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ABSTRACT. The role of the interaction between doped carbon-based materials and ionic conductors is 

essential in multiple technologies, from fuel cells and energy storage devices to conductive polymer compo-

sites. In this paper, we report how the surface chemistry of transition metal-nitrogen-carbon (MNC) electro-

catalysts effects catalyst-ionomer interaction and the resulting structure of cathodes. These interactions and 

resulting cathode structure modification are related to performance in membrane electrode assembly (MEA) 

fuel cells. Understanding of the structure of electrodes for the oxygen reduction reaction, distribution and 

chemistry of active sites, and ionomer morphology are necessary to advance the development of Platinum 

group metal (PGM)-free electrodes. To assess catalyst interaction with an ionomer, density functional theory 

(DFT) is used to calculate adsorption energies of the ionomer side chain on different nitrogen species. The 

high surface concentration of hydrogenated and protonated nitrogen in MNC catalysts causes inefficient 

ionomer morphology, while an abundance of surface oxides promotes efficient distribution of active sites 

and optimal ionomer-catalyst interface. The critical role of protonation of nitrogen in catalytic layers in in-

hibiting proton transport during fuel cell operation is also discussed. This is the first report of the effect of 

the surface chemistry of MNC catalysts, in the presence of the ionomer, on the structure and performance of 

MEA electrodes.  

Introduction 

Polymer electrolyte membrane fuel cells (PEMFC) are a promising technology for power generation for sta-

tionary and portable applications. Chemistry, morphology, and surface energy of the cathode catalyst layer 

have the most significant impact on overall fuel cell performance, and on water balance, since water is 

produced in this layer.  The structure of the catalyst layer must be optimized to contain a high density of ac-

cessible active sites and to provide efficient transport of electrons & protons, a reactant gas, and liquid water. 
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Optimization of both Pt-based and Pt group metal-free (PGM-free) oxygen reduction reaction (ORR) PEMFC 

cathodes depends on the interactions of the catalyst with an ionomer.1 Ionomer-catalyst interactions control 

the overall morphological and chemical structure of the catalyst layer, which in turn affects proton transport, 

oxygen permeability, and ORR kinetics.2-3 

In recent years, a significant body of research has emerged to focus on studies of specific interactions be-

tween perfluorosulfonic acid (PFSA) ionomer and Pt/C agglomerates, in relation to the understanding the 

catalyst layer structure and its effect on fuel cell performance.2-5 At the same time, efforts to replace Pt-based 

electrocatalysts by PGM-free alternatives  – particularly transition metal-nitrogen-carbon (MNC) 

electrocatalysts – have advanced significantly, and highly active and durable materials tested under fuel cell 

conditions have been reported.6-20 Significant advances have been made by studies focused on the chemistry 

of catalysts, and their kinetic performance as determined by RRDE and, recently, by single membrane 

electrode assembly (MEA) tests 1, 17, 19-20. However, understanding the structure of catalyst layers, including 

distribution of active sites and ionomer morphology within cathode catalyst layers is necessary to advance 

the development of active and stable electrodes based on MNC systems. 

A limited number of spectroscopic and microscopic technologies are appropriate for the elucidation of the 

chemical and physical structure of the catalytic layer, in particular, the distribution of active sites and mor-

phology of ionomer. X-ray Photoelectron Spectroscopy (XPS) is a very powerful analytical tool that has been 

proven successful not only in distinguishing between types of active sites in MNC, but also in ionomer orien-

tation for Pt-based materials. 21-26 

In this report, we focus on the chemistry of MNC-based catalyst layers determined by XPS and the effect of 

catalyst and ionomer interactions on performance in full MEA testing. For the first time, we are reporting 

results of spectroscopic analysis of the catalytic layer, particularly the density of active sites and iono-

mer/active site interface chemistry, and their relationship to fuel cell performance data for a series of MNC-

based electrodes. The chemical composition of catalytic layers that results in the best catalyst-ionomer inter-

face and its relationship to original catalyst chemistry is discovered. Moreover, the inhibiting role of proto-

nated nitrogen in proton transport is discussed. 

Experimental Section 

Experimental Details. Iron-nicarbazin derived (Fe-NCB) electrocatalysts were prepared by  sacrificial support 

method described in detail by Workman et al.14 The inks were composed of 2:1 isopropyl alcohol:deionized 

water (v:v), catalyst, and D2021 Nafion® (measured to a final loading of 45 wt%) dispersion mixed to a 

ratio of 3.5wt% total solids. Fuel cell testing was performed by Pajarito Powder, LLC. MEAs with an area of 5 

cm2 were prepared from gas diffusion electrodes (GDEs). The details of MEA manufacturing are discussed in 

the previous report. 14 The MEAs were loaded into the cell testing assembly (Fuel Cell Technologies Inc.) us-

ing single serpentine pattern graphite flow plates, and the cell hardware was assembled using 40 inch-lbs 

torque. Testing parameters were 80 °C, 100% RH, 250 sccm H2/200 sccm air at the anode and cathode, 



 

 

3 

respectively, at an absolute pressure of 1.65 atm. The MEA was preconditioned with a potentiostatic hold at 

0.3 V for 10 minutes. Data was then collected potentiostatically with 60 seconds potential holds and the cur-

rent at the end of the hold reported.  

XPS spectra were acquired on a Kratos Axis Ultra X-ray photoelectron spectrometer using a monochromatic 

Al Kα source operating at 300 W, and data analysis and quantification were performed using CasaXPS soft-

ware. Three regions per samples were analyzed. Survey spectra were acquired at 80 eV pass energy. High-

resolution F 1s, S 2p, O 1s, C 1s and N 1s spectra were acquired at 20 eV pass energy. No charge neutraliza-

tion was necessary. High-resolution spectra were fitted with a 70% Gaussian/30% Lorentzian line shape 

with fixed full-width half-max and positions established in previous reports for consistency. 14, 27-28 The pa-

rameters used are based on guidance for reproducible peak fitting and comparison between a number of 

fitted spectra specified in ISO 19830:2015. 29 The average composition and speciation from three areas and 

standard deviations are included in all structure-to-property plots.  

Scanning transmission electron microscope (STEM) imaging and energy dispersive x-ray spectroscopy 

(EDS) measurements were conducted using an FEI Talos F200X operated at 200 kV. EDS data was acquired 

and processed using Bruker ESPIRIT software. 

Raman spectra were acquired using WITec alpha300 spectrometer. Three areas per sample were obtained. 

Computational Details. All the calculations were performed using Density Functional Theory (DFT) with the 

Perdew-Burke-Ernzerhof (PBE) functional30-31 and projector augmented-wave pseudopotentials with the 

use of Vienna Ab initio Software Package (VASP)32-34. Extended surfaces containing FeN4 and graphitic N 

were modelled using a 4x2 orthorhombic graphene super cell with the dimensions of 9.84 Å x 8.52 Å and a 

vacuum region of 15 Å. Edge defects with pyrrolic and hydrogenated pyridinic nitrogen were modelled using 

the nanoribbons, which were constructed from 4x2 orthorhombic super cells with the size of 9.84 Å x 23.52 

Å and with a vacuum regions of 15 Å in z- and y-direction 28.The electronic energies were calculated using 

Gaussian smearing of Fermi level of σ=0.2 eV and gamma centered 8x8x1 k-point grid in the case of the 4x2 

orthorhombic super cells and 8x1x1 k-points in the case of the super cells used to model edge defects. In all 

the cases, plane-wave basis cut off was set to 800 eV. Interaction of different defects with the Nafion side 

chain was modeled as the interaction between the defect and the representative CF3CF2SO3 fragment. 5 Ad-

sorption energies (ΔEad) were calculated using the following formula: 

 
adsurfaceadsurfacead

EEEE 
 , 

where Esurface+ad is the energy of the CF3CF2SO3 fragment adsorbed on the certain defect, Esurafce is the energy 

of the clean surface/nanoribbon, and Ead is the energy of the CF3CF2SO3 fragment in the gas phase. Gas 

phase studies capture main effects that define the interaction between larger ions and the catalyst surface 

well as was supported by our previous studies. 35-36 In each case, we considered all possible adsorption ori-

entations, including the interaction with CF groups but the results reported in work, correspond to most 

preferable adsorption site, which in all cases includes the interaction with the end SO3
- group.  
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Results and Discussion 

Detailed structural characterization, including XPS and TEM/EDS, of MNC catalysts utilized in current 

studies, was reported previously.14 Surface area, as measured by BET, ranges between 550 and 650 m2/g 

and does not show any relationship with electrochemical performance reported for these materials. 37 The 

focus of this study is the understanding the link between the chemistry of the catalysts, its influence on chem-

istry and morphology of the catalyst layer and resulting fuel cell performance.  

For Pt-based materials, the ionomer distribution within the catalyst layer depends on hydrophobi-

city/hydrophilicity of the catalyst support and direct interactions between Nafion ionomer and Pt/C ag-

glomerates. 2, 4, 38-40 Limited studies of interactions between PFSA ionomers and MNC catalysts have been 

reported so far. 1, 15, 17. 

For MNC systems with atomically dispersed iron coordinated to nitrogen within a porous defected graphene 

network, the interaction will depend on hydrophobicity/hydrophilicity of the catalyst surface – similarly to 

Pt-materials. The carbonaceous component (the “backbone”) of the catalyst is similar in composition to car-

bon support in Pt-based electrocatalysts, except nitrogen moieties (C-N species) are present in MNC. There-

fore, in the case of MNC, surface energetics depend not only on carbon properties but also on the types of 

nitrogen species that are present within the carbon network. A graphitic carbon network and a multitude of 

surface oxides of carbon are also present, as is reflected in the high-resolution C 1s spectrum of a 

representative electrocatalyst in Figure 1a. It is known from Pt-based catalytic layers that the degree of in-

teraction between ionomer and catalyst is significantly affected by the concentration of surface carbon-

oxygen groups.4  

A large variety of nitrogen types is typically present in these materials, as captured well by high-resolution 

XPS N 1s spectrum for the same catalyst as in Figure 1c. For comparison of spectra among different samples 

and – more importantly – for identification of changes that occur in the spectra when the catalyst is 

integrated into a catalyst layer with an ionomer, we have utilized the same parameters for consistent peak 

fitting as in our previous reports.14, 27-28, 41 The positions and half-width of all peaks were constrained tightly 

(with +/- 0.1 eV freedom) and used in fitting the spectra of all catalyst and catalyst inks reported herein. 

Pyridinic N, nitrogen coordinated to iron Nx-Me, hydrogenated nitrogen (such as pyrrolic N or hydrogenated 

pyridine), graphitic N, cationic nitrogen which has a positive charge (such as quaternary or protonated ni-

trogen moieties), and finally nitrous oxides are present in these materials. In our previous work, we studied 

the relationship between nitrogen and carbon chemistry of the catalyst and MEA performance.14 We have 

reported that higher amounts of surface oxides, pyridinic N, and nitrogen coordinated to iron contribute to a 

better performance in both RRDE and fuel cell tests. 14 There are several types of nitrogen coordinated to 

metal moieties that can be present – ordered symmetrical Fe-N4 and distorted Fe-Nx where x is smaller than 

4.42 A single peak in the XPS N 1s spectra represents all types of nitrogen coordinated to iron. 
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Figure 1. High-resolution XPS spectra for catalyst a) C 1s and c) N 1s; Nafion solvent cast film e) S 2p and d) F 1s; 

catalyst layer b) C 1s; d) N 1s;  f) S 2p and h) F 1s 
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The ionomer-catalyst interaction is central to understanding the distribution of active sites and morphology 

of ionomer within the catalytic layer. As discussed above, the most significant difference in the properties of 

MNC materials in comparison with Pt-based materials in terms of their affinity towards Nafion is the multi-

tude of species present. It is known that surface carbon oxides provide a preferred site for side chain interac-

tions. 43-44 To understand the role of nitrogen species in interactions with an ionomer, we have calculated the 

adsorption energy of the ionomer side chain with different nitrogen functionalities. 

Table 1 shows the DFT-calculated adsorption energies, and Figure 2 shows optimized geometries of the Fe-

N4 center and hydrogenated pyridine interacting with the side chain ionomer fragment. Theoretical calcula-

tions use the chosen fragment as the simplest model capturing the ionomer chemical structure which is 

commonly used in DFT. 5 The relative strength of interaction between different defects and the ionomer 

fragment is more important than the absolute values considering limitations between gaseous and aqueous 

environment. The highest adsorption energy is predicted for nitrogen coordinated to iron, followed by 

hydrogenated nitrogen such as hydrogenated pyridine or pyrrolic N. Based on DFT calculations and 

experimental observations of model materials, we reported that the hydrogenated N atoms in a five- or six-

membered ring (pyrrolic-N and hydrogenated pyridinic-N) are more sensitive to chemical environment 

changes in the carbon matrix than the pyridinic-N defect. 28 Graphitic nitrogen also interacts quite strongly 

with the ionomer side chain. Positively charged cationic (protonated) nitrogen-containing groups are also 

attractive sites for interactions with the negatively charged sulfonate group of Nafion.  

 

Table 1. Adsorption energy of interactions of various types of nitrogen with an SO3 group of a 

Nafion fragment calculated by DFT. 

Type of nitrogen Adsorption energy of  

ionomer fragment, eV 

Pyridinic  -0.90 

Fe-N4 -3.30 

Graphitic N -1.90 

Hydrogenated pyridinic -2.26 

Pyrrolic -2.23 
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Figure 2. DFT optimized geometries of Fe-N4 center (left) and hydrogenated pyridine (right) interacting with repre-
sentative Nafion side chain fragment. Light blue – carbon, blue – nitrogen, pink – iron, red – oxygen, yellow – sulfur, light 
pink – fluorine. 

 

It is important to note that all the catalysts layers were made utilizing the same weight loading of ionomer 

and catalyst, so the differences in resulting catalytic activity are only due to differences in chemical composi-

tion and structure of resulting catalyst layers. To study the relationship between the chemistry of catalyst lay-

er and MEA activity measured in kinetic (current density at 0.8V), transitional (current density at 0.6 V) and 

transport (current density at 0.4 V) regimes, we have extracted the surface composition from high-

resolution XPS spectra. High-resolution N 1s spectra provide information on the relative distribution of ni-

trogen species in the catalyst layer, while C 1s spectra provide information on the amount of graphiticity, sur-

face oxide concentration CxOy. Moreover, the ratio of CF2 to CF extracted from high-resolution C 1s spectra 

also provides information on ionomer morphology as the ratio of the relative amount Nafion backbone 

(more of CF2) to that of the side-chains (more of CF) exposed to the surface.21 Results with larger CF2/CF 

ratio suggest the surface of the catalyst layer that is less hydrophilic, while smaller values suggest a more side 

chain rich, hydrophilic surface. The difference in the ratio of total fluorine to total sulfur detected also ex-

presses the orientation of ionomer towards the pore with higher F/S ratio detected when backbone is facing 

the pore.  The relative number of active sites facing the surface with respect to the total amount of the ion-

omer in the catalyst layer can also be obtained from the ratio of the surface concentration of active sites to 

the surface concentration of fluorine, which is used as a relative measure of ionomer content. 

Figures 1b and d show high-resolution C 1s and N 1s spectra obtained from the catalyst layer made using the 

same catalyst as in Figure 1 a and c. A strong ionomer peak is evident from the high binding energy region 

of the C 1s spectrum, where C-F, C-F2, and CxFyOz contribute, as labeled in Figure 1 b. Rearrangement in the 

shape of the nitrogen spectrum is also apparent. An overall shift to higher binding energy with the larger 

relative contribution of hydrogenated, graphitic, and cationic (protonated) nitrogen-containing groups is 

observed in the spectrum from the catalytic layer. DFT calculations support the experimentally observed 

shift in the nitrogen spectrum in the direction of higher binding energy, which can be attributed to the inter-

action of the nitrogen species and protonation of nitrogen moieties within the carbon network with the ion-

omer. Average relative percent of different types of nitrogen species labeled in Figure 1 was calculated from 

curve-fitted high-resolution N 1s spectra.  
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In a recent report of the MNC catalyst mixed with Nafion at 1:1 mass ratio, the peak due to pyridinic nitro-

gen present in the catalyst completely disappeared due to full protonation of pyridine and shifted to a high-

er binding energy. 45 Due to acidic character of Nafion, protonation of nitrogen in the presence of ionomer is 

indeed expected, but the intermolecular interactions between nitrogen and sulfonate end groups of the ion-

omer chain may also contribute to differences in the chemistry of catalytic layers and that of the catalysts 

themselves as discussed in more details below.  

 For pure catalysts and catalytic layers tested herein, 20-60% of pyridinic nitrogen present initially in the 

catalyst was preserved in catalytic layers. The peak due to nitrogen coordinated with iron was retained at 

40-90%. 

Despite the protonation and interaction of nitrogen species with an ionomer, the densities of active sites 

within catalytic layers that are directly responsible for ORR plotted in Figure 3 still demonstrate a positive 

relationship with current densities in the kinetic regime at 0.8 V for MEA fuel cell tests. Figure 3a and 3b 

plots current densities at 0.8 V versus the relative amount of pyridinic nitrogen and nitrogen coordinated to 

iron, Nx-M extracted from the fitted high-resolution N 1s spectra. Averages and standard deviations of three 

areas per samples are plotted for all structure-to-performance plots. The chemical heterogeneity of materials 

is reflected in the magnitude of standard deviations. Despite high heterogeneity, both pyridinic and nitrogen 

coordinated with metal preserved in catalytic layers are the active sites with surface concentrations in the 

electrode contributing to higher ORR kinetics. Current densities in mixed regimes (0.6 and 0.4 V) of polariza-

tion curves do not show a strong relationship with a density of these types of nitrogen species (Figure 3c and 

3d). 

The distribution of active sites with respect to the amount of ionomer present within the catalytic area is 

studied in Figure 4a. Kinetic current densities are related to the ratio of the surface concentration of active 

sites (total sum of pyridinic nitrogen and nitrogen coordinated to metal obtained from fitting N 1s spectra) 

to the surface concentration of fluorine, which is used as a relative measure of ionomer content. As this ratio 

decreases, the current densities decrease significantly due to active sites being blocked by the excess of ion-

omer.  

Another key observation is the relationship between current densities in kinetic and mixed regimes, and 

surface concentration of cationic nitrogens in catalytic layers (Figure 4b). This group of nitrogen moieties 

consists of any nitrogen that has a positive charge, such as protonated pyridine, protonated graphitic 

nitrogen, or quaternary nitrogen. 46 Recently, the study of the effect of protonation of pyridinic nitrogen was 

linked to worse performance in acidic versus alkaline media, due to a decrease in oxygen affinity to the 

carbon atoms that are adjacent to protonated nitrogen. 45, 47 The excess amount of cationic-type nitrogen 

causes a significant decrease in performance due to possible inhibition of available sulfonate groups by extra 

protons preexisting within the material. Excess protons on the surface of the catalytic layer strongly interact 
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with side chains of Nafion, thereby decreasing the availability of proton-conducting groups and significantly 

worsening the effective ion conduction properties of the ionomer.  

 

Figure 3. Current density at 0.8 V as a function of a) rel% Nx-M, b) rel % N pyridinic; current density at 0.6 V (solid cir-
cles) and 0.4 V (hollow circles) as a function of c) rel% Nx-M, d) rel % N pyridinic. 

 

In our recent studies, the chemistry of catalyst was compared to the chemistry of catalyst exposed to highly 

acidic buffer solutions. 48 At highly acidic pH=1.1, the percent shift to higher binding energy range ex-

pressed as the ratio of the sum of hydrogenated and protonated nitrogen to the sum of pyridinic and Nx-M 

nitrogen, is on the order of 200%.  At lower pH of the acid buffer of 2.4-2.8, this change drops significantly 

due to the much smaller degree of protonation. For the series of catalysts studied herein, the change in the 

same ratio is 2-5-fold higher than for highly acidic suspension. Protonation may be a contributing factor to 

the shift to higher binding energy, but interaction with ionomer is responsible for the much more 

substantial shift.  
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Figure 4. a) current density at 0.8 V as a function of the ratio of catalytically active sites to the total amount of F; b) cur-
rent density at 0.8 V (solid symbols) and 0.4 V (hollow) as a function of the relative amount of cationic nitrogen. 

 

Raman spectroscopy was performed on three samples that span the range of MEA performance and cata-

lyst-ionomer compositions. The samples are labeled in Figure 5 with sample A being the best performing, 

sample C being the worst, and sample B being in between. Figure 5 shows representative spectra, while D/G 

ratios included are averages of three spectra from each catalyst and catalyst ink. For all samples, the D/G ra-

tio increases from the catalyst to the catalyst layer, indicating an increase in the number of defects. The 

largest change observed is in the worst performing sample #3 for which not only the D/G ratio increases by 

~22% but also the width of the peaks increases indicating a very strong change in the catalyst structures 

upon mixing with an ionomer. For better performing samples, there is a smaller change in D/G ratio upon 

mixing with an ionomer and no change in shape or width of peaks.  

 

Figure 5. Raman spectra from catalyst and catalyst ink with Nafion for samples A – a, B – b, C – c. Reported D/G ratios 
are the average of three spectra. 
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STEM imaging and EDS mapping were used to determine the elemental distribution of catalyst and ionomer 

within the catalyst layers, for the same three samples Raman is reported on above. While it is important to 

evaluate catalyst layer morphology at a much smaller scale than the analysis area in XPS, it is equally 

important to provide quantitative composition of the bulk catalyst layer. The ratios between elements 

obtained from EDS mapping capture the result of catalyst/ionomer interaction, even though image 

resolution does not allow direct visualization of nanoscale phenomena. 

 

Figure 6. HAADF-STEM imaging and overlays of elemental maps for three samples, with atomic element ratios as-
labeled with values obtained from EDS and XPS measurements. Each map pixel corresponds to an EDS spectrum, with 
visual distribution resulting from assigned colors of blue (nitrogen), red (iron), magenta (fluorine), and yellow (sulfur). 

 

Figure 6 shows high angle annular dark field (HAADF) images and overlay of elemental maps of nitrogen and 

iron, nitrogen and fluorine, and fluorine and sulfur. Ratios of atomic percentages obtained from quantified 

EDS data are shown for each sample and compared to the same ratios obtained from XPS. Fe is not detect-

able in XPS from inks due to attenuation of Fe 2p signal by the fluorine auger peak. The better performing 
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sample A has larger N/Fe and N/F and smaller F/S ratios. Very different absolute values of ratios of total 

atomic % of N to that of F obtained from EDS and XPS are due to surface sensitivity of XPS and fluorine 

segregation on top of the catalyst layer. Both methods show a similar trend with the better performing sam-

ple having more nitrogen with respect to total fluorine. The worst performing sample C also has a limited 

amount of sulfur available. Elemental imaging also shows the distribution of the ionomer with respect to the 

catalyst, as represented by the nitrogen signal. In the best performing sample, Nafion shows good coverage 

outside the cluster of the catalyst. In the worst performing sample A, all of the nitrogen is being covered by 

fluorine, pointing to an excess of ionomer with respect to the catalyst at the surface. 

To further evaluate the chemistry and morphology of the ionomer within the catalyst layer, we have used 

information readily accessible in the F 1s and S 2p XPS spectra. High-resolution spectra of S 2p and F 1s in 

Figure 1 e) and g) are for Nafion ionomer itself with a single peak in the F 1s spectrum and two peaks in S 

2p, identified in reference ionomer films due to coordinated sulfonate RSO2(OR') at 168 eV and free 

protonated sulfonic group RSO3H at higher binding energy of 169.5 eV.  There is a small change in S 2p and 

F 1s upon mixing the Nafion with catalyst (Figure 1 f and h). The peak due to bound sulfonates becomes 

larger in comparison with the free hydrogenated sulfonic group. The ionomer morphology – and hence, the 

relative distribution of side chains and backbone facing the pore – result from the interaction of Nafion with 

the surface species of catalyst via the sulfonate group. Two spectroscopic metrics can be derived from XPS to 

evaluate the resulting ionomer morphology: 1) ratio of overall fluorine to sulfur peak, F/S, and 2) the ratio of 

C-F to CF2 peaks, which are well separated in the C 1s XPS spectrum. For a thick solvent cast film of Nafi-

on®1100 EW, the ratio of CF2/CF was ~10, which is close to the theoretical ratio of 9. In the thick film, both 

side chains and backbone are contributing to the overall XPS signal as they are not engaged in any interac-

tions with the substrate. In the thin-film configuration where Nafion is mixed with a catalyst, CF2/CF ratios 

of greater than 10 suggest that the pore surface is more backbone-rich and less hydrophilic, while values 

less than 10 suggest a more side-chain rich, hydrophilic surface of the pore. The higher the degree of 

interactions of ionomer sulfonate side chain with the surface functional groups of the catalyst, the more 

backbone will be facing the pore, resulting in higher F/S and CF2/CF ratios.  

Figure 7 plots current densities in kinetic and mixed regimes as a function of the two ratios discussed. As 

F/S increases from 65 to 90 (Figure 7a), the current densities decrease significantly. EDS mapping shows an 

even more significant range in bulk F/S ratio (Figure 6). Enrichment of backbone at the surface of the cata-

lyst layers is mainly due to the very strong interaction of sulfonate side-groups with the catalyst surface. 

Substantial interaction of sulfonate side-groups with the catalyst limits their availability at the pore interfac-

es, which is essential for efficient proton transport. 

The resulting surface of catalyst layers with higher F/S ratio is very hydrophobic, inhibiting water transport 

as well. 

The ratio between CF2/CF, however, behaves differently. Except for one sample, the trends in Figure 7 c 

show that the higher ratio corresponds to the higher current densities in both regimes of fuel cell opera-
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tion. This indicates that the smaller amount of side chains facing the pore, as manifested by the smaller ratio 

of CF with respect to CF2 peak, results in better performance. The trend in F/S ratio indicates that the lack of 

sulfonate groups is limiting proton transport, while the behavior of the CF2/CF ratio shows that the excess 

of exposed side chains results in a hydrophilic catalytic layer surface, which is also detrimental towards per-

formance.  

 

Figure 7. Current density at 0.8 V (solid circles) and at 0.4 V (hollow circles) as a function of a) F/S and c) CF2/CF rati-
os. F/S ratio as a function hydrogenated N in catalyst b) and CF2/CF ratio as a function of amount of surface oxides in 
catalysts d) 

 

To produce a good performance, the optimal morphology of the ionomer within the catalyst layer depends 

on how the ionomer side chains interact with certain carbon and nitrogen groups of the catalyst, which in 

turn depends on the catalyst properties itself. Based on the DFT discussed above, iron coordinated to nitro-

gen and hydrogenated nitrogens have the highest affinity towards the side chains of the ionomer. Indeed, as 

Figure 7b shows, the higher the amount of hydrogenated nitrogens present at the surface of the catalyst, 

the higher the resulting F/S ratio within the catalytic layer. These trends are due to the complete 
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engagement of side chains in the interaction with catalyst, limiting the availability of side chains for proton 

transport at the interface with the pores. At the same time, surface oxide groups on the surface of the cata-

lyst promote a beneficial ratio of CF2/CF within the catalyst layer (Figure 7d). Thus, the optimal catalyst 

chemistry that results in the catalyst layer morphology with sufficient amount of ionomer sulfonate groups for 

proton transport, but is not too hydrophilic to prevent water flooding, consists of minimum amounts of hydro-

genated nitrogens and high amounts of surface oxides. 

 

Figure 8. PCA loading plot of data combining surface composition of catalysts, catalyst layers, and current densities at 
0.8, 0.6 and 0.4 V 

 

Figure 8 shows a summary of relationships between the chemistry of catalysts, the chemistry of catalytic 

layers, and the resulting performance, represented by a biplot obtained through the application of Principal 

Component Analysis (PCA) to the data combining various parameters (surface concentration and current 
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densities measured) for all samples. Principal component 1 separates samples by low (negative x-axis) and 

high (positive x-axis) ORR activity. Principal component 2 separates samples with higher currents in kinetic 

regimes (negative y-axis) and higher currents in transport and mixed regime (positive y-axis). Quadrant I 

shows that a high amount of defects in the carbon network of catalysts – C-N, CxOy, and Nx-M - and a high 

amount of edge defects manifested by a significant surface concentration of pyridinic nitrogens - correlates 

with high kinetic currents.  

Quadrant II captures active sites and species of the catalytic layers that are representative of preferred ion-

omer morphology (higher CF2/CF ratio). Nitrogen coordinated with iron as well as hydrogenated nitrogens 

contribute to a better performance in the mixed regime. Low kinetic activity (quadrant IV) is linked to the 

high amount of ionomer present with respect to active site density and high surface concentration of cation-

ic nitrogens in the catalytic layer. Quadrant III shows that catalysts with a high concentration of hydrogenat-

ed and cationic nitrogens result in overall high F/S ratio, which is indicative of hydrophobic morphology of 

catalytic layer resulting in weak activity in the mixed regime. 

 

Figure 9. Two types of morphologies of catalyst-ionomer interactions resulting in abundance of sulfonate groups facing 
the pore (a) and one with a limited amount of sulfonate groups due to their involvement in interactions with the cata-
lyst (b) 

 

From spectroscopic observations of ionomer & catalyst interactions, the resulting catalyst layer chemistry & 

morphology, and performance in kinetic & transport regimes, we are suggesting two possible extreme cases 

in morphologies of ionomer and catalyst active sites distribution within the catalytic layer (Figure 9). In the 

first scenario, a catalyst with a minimum number of defects – manifested by small amounts of Nx-M centers, 

surface carbon oxides, and cationic nitrogen – results in an excess of hydrophilic side chains facing the 
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pores, potentially causing flooding and blockage of sites accessible for the ORR by the ionomer (Figure 6a). 

In the second scenario, an excess of the same moieties in the catalyst causes a strong interaction with their 

side chains, limiting the availability of sulfonate side chains for proton transport and creating water 

transport limitations due to the overall hydrophobic character of the catalytic layer. Our results point towards 

significant protonation of surface species within the catalytic layers, which is expected to be amplified dur-

ing fuel cell operation, contributing to poor proton transport and poor stability. 

 

Conclusion 

We report the relationship between the surface chemistry of PGM-free MNC catalysts and the catalyst layer 

structure that results in the highest electrocatalytic activity for the ORR. Essential information about on the 

surface composition of the catalyst, as well as the structure and morphology of the catalyst layers derived 

from XPS is correlated to single MEA performance. Optimal morphology of the PGM-free MNC electrode is 

obtained when a catalyst contains the smallest amount of hydrogenated and protonated nitrogens and a sig-

nificant amount of surface oxides. Our results also point towards significant protonation of the surface spe-

cies within catalytic layers, which is expected to be amplified under fuel cell operating conditions, contrib-

uting to the poor proton transport that gives rise to Ohmic losses even at low overpotentials (low current 

densities). 
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