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Abstract

:

In this study, we analyzed the durability of the commercial Pt/C catalysts with platinum loading of 20% and 40% using two different accelerated durability tests, i.e., using Ar or O2 when bubbling the electrolyte during testing. The structural analysis of the changes in the morphology of the catalysts was performed by XRD and TEM as well as the assessment of the degradation degree of the catalysts using the values of the specific surface area and ORR activity, both, before and after the stress testing. Regardless of the stress testing conditions, the JM20 material was established to degrade ESA and the catalytic activity to a greater extent than JM40, which may be due to the structural and morphological features of the catalysts and their evolution during the stress testing under various conditions. The JM20 material has been reported to exhibit a greater degree of degradation when bubbling the electrolyte with oxygen during the stress testing compared to argon, which may be explained by a different mechanism of degradation for the catalyst with the predominant oxidation of the carbon support, leading to a different nature of the distribution of the platinum nanoparticles over the surface of the carbon support, according to results that have estimated the number of nanoparticle intersections.
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1. Introduction


Proton-exchange membrane fuel cells (PEMFCs) are promising renewable energy sources that reduce the carbon footprint, thereby allowing the transition to zero-emission energy sources [1]. The key component of PEMFCs is the membrane-electrode assembly (MEA), which consists of a proton-exchange polymer membrane and porous electrode layers and is where the cell reactions proceed, i.e., the oxidation of fuel (hydrogen, methanol, etc.) at the anode followed by the transfer of electrons along the external circuit and protons through the membrane to the cathode, with oxygen being reduced at the latter [2]. Due to the low rates of fuel oxidation and reduction reactions, platinum-based electrocatalysts are used to accelerate the rate of the electrode reactions. These catalysts are nanoparticles (NPs) of platinum or its alloys with a series of d metals distributed over the surface of the carbon-supporting microparticles [3,4,5].



During the MEA operation, the electrocatalysts are subject to changes in their structural and morphological characteristics, which in turn results in a decrease in their functional parameters, including the electrochemically active surface area (ESA) and the activity in the oxygen electroreduction reaction (ORR) [6].



The degradation of the catalyst is known to be associated with various processes, including Ostwald ripening of NPs [7,8], the dissolution of platinum [9], the agglomeration of NPs [8,10], changes in the NPs’ shape [11], and the oxidation of the carbon support, which cause the detachment of the platinum NPs and the loss of their contact with the support [8]. The durability of the catalysts is determined by the change in the ESA and ORR activity values before and after the stress testing [12]. The material is considered more stable since less of its electrochemical characteristics decrease after the stress testing.



Accelerated durability testing (ADT) is used to better understand the processes of the catalysts’ degradation under laboratory conditions. Recent scientific publications have presented a large number of various protocols that differ in the range of potentials [13,14], the number of cycles [12,13,14,15,16], the application of the start/stop mode [15,17], and the use of multiple potential sweeps. It is also noteworthy that researchers have proposed novel ADT protocols, which may be characterized by higher reproducibility of results, shorter periods of testing times, and similar testing conditions compared to the durability testing in the MEA, etc.



The ADT protocol proposed by Nagai et al. in [18], which corresponds to the start/stop mode of the PEMFC’s operation is thought to be of great interest in terms of its prospects. This ADT protocol is based on the overlap of multiple pulses in the potential window of 0.4–1.0 V in an oxygen-saturated electrolyte, while most other ADTs suggest using an argon-saturated one [17,19,20,21].



Therefore, a systematic study concerned with the testing of different ADT techniques under various conditions is deemed necessary; hence, the comparison of the efficacies of these techniques is required for further recommendations on the directed selection of a method to assess the durability of the catalyst. It is evident that the methodological work on the comparison of various ADT techniques is advantageously carried out using widespread commercial materials.



In terms of the MEAs’ production, there are electrocatalysts from various companies on the world market, including, inter alia, Johnson Matthey (Teesdale, UK) [22], TANAKA (Tokyo, Japan) [23], Umicor (Brussels, Belgium) [24], Pajarito Powder (Albuquerque, NM, USA) [25], BASF (Hannover, Germany) [26], Heraeus (Hanau, Germany) [27], Premetek (Cherry Hill, NJ, USA) [28], and Prometey (Rostov-on-Don, Russia) [29].



A series of scientific publications also mention the following commercial catalysts as reference samples: Johnson Matthey (Teesdale, UK) [22], TANAKA (Tokyo, Japan) [23], Umicor (Brussels, Belgium) [24], Pajarito Powder (Albuquerque, NM, USA) [25], Premetek (Cherry Hill, NJ, USA) [28], and Prometey (Rostov-on-Don, Russia) [29]. It should be noted that researchers mostly study the HiSPEC3000 and Hispec4000 samples produced by Johnson Matthey (Teesdale, UK) with platinum loading of 20% and 40%, respectively. Studying the influence of the conditions of a new stress testing protocol on the degradation of the electrocatalysts, the HiSPEC3000 and HiSPEC4000 samples are seen as the most interesting. The data obtained are thought to allow researchers to compare the available behavioral results of these catalysts within various stress testing protocols. Studying the effect of the platinum loading on the durability of the catalysts within a new stress testing protocol is also an urgent task.




2. Results


2.1. Activity and Durability of Commercial Pt/C Materials in Various ADT Modes


For a systematic study of the mechanisms of the catalysts’ degradation during the ADT, commonly used commercial materials JM20 and JM40 with the mass fraction of platinum of 20% and 40%, respectively, have been selected.



Before measuring the electrochemical characteristics, a pre-stage of the standardization/activation of the electrode surface was carried out. This stage consists of multiple cycles (100 cycles), which lead to the oxidation of various surface impurities that may be present in the electrocatalyst after the synthesis, which in turn results in the purification of the surface. Cyclic voltammograms (CVs) recorded during the electrochemical activation of the surface of the platinum catalysts JM20 and JM40 are shown in Figure 1a and b, respectively. CVs of the samples after the activation have the typical appearance of Pt/C catalysts (Figure 1c). Three characteristic regions can be distinguished in these CVs, i.e., the hydrogen region with the adsorption/desorption of hydrogen atoms (from 0.02 to 0.3 V), the double-layer region with the charge/discharge of an electric double layer (from 0.3 to 0.65 V), and the oxygen region with the platinum oxidation/oxygen reduction on the platinum surface (more than 0.65 V). It is worth noting that the currents in the double-layer region of the studied JM20 and JM40 materials coincide, which appears to indicate the use of carbon supports with similar surface areas for these materials (probably, of the same support) (Figure 1c). The ESA of the materials has been calculated using the charge amount consumed for the hydrogen desorption Q′ and adsorption Q″ (see the Section 3 ), according to the CV in Figure 1c. The calculation results are presented in Table 1. The JM40 material exhibits a lower ESA value, which is also highlighted by numerous publications (see Table S1 in the Supplementary Materials (SM)).



The study of the kinetics of the oxygen electroreduction in various catalysts (Figure 1d was carried out using the rotating disk electrode (RDE) technique (see the Section 3) and confirmed the 4-electron reaction mechanism, which is typical for the Pt/C materials. The ORR activity of the catalysts was estimated by values of the kinetic currents calculated by the Koutetsky–Levich equation and by values of the half-wave potentials (E1/2) in linear sweep voltammograms (LSVs) (Table 1 and Figure 1d). It is noteworthy that the JM20 catalyst exhibits the highest specific currents per the mass of platinum and a greater E1/2 value compared to the JM40 material, which appears to be due to a higher ESA value for the JM20 material.



To conduct the stress testing, the protocol proposed and described in detail by Nagai et al. has been used [18]. Studying the effect of a gas nature when bubbling the electrolyte during the durability testing of the materials has been of particular interest. Therefore, the stress testing was carried out in the electrolyte saturated with oxygen at atmospheric pressure, which better corresponds to the operation of the catalyst under real operating conditions of PEMFCs, as well as in the electrolyte saturated with argon, which is compliant with most stress testing protocols. The degradation of the catalysts was assessed by using the change in the ESA and ORR activity values before and after the ADT (see the Section 3). In this case, the charge amount transmitted through the electrode–electrolyte interface was recorded for all the materials under different stress testing conditions, as described in [30].



After 10,000 stress testing cycles, the ESA values had decreased for all the materials (Figure S1 and Table 1). The greatest area degradation for the JM20 electrocatalyst was observed during the stress testing in an oxygen-saturated electrolyte and was 43% of the initial ESA value (Figure 2b), whereas this amounts to 33% in an argon-saturated electrolyte. At the same time, the change in the atmosphere during the ADT slightly affected the change in the ESA for the JM40 catalyst. The degradation of the JM40 sample equates to 23% and 20% in the Ar and O2 atmospheres, respectively, which was significantly lower compared to JM20. It is also worth noting that regardless of the testing conditions, for the JM20 material, a greater charge amount per mass of platinum was transmitted during the stress testing compared to the JM40 catalyst (Figure 2a), which appears to be due to a higher ESA value in the JM20 material.



LSVs for the studied samples measured after the stress testing demonstrate a shift in the E1/2 value to the low-potential region compared to the pre-ADT sample. Notably, for the JM20 material, the shift value depended on the gas used when bubbling the electrolyte: for argon, the shift was 20 mV, while it was 40 mV for oxygen (Figure 3a,b). For the JM40 material, the half-wave potential shift was independent of the nature of the gas being used, which amounted to 30 mV (Figure 3c,d).



The calculated values of the specific and mass activities in the ORR for the catalysts after the stress testing decreased (Figure 4 and Table 1), which was associated with the ongoing degradation of the catalysts. The greatest degradation of the mass activity, as with the ESA value, is typical for a more active material with a lower platinum loading (JM20) (Figure 2b), which was 40% and 57% in Ar and O2 atmospheres, respectively, in contrast to the JM40 material, for which the mass activity degradation amounted to 15–32%. Studying the slope of the Tafel curves shows that the materials (Figure 4) before the ADT are characterized by a slope of about 60 mV in the potential range of more than 0.85 V, which is typical for Pt-based catalysts [31,32,33]. Tafel dependencies clearly show that the JM20 material degrades to a greater extent after the stress testing, with the activity after the ADT in argon being higher than after the testing in oxygen (Figure 4a). On the other hand, the JM40 material degraded approximately the same regardless of the stress testing conditions and exhibited similar activity values after the ADT under various conditions (Figure 4b). The lower durability of the JM20 material is in good agreement with the data in the literature (Table S1) since small-sized platinum NPs are characterized by a substantial decrease in the specific activity during the stress testing. At the same time, larger particles are thermodynamically more stable and not prone to aggregation. Therefore, the specific activity decreases to a much lesser extent. Notably, it is often the case that more active Pt/C catalysts degrade faster [34]. Therefore, it is necessary to select an optimal combination of the activity–durability interconnection depending on the requirements of a specific device. On the other hand, it should be noted that despite the lower durability, the activity of the JM20 material after the stress testing in an Ar atmosphere was still higher than for the JM40 catalyst after the stress testing.



Therefore, regardless of the stress testing conditions, the JM20 material has been established to degrade to a greater extent for the ESA and the catalytic activity than JM40, which may be due to the structural and morphological features of the catalysts and their evolution during the stress testing under various conditions due to different degradation mechanisms of the catalyst.




2.2. Morphology Evolution of Commercial Pt/C Materials before and after ADT in Various Modes


Structural and morphological characteristics of the initial Pt/C catalysts have preliminarily been studied using the X-ray powder diffraction (XRD) (Figure S2) and transmission electron microscopy (TEM) methods (Figure 5 and Figure 6). The average crystallite size for platinum (2.5 nm), according to the XRD data, and the average size of the NPs (3.0 nm), according to the TEM data for the JM20 catalyst, was 0.8 nm and 0.5 nm smaller, respectively, than in the JM40 sample. The JM40 material is characterized by a greater number of larger agglomerates, a wider size distribution of NPs, and a less uniform distribution of NPs over the surface of the carbon support (Figure 6) than the JM20 material, which is associated with a higher mass fraction of the precious metal. The structural and morphological characteristics of the JM20 and JM40 materials correlate well with the results presented in the literature (Table S1). It is noteworthy that the results of determining the ESA value for JM20 (84 m2/g(Pt)) and JM40 (56 m2/g(Pt)) are compliant with the XRD and TEM data for these materials. A larger size and a wider size distribution of Pt particles, as well as a greater number of agglomerates for the material with a higher mass fraction of platinum, are conducive to a decrease in the ESA value.



In this research, the degradation of the samples has additionally been studied by the changes in the structural and morphological characteristics of the materials after the stress testing. For the Pt/C materials after the ADT, the catalytic layer was cleared and studied using the XRD method. X-ray diffraction patterns for the JM20 and JM40 materials after the ADT (Figure S1) demonstrate a noticeable increase in the full width at half maximum (FWHM) for the platinum reflections, which indicates an increase in the average crystallite size (Figure 7). When comparing the TEM micrographs for the JM20 catalyst before and after the stress testing, it was seen that after the ADT, the proportion of the 4.5–5 nm sized agglomerates in the material had increased (Figure 5). This appears to be due to the coalescence of the aggregated (closely spaced) Pt crystallites, which are a result of the stress testing. This material is also characterized by a substantial change in the nature of the histogram of the NPs’ size distribution after the stress testing, which is associated with a decrease in the proportion of the 3–3.5 nm-sized NPs. According to the results of the analysis of the change in the average crystallite size based on the XRD data and the average size of NPs based on the TEM data before and after various types of stress testing for the JM20 material (Figure 6a), it can be demonstrated that the crystallite size increases from 2.5 to 5 nm, while the NPs grew from 3 to 4–5 nm (Figure 6). At the same time, according to the TEM data, the average size of the NPs after ST-O2 was slightly smaller than after ST-Ar. It should be noted that the nature of the NPs’ distribution over the surface of the carbon support as well as the proportion of the agglomerates for the JM20 material after ST-Ar and ST-O2 are markedly different, which is described hereinafter.



A similar comparison of the TEM micrographs was carried out for the JM40 catalyst, before and after the stress testing. This material also exhibited an increase in the average NP size as well as the presence of larger agglomerates (Figure 6). Nevertheless, the proportion of NPs of 3–4 nm in size prevailed in both the initial state and after the stress testing. At the same time, the nature of the size distribution after the ADT slightly changed, especially for the material after ST-O2. Notably, the JM40 material (Figure 6b) after the ADT exhibited an enlargement in both the crystallites and the NPs from about 3.5 to 4.5–5 nm, which was less than for the JM20 material. The greater durability of the JM40 material is certain to be due to the larger average size of the NPs and the higher thermodynamic robustness compared to the JM20 sample. It should be noted that no significant differences in the size of NPs were observed for the JM40 material after various types of stress testing, which correlates well with the close catalytic activity of the materials.



For quantification of the nature of the NPs’ distribution over the surface of the carbon support, according to the TEM results, the approach based on determining the proportion of the NPs that have a different number of intersections with the others can be used. This approach is described in detail and justified in [35]. Analysis of the number of NP intersections in the JM20 and JM40 materials (Figure 8) quite logically demonstrated that JM20 had a greater number of individual NPs and a greater number of particles with two or more intersections than JM40, which correlates because JM40 is associated with a higher mass fraction of platinum. The comparison of the number of intersections before and after the various types of stress testing is of particular interest. For example, for the JM20 material after ST-Ar, the proportion of individual particles practically did not change, whereas the proportion of particles with two or more intersections significantly increased, which indicates the agglomeration of the NPs during the stress testing (Figure 8a). The JM40 material behaved similarly after ST-Ar. The proportion of the particles with two or more intersections grew, while the proportion of individual particles remained virtually unchanged (Figure 8b). At the same time, for both the JM20 and JM40 materials, the proportion of the NPs with a single intersection significantly decreased, which may indicate the predominant agglomeration of the NPs, in terms of two closely spaced particles during this stress testing. A more complex dependence was observed after ST-O2. For example, the JM20 material exhibited a significant increase in the proportion of individual particles and a decrease in the proportion of particles with one or two intersections (Figure 8a), which cannot be explained by the agglomeration of NPs. According to the data in the literature [18], this stress testing mode is known to be characterized by agglomeration and other possible processes, including Ostwald ripening [2,36] and the corrosion of the carbon support [37], which may result in both the adhesion of NPs and their complete detachment from the surface of the carbon support. These are processes of the corrosion of the carbon support and the detachment of particles that mostly proceed at the location of the greater number of platinum NPs (agglomerates) intersections, which may lead to an increase in the proportion of individual particles for the JM20 material after ST-O2. This also appears to be related to a slightly smaller average size for the NPs of the JM20 material after ST-O2 compared to JM20 after ST-Ar. It is not excluded that a similar degradation mechanism occurs for the JM40 sample after ST-O2, although it is less pronounced and the change in the nature of the NPs’ distribution over the surface of the carbon support in this case is well explained by the agglomeration of the NPs.



According to the conducted BET study, the commercial JM20 and JM40 materials have been established to exhibit areas of 185 and 146 m2/g, respectively (Figure S3), and pore volumes of 0.278 and 0.210 cm³/g, respectively. These data testify in favor of the fact that platinum nanoparticles close the pores of the carbon support and reduce its area (the area of the Vulcan XC-27 support, according to the measurements performed, is 270 m2/g). Notably, with an increase in the platinum loading from 20 to 40, the area decreased by 39 m2/g. It is also noteworthy that the JM20 and JM40 materials exhibited no differences in the nature of the pore size distribution (Figure S4), i.e., with an increase in the platinum loading, all pores, except for the largest ones of more than 6 nm in size, were uniformly closed.



Therefore, the different activity of the JM20 catalyst after ST-O2 and ST-Ar was difficult to associate with various average sizes of NPs, according to TEM or XRD. This phenomenon may be explained by the different nature of the platinum NPs’ distribution over the surface of the carbon support, which has been quantitatively analyzed by determining the number of NP intersections. A different distribution of platinum NPs over the surface after various types of stress testing for the JM20 material may in turn be associated with the predominant course of the degradation process in an oxidative medium when using ST-O2 through a mechanism of oxidization of the carbon support and the subsequent detachment of NPs, in contrast to the agglomeration and Ostwald ripening, which do not result in the loss of platinum in the ST-Ar mode. The difference in degradation mechanisms for the JM20 material may also explain the lower catalytic activity of JM20 after ST-O2 compared to the sample after ST-Ar. This assumption undoubtedly needs verifying in further research, e.g., using the marked TEM grids.





3. Materials and Methods


3.1. Chemicals and Materials


Argon (Ar, 99.9%, Globus), isopropanol (99.8%, Ekos-1), and perchloric acid were used in the experimental work. The commercial Pt/C catalyst JM20 (HiSPEC3000, 20 wt.% Pt, Johnson Matthey) was used as the sample under study.




3.2. X-ray Examination


The XRD method was used to study the structural characteristics of the obtained Pt/C material. The ARL X’TRA powder diffractometer with the Bragg–Brentano geometry (θ-θ) and the CuKα radiation (λ = 0.154056 nm) was applied at room temperature to record X-ray diffraction patterns. A detailed description of the methods used is presented in the SM.



The average crystallite size (DAv) was calculated by the Scherrer formula, as described in [35,38] and the SM.




3.3. Transmission Electron Microscopy


The size of Pt NPs, as well as features of their size and spatial distributions, were studied by high-resolution transmission electron microscopy (HRTEM). TEM micrographs were obtained using the JEOL JEM F200 microscope (voltage 200 kV, current 12–15 μA, CFEG). A detailed description of the preparation procedure of the sample for TEM measurements is presented in the SM. Histograms of the platinum NPs’ size distribution in the catalysts were plotted based on the results of the size determination for at least 300 particles randomly selected in TEM micrographs at different sections of the sample. The error margin was ±0.2 nm.




3.4. Electrochemical Methods


The preparation of catalytic inks for electrochemical measurements is described in detail in the SM. The studied electrode was a uniform porous catalytic layer fixed at the end face of the RDE.



The electrochemical performance of the catalysts in a standard three-electrode cell was studied by cyclic voltammetry (CV) at 23 °C using the VersaSTAT 3 potentiostat. A silver-chloride electrode was used as the reference electrode, and a platinum wire was used as the auxiliary one. All potentials were considered in this study with regard to the reversible hydrogen electrode (RHE). Before electrochemical calculations, the electrode was electrochemically activated by setting 100 current–voltage cycles in the potential range from 0.04 to 1.2 V, at a scanning rate of 200 mV/s, in a solution of 0.1 M HClO4, and in an argon atmosphere.



Then, two CVs were recorded in the same potential range at a potential sweep rate of 20 mV/s. The ESA of the catalysts was estimated according to the standard adsorption/desorption of hydrogen technique, described in [35]. The equation for this calculation is presented in the SM.



To determine the ORR activity of the catalysts, a series of LSVs were measured in the potential range from 0.02 to 1.1 V and at a potential sweep rate of 20 mV/s. The electrolyte was preoxygenated for 60 min at a RDE rotation speed of 700 rpm. A detailed description of the ORR measurement is presented in the SM.



The durability of the catalysts was evaluated using the stress testing method based on the multiple overlaps of the rectangular pulses with potentials of 0.4 and 1.0 V, and the setting time equal to 3 s at the end potentials, during 10,000 cycles. The measurements were carried out using the 0.1 M HClO4 solution saturated with argon and oxygen at 25 °C. To assess the durability, two CVs were recorded before and after the stress testing using the potential sweep rate of 50 mV/s, a potential range of 0.05–1.05 V, and a RDE rotation speed of 50 rpm. The ESA calculation for the second CV was performed as described earlier. The durability was assessed by absolute and relative changes in the platinum ESA during and after the stress testing (ESA10000 and ESA10000/ESA0). The stress testing time in the argon atmosphere was 21 h, while it was 19 h in oxygen.





4. Conclusions


According to the results of the stress testing for the commercial catalysts JM20 and JM40, under various testing conditions, we can conclude that the catalyst with a lower mass fraction of platinum exhibits the highest ESA and catalytic activity values and, at the same time, the lower durability, which was dependent upon the nature of the gas being used to saturate the electrolyte during the stress testing. On the contrary, the JM40 catalyst is characterized by a larger size of NPs, lower ESA, and catalytic activity values, and higher durability, which were practically independent of the nature of the gas being used. This phenomenon can be explained by features in the morphology of the materials before and after the ADT as well as the influence of the gas being purged on the predominant corrosion mechanism for the studied catalysts. By analyzing the morphology of the catalysts’ surface based on the TEM data, before and after the stress testing, and by calculating the number of intersections in the NPs, it was possible to demonstrate an increase in the proportion of individual particles after stress testing in an oxidative atmosphere, which can be explained through a significant contribution by the oxidation process of the carbon support and the subsequent detachment of the NPs, which led to a substantial decrease in the activity of these materials. Understanding the features of the different stress testing modes and degradation processes occurring under various operating conditions would allow for the direct selection of the necessary testing modes to analyze the durability of catalysts and reliably and rapidly assess promising PEMFC catalysts to be distinguished.
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	NPs
	Nanoparticles



	MEA
	Membrane-electrode assembly



	XRD
	X-ray diffraction



	TEM
	Transmission electron microscopy



	ESA
	Electrochemically active surface area



	CV
	Cyclic voltammetry



	RDE
	Rotating disk electrode



	RHE
	Reversible hydrogen electrode



	LSV
	Linear sweep voltammetry
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Figure 1. Cyclic voltammograms for JM20 and JM40 during the development stage (100 cycles) (a), (b) and after the surface standardization (c), the electrolyte is 0.1 M HClO4, in an Ar atmosphere, the potential sweep rate is 100 mV/s (a,b) and 20 mV/s (c); the Koutetsky–Levich dependence at the potential of 0.90 V (d). 
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Figure 2. The charge amount transmitted through the catalyst during the stress testing (a); the ESA and mass activity values of the Pt/C catalysts after the stress testing (b). 
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Figure 3. Linear sweep voltammograms of the ORR before and after the stress testing: (a,b) JM20; (c,d) JM40. The RDE rotation speed was 1600 rpm; the potential sweep rate was 20 mV/s; the 0.1 M HClO4 solution was saturated with O2 at atmospheric pressure. 
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Figure 4. Tafel slopes for (a) JM20 and (b) JM40 before and after the stress testing. 
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Figure 5. TEM micrographs for JM20 (a–c), JM20 after ST-Ar (d–f), and JM20 after ST-O2 (g–i). Histograms of the NPs’ size distribution for the corresponding materials. 
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Figure 6. TEM micrographs for JM40 (a–c), JM40 after ST-Ar (d–f), and JM40 after ST-O2 (g–i). Histograms of the NPs’ size distribution for the corresponding materials. 
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Figure 7. Histograms of the change in the average size of NPs for the electrocatalysts as a result of the stress testing: (a) JM20 and (b) JM40. 
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Figure 8. Histograms illustrate the NPs’ distribution by the number of intersections with their “neighbors” (in the initial state and after the stress testing). The proportion of NPs in the initial state (black color), after ST-Ar (dark gray color), and after ST-O2 (pink color) for the JM20 (a) and JM40 (b) samples. 
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Table 1. Electrochemical activity of JM20 and JM40 before and after the ADT in the electrolyte saturated with Ar or O2.
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Conditions

	
JM20

	
JM40




	
ESA, m2/g(Pt)

	
E1/2, V

	
Ik, mA;

	
I, A;/g(Pt)

	
ESA, m2/g(Pt)

	
E1/2, V

	
Ik, mA;

	
I, A;/g(Pt)






	
Initial

	
84

	
0.91

	
1.24

	
254

	
56

	
0.90

	
0.9

	
159




	
After ST-Ar

	
56

	
0.89

	
0.68

	
152

	
43

	
0.87

	
0.63

	
108




	
After ST-O2

	
48

	
0.87

	
0.51

	
108

	
46

	
0.87

	
0.67

	
135
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