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Abstract

:

Lowering or eliminating the noble-metal content in oxygen reduction fuel cell catalysts could propel the large-scale introduction of commercial fuel cell systems. Several noble-metal free catalysts are already under investigation with the metal-nitrogen-carbon (Me-N-C) system being one of the most promising. In this study, a systematic approach to investigate the influence of metal ratios in bimetallic Me-N-C fuel cells oxygen reduction reaction (ORR) catalysts has been taken. Different catalysts with varying ratios of Fe and Co have been synthesized and characterized both physically and electrochemically in terms of activity, selectivity and stability with the addition of an accelerated stress test (AST). The catalysts show different electrochemical properties depending on the metal ratio such as a high electrochemical mass activity with increasing Fe ratio. Properties do not change linearly with the metal ratio, with a Fe/Co ratio of 5:3 showing a higher mass activity with simultaneous higher stability. Selectivity indicators plateau for catalysts with a Co content of 50% metal ratio and less, showing the same values as a monometallic Co catalyst. These findings indicate a deeper relationship between the ratio of different metals and physical and electrochemical properties in bimetallic Me-N-C catalysts.
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1. Introduction


In the fight against climate change, green technologies are crucial and hydrogen is a promising alternative energy carrier to fossil fuels [1,2]. The conversion of chemical energy stored in hydrogen gas to electrical energy is a technological challenge, for which the proton-exchange membrane fuel cell (PEMFC) is a suitable prospect [3,4,5,6]. Utilizing electrocatalysts, it converts hydrogen and oxygen gas to water under the production of heat and electricity [3]. These catalysts in state-of-the-art PEMFC are predominantly comprised of Pt-nanoparticles supported on carbon blacks like Vulcan. Thus a large-scale commercialization is hindered, in-part, due to the metals scarcity in earths crust and resulting high price [4,5,7]. The development of noble-metal free catalysts could therefore accelerate the wide-spread application of PEMFC. One attractive alternative are metal-nitrogen-carbon (Me-N-C) catalysts, made from abundant and cheap first-row transition metals, like Fe [3,4,7]. A lot of research effort has already been put into these catalyst systems and the most active metals seem to be Fe and Co [3,8,9,10,11]. Different synthesis methods with different types of precursors have been explored, like the combination of metal organic frameworks or distinct carbon supports with nitrogen-containing molecules and heat treatment under inert or reactive atmosphere. However, the long-term durability under operation remains a major challenge for these catalysts [3,8].



The combination of positive properties of Fe and Co in bimetallic Me-N-C catalysts could yield new insights into active sites and produce novel catalysts that tackle the downsides of each individual metal. These include the high ORR activity of Fe and good operational stability of Co. Some research of bimetallic Me-N-C catalysts has been conducted but with the focus on monometallic ones and a systematic approach to the incremental combination of metals is still missing [3,4,8,9,12,13]. Martiniou et al. found the average performance of monometallic Fe and Co catalysts for a bimetallic catalyst with equal parts of the two metals along with Wu et al., who got similar results [8,12]. In contrast, Nallathambi et al. discovered an improved performance for different bimetallic catalysts compared to monometallic ones utilizing Fe and Co in a fuel cell test setting [13].



In this study, we present the investigation of possible effects improving activity and/or stability in bimetallic Me-N-C catalysts utilizing Fe and Co. For that, Fe/Co ratios were systematically varied in the synthesis of each catalyst. The resulting catalysts were physically characterized using transmission electron microscopy (TEM) with energy dispersive spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD). Additionally, they were analyzed in a rotating ring-disk electrode (RRDE) setup in acidic electrolyte along with an accelerated stress test (AST), adapted from FCCJ [14], which focused on carbon corrosion.




2. Results and Discussion


2.1. Influence of Metal Ratio on Structural Properties


Different catalysts have been synthesized through heat-treatment of a carbon support impregnated by a nitrogen and metal precursor. The metallic portion was varied between different ratios of Fe and Co salts but remained constant overall. These catalysts are then investigated by different physical analysis techniques to elucidate synergistic effects of the metal ratio during synthesis.



Crystalline domains present in the catalyst indicate the formation of metal particles and can be investigated by XRD. These particles can be formed during the synthesis but are unstable under acidic and oxidizing conditions in the PEM fuel cell [15]. The XRD analysis of all catalysts in reference to the oxidized Black Pearls support is displayed in Figure 1.



Broad signals can be identified at   2 θ   of 25   ∘  , 43   ∘   and 83   ∘  , which correspond to crystalline domains that show amorphous portions or small crystallite sizes. These reflexes correspond to graphitic lattices since they are also present in the reference support and have been identified by Li et al. [16] and Carmo et al. [17]. The specific peaks are displayed in the inlet in the XRD as the (002) at 25   ∘   and (100) at 43    ∘   2 θ   in addition to (112) at 83    ∘   2 θ  . However, those reflexes are not clearly distinguishable from those present in the oxidized Black Pearl support. Overall, the catalysts show no strong indication for the presence of elemental metal particles or a substantial amount of other metallic phases. The absence of particles hints at atomically distributed metal ions, presumably in form of MeNx and variation of metal ratio additionally shows no negative impact on the formation of undesired metal particles.



For further analysis on the morphology and structure as well as spatial distribution of different elements, HR-TEM with EDS elemental mapping was carried out. A representative example of this analysis is shown in the micrographs and elemental mapping of FeCo-N-C (5:3) in Figure 2b–d.



The carbon particles in the micrograph display expected morphology for turbostratic carbon with no apparent metal particles visible. However, small co-agglomerations of both, Fe and Co, are visible in the elemental mapping in Figure 2d,e. These agglomerations are apparent in most catalyst samples prepared here (see SI Figure S1) for EDS elemental mappings of all catalysts). A small amount of metal particles is thus present, however not enough to show a clear reflection in the XRD as discussed before. Besides the agglomerations, both metals are uniformly dispersed across the carbon. As shown by Chung et al. [18] this distribution indicates the atomic dispersion of metals in MeNx sites.



For near-surface elemental analysis of the catalysts XPS was carried out. An exemplary high-resolution N 1s XP spectrum of Fe-N-C is shown in Figure 3a.



Four different N-containing groups can be identified, namely pyridinic (398 eV), Me-N (399–400 eV), pyrrolic (401 eV) and graphitic (402 eV) nitrogen. These groups have been fitted into the XP spectrum according to the procedure by Artyushkova et al. [19] and others [8,20,21]. In addition to the N-containing groups a satellite signal, due to   π −  π *    interaction, is visible around 404 eV [22]. The fraction of each N-group in comparison to the total N content is displayed in Figure 3b. N-group ratios show no strong correlation with the metal ratio used during the synthesis. The XP-spectra of the metal species Fe 2p and Co 2p are shown in the Supporting Information (SI) Figure S3. A fit of these spectra was not possible, due to poor resolution of the spectra, stemming from low amounts of metal present. However, it is clear that the Fe and Co species occur in oxidized states, due to the absence of peaks with EB lower than 710 eV for metallic Fe and 778 eV for metallic Co. Thus the presence of substantial amounts of metallic particles can be disregarded, considering the XPS and EDS analysis.




2.2. Electrochemical Characterization


2.2.1. Initial Performance


The impact of the two metals on the electrochemical performance is generally regarded as activity-improving and stability-improving for Fe and Co, respectively [8,13,23]. All here-prepared catalysts were electrochemically characterized before and after an AST and their initial characteristics discussed in the following. The mean value of three ORR curves with individual electrode coatings for the two monometallic and four bimetallic catalysts with indicated standard deviation are displayed in Figure 4a.



Fe-N-C shows the highest current density values across the whole potential range of all catalysts, despite the same mass-loading in all catalysts. The ORR performance however does not decrease linearly with the Fe/Co ratio as reported by Martinaiou [8], since FeCo-N-C (5:3) shows a slightly higher current density in the mixed limited area (0.75–0.4 V) and equal values in the mass-transport limited area (<0.4 V) as FeCo-N-C (3:1). Furthermore, Co-N-C performs better than both bimetallic catalysts with equal to or less than 50% Fe, namely FeCo-N-C (1:1) and FeCo-N-C (1:3) in the mixed limited area.



A comparison of the mass activity and halfwave potential during the initial characterization scan is shown in Figure 4b. The halfwave potential is an indicator for both kinetic and mass-transport properties, and the mass activity rather focuses on kinetic aspects. Both parameters follow the same trend for all catalysts with an Fe fraction of more than 50%, namely Fe-N-C, FeCo-N-C (3:1) and FeCo-N-C (5:3). Fe-N-C shows the highest values for both, followed by FeCo-N-C (5:3), analogous to the ORR curve seen before. At a Fe fraction of 50% and below, the catalysts show a diverging behavior for both parameters. Mass activity-wise these catalysts show almost equal values, while the halfwave potential rises with an increasing amount of Co. This shows, that an increasing Fe/Co ratio above 50% influences the mass-transport properties of the catalyst more than the kinetics.



Figure 5a shows the ring current density during the ORR measurement with indicated standard deviations.



The catalysts show a linear increase of current density measured at the ring with the increasing Co ratio, indicating an increased formation of H2O2 as opposed to H2O, which hints at a lower than 4e   −   overall mechanism. Interestingly, Co-N-C shows a different curve shape with a pronounced maximum and an onset of current density at higher potentials compared to other catalysts. The pronounced peak in ring-current density for Co-N-C indicates a high peroxide production at confined potential values (0.4–0.7 V) but an even lower ring-current density than FeCo-N-C (1:1) and FeCo-N-C (1:3) at potentials below 0.4 V. In-fact, it has been reported before, that Co in Me-N-C catalysts shows a lower selectivity towards the 4e   −   mechanism [10,24]. The lower selectivity results in higher H2O2 formation and therefore an increase in current density measured at the ring electrode. This can also be observed in the catalysts synthesized here and the selectivity displays a linear behavior in terms increasing Co-content in Fe/Co-N-C catalysts.



The ORR selectivity indicators peroxide yield and electron transfer number are displayed in relation to the Fe/Co ratio in Figure 5b. Values for the monometallic catalysts are in agreement with results of a study by Sgarbi et al. showing that Co (42%) exhibits a higher peroxide yield than Fe (13%) [25]. In agreement with the above described observations this hints at a presence of metals in Me−Nx form in contrast to metallic particles, since the Me−Nx peroxide yield is lower than in particle form (around 20% H2O2 for Fe and around 60% H2O2 for Co). Both parameters show almost equal values for catalysts with Fe fraction of 50% or less and thus deviate from a linear decrease in selectivity with decreasing Fe/Co ratio. A higher electron transfer number and concurrent H2O2 production rate can be detrimental to long-term operation of PEM fuel cells, since it degrades the support as well as the membrane material and can destroy active sites. Especially, in case of Fe and Co H2O2 can undergo the Fenton reaction and form reactive oxygen radicals, which oxidize the carbon rapidly [11,24]. However, selectivity indicators based on peroxide collection on the ring electrode may be deceptive for porous catalysts, due to H2O2 being trapped in the pore network and reacting with the carbon support instead of being oxidized on the outer ring [26]. This would result in even higher H2O2 yield values than measured in this setup.



Information regarding the reaction mechanism of the ORR for different metal ratios in the catalysts was obtained from Tafel analysis in the kinetic current density region (>0.8 V). Figure 6 shows the Tafel plots for all catalysts during the initial characterization along with Tafel slope values in the kinetic current density region in Table 1.



The monometallic Co-N-C (57 mV dec    − 1   ) exhibits a slightly lower Tafel slope than the monometallic Fe-N-C (63 mV dec    − 1   ), which is consistent with results reported in literature and hints at different mechanistic aspects regarding redox processes between the two metal sites [25]. Interestingly, all bimetallic catalysts show higher Tafel slopes with values between 72 and 83 mV dec    − 1    compared to the monometallic ones. This could hint at different rate-determining steps in the ORR mechanism for bimetallic catalysts and different active sites. Since the metal ratio does not seem to influence nitrogen groups significantly, metal sites seem to be influenced by the presence of both metals at the same time, which leads to lower kinetic activity hence the higher Tafel slopes.




2.2.2. Stress Test Induced Changes


The AST applied high electrode potentials in the range of 1.0–1.5 V, which introduces harsh changes to Me-N-C catalysts, in terms of carbon deterioration and active site degradation [8,27]. This is mainly due to carbon oxidation at these potentials, which in-turn can result in loss of active sites and/or changed mass-transport. The loss of mass activity before and after the AST is shown in Figure 7a.



A linear trend is visible in terms of a lower mass activity loss with an increasing Co content. Co-N-C is an exception to this trend with a significantly lower mass activity loss (25% for Co-N-C vs. 60% for Fe-N-C) confirming the higher stability against carbon corrosion. An increased stability for Co-based catalysts was reported before, which however could in-part also stem from a lower initial mass activity [11,23]. However, no correlation between the exceptional stability of Co-N-C could be made with nitrogen groups, which could have been a structural stability indicator in the catalyst as discussed before [19]. Interestingly, FeCo-N-C (5:3) decreases slightly less in mass activity than the trend would suggest, hinting at an optimal Fe/Co ratio with a notable relative improvement in terms of stability. The mass activity loss observed for the catalysts is comparable with values reported by Kramm et al. of about 70% mass activity loss [28].



Figure 7b shows the changes of onset and halfwave potential after the AST in relation to the Fe/Co ratio. The onset potential decreases more for the four bimetallic catalysts than both monometallic ones. This may be due to a destabilizing interaction between different metal sites present in bimetallic catalysts. Overall the decrease is quite low in relation to the change in halfwave potential. Since the onset potential is mainly attributed to kinetic limited current density and halfwave potential accounts for both kinetic limited and mass-transport limited current density, the larger change in halfwave potential could be assigned to a stronger increase in mass-transport limitations compared to kinetic activity (compare SI Figure S4). Since the AST focuses on carbon corrosion at high potentials (1.0–1.5 V vs. RHE) the apparent increased mass-transport hindrance is reasonable due to degradation of the porous carbon support. Interestingly, the monometallic Fe-N-C does not show the highest onset and halfwave potential decrease as opposed to the highest activity loss. Especially in terms of onset potential, Fe-N-C indicates a potential decrease on-par with all other catalysts with the exception of Co-N-C, which is more stable. FeCo-N-C (5:3) displays a low decrease for both potentials, implying an improved stability in terms of kinetic and mass-transport related current density. The decrease in halfwave potential is almost as low as that of Co-N-C, which shows remarkable stability with a low mass activity loss. The changing stability of the carbon support seems to be induced by the metal ratio with Co rendering the catalyst relatively more stable and interestingly the Fe/Co ratio of 5:3 also showing a high stability.



As an indication to the extent of carbon corrosion after the AST, CVs in nitrogen saturated electrolyte can be considered. Especially in a range of 0.6–0.7 V the quinone /hydroquinone peak can be observed, which acts as a proxy for the oxidation of carbon in the catalysts [28,29]. In Figure 8 the CVs of all catalysts are shown before and after the AST.



It is apparent that all catalysts show an increased current density in the area of the hydroquinone oxidation peak range and in-fact a maximum around 0.6–0.7 V. The sharp increase in hydroquinone oxidation peak height after the AST indicates substantial carbon oxidation during the AST. However, this peak cannot quantify the amount of corroded carbon, due to oxidation to CO2 and subsequent release from the solid carbon matrix. All catalysts show a similar behavior before and after the AST with an increased current density, that can be seen across the whole potential range, which can be attributed to a broadening of the carbon oxidation peak with a concurrent increased double-layer capacitance [28,29]. This is in agreement with a more hindered mass-transport after the AST, as discussed previously, due to disruption of the porous carbon network. N-functionalities in the carbon matrix are discussed to increase its stability against electrochemical oxidative corrosion as recently reported by our group [30]. Additionally, pyrrolic, pyridinic and graphitic N are known to increase the stability because they destabilize surface oxides which are formed during carbon corrosion [31]. However, in our study we observed no correlation of the amount of N-functionalities with the stability of the catalyst, since the N-groups content is similar across all catalysts but the stability differs as discussed above.






3. Materials and Methods


3.1. Catalyst Synthesis


Black Pearls 2000 (Cabot, Boston, MA, USA) support was oxidized according to a procedure by Schmies et al. [32]. The carbon black (2.0 g) was dispersed in concentrated HNO3 (200 mL, 65%, Carl Roth, Karlsruhe, Germany) and held at 90    ∘  C for 5 h with subsequent washing using ultra-pure water until pH-neutral. All catalysts were synthesized according to studies by Chung et al. and Tian et al. [33,34] Oxidized Black Pearls (BPox, 19 wt.%) were mixed with ethanol (4.0 mL, Fisher Scientific, Pittsburgh, PA, USA) along-side cyanamide (80 wt.%, Sigma-Aldrich, St. Louis, MO, USA) and the acetate salts of Fe and Co (1 wt.% metal ion, Sigma-Aldrich). Metal weight ratios were varied in a Fe/Co ratio of 1:0, 3:1, 5:3, 1:1, 1:3 and 0:1, respectively, totaling to 1 wt.%. The mixture was ultrasonicated until complete evaporation of ethanol and subsequently dried over night at reduced pressure and 30    ∘  C. The impregnated carbon was then heat-treated in a RHTC 80-230/15 tube-furnace (Nabertherm, Lillienthal, Germany) at 900    ∘  C with 5    ∘  C min    − 1    under nitrogen atmosphere and held for 1 h with subsequent cooling to room-temperature. Afterwards the catalysts were acid leached with 2 M H2SO4 (Carl Roth) for 16 h at 90    ∘  C, followed by a washing with ultra-pure water until pH-neutral. Finally, a second heat-treatment was carried out, identical to the first one. The synthesis route was chosen to be identical across all catalysts to isolate effects stemming from the metal itself rather than the C- and N-precursor.




3.2. Electrochemical Characterization


The catalysts were characterized in a RRDE setup with a 0.2475 cm2 glassy carbon disc and Pt-ring (Pine Research Instrumentation, Durham, NC, USA), reversible hydrogen electrode as reference electrode and Pt-wire, separated from the working electrode by a glas frit as counter electrode. For a discussion on possible catalyst contamination through Pt counter electrode dissolution see Appendix A.1. The electrolyte consisted of 0.1 M HClO4 (Merck, Darmstadt, Germany). Catalyst ink was prepared by ultrasonicating catalyst powder (3.0 mg), ultra-pure water (280.0  μ L) and 2-propanol (63.0  μ L) for 15 min and subsequent addition of Nafion (5 wt.% aliphatic alcohol solution, 38.1  μ L, Sigma-Aldrich) and another ultrasonication for 30 min. The prepared ink (12.6  μ L) was applied to the center of the cleaned glassy carbon electrode, briefly pre-dried at 60    ∘  C for 5 min and then completely dried at room-temperature in ambient air, resulting in a final loading of 400  μ g cm    − 2   .



The initial characterization procedure was started with a cyclic voltammogram (CV) in oxygen saturated electrolyte and 1600 rpm electrode rotation in a potential window of 0.05–1.05 V vs. RHE and a scan rate of 5 mV s    − 1    to a total of three scans. Afterwards the cell was purged with nitrogen gas for 15 min and subsequent measurements performed in nitrogen saturated electrolyte without electrode rotation. A CV background was measured in the same potential conditions and scan rate as the ORR curve. Then another CV was executed in a potential window of 0.05–1.05 V vs. RHE and 50 mV s    − 1    and impedance spectroscopy at 0.3 V vs. RHE with an amplitude of 10 mV and a frequency range from 100 kHz to 0.1 Hz has been measured. Additionally, an accelerated stress test was carried out, which was proposed by the Fuel Cell Conference of Japan 2011 [14] and mimics fuel cell start-up and shut-down conditions. This was done in a potential window of 1.0–1.5 V vs. RHE with 500 mV s    − 1    for 5000 cycles in a triangular-wave. Finally, the measurements from the initial characterization were carried out again.



All potentials were corrected by the electrolyte resistance, which was determined by impedance spectroscopy. Furthermore, CV current densities recorded in oxygen saturated electrolyte were corrected by the subtraction of measured background current density. The onset potential was defined as the maximum potential value below 2% of the maximum current density in the ORR curve. The half-wave potential was calculated from the maximum of the first derivative of the ORR curve. Electrochemical mass activity   M A   at 0.75 V vs. RHE was calculated according to Equation (1) using the limiting current density   j  l i m    and catalyst mass m.


  M A =    j  @ 0.75 V   ·  j  l i m      j  l i m   −  j  @ 0.75 V     ·  m  − 1    



(1)







The selectivity indicators electron transfer number n and hydrogen peroxide yield   X   H 2   O 2     were calculated according to Equations (2) and (3), respectively.


  n =   4 ·  j  d i s k      j  d i s k   ·   j  r i n g   N     



(2)






   X  H 2 O 2   =    2 ·  j  r i n g    N    j  d i s k   +   j  r i n g   N    · 100  



(3)








3.3. Physical Characterization


XRD measurements were carried out with a PANalytical EMPYREAN X-ray diffractometer (PANalytical, Kassel, Germany) by applying the catalyst to an amorphous silicon disk. The diffractometer was arranged in a Bragg-Bretano geometry, equipped with a Cu K   α   anode, and the diffractograms were recorded in the 5–90   ∘     2 θ   range. The data were analyzed in HighScore Plus software (PANalytical).



XPS measurements were carried out in a ESCALAB 250Xi (Thermo Fisher, Waltham, MA, USA) device with a 1486.6 eV monochromatic Al K   α   anode. The catalyst was compacted in an aluminum sample holder and irradiated with a 500  μ m diameter ray and high-resolution spectra recorded with a pass energy of 20.0 eV and step size of 0.02 eV. Spectra fitting was done in Avantage software (Thermo Fischer) and a simplex background fitting has been chosen.



HR-TEM samples were applied to a polyvinyl butyral-coated copper grid and then analyzed in a JEM-2100F HR-TEM (Jeol, Akishima, Japan), equipped with an 80 mm2 X-Max80 SDD EDS detector (Oxford Instruments, Abingdon, UK). The measurements were carried out under an 80–200 kV accelerating voltage. Data were analyzed with INCA software (Oxford Instruments).





4. Conclusions


Possible synergistic effects of different Fe/Co ratios in bimetallic FeCo-N-C electrocatalysts were examined in this work. Two monometallic and four bimetallic catalysts have been synthesized and characterized physically and electrochemically. Proposed atomically dispersed Me−N sites have been achieved in the structure of the catalysts with a negligible amount of metal particles. These are not visible in XRD as crystalline phases but in HR-TEM micrographs and EDS as metal agglomerations. Interestingly, both metals seem to agglomerate together in bimetallic catalysts. XPS analysis showed comparable amounts of N-matrix species namely pyridinic, pyrrolic, Me-N and graphitic, across all bimetallic and monometallic catalysts indicating no influence of the metal ratio towards N-incorporation. Only a minor increase of Me-N groups with the Co content was observed. The ORR-activity shows no clear linear trend with decreasing Fe- and increasing Co-content. The monometallic Fe-N-C shows the highest activity towards the ORR, however FeCo-N-C (5:3) performs the second best activity-wise, despite a lower Fe content than FeCo-N-C (3:1). The ring current density as an indication for ORR selectivity displays a linear increase with the Fe/Co ratio, despite the electron transfer number being almost the same value (around 3.1) for all catalysts with less than 50% Fe. After the AST in the range of 1.0–1.5 V, the catalysts show a mass activity loss between 65 and 25 % with decreasing Fe- and increasing Co- content, respectively. Especially, the monometallic Co-N-C and the bimetallic FeCo-N-C (5:3) show high stabilities deviating from the trend. Furthermore, a larger increase in mass-transport limitation after the AST was observed for all catalysts, which was in accordance with carbon oxidation and subsequent degradation of the support. This was also observed in the formation of quinone/hydroquinone species in the CVs of the catalysts. Yet, FeCo-N-C (5:3) displays an exceptional stability in terms of both potential parameters with simultaneous relatively high ORR activity, thus demonstrating a possible trade-off of stability and activity in the application of this particular catalyst.
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Appendix A


Appendix A.1. Discussion on Pt Counter Electrode Dissolution


Recently, the possible Pt contamination of pgm-free catalysts through the utilization of Pt counter electrodes arose as discussion in literature. The dissolution of Pt could occur, if the counter electrode experiences potentials of around 0.85 V vs. RHE [35]. Counter electrode potentials follow the potential of the working electrode in an inverse manner and are influenced by the ratio of geometric area of both electrodes. Therefore, the highest potential experienced by the counter electrodes are induced when the working electrode experience the lowest potential, in the case of this study 0.05 V vs. RHE. Previously, Tian et al. reported a maximum counter electrode potential of 0.62 V vs. RHE with an working electrode potential of 0.05 V vs. RHE and a working electrode to counter electrode geometric area ratio of 1/10 [36]. The ratio of geometric area in this setup is 1/9.7, thus close to the parameters reported by Tian et al. and therefore no potentials of 0.85 V vs. RHE would be experienced by the counter electrode. Pt dissolution is thus not expected to be problematic for the used setup and especially in ORR measurements.
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Figure 1. XRD of all catalysts with neat BP reference. 
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Figure 2. Exemplary HR-TEM (a) micrograph of FeCo-N-C (5:3), (b) EDS N elemental mapping of FeCo-N-C (5:3), (c) EDS Fe elemental mapping of FeCo-N-C (5:3) and (d) EDS Co elemental mapping of FeCo-N-C (5:3). 






Figure 2. Exemplary HR-TEM (a) micrograph of FeCo-N-C (5:3), (b) EDS N elemental mapping of FeCo-N-C (5:3), (c) EDS Fe elemental mapping of FeCo-N-C (5:3) and (d) EDS Co elemental mapping of FeCo-N-C (5:3).



[image: Catalysts 11 00841 g002]







[image: Catalysts 11 00841 g003 550] 





Figure 3. (a) An example of a fitted high-resolution N 1s XP spectrum of Fe-N-C and (b) percentage ratio of N-species in all catalysts. 
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Figure 4. (a) ORR curves for all catalysts with indicated standard deviation and (b) comparison of mass activity and halfwave potential in relation to the Fe content in the catalyst synthesis. 
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Figure 5. (a) Ring current density during ORR measurement with indicated standard deviation and (b) comparison of peroxide yield and electron transfer number in relation to the Fe content in the catalyst synthesis. 
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Figure 6. Tafel plots of all monometallic and bimetallic catalysts in the kinetic current density region. 
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Figure 7. (a) Loss of mass activity after the AST for all catalyst in relation to the Fe content in the catalyst synthesis and (b) comparison of halfwave and onset potential in relation to the Fe content in the catalyst synthesis before (full) and after (dashed) the AST. 
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Figure 8. CVs of all mono-and bimetallic catalysts (a) before and (b) after the AST. 
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Table 1. Tafel slopes in the kinetic current density region for all synthesized catalysts.
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	Catalyst
	Tafel Slope [mV dec     − 1    ]





	Fe-N-C
	63



	FeCo-N-C (3:1)
	75



	FeCo-N-C (5:3)
	72



	FeCo-N-C (1:1)
	83



	FeCo-N-C (1:3)
	78



	Co-N-C
	57
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