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Abstract
The design of cathodic catalysts layer (CCL) consisted of Platinum Group Metal-free (PGM-free) electrocatalysts was done by catalyst coated membrane approach. Three different Fe-Mn-N-C compounds were synthesized with Fe:Mn ratio of 1:1, 2:1 and 2:1 with modified heat treatment profile. The catalysts were characterized by X-ray photoelectron spectroscopy, X-ray powder diffraction, pore and particle size distribution, zeta potential and transmission electron microscopy. Electrocatalysts were integrated into membrane electrode assembly and evaluated by electrochemical methods. Electrochemical impedance spectroscopy in combination with modelling were used for estimation of proton conductivity of CCL and its oxygen diffusivity. It was found that all CCLs possess extremely high proton conductivity, which was demonstrated for the first time for these types of PGM-free catalysts. The observed ORR mechanism was predominantly 4e- due to peroxide/radicals scavenging effect of Mn.
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1. INTRODUCTION
The development of Platinum Group Metal-free (PGM-free) catalysts for cathodic Oxygen reduction reaction (ORR) in Polymer Exchange Membrane Fuel Cells (PEMFCs) resulted in substantial increase in intrinsic activity of these materials, their stability and in some cases durability [1-23]. As it is shown in majority of recent research papers the iron-based materials, generally abbreviated as Fe-N-C are the most promising for being used as a substitution of platinum from the cathodic side of membrane electrode assembly (MEA) [4, 13, 17]. It should be noticed, that interest to Fe-N-C ORR catalysts expanded from purely academic institutions to the industrial fuel cell manufacturers, and this demand is satisfied by commercial manufacturer of PGM-free catalysts US-based company Pajarito Powder, LLC [4, 11, 15].
Despite the improvement of ORR activity of catalysts themselves, their performance in the real fuel cell tests is still below that of Pt/C materials234 [1, 2, 4, 5]. That is mainly related to difficulties of integration Fe-N-C electrocatalysts into the cathodic catalyst layer (CCL), to achieve an efficient triple-phase boundary. Due to lower ORR activity, the PGM-free CCL has a thickness of ~100 µm in contrast to Pt/C—based CCL (5-10 µm), which makes the design of optimal oxygen diffusion, proton transport and water management an extremely difficult task. In order to make better electrodes with Fe-N-C catalysts knowledge on the factors affecting overall fuel cell performance is needed. We would like to refer the readers to the recent comprehensive reviews on the challenges and perspectives of the development of PGM-free ORR catalysts [24, 25].
The most powerful tool for non-destructive in operando characterization of PEM fuel cells is electrochemical impedance spectroscopy [26, 27] (see also a seminal paper by Macdonald with historical perspective of EIS [28]). Over the past decade, a number of publications on EIS in fuel cell studies exhibited exponential growth. Any transport or kinetic process in the cell eventually changes proton and electron currents, thereby changing the cell impedance. In this way, impedance spectra contain information on transport and kinetic parameters of PEMFC's. However, retrieval of this information is a complicated task.
A pioneering work of Springer, Zawodzinski, Wilson and Gottesfeld  [29]  published in 1996 gave rise to development of analytical and numerical physics-based models for cell impedance [30-46][endnoteRef:1], [endnoteRef:2], [endnoteRef:3], [endnoteRef:4], [endnoteRef:5], [endnoteRef:6], [endnoteRef:7], [endnoteRef:8], [endnoteRef:9], [endnoteRef:10], [endnoteRef:11], [endnoteRef:12], [endnoteRef:13], [endnoteRef:14], [endnoteRef:15],. (more references can be found in a recent review [47]). Models of that type are usually based on macroscopic transient mass and charge conservation equations in the cell. Fitting of model impedance to experimental spectra gives model parameters, e.g., diffusion coefficients of species participating in the charge-transfer reactions, kinetic rate constants etc. [1: ]  [2: ]  [3: ]  [4: ]  [5: ]  [6: ]  [7: ]  [8: ]  [9: ]  [10: ]  [11: ]  [12: ]  [13: ]  [14: ]  [15: ] 

[bookmark: _Ref54343639]The model employed in this work is based on macro-homogeneous transient oxygen and proton current conservation equations on the cathode side of the cell and it was successfully used in several studies on Pt/C-based PEMFCs  [endnoteRef:16], [endnoteRef:17],[48-51]. With minor modifications, this model has been applied for characterization of PGM-free catalysts [15, 52]. [16: ]  [17: ] 

In this work we present comprehensive evaluation of three different bi-metallic compounds Fe-M-N-C were synthesized by hard-templating approach. It should be noticed that detailed mechanistic properties of Fe-M (including M=Mn) were previously studied by Rotating Ring Disk Electrode (RRDE) method and published by the authors [53]. The catalysts were integrated into the CCL using proprietary spraying method practiced by industrial MEAs manufacturer IRD Fuel Cells. The electrochemical evaluation of MEAs, including EIS with modeling were used to obtain and analyze such crucial for fuel cell performance parameters as oxygen diffusivity, proton conductivity, Tafel parameter and contribution to an ORR 4e- and 2e- mechanism.
2. EXPERIMENTAL
2.1 Catalysts synthesis: The synthesis of Fe-N-C materials can be found in detail in our previously published works [14, 15, 54]. Three electrocatalysts were prepared with various Fe:Mn ratio: 1) Fe:Mn=1:1 (Sample: Fe:Mn), 2) Fe:Mn=2:1 (Samples: 2Fe:Mn and 2Fe:MnT (treated at different heat temperature profile)). The iron and manganese nitrates, nicarbazin and silica were dispersed in water until viscous paste was made. The mixture was dried at T=85℃ for 8 h and heat treated in the atmosphere of N2 at T=950℃ for 90 minutes (all three samples). The silica was removed by soaking powder in 25 wt% of HF for 24 h and Fe-N-C material was washed with water until pH=6. The second heat treatment was done in N2 atmosphere at T=1000℃ for 45 minutes (Fe:Mn and 2Fe:Mn); T=1050℃ for 45 minutes (2Fe:MnT) and powders were used for MEA preparation.
2.2 MEA preparation: Catalyst coated membranes (CCMs) were manufactured by IRD Fuel Cells, LLC using a trademarked membrane material and a digital spray coating method. Pt/C catalyst was used for an anode electrode with loading of 0.2 mgPt cm-2. The PGM-free catalyst loading at a cathode was 2.0 and 3.0 mg cm-2. To distinguish the samples, we included the catalyst loading to the MEA abbreviation. For example, “Fe:Mn-2.0” means MEA with Fe:Mn catalysts and 2.0 mg cm-2 loading etc. The MEAs were fabricated by hot-pressing a CCM, gas diffusion layers (GDLs) and gaskets at 140C and 2000 lbs of force pressure for 4 min. Freudenberg H23C8 GDLs with thickness of 220 m were applied for both electrodes. The gasket material thickness was 155 and 255 m for the anode and cathode, respectively, to provide compression ratio of 20%. 
2.3 Fuel cell testing: Electrochemical testing of PGM–free MEAs were performed using a test station, custom-built at the Hawaii Natural Energy Institute, and characterized by dynamic response time <0.1 s. MEAs evaluation was carried out using a cell hardware manufactured by Fuel Cell Technology Inc. Anode and cathode flow fields had triple serpentine design. Polarization curves measurements were performed under potentiostatic control of load. Cell was operated at a temperature of 80C, 100% relative humidity and 150 kPa absolute backpressure for both electrodes. The anode and cathode were fed with H2 and O2 respectively, at constant flow rates of 0.5 l min-1 for all range of applied potentials. The testing protocol included recording five IV curves from ocv to 0.6 V and additional three curves from ocv to 0.2 V. All polarization curves were run in forward and backward directions. High-frequency resistance was measured simultaneously with IV using an integrated proprietary multichannel impedance module as one-point impedance response at 1 kHz frequency. EIS measurements were performed under galvanostatic control of the cell current and at 11 steps/decade. The selected frequency range for the EIS experiments was 0.1 Hz to 10 kHz and the amplitude of sinusoidal current signal corresponded to a cell voltage perturbation of 10 mV or lower to ensure that the measured impedance response satisfies linearity condition. 
Details on physical-chemical characterization of catalysts and CCL as well as description of the EIS model used in this work are presented in Supplementary Information. 
3. RESULTS AND DISCUSSION
3.1 Electrocatalysts Characterization 
The synthesized electrocatalysts were comprehensively characterized in order to establish their morphology, presence or absence of unreacted iron or manganese compounds and chemical 
composition. High angle annular dark-field (HAADF) images of all three catalysts, acquired using aberration-corrected scanning transmission electron microscopy, are shown on Fig. 1. The graphitized carbon matrix hosts atomically dispersed transition metals atoms (bright spots). Energy-dispersive X-Ray spectroscopy (EDX) of these catalysts showed the presence of both Mn and Fe in the catalyst powder. Single-atom electron energy loss spectroscopy (EELS) can be used to probe the composition of individual transition metal atoms and their neighboring environment. However, it is well known that the low-voltage beam can dislodge the transition metal atom in the few seconds it takes to collection a spectrum with sufficient signal-to-noise ratio for precise elemental quantification [55]. Interestingly, it was observed in the course of acquisition of single-atom EEL spectra that manganese single atoms were much more likely to be detected than iron, which suggests increased durability of the Mn site against demetallation [56] which suggests increased durability of the Mn site against demetallation [image: ][image: ][image: ]
Figure 1. High Resolution TEM images of (A) Fe:Mn, (B) 2Fe:Mn and (C) 2Fe:MnT electrocatalysts.

Besides TEM, morphology was studied by nitrogen isotherm pore size analysis (surface area, pore size distribution (PSD) and pore volume), Dynamic Light Scattering method (particle size distribution: includes aggregates and agglomerates of particles) and XRD (crystallize size and number of graphene layers in the catalysts) (Figs. S2, S3). The data were summarized in Table 1.
Table 1. Summary of morphological data on catalyst powders.
	Sample
	Surface area, m2 g1
	Prominent pore diameter, nm
	Pore volume, cm3
	Average particle size, nm
	Crystallite size (XRD), nm
	Number of graphene layers (XRD), a.u.

	Fe:Mn
	1200
	10
	1.00
	340
	4.3
	20

	2Fe:Mn
	1300
	7.5
	1.30
	410
	3.5
	19

	2Fe:MnT
	1400
	7
	1.4
	410
	2.7
	16



It was found that hard template method in combination with selected heat treatment parameters resulted in materials with high surface area (SA) and large pore volume. Sample 2Fe:MnT had a largest surface area of 1400 m2 g-1 and pore volume of 1.4 cm3. PSD, crystallite size and number of graphene layers in a structure of this catalysts were smallest in a set of three Fe-Mn-N-C materials. Such a combination should result in formation of larger area where single atomic active sites can be located [57]. 
The surface chemical composition and speciation is extremely important for electrocatalysis, and in many cases can be correlated with electrochemical performance [58]. All bi-metallic catalysts were evaluated using XPS in order to understand which surface chemical moieties are present in the carbon matrix (Fig. 2). As described in the Experimental section, in order to remove the hard template (fumed silica) and the unreacted iron / manganese compounds, the catalysts were extensively washed in a mixture of nitric and hydrofluoric acids. This resulted in the elimination of all accessible metallic compounds (metal nanoparticles, carbides, nitrides, oxides and mixed compounds) leaving only atomically dispersed active sites. This is confirmed by a combination of XRD, TEM and XPS measurements. As a result, due to the low Fe and Mn concentrations, the XPS signals for these elements resulted in low signal-to-noise ratio spectra which cannot unambiguously be used for metallic quantitative analysis. It is however possible to conclude that the Fe and Mn content in the catalysts are within the limits of XPS, which is in the order of 0.1 at.%. Indeed, based on the TEM EDX data the concentration of Fe and Mn was in the order of 0.05 at.% (Table 2), which is lower compared to monometallic Fe-N-C compounds [4]. This result could also be an indication of the increased surface concentration of Fe and Mn as compared to the bulk concentrations. As shown by Artyushkova et. al.  [58] the different types of nitrogen and its concentrations play a critical role in ORR. From the XPS spectra, all three catalysts consist of pyridinic N (398.4 eV), pyrrolic N (401.1 eV), N-H (402.9 eV) and N-O (405.1 eV) [58, 59]. Further analysis of the N1s spectra shows that the Pyrrolic N is the most prominent for all the catalysts followed by Pyridinic N, N-H and N-O (Fig. 2d). The fitted pyrrolic N peak for the Fe:Mn catalyst has a slightly lower binding energy (401.0 eV) as compared to the other catalysts, that is within the energy resolution error of the measurement (0.1 eV), however, this could be an indication of a metal (M)-N bond [58, 60]. In order to confirm the M-N bond, the Fe 2p spectra (Fig. 2e-g) was treated, as per the report by Artyushkova et al. [58],  where it was smoothed (Gaussian function in this case) and fitted. It is clearly observed that all the samples have a peak at ≈ 707 eV indicating metallic Fe and different Fe oxide peaks between ~ 710 – 714 eV, however only the Fe:Mn sample has a distinct peak at ≈ 708 eV that is due to a Fe-Nx bond, corroborating the M-N bond indicated by the N 1s spectrum. From the Mn 2p spectra in Fig. S4, it is observed that the peaks are at the same binding energy positions, for all three samples, and thus the Mn oxidation states are assumed to be the same. The catalyst with the highest pyridinic N is Fe:Mn which is shown to have higher activity towards oxygen reduction. The same catalyst has the lowest amount of nitrogen atoms bonded to hydrogen and oxygen, having the N accessible for oxygen adsorption during ORR [61]. Fig. 2 shows the XPS N1s detailed spectra from samples Fe:Mn, Fe:2Mn, and Fe:2MnT, with all the samples having N components.




[image: ]
Figure 2. The N 1s detailed XPS spectra from samples (a) Fe:Mn, (b) 2Fe:Mn, and (c) 2Fe:MnT with (d) showing the content of the different N species in each sample as a percentage. The Fe 2p detailed spectra from samples (e) Fe:Mn, (f) 2Fe:Mn, and (g) 2Fe:MnT.

Interestingly, while the exact bulk ratio between Fe and Mn was not preserved in final catalysts, systematically samples with Fe:Mn = 2:1 showed higher ratio of Fe to Mn (Table 2). stabilization of transition metals in the carbon matrix requires that the atomically dispersed metal centers be coordinated with nitrogen forming M-Nx center. In this case Mn and Fe are competing for such coordination. It can be hypothesized that material with lower Mn content should have a higher catalytic activity, as was confirmed by electrochemical evaluation discussed below. On the other side, as it was shown previously addition of manganese substantially decreases amount of hydrogen peroxide formation, which should improve durability of catalyst Fe-Mn with highest Mn content. This observation is confirmed by recent publications on single Mn-N-C catalysts [62, 63].




Table 2. Summary on chemical composition, Zeta-potential and pH on catalyst powders. 
	Sample
	C, at%
	O, at%
	N, at%
	Mn, at%
	Fe, at%
	Zeta-potential, mV
	Immersed pH

	Fe:Mn
	98.23
	1.47
	0.25
	0.04
	0.01
	33.0
	6.1

	2Fe:Mn
	98.46
	1.23
	0.28
	0.02
	0.02
	25.8
	7.2

	2Fe:MnT
	98.47
	1.35
	0.15
	0.02
	0.01
	16.4
	5.6



3.2 Cathodic Catalysts Layers Characterization[image: ] a)   [image: ] b)
[image: ] c)
Figure 3. SEM images of the samples: Fe:Mn-2.0 (a), 2Fe:Mn-2.0 (b) and 2Fe:MnT-2.0 (c).

Fully characterized electrocatalysts were integrated into the CCM structures  using a proprietary spray coating method developed by industrial MEA manufacturer IRD Fuel Cells. The cross-section of such CCMs with catalyst loading of 2.0 mg cm-2 is shown on Fig. 3. The obtained SEM data clearly revealed grains with different contrast in the electrode structures with size from several to 20 m. These formations could be attributed to catalyst agglomerates with primary pores of ~ 10-50 nm inherited from internal porosity in initial carbon structures. These catalyst agglomerates seem to bound together with ionomer and develop macroscopic structures with secondary pores up to 1 m. This advanced porous network penetrates the thick catalyst layers of 65 to 95 m.
CCL of Fe:Mn was found to be quite dense while samples 2Fe:Mn and 2Fe:MnT demonstrated structures with formed channels coming from membrane towards microporous layer (MPL) of GDL. This direction coincided with water repelling pathway during the ORR, when majority of water formed in triple-phase boundary close to membrane. Water flooding of CCL is one of the possible mechanisms of the PGM-free catalysts activity degradation. Having less dense structure with channels may help water mass-transport and decrease the flooding of active sites. 
Additional analysis of cathodic catalyst structures was done using Focus Ion Beam (FIB) SEM method (Fig. 4). Several random selected slabs of CCL were used for obtaining images followed by features reconstructions. As it can be seen on Fig. 4 the trend in density and porosity level fully agrees with data obtained by cross-section SEM discussed above. The highest level of porosity was attributed to the sample Fe:2MnT achieving about 20%. Average void diameter was estimated to be 25-35 nm for all samples. Higher level porosity and irregular channels in the CCM related sample 2Fe:MnT can be explained by lowest zeta-potential of this sample (Table 2). Lower values of zeta-potential pointed out on less stable colloidal inks for coatings, which may lead to less dense structures, due to faster agglomeration of the particles. An important for cathodic catalyst layer parameter – level of hydrophobicity was estimated by using contact angle measurement technique (Table 3 and Fig. S5). Contact angles for all three samples were found to approximately the same and achieved extreme values of ~170° and higher. 
Table 3. Summary of physical-chemical data of CCLs.[image: ] a)
[image: ] b)
[image: ] c)
Figure 4. 3D reconstruction images (SE and voids) and void diameter distributions for Fe:Mn-2.0 (a), Fe:2Mn-2.0 (b) and Fe:2MnT-2.0 (c).


	Sample
	Thickness, m
	Porosity level, %
	Voids diameter, nm
	Contact angle, degree

	Fe:Mn-2.0
	80-85
	14
	30-45
	170

	Fe:2Mn-2.0
	90-95
	11
	25-45
	172

	Fe:2MnT-2.0
	65-75
	19
	25-60
	173


Such value makes all three CCM super hydrophobic, which improves water removal from the whole CCL and preventing water flooding.
3.3 Electrochemical Characterization and EIS Modelling
Figure 5 presents IV curves recorded for samples with 2.0 and 3.0 mg cm-2 catalyst loadings. The initial OCV of all MEAs were in the range of 0.921-0.948 V. The IV #1 showed that 2Fe:MnT-2.0 sample had the best performance for series with 2.0 mg cm-2 catalyst loading (Fig. 6 a). An  increase in the cathode content to 3.0 mg cm-2 improved performance of Fe:Mn-3.0 and kept high performance of 2Fe:MnT-3.0 (Fig. 6 b). However, continuous repeating polarization curves 

Figure 5. Polarization curves for the studied samples: a) IV curves #1 for MEAs with Fe-N-C catalyst loading of 2.0 mg cm-2, b) IV curves #1 for MEAs with Fe-N-C catalyst loading of 3.0 mg cm-2, c) IV curves #8 for MEAs with Fe-N-C catalyst loading of 2.0 mg cm-2, d) IV curves #8 for MEAs with Fe-N-C catalyst loading of 3.0 mg cm-2. An/Ca: H2/O2, 0.5/0.5 l min-1, 100/100%RH, 150 kPa and 80℃.






in forward and backward directions led to degradation of the catalysts as can be seen from Figs. 5 c and d. Interestingly, the resulting performance of the MEAs within one series of the cathode loadings was found to be close after eight polarization curves. Values of current density at fixed potential as of measured polarization curve are demonstrated at Fig. S6. The results clearly reveal the dynamic of the degradation and confirmed that 2Fe:MnT is the best catalyst among 2.0 and 3.0 mg cm-2 loadings.[image: ]
[image: ]
[image: ]
Figure 6. Nyquist spectra and Bode plots for samples with catalyst loading of 2.0 mg cm-2 recorded at different currents. Experimental (points) and fitted model (solid line). An/Ca: H2/O2, 0.5/0.5 l min-1, 100/100%RH, 150 kPa and 80C.



Figure 7. ORR Tafel slope, CCL proton conductivity, double layer volumetric capacitance, and oxygen diffusivity















Experimental and fitted model Nyquist curves and Bode plots are presented at Fig. 6 and S7. All samples had the close high-frequency (HFR) values in the range of 40-80 mOhm cm2 depending on operating current. All impedance curves obtained at 50-100 mA cm-2 have clearly distinguished 45o slope at high frequency slope indicating on uniform proton conductivity of our cathodes. The impedance spectra showed one depressed semi-circle attributed to charge transfer resistance and double layer capacitance due to ORR on PGM-free catalysts. Operation with pure O2 eliminated any possible mass transport impedance. Our data showed that EIS curves for all MEAs within the appropriate cathode loading series are very close.
The parameters of the samples resulted from spectra fitting are shown in Fig. 7. The ORR Tafel slope in all the three cells was nearly the same and it increased with the cell current up to 250 mV per decade. The CCL proton conductivity also exhibited a moderate growth from 20 mS cm-1 at 50 mA cm-2 up to 40 mS cm-1 at 1 A cm-2. The growth of p can be attributed to accumulation of liquid water in the CCL; water may also contribute to the growth of Tafel slope. The volumetric double layer capacitance was around 10 F cm-3 and it practically did not change with the cell current. The CCL oxygen diffusivity demonstrated rapid linear growth in the range of cell currents 50 to 400 mA cm-2, followed by the explosive growth up to undetectable high value. In [15], the cells exhibited much lower proton conductivity and estimates showed that the ORR rate had a distinct peak at the membrane surface. This peak suggested that the explosive growth of Dox could be due to formation of temperature and pressure gradients facilitating liquid water removal from the CCL.
Here, the CCL proton conductivity was nearly four times higher than in [15], meaning much more uniform distribution of the ORR rate through the CCL depth. Such significant improvement of the proton conductivity can be due to several factors: reduced loading of the PGM-free catalyst (it should be noted that loading was 2 and 3 mg/cm2, which is significantly lower a standard loading of 4-8 mg/cm2) and due to decreased size of particle agglomerates, see Table 1. Later should result in more uniform coating of the carbon particles with ionomer, resulting in decreased a proton pathway to the triple-phase boundary. Due to pure oxygen feed, the model may fail to correctly capture the contribution of oxygen transport to the cell impedance at higher currents, yielding “infinite” value of Dox. Overall, the effect of Dox growth with the cell current deserves further studies. Table 4 summarizes electrochemical performance data for the studied MEAs.
Table 4. Electrochemical performance and catalyst layer properties: Tafel, proton conductivity (p) double layer capacitance (Cdl), oxygen diffusivity in CCL (DOx) and fraction of 2 e- ORR pathway (fj2e). 
	Sample
	ocv, V
	i @ 0.8 V, mA cm2
	Tafel @ 
50 mA cm-2, mV/dec 
	p @
600 mA cm-2
mS cm-1
	Cdl @
600 mA cm-2,
F cm-3 
	DOx x 104 @
200 mA cm-2,
cm2 s-1
	fj2e @
600 mA cm-2


	Fe:Mn-2.0
	0.921
	58
	91
	28.1
	13.5
	10.9
	2 10‑2

	2Fe:Mn-2.0
	0.948
	49
	92
	33.4
	11.6
	9.8
	4 10-4

	2Fe:MnT-2.0
	0.930
	69
	90
	32.6
	12.7
	6.8
	9 10-3

	Fe:Mn-3.0
	0.932
	90
	85
	32.9
	11.1
	11.5
	2 10-4

	2Fe:Mn-3.0
	0.923
	62
	85
	34.9
	9.2
	10.8
	3 10-3

	2Fe:MnT-3.0
	0.927
	92
	82
	28.2
	13.9
	10.4
	6 10-6



Fig. 8 shows the fraction fj2e of total current density due to the two-electron ORR channel with H2O2 formation. This fraction has been calculated as (cf. Eq. Supplementary Information (A2))
						(8)
where J is the mean cell current density.
At low cell currents, when the cell potential was above the 2e- ORR threshold of 0.7 V, parameter fj2e was negligibly small (Fig. 8). However, at the cell potentials below 0.7 V, the 2e- overpotential became positive and the fraction of 2e- ORR channel in the total cell current increased (Fig. 8). The curves demonstrated rather irregular dependence of fj2e on the cell current density with the highest value of about 2% in the cell Fe:Mn-2.0 at the current of 600 mA cm-2. This value was equivalent to the H2O2 flux of 12 mA cm-2 in electric units. At other current densities and in the other cells, the H2O2 flux was one to two orders of magnitude lower, not exceeding 1 mA cm-2. The obtained data clearly showed that bi-metallic Fe-Mn-N-C electrocatalysts integrated in the MEAs ensured predominantly 4e- ORR pathway which together with advanced electrode textural and structural properties improved overall MEAs performance. 

 
Figure 8. Fraction of 2e- ORR channel in the mean cell current density for the MEAs with 2.0 (a) and 3.0 mg cm-2 (b) catalyst loadings. The first and the last (8th) IV curves presented for comparison.

4. CONCLUSIONS
The set of bi-metallic Fe-Mn electrocatalysts was synthesized by scalable hard templating method. Detailed characterization of these materials revealed that different ratio between iron and manganese, as well as temperature of synthesis effected catalysts morphology and chemical structure. Notably the materials described in present work have transition metals amounts (Fe and Mn) that are nearly an order of magnitude less than other M-N-C type catalysts previously reported, with similar performance in the cathodes of low temperature PEMFC. This can be indirect indication that intrinsic activity of these active sites can be substantially higher than previously reported and that the highly porous open-framed 3D structures in catalysts made by hard template method enabled exposure of Fe-Nx active sites to oxygen, improving activity in ORR. Materials with higher surface area and smaller pore sizes had higher activity, suggesting that the majority of active site are associated with defected structure of C-N matrix and pore sizes below 2nm. MEAs with Fe-Mn-N-C electrocatalysts possess exceptional proton conductivity and oxygen permeability, which gives another tool for improving overall performance of PGM-free PEMFCs even with highly loaded and thick cathodes. Based on the results of EIS modeling the contribution of 2e- ORR mechanism is negligible, which can be explained by excellent peroxide/radicals properties of manganese.
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