, M.F.; Baker, D.R. Measurement of Catalyst Layer Electrolyte Resistance in PEFCs Using Electrochemical Impedance Spectroscopy. J. Electrochem. Soc. 2005, 152, A970–A977. [Google Scholar] [CrossRef]

	



Gerteisen, D. Impact of Inhomogeneous Catalyst Layer Properties on Impedance Spectra of Polymer Electrolyte Membrane Fuel Cells. J. Electrochem. Soc. 2015, 162, F1431–F1438. [Google Scholar] [CrossRef]

	



Calvillo, L.; Celorrio, V.; Moliner, R.; Garcia, A.B.; Caméan, I.; Lazaro, M.J. Comparative study of Pt catalysts supported on different high conductive carbon materials for methanol and ethanol oxidation. Electrochim. Acta 2013, 102, 19–27. [Google Scholar] [CrossRef]

	



Park, J.; Kim, S. Synthesis and electrochemical analysis of Pt-loaded, polypyrrole decorated, graphene-composite electrodes. Carbon Lett. 2013, 14, 117–120. [Google Scholar] [CrossRef]

	



Sanc, I. Polytechna, Foreign Trade Corporation: Panska, Czechoslovakia, ICDD Grant-in-Aid. 1990. Available online: http://www.xrayhandbook.narod.ru/Cards/Card-Cgr.htm (accessed on 28 December 2022).

	



Gamarnik, M.Y. Change of Lattice Parameters in Highly Disperse Nickel Powders. Phys. Stat. Sol. 1991, 168, 389–395. [Google Scholar] [CrossRef]

	



Vermaak, J.S.; Kuhlmann-Wilsdorf, D. Measurement of the aver-age surface stress of gold as a function of temperature in the temperature range 50-985.deg. J. Phys. Chem. 1968, 72, 4150–4154. [Google Scholar] [CrossRef]

	



Banfield, J.F.; Zhang, H. Nanoparticles in the Environment; Banfield, J.F., Navrotsky, A., Eds.; Mineralogical Society of America: Washington, DC, USA, 2001; pp. 1–58. [Google Scholar] [CrossRef]








[image: Membranes 13 00342 g001 550] 





Figure 1. Pore volume distribution (according to DFT) in the range up to ~100 nm: 1—Taunit MD CNTs; 2—carbon black Vulcan XC-72. 
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Figure 2. Raman spectra of Nafion dispersion (C = 10%) and membrane–electrode assemblies (type 1 MEA with CNTs) before and after 10,000 cycles of electrochemical aging. 
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Figure 3. Change in CVCs during degradation of the cathode under N2 flow: (a) type 1 MEA (with CNTs); (b) type 2 MEA (w/o CNTs). 
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Figure 4. Cyclic voltammograms before and after 10,000 cycles of aging according to DOE stress test: (a) type 1 MEA (with CNTs), H2 electrode; (b) type 1 MEA (with CNTs), N2 electrode; (c) type 2 MEA (w/o CNTs), H2 electrode; (d) type 2 MEA (w/o CNTs), N2 electrode. Wet (≈100%) N2/H2; polarization rate 25 mV/s. 
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Figure 5. Change in the Pt electrochemically active surface area of the electrode during degradation (N2 electrode). 1—type 1 MEA (with CNTs); 2—type 2 MEA (w/o CNTs). 
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Figure 6. Change in catalytic activity at E = 0.9 V of MEAs during aging in terms of the initial Pt loading. 1—type 1 MEA (with CNTs); 2—type 2 MEA (w/o CNTs). 
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Figure 7. Evolution in the shape of the high-frequency section of EIS during degradation under N2/H2 flow: (a) type 1 MEA (with CNTs); (b) type 2 MEA (w/o CNTs). 
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Figure 8. X-ray diffraction patterns of initial Pt/C electrodes of traditional composition, Pt/C+CNT electrodes after aging, and Pt/C electrodes of traditional composition after aging. 
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Figure 9. Secondary electron images of the electrodes: (a) initial Pt/C w/o CNTs, (b) Pt/C w/o CNTs after 10,000 cycles of aging in H2/N2 gas flow, (c) Pt/C with CNTs after 10,000 cycles of aging in H2/N2 gas flow. 
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Table 1. Composition of samples used for degradation study.
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	Samples
	Composition
	Cathode Pt Loading,

mg
	Electrode Porosity,

%





	Type 1
	Pt/C(40%Pt) + CNTs 30% + coagulated Nafion 40%
	0.12
	74.7



	Type 2
	Pt/C(40%Pt) + noncoagulated Nafion 20%
	0.25
	59.5
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Table 2. Some characteristics of the MF4-SK membrane (data from OJSC “Plastpolymer”) in comparison with the Nafion 212 membrane [30].
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	Membrane Type
	Thickness,

μm
	EW
	Chemical Stability
	Ω at RH~100%,

Ohm*cm
	Available Acid Capacity, meq/g





	MF4-SK
	45 ± 5
	1000
	chemically stable
	8
	1.0



	Nafion 212
	50.8
	1100
	chemically stable
	10 (measured by EIS)
	0.92 minimum
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Table 3. Some structural characteristics of carbon materials.
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	Material
	Bulk Density,

g/cm3
	Porosity,

%
	Specific Pore Volume (Including Macropores), cm3/g
	Specific Surface Area,

m3/g





	Vulcan XC-72

(Pt carrier)
	0.26
	88
	1.7
	200–250



	CNTs Taunit MD
	0.025–0.060
	99–97
	40–16
	≥270
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Table 4. Change in the ionic resistance of the cathode during degradation, mOhm.
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	Number of Cycles
	Sample of Type 1
	Sample of Type 2





	initial (100)
	120 ± 4
	100 ± 3



	1000
	120 ± 4
	80 ± 2



	3000
	900 ± 27
	300 ± 9



	5000
	1000 ± 30
	760 ± 23



	10,000
	1000 ± 30
	1300 ± 39
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Table 5. Some crystallographic characteristics of Pt in samples.
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Sample

	
Average Crystallite Size, nm/

Micro Strain for Pt(hkl), %

	
Cubic Unit Cell

a = b = c, Å




	
(111)

	
(200)

	
(220)

	
(311)

	
(222)






	
Pt/C w/o and with CNTs

initial state

	
2.03/

5.5

	
2.04/

4.8

	
1.66/

4.2

	
1.48/

4.0

	
1.46/

3.9

	
3.909(3)




	
Pt/C with CNTs

after 10,000 aging cycles

	
2.20/

5.2

	
2.17/

4.6

	
1.76/

4.0

	
1.56/

4.0

	
1.54/

3.9

	
3.911(5)




	
Pt/C w/o CNTs

after 10,000 aging cycles

	
2.88/

3.9

	
3.04/

3.2

	
2.73/

2.5

	
2.40/

2.5

	
2.37/

2.4

	
3.917(2)
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