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ABSTRACT: Using molecular probes that have unique spectral signatures and have strong 

selective binding to the potential active sites allows elucidating the mechanism of different 

reactions. The mechanism of oxygen reduction reaction in metal-nitrogen-carbon (MNC) catalysts 

has been studied by using a bisphosphonate complexing agent, which improves the selectivity of 



 

ORR by blocking the protonated and hydrogenated nitrogen that are catalyzing the partial 

reduction of oxygen to hydrogen peroxide. A combination of theoretical, electrochemical and 

spectroscopic with focus on Near-ambient pressure X-ray Photoelectron Spectroscopy is used to 

directly probe the competition between binding of oxygen and molecular probe to the surface of 

MNC catalyst and to identify the role of different types of nitrogen in the mechanism of ORR. 

The mechanism of oxygen reduction reaction (ORR) in metal-nitrogen-carbon (MNC) catalysts 

have been studied extensively by a combination of spectroscopic and theoretical structure-to-

activity studies. 1-12 Heterogeneous nature of MNC catalysts, in which a multitude of active 

nitrogen species participating in different stages of oxygen reduction reaction exist, complicates 

enumeration of active site density. One of the strategies to investigate the mechanism of oxygen 

reduction reaction occurring via either direct 4-electron transfer or via 2×2e- reduction is the use 

of reactive probes that have selectivity towards binding to different types of structural motifs 

present in MNC material. Molecular probes, such as cyanide and carbon monoxide, have been 

used to poison active catalytic sites in rotating disk electrode (RDE) measurements. 9, 13-20 Recently, 

Mamtani et al. have shown that phosphate anion is selective towards binding to pyridinic nitrogen. 

19 Another protocol was introduced that allows the quantification of active centers using nitrile 

adsorption followed by reductive stripping. 18 Spectroscopy can be used as an objective 

confirmatory tool for the selective binding of probes to certain chemical moieties. For example, 

NO in combination with Mössbauer and NMR spectroscopy has been routinely used as a probe to 

iron active sites. 16 

In addition to challenge in finding probes that are selective, it is also desirable for them to be 

spectroscopically distinguishable from the spectral signature of the catalyst itself. Majority of 



 

complexing agents that can be used as probes are nitrogen-based. One of the types of complexing 

agents free of nitrogen is a bisphosphonate chelating agent 1-hydroxyethane 1,1-diphosphonic acid 

(HEDP). 

Based on DFT calculations published previously, multiple types of nitrogen existing in the MNC 

materials show strong binding of reactants, intermediates, ionomers and other adsorbates that can 

be used as molecular probes and inhibitors. 13, 21-22 For example, sulfonate group of ionomers 

shows strong binding with Fe-Nx and weaker but still very significant binding to both graphitic 

and hydrogenated nitrogen active sites. 22 On the other hand, oxygen has the strongest binding to 

Fe-Nx centers and weaker binding to other types of nitrogen. 21 Recently, we have introduced an 

inhibitor based on tris(hydroxyl-methyl)-aminomethane (Tris) that shows strongest binding to 

pyridinic and slightly weaker binding to Fe-Nx centers. 

 

Figure 1. The types of chemical moieties present in the MNC catalyst. 

The multiple nitrogen sites existing in the MNC catalysts discussed in detail in multiple previous 

reports are summarized in Figure 1. First, multiple types of nitrogen coordinated with iron in either 



 

in-plane mesomeric Fe-N4 (1) or edge disordered Fe-Nx (x<4) configuration are present. Edge sites 

include pyridinic N (4), hydrogenated N (3) and quaternary N (2). Hydrogenated N includes both 

pyrrolic and hydrogenated pyridine. Pyridine can also be present in protonated form with positive 

charge. In-plane graphitic N can be present as in-plane defect (5) with or without proton depending 

on the local pH environment.2 

Table 1 compares the adsorption energies of oxygen, sulfonate fragment of Nafion, TrisH 

(protonated Tris) inhibitor reported recently, and HEDP on different types of nitrogen and Fe-Nx 

moieties shown in Figure S4 as computed by DFT. Figure 2 shows structures with HEDP fragment 

(in the mono-deprotonated form as its pKa1 is 1.35) adsorbed. The results reported corresponds to 

the orientation and configuration with the largest adsorption energy. HEDP has strong adsorption 

energies to most of the nitrogen types with the highest affinity to Fe-Nx sites. Moreover, the 

adsorption energy of HEDP onto quaternary nitrogen which encompasses any types of nitrogen 

that are protonated 23 (edge quaternary nitrogen, in-plane protonated graphitic nitrogen, and 

protonated pyridinic nitrogen) has the largest value of -3.79 eV (not listed in Table 1).  

 



 

Figure 2. DFT optimized geometries of deprotonated HEDP adsorbed on (a) Fe-Nx, (b) graphitic 

N, (c) pyridinic-N, (d) hydrogenated pyridinic-N and (e) quaternary-N. Atoms belonging to one 

unit cell are shown. Blue – N, white – H, red – O, tan – P, cyan – C, pink – Fe. 

Table 1. Adsorption energy of assorted active sites with different molecules, in the unit of eV. 

HEDP is in the first acid dissociated form. 

Site O2 SO3 TrisH HEDP 

Fe-Nx -1.01 24 to -1.43 21 -3.3 22 -1.96 (x=4) 13 -2.18 

Graphitic-N -0.13 24 to -0.41 21 -1.9 22 -1.07 13 -1.49 

Pyridinic-N -0.08 24 to -0.28 21 -0.9 22 -3.65 13 -0.88 

Hydrogenated 

pyridinic-N / 

Pyrrolic-N 

-0.21 24 to -0.25 21 -2.25 22 -0.53 13 -1.53 

 

Figure 3. High-resolution N 1s spectra for fresh catalyst and catalyst after exposure and washing 

away HEDP overlayed spectra and difference spectra for (a) 1000 eV N 1s photoelectron and (b) 

150 eV N 1s electron. Fitted spectra are shown in Figure S1, while quantitative information 

showing relative at % of peak components is shown in Table 2. 



 

To confirm the binding of HEDP to the surface of the catalyst, spectroscopic analysis of changes 

in the surface chemistry of catalyst upon exposure and after washing of HEDP was performed by 

high-resolution XPS. The surface chemistry of pure catalyst and the catalyst after its exposure to 

HEDP at two different sampling depths was studied by both a fixed source lab-based and variable 

energy synchrotron-based instrument. In the lab-based instrument N 1s photoelectron has a kinetic 

energy of 1000 eV and it originates from approximately 20 nm of the surface, while in a 

synchrotron-based instrument N 1s photoelectron has a kinetic energy of only 150 eV originating 

from the surface depth of 2.5 nm. The power of energy-variable XPS using synchrotron sources at 

different source energies was demonstrated previously for another sample from the same family 

of materials.21 After washing HEDP from the surface of the catalyst, 0.5 at% of P is detected 

confirming its irreversible binding to the surface. Due to surface sensitivity of XPS, mostly 

unbound HEDP is detected for the unwashed sample with P 2p having single peak due to free 

phosphonate groups at 133.5 eV. After washing away HEDP, there is a shift in the position of P 

2p peak to lower binding energy of 132.7 eV (Figure S2) due to phosphonate complexation with 

functional groups of the catalyst.  A small amount of unbound phosphonate is still observed at the 

surface. Figure 3 shows high-resolution N 1s spectra from both sampling depths for pure catalyst 

and catalyst with bound HEDP, while Table 2 shows the relative surface chemical composition of 

nitrogen. There is a smaller amount of N detected at the surface (2.7 at % at 2 nm vs. 3.7 at % at 

20 nm) which may be due to the actual smaller concentration of nitrogen present or due to a larger 

amount of oxygen originating from surface carbon oxide groups. The relative distribution of 

nitrogen provides reliable and relevant information on differences in chemical composition at 

different sampling depths. 



 

Table 2. Quantitative analysis showing relative speciation of nitrogen species for pure catalyst and 

catalyst after exposure to HEDP and their difference for two experimental conditions, at 

synchrotron and at the lab-based spectrometer obtained by fitting the spectra as shown in Figure 

S1. 

Kinetic energy, 

Sampling depth 398.4 eV 399.5 eV 400.8 eV 401.8 eV 402.9 eV 

150 eV 

2.6 nm 
Npyr (4) Nx-Fe (1) N-H (3) 

N+/Ngr 

(2,5) 

NO/ 

Bulk N-H  (3’) 

Catalyst 32.6 20.3 32.5 12.0 2.7 

Catalyst 

+HEDP washed 
36.2 20.5 30.7 9.6 3.1 

Difference 3.6 0.2 -1.8 -2.4 0.4 

 398.4 eV 399.5 eV 400.8 eV 401.8 eV 402.9 eV 

1000 eV 

20 nm 
Npyr (4) Nx-Fe (1) N-H (3) 

N+/Ngr 

(2,5) 

NO/ 

Bulk N-H (3’) 

Catalyst 25.1 15.5 32.8 14.6 12.0 

Catalyst 

+HEDP washed 
25.8 14.8 31.3 13.7 14.4 

Difference 0.7 -0.7 -1.6 -0.8 1.2 

The abbreviation of pyr and gr means pyridinic and graphitic respectively. The numbers in brackets point 

to Figure 1. 

Very different distribution of nitrogen species at different sampling depths is evident in the 

catalyst. Closer to the surface, a higher concentration of edge pyridinic nitrogen groups is detected. 

The peak at 399.5 eV has contribution from different types of iron coordinated to nitrogen, 

including in-plane mesomeric Fe-N4 moieties and disordered edge sites such as Fe-N, Fe-N2 and 

Fe-N3.25 Mesomeric Fe-N4 moieties are located within the plane of graphene layer, while those 

coordinated to smaller than 4 nitrogen are expected to be located at the edge of exposed graphene 

plane. 26  A larger concentration of Nx-Fe closer to the surface confirms the hypothesis that the 



 

species contributing to peak at 399.5 eV are not only mesomeric symmetrical in-plane Fe-N4 

centers, but also disordered Fe-Nx sites that are predominantly present at the edges and exposed 

more to the surface.25 At deeper sampling depth, there is also the more significant contribution of 

the peak at a binding energy of 403 eV. The hydrogenated pyridinic and pyrrolic nitrogen N-H 

edge defects located closer to the surface/air interface and therefore terminated with oxygenated 

carbon contribute to binding energy of 400.8 eV, while the N 1s binding energy of the same defects 

in network terminated with hydrogen (C-H) is much higher at ~403 eV.23, 27 The difference in the 

relative abundance of the high binding energy peak at 403 eV for two different sampling depths 

confirms that hydrogenated nitrogen atoms located at deeper depths are surrounded by a mixture 

of graphitic and amorphous aliphatic carbons contributing to the energy of 403 eV. Figure 3 shows 

the structure of nitrogen moieties as discussed. 

The changes in nitrogen chemistry when the catalyst is exposed to HEDP is captured by the 

difference spectra between the fresh catalyst and after exposure to the adsorbate (Figure 3). The 

difference in spectra within deeper layers is less pronounced due to a smaller fraction of the signal 

coming from the adsorbed HEDP to the total 20 nm sampling depth. The difference spectra 

visualize major trends in the spectral shifts with and without the adsorbates. At the same time, the 

quantitative changes in distribution of surface concentrations of nitrogen species can be 

investigated based on curve fits of the spectra as shown in Figure S1. There is a decrease in the 

relative amount of edge hydrogenated nitrogen and protonated nitrogen, particularly closer to the 

surface. Deprotonated HEDP has a very high adsorption energy to these sites, and during the DFT 

optimization, it is observed that H is transferred from quaternary-N to HEDP. After washing the 

catalyst+HEDP with deionized water, HEDP should be removed, and protonated pyridinic nitrogen 

should be converted to pyridinic-N. This prediction is confirmed by an increase in the relative 



 

amount of unprotonated pyridines (peak at 398.4 eV) after washing away the HEDP as shown in 

Table 2. No significant difference in the region of the peak due to Fe-Nx (399.5 eV) is observed. 

The smaller decrease in the amount of protonated nitrogen in the deeper probed layers (peak at 

401.8 eV) may indicate that these nitrogen atoms are not in-plane protonated graphitic N but edge 

surface defects such as quaternary and protonated pyridines. From the spectroscopic analysis of 

catalyst with and without adsorbed HEDP, it can be concluded that the major sites blocked by 

HEDP are hydrogenated and protonated nitrogen atoms 

To probe the effect of the inhibitor onto the oxygen reduction reaction, linear sweep voltammetry 

(LSV) in 0.5 M sulfuric acid was performed using a rotating ring disk electrode (RRDE) (Figure 

4). Half-wave potentials of pure catalyst, the catalyst in the presence of 0.3 M HEDP and catalyst 

after washing HEDP with deionized water for 15 minutes are almost the same, being 0.72V. Figure 

S5 shows that this behavior is true even for higher concentrations of HEDP up to 1.0 M. There is 

a drop of disk current density in diffusion region at 0.2 V from 4.15 mA cm-2 in the pure catalyst 

to 3.41 mA cm-2 in the presence of 0.3 M HEDP, which is completely recovered after washing 

inhibitor away. According to the previous study, at the concentrations of inhibitor larger than 0.1M 

there is a decreased oxygen solubility causing a decrease in the current density in diffusion-limited 

regime. 28 Figure S6 shows that the calculated number of electrons involved in the reaction does 

not depend on the presence of HEDP. This behavior indicates that HEDP doesn’t compete with 

oxygen for binding to sites catalyzing full 4 electron reduction of oxygen to water.  

On the other hand, there is a significant effect of HEDP onto the ring current density, which 

decreases from 0.029 mA cm-2 for a pure catalyst to 0.013 mA cm-2 for a catalyst with HEDP added 

(values at 0.6 V). This can be mainly attributed to the inhibition of sites that mainly contribute to 

partial 2-e- reduction of oxygen into hydrogen peroxide. Based on DFT data and spectroscopic 



 

data discussed above, these sites are surface hydrogenated nitrogen and protonated nitrogen. After 

washing HEDP away, there is a partial recovery of ring current density to 0.019 mA cm-2, 

indicating that HEDP binding to hydrogenated and protonated nitrogen sites is not completely 

reversible. Based on a combination of spectroscopic analysis and RRDE studies, we can conclude 

that there is selective inhibition of nitrogen active sites responsible for the partial reduction of 

oxygen to hydrogen peroxide. Similar values of the slope of Tafel plots calculated for three tests 

in Figure 4 (98.16, 94.83 and 99.89 mV dec-1 for the pure electrolyte, 0.3M HEDP and refreshed 

electrolyte, respectively) confirm that HEDP does not affect iron-nitrogen active sites responsible 

for the full reduction of oxygen to water. 

 

Figure 4. LSV data of catalyst tested in 0.5 M sulfuric acid, (a) disk current density and (b) ring 

current density. Legends of 0, 0.3 and R mean pure electrolyte, 0.3 M HEDP added and refreshed 

electrolyte. Corresponding parameters are 0.6 mg cm-2 loading of catalyst, 1600 rpm of rotation 

speed and 5 mV s-1 of scanning rate. The metrics of performance, i.e. half-way potential, ring and 

disk current densities are discussed in text. 



 

To directly demonstrate how oxygen adsorption is affected by the presence of HEDP, near ambient 

pressure XPS (NAPXPS) was performed for in-situ spectroscopic characterization. Figure S3 

shows high-resolution O 1s spectra acquired in the gaseous atmosphere for both samples showing 

that in addition to gaseous water and oxygen phase there is the presence of bound hydroxyls and 

oxygen at the surface. Figure 5 shows high-resolution N 1s spectra for the pure catalyst and catalyst 

with adsorbed HEDP at UHV conditions and after exposure to the O2/H2O atmosphere. The 

difference spectra are plotted as well. The negative values in the difference spectra represent 

decrease in the intensity of peaks due to species which bind oxygen and hydroxyls to it. For 

quantitative analysis of spectroscopic changes occurring at the surface of catalyst upon exposure 

to humidified oxygen gas we referred to the results of curve fit of N 1s spectra in Figure 5 as 

summarized in Table 3. In the case of a pure catalyst, there is a decrease in the relative amounts of 

peaks due to Nx-Fe and N+/Ngr moieties seen in both Table 3 and highlighted negative peaks in 

difference spectra. These observations are consistent with a previously published report showing 

the duality of sites for oxygen binding in MNC catalysts dependent on the strength of oxygen 

binding to different nitrogen species. 11 The oxygen binding to the catalyst with adsorbed HEDP 

results in very different behavior. The large difference in lower binding energy of N 1s spectrum 

around 399 eV is observed in the negative part of the difference spectra highlighted in green in 

Figure 5 b indicating binding of oxygen to Nx-Fe sites and pyridinic nitrogen. Binding of oxygen 

and water to Nx-Fe sites causes the shift of the peak at 399.5 eV to higher binding energy causing 

an increase in the relative abundance of the peak at 400.8 eV. Binding of water to pyridinic 

nitrogen causes its protonation contributing to an increase in the peak 401.8 eV. No binding to 

protonated and graphitic nitrogen is detected at higher binding energy as these sites are blocked 

by adsorbed HEDP. 



 

 

Figure 5. High-resolution N 1s spectra and difference spectra for the fresh catalyst (a) and catalyst 

after exposure and washing away HEDP overlayed (b) in UHV and in 200 mtorr of oxygen and 

water (1:1 volume ratio).  Quantitative information showing relative at % of peak components and 

change in it upon exposure to oxygen is shown in Table 3. 

 

Table 3. Relative speciation of nitrogen species for pure catalyst and catalyst after exposure to 

HEDP in UHV and a gaseous environment. The difference between them for two experimental 

conditions is shown. 

 398.4 eV 399.5 eV 400.8 eV 401.8 eV 402.9 eV 

FeNCB  Npyr (4) Nx-Fe (1) N-H (3) 
N+/Ngr 

(2,5) 

NO/ 

Bulk N-H  (3’) 

Catalyst UHV 32.6 20.3 32.5 12.0 2.7 

Catalyst +gas 32.8 18.4 33.6 10.9 4.3 

Difference 0.2 -1.8 1.1 -1.1 1.6 

 398.4 eV 399.5 eV 400.8 eV 401.8 eV 402.9 eV 

FeNCB + washed 

HEDP 
Npyr (4) Nx-Fe (1) N-H (3) 

N+/Ngr 

(2,5) 
NO/ 



 

Bulk N-H  (3’) 

Catalyst + washed 

HEDP UHV 
36.2 20.5 30.7 9.6 3.1 

Catalyst + washed 

HEDP +gas 
34.2 19.1 33.5 10.9 2.4 

Difference -2.0 -1.4 2.8 1.3 -0.7 

The numbers in brackets point to Figure 1. 

The results of the in-situ spectroscopy and electrochemical testing, therefore, clearly identify the 

chemical structures that are responsible for two parallel mechanisms of ORR, via direct 4 electron 

reduction of oxygen to water, which occurs on iron coordinated to nitrogen Fe-Nx sites, and via 

dual site 2×2 electron mechanism, where protonated and hydrogenated nitrogen catalyze the 

reduction of oxygen to hydrogen peroxide. 29 From previous studies, we have observed that 

pyridinic nitrogen is catalyzing the second step of reaction of H2O2 reduction to H2O. 11 The role 

of different defects in the ORR mechanism on MNC catalysts are illustrated in Figure 6. 



 

 

Figure 6. Two parallel pathways of ORR mechanism are shown. Oxygen binds strongly to Nx-

Fe(1), N-H (3) and N+ (2) sites. Direct 4e- occurs on Nx-Fe sites, while N-H and N+ catalyze 2e- 

reduction to H2O2 which is further reduced on pyridinic N 

In conclusion, the HEDP is a unique inhibitor that has strong and partially irreversible adsorption 

to protonated and hydrogenated nitrogen, which increases the selectivity of the catalyst towards 

the 4-electron reduction of oxygen to water. HEDP has, therefore, a potential application as fuel 

cell cathode additive to improve cathode selectivity. Importantly, selectivity of HEDP towards 

binding to hydrogen peroxide producing sites should ensure that total density of sites performing 

full oxygen reduction to water will not be reduced.  
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