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Fe- N- C (iron–nitrogen–carbon) electrocatalysts have emerged as potential alternatives to 
precious metal- based materials for the oxygen reduction reaction (ORR). However, the 
structure of these materials under electrochemical conditions is not well understood, and 
their poor stability in acidic environments poses a formidable challenge for successful 
adoption in commercial fuel cells. To provide molecular- level insights into these com-
plex phenomena, we combine periodic density functional theory (DFT) calculations, 
exhaustive treatment of coadsorption effects for ORR reaction intermediates, including 
O and OH, and comprehensive analysis of solvation stabilization effects to construct 
voltage- dependent ab initio thermodynamic phase diagrams that describe the in situ 
structure of the active sites. These structures are further linked to activity and stability 
descriptors that can be compared with experimental parameters such as the half- wave 
potential for ORR and the onset potential for carbon corrosion and CO2 evolution. 
The results indicate that pyridinic Fe sites at zigzag carbon edges, as well as other edge 
sites, exhibit high activity for ORR compared to sites in the bulk. However, edges 
neighboring the active sites are prone to instability via overoxidation and consequent 
site loss. The results suggest that it could be beneficial to synthesize Fe- N- C catalysts 
with small sizes and large perimeter edge lengths to enhance ORR activity, while voltage 
fluctuations should be limited during fuel cell operation to prevent carbon corrosion 
of overoxidized edges.

fuel cells | oxygen reduction reaction | Fe- N- C catalysts | density functional theory

Iron–nitrogen–carbon catalysts (Fe- N- C) (1–4) have recently emerged as potential alter-
natives (5) to platinum group- based materials (PGM) for use as electrocatalysts in carrying 
out the electrochemical conversion of oxygen to water in proton exchange membrane 
hydrogen fuel cells (6–8). A significant limitation of these catalysts, however, is that their 
activity declines over time. Numerous site degradation mechanisms, such as oxidative attack 
by hydrogen peroxide (9, 10), carbon corrosion (11–13), dissolution of iron (11, 14),  
and anion adsorption blocking active sites (15), have been proposed as possible explana-
tions for the activity loss, with some indications that the deactivation mechanism may be 
dependent on the applied potential. However, these processes are not well understood at 
the molecular level, and an improved understanding of the underlying structure of the 
catalyst could help to both shed light on these mechanisms and, ultimately, develop 
strategies for enhancing catalyst performance.

A significant challenge in successfully understanding reactivity at the molecular scale 
stems from the difficulty of controlling and characterizing the active site structures in 
Fe- N- C catalysts. Synthesis with high- temperature pyrolysis leads to a distribution in 
FeNx (x: 1- 4) moieties and nitrogen defects that are dispersed in different porous structures 
in the carbon matrix of graphene. The exact coordination and atomic environment of the 
metal- containing centers in FeNx moieties are still debated due to these structural variations 
(16). For example, experimental studies have provided direct spectroscopic evidence for 
the presence of single FeN4 sites with scanning transmission electron microscopy (STEM) 
and complementary electron energy loss spectra (EELS) (17), but other types of FeNx 
sites (FeN3, FeN2) and nitrogen groups have likewise been identified with X- ray photo-
electron spectroscopy (XPS) (16). Among these disparate moieties, FeNx sites are thought 
to be major contributors to the ORR compared to nitrogen defects (18) or residual iron 
nanoparticles (11, 19). Mossbauer spectroscopy studies, in combination with theoretical 
calculations, have additionally been used to assign FeNx moieties either to pyrrolic FeN4 
sites located in pores (20, 21) or in the bulk of graphene sheets (22), or to pyridinic FeN4 
sites in the bulk (20, 21). The above studies, in conjunction with CO cryochemisorption 
and nitrite reduction stripping, have been used to quantify site densities in catalysts pre-
pared by different synthesis protocols (23). Further, computational studies with density 
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functional theory (DFT) have found that pyridinic FeN4 sites 
have the most thermodynamically favorable formation energies, 
followed sequentially by pyridinic FeN3 and FeN2 sites (24, 25). 
It has also been reported that pyridinic FeN4 and FeN3 moieties 
in close proximity to one another, at a zigzag edge of graphene, 
have accessible formation energies (26). The large variability in 
molecular- level structures demonstrated in the above studies 
makes determination of the site having the highest intrinsic ORR 
activity and stability very challenging. Such determinations are 
further complicated by the fact that some moieties or site features 
are likely to be invisible to spectroscopic and microscopic tech-
niques if present in low concentrations, but they could neverthe-
less contribute significantly to the overall reaction rates if their 
intrinsic reactivity is high. These considerations have led us to 
expand our active site models beyond those proposed in experi-
ments, and we therefore undertake an extensive comparison of 
different active site candidates.

In addition to the wealth of active site structures in the Fe- N- C 
catalysts induced by pyrolytic synthesis, in situ structural transfor-
mations can occur under reaction conditions, leading to additional 
complexities in predicting and understanding the activity and sta-
bility of these sites. To provide insights into the molecular- level 
structures of Fe- N- C catalysts, their in situ transformations, and 
the associated catalytic performance, we introduce a comprehensive 
computational approach to assess the thermodynamic characteristics 
of these materials. Structural features are determined for possible 
active site geometries as a function of applied electrode potential 
using ab initio phase diagram analyses. These phase diagrams incor-
porate both adsorbate–adsorbate interactions at high mixed cover-
ages of ORR intermediates and coverage- dependent adsorbate–  
solvent interactions. These effects have received little attention in 
the context of Fe- N- C catalysts but nonetheless play a vital role in 
providing in situ structural insights.

Numerous active site configurations are explored, assessing 
the effects of variation in site location within a single graphene 
layer, site clustering, and nitrogen coordination on their propen-
sity for oxidation and their catalytic activity. The structural evo-
lution is, in turn, tied to the site’s activity and stability using the 
limiting potential, UL, and the overoxidation potential, UO, as 
theoretical descriptors. The limiting potential is defined as the 
potential at which an active site is poisoned and can no longer 
turn over reaction intermediates for the ORR. Hence, this 
descriptor reflects the potential range for the activity of a given 
site configuration and can be compared with the experimentally 
observed activity for the Fe- N- C catalyst. The latter is expressed 
in terms of the half- wave potential, E1/2, which is defined as the 
potential corresponding to half of the diffusion current observed 
in polarization curves under mass transfer limitations. This metric 
is often used to compare activities of ORR electrocatalysts, with 
those exhibiting values closest to the theoretical redox potential 
( EORR = 1. 23 V   ) being the most active. In turn, comparing cal-
culated site activities, in the form of UL, with the experimentally 
measured E1∕2, Fe−N−C ∼ 0. 85 V values, provides insights into 
the active sites responsible for the ORR. The overoxidation poten-
tial, on the other hand, is defined as the potential at which carbon 
atoms neighboring the FeNx active sites start becoming occupied 
by OH and O intermediates. This potential is used as a thermo-
dynamic stability indicator for catalyst degradation via a carbon 
corrosion mechanism and is compared with the experimentally 
observed onset potential for CO2 (g) species ( ECO2 onset

= 0. 90 V ) 
(11). Overoxidation of carbon atoms adjacent to the active sites 
is undesirable at conditions close to the ORR operating potential 
due to the possibilities of the oxides inducing deactivation of the 

FeNx sites and of carbon corrosion being initiated at the overox-
idized regions and leading to site loss. Higher values of UO are 
therefore associated with higher intrinsic site stabilities.

The site- dependent structure–activity–stability analyses provide 
useful insights into the molecular- level factors that govern the 
stability and activity of PGM- free electrocatalysts. We expect that 
these insights will, ultimately, point to design principles for 
Fe- N- C catalysts, permitting targeted synthesis of materials with 
improved catalytic properties.

Results
All active site configurations considered in this work are illustrated 
in Fig. 1. Both 6- membered pyridinic (Fig. 1 A–C) and 5- membered 
pyrrolic nitrogen (Fig. 1 D–F) rings are analyzed. The location of 
the pyridinic FeN4 site is considered in the bulk of a graphene sheet 
(also called an in- plane defect), at a graphene armchair edge, and 
at a zigzag edge, while the location for the pyrrolic FeN4 site is in 
either the bulk of a graphene sheet or between graphitic pores of 
varying sizes. The effect of FeNx clustering is studied by comparing 
two FeN4 sites with carbon atoms separating them (Fig. 1G) to a 
bimetallic Fe2N6 cluster (Fig. 1H). Finally, the effect of nitrogen 
coordination is studied by comparing Fe2N6 (Fig. 1H) and Fe2N5 
clusters (Fig. 1I).

Active Site Structures from Ab  Initio Thermodynamic Phase 
Diagrams. To predict the structure of the various Fe- N- C sites as a 
function of the electrode potential, we generate a series of ab initio 
phase diagrams. For a given Fe- N- C site type, we exhaustively 
enumerate all possible arrangements of hydroxyl (OH) and epoxy 
(O) groups at multiple coverages, using a graph theory–based 
geometric algorithm termed SurfGraph (27), and we estimate 
the free energy, ΔG, of their respective arrangements, as follows:

 
[1]

ΔE is the binding energy for a given adsorbate, defined as the 
reaction energies of their corresponding reactions, and is taken 
from DFT calculations.

 [2] 

 
[3]

Here, H2O is in the gas phase, and (H+ + e−) is related to H2 
in the gas phase using the computational hydrogen electrode 
scheme. The effect of a bias on all states involving a coupled pro-
ton–electron transfer step is included by shifting the free energy 
of this state by −eU, where U is the electrode potential on an RHE 
scale (28). Further, ΔZPE is the zero point energy difference, while 
ΔS is the change in the entropy corresponding to a given reaction. 
These values have been taken from previous reports and standard 
tables for gas phase molecules and are listed in SI Appendix, 
Table S1. Finally, ΔEsolv is the solvation stabilization experienced 
by the adsorbate, which is determined using a modified ab initio 
molecular dynamics routine for OH adsorbates. For a given volt-
age, the state with the lowest free energy is taken as the thermo-
dynamically preferred configuration.

We now discuss the construction and interpretation of the phase 
diagrams, including the voltage- dependent in situ structural 
implications for site activity and site stability, for a subset of the 
active sites in Fig. 1. These sites include pyridinic structures at 
varying locations in the graphene sheets (Fig. 1 A–C) and with 

ΔG = ΔE +ΔZPE − TΔS +ΔEsolv .

H2O+ ∗↔OH∗ + (H+ + e−),

H2O+ ∗↔O∗ + 2
(

H+ + e−
)

.

http://www.pnas.org/lookup/doi/10.1073/pnas.2308458120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2308458120#supplementary-materials
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different clustering of Fe moieties (Fig. 1 G and H). These cases 
are chosen to capture key performance trends, but similar analyses 
have been performed for the pyrrolic site configurations (Fig. 1 
D–F) and clustered Fe2N5 (Fig. 1I) configurations, as well, and 
they are included in SI Appendix, section S3. The structural evo-
lution is analyzed in a voltage window between 0 V and the ther-
modynamic redox potential for ORR, 1.23 V. We note that the 
resulting thermodynamic interpretations are applicable to both 
acidic and alkaline pH conditions, as we use an RHE potential 
scale.

Pyridinic FeN4 in Bulk (In- Plane Defect). The phase diagram 
for a pyridinic FeN4 site located in the bulk of a graphene sheet 
(Fig. 1A) is shown in Fig. 2. The results indicate that the active 
site (structure 1, outlined in red) is oxidized with a single OH* 
(structure 2, outlined in purple, where “*” represents Fe as the 
binding site) at 0.0 V on exposure to water. This configuration 
has the most favorable free energy up to a potential of 0.34 V, as 
represented by the purple region. We term this a spectator OH* 
moiety, as it remains bound to the Fe on one side of the graphene 
sheet under the oxidizing potentials for ORR, but it does not 
deactivate the site. This result is consistent with previous reports 
(17). Since these passivating OH groups are ubiquitous in the Fe- 
N- C sites, we define the structure containing the spectator species 
to have a free energy of 0 eV in all subsequent phase diagrams 
in this work.

The vacant side of the FeN4 site, opposite to the the spectator 
group, is the active phase where ORR occurs. Up to a potential 
of 0.34 V, there is a driving force for conversion of OH* (structure 
3 in green) to water, leaving a vacant site (structure 2 in purple) 
that may then undergo another ORR turnover cycle. Hence, this 

purple region is the potential window where ORR is active. Above 
0.34 V, the OH* binds too strongly to the active site and poisons 
it. This inactive region is indicated by the green shading in the 
phase diagram, and as discussed above, the onset potential for site 
poisoning is denoted as the thermodynamic limiting potential, 
UL, which we use as the activity indicator for the ORR. Note that, 
although we report only an OH group as the spectator and poi-
soning species, other ORR intermediates are also analyzed, but 
they are not involved in the rate- limiting step, and hence, they do 
not appear among the most stable phases shown in the phase 
diagram (refer SI Appendix, section S3.1).

In addition to poisoning of the FeN4 site with OH* on both sides 
of the graphene sheet, we consider the possibility of OH or O adsorp-
tion on carbon and nitrogen atoms neighboring the iron atoms. This 
process is termed overoxidation, and the potential above which over-
oxidized structures are thermodynamically accessible is denoted as 
the thermodynamic overoxidation potential, UO, which we use as 
the stability indicator for the catalyst during ORR. A rigorous screen-
ing of high and mixed coverage structures involving all unique com-
binations of hydroxy and epoxy intermediates, enumerated with 
SurfGraph (27), shows that the first carbon shell surrounding the 
FeN4 site is most vulnerable to oxidation. On the other hand, the 
intermediates do not adsorb on the ligating nitrogens. The 
OH#- OH*, 2OH#- OH*, and O#- OH* (structures 4, 5, and 6, respec-
tively, where # represents C as the binding site) are most stable among 
all high and mixed coverage structures considered, but they are ther-
modynamically more favorable than the Fe- poisoned OH* (structure 
3) only at very highly oxidizing conditions, beyond the potential 
range that we consider in this analysis. Hence, carbon atoms in the 
bulk surrounding in- plane pyridinic FeN4 sites are quite stable and 
are unlikely to undergo overoxidation.

pyridinic FeN4 in
bulk (in-plane defect)

pyridinic FeN4 at
armchair edge

pyridinic FeN4 at
zigzag edge

pyrrolic FeN4 in
bulk graphene (no

pores)

pyrrolic FeN4 in
small graphitic pores

pyrrolic FeN4 in
large graphitic pores

pyridinic FeN4 site
pair separated by
carbon atoms at

zigzag edge

clustered pyridinic
Fe2N6 at zigzag edge

clustered pyridinic
Fe2N5 at zigzag edge

Fe N C H

A B C

G H I

D E F

Fig. 1. Structures for unit cells of FeN4 active sites in different configurations. (A–C) FeN4 with nitrogen in six- membered pyridinic rings, (D–F) FeN4 with nitrogen 
in five- membered pyrrolic rings (unit cell is repeated twice in x and y directions), (G) pyridinic FeN4 site pair at zigzag edge of graphene separated by carbon 
atoms, (H) clustered pyridinic Fe2N6 site at the zigzag edge of the graphene sheet, and (I) clustered pyridinic Fe2N5 site at the zigzag edge of the graphene sheet.

http://www.pnas.org/lookup/doi/10.1073/pnas.2308458120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2308458120#supplementary-materials
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We note that the aqueous solvation effects, mentioned above, 
often lead to significant stabilization of the various surface struc-
tures. As an example, an OH* on Fe (structure 3) is found to be 
stabilized by H- bonding with water by −0.63 eV, while an OH# 
on carbon is stabilized by −0.43 eV. Considering such solvation 
effects explicitly is of utmost importance, as they may lead to shifts 
in the predicted limiting potentials and carbon oxidation poten-
tials. Solvation stabilization is also dependent on the oxide cover-
age under consideration, as the existence of intramolecular 
H- bonding interactions among adsorbates in the clustered con-
figurations (structures 4, 5, and 6, respectively) decreases their 
interactions with the surrounding solvent molecules. For example, 
the solvation for an OH#- OH* pair (structure 4) is found to be 
−0.75 eV, significantly less than a solvation correction that would 
be obtained by considering simple addition of individual solvation 
contributions from OH* and OH# (−1.06 eV). We believe that 
these coverage and site identity–dependent solvation stabilization 
effects, which have not been rigorously considered in the past, 
provide useful additional information on catalyst stability and 
activity. We provide a detailed discussion on the solvation analysis 

in SI Appendix, section S4.2.1 and report solvation values specific 
to each configuration in Fig. 2.

In summary, we account for potential, coadsorbate, and solvent 
effects in building thermodynamic phase diagrams to track struc-
tural evolution of the pyridinic FeN4 sites in the bulk of graphene. 
This site exhibits low intrinsic ORR activity due to poisoning at 
UL = 0.34 V, although its resistance to carbon overoxidation is 
significant. The large difference between the calculated UL and 
the measured E1∕2 ∼ 0.85V indicates that this is likely not the 
active site contributing to ORR in Fe- N- C catalysts.

Pyridinic FeN4 at an Armchair Edge. We now consider the pyridinic 
FeN4 active site at an armchair edge of a graphene sheet as an 
active site model (Fig. 1B). The phase diagram in Fig. 3 indicates 
that a spectator OH* group forms on Fe at 0.16 V (structure 2 
in purple). The onset potential for spectator formation is higher 
compared to the case of the bulk pyridinic FeN4 site, which may 
be ascribed to a change in the electronic structure of the FeN4 due 
to its altered coordination environment at the graphene sheet edge. 
Further increases in potential lead to poisoning of the active site 
with OH* at 0.47 V (structure 3 in green), giving an ORR active 
potential window between 0.16 and 0.47 V, which constitutes a 
slight improvement in activity compared to its bulk counterpart. At 
higher voltages, overoxidation sets in, and formation of 2O#- OH* 
and 4O#- OH* groups is observed at 0.77 V and 1.00 V, respectively 
(structures 4 and 5 in solid and dashed yellow). In these structures, 
the carbon atoms along the armchair edge are observed to be more 
susceptible to overoxidation by epoxy groups occupying bridge 
positions (structures 4 and 5, outlined in yellow), as opposed to 
oxidation by hydroxy groups on top sites in a 4OH#- OH* structure 
(structure 6 in blue). We note that these structures are obtained after 
a rigorous screening of high and mixed coverage structures. The 
solvation stabilization for these structures is assumed from similar 
coverage structures for pyridinic sites in the bulk of graphene, with 
more details provided in SI Appendix, section S4.2.2.

The pyridinic FeN4 site at an armchair edge is not a probable 
candidate for the ORR active site, given a significant difference of 
its activity, UL = 0.47 V, from the measured E1/2. If present in Fe- N- C 
samples, these structures could overoxidize above UO = 0.77 V and 
may therefore be prone to degradation via carbon corrosion.

Pyridinic FeN4 at Zigzag Edge. We next discuss the pyridinic FeN4 
active site at a zigzag edge (Fig. 1C). As seen in Fig. 4, this site 
forms a spectator OH* group at 0.14 V (structure 2 in purple), 
similar to the case with the armchair edge. The ORR is active 
between 0.14 and 0.68 V, while OH* poisons the site above UL = 
0.68 V (structure 3 outlined in green). Hence, site location along 
the zigzag edge greatly enhances activity towards ORR compared 
to the armchair edge, bringing the onset potential close to the 
experimentally measured E1∕2 ∼ 0.85V . We consider this result 
to be within the accuracy of our theoretical prediction, which 
is determined by standard errors in density functional theory 
calculations and by sampling uncertainties in the determination 
of solvation stabilization energies (~0.15 eV).

Similar to the case of the armchair edge, activity enhancement 
due to site location along a zigzag edge is coupled with carbon 
overoxidation at UO = 0.79 V. The OH#- OH* configuration 
( structure 5 in solid blue), with a neighboring carbon atom along 
the zigzag edge, is formed at this voltage, and it is closely followed 
by an even more heavily oxidized 4OH#- OH* state (structure 6 
in dashed blue) at 0.80 V. In contrast to epoxy groups observed 
for armchair edges, the carbon atoms along the zigzag edge are 
prone to overoxidation by hydroxy groups. Compared to pyridinic 
FeN4 in the bulk of graphene, these hydroxy groups are located 

1. bare site
ΔEsolv = 0.63 eV

2. spectator OH*

ΔEsolv = 0.00 eV
3. OH*

ΔEsolv = -0.63 eV

4. OH#-OH*

ΔE solv= -0.75 eV
5. 2OH#-OH*

ΔE solv= -0.87 eV
6. O#- OH*

ΔE solv= -0.63 eV

Fig. 2. Phase diagram for a pyridinic FeN4 site in the bulk of graphene with 
corresponding oxidized site configurations having OH and O groups that are 
energetically referenced to H2O (top and front views). Structure 1 (red) is the 
bare site configuration. Structures 2 to 6 have a spectator OH* group. OH* 
poisons the FeN4 active site in structure 3 (green). Structures 4 to 6 have 
overoxidizing OH#, 2OH#, and O# groups, respectively, on carbon atoms 
surrounding FeN4, in addition to OH* on iron. The overoxidizing groups cluster 
around the FeN4 site, forming intramolecular H- bonds. The outline colors for 
the configurations correspond to the colored lines and regions in the phase 
diagram. The potentials at which phase transitions occur are shown on the 
secondary X axis at the top of the diagram. Structure 2 is assigned a reference 
energy of 0 eV. Solvation correction values for every configuration are listed 
with respect to the reference structure 2. Free energies for phase transitions 
for every other structure by exchange of water, protons, and electrons are 
calculated with respect to this reference phase.

http://www.pnas.org/lookup/doi/10.1073/pnas.2308458120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2308458120#supplementary-materials
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further away from the FeN4 site, such that intramolecular 
H- bonding is not always present between them. This is evident, 
for example, in structure 4, where the OH# is far from the OH* 
on the iron atom, with no H- bonding between the two, at a 
distance of ~4 Å. The 4OH#- OH* configuration, however, exhibits 
some degree of OH clustering, with two of the four OH#- OH* 
pairs forming intramolecular H- bonds. The impact of solvation 
stabilization on these structures is discussed in SI Appendix, 
section S4.2.3.

Since pyridinic FeN4 sites at the zigzag edge of graphene exhibit 
high intrinsic ORR activity, with UL = 0.68 V, we propose that 
this may be an active site that contributes to ORR activity in 
Fe- N- C catalysts. However, these sites experience a close compe-
tition between ORR and deactivation by carbon overoxidation, 
which could initiate at voltages as low as UO = 0.79 V.

Given the high activity of sites along the zigzag edge, we further 
explore the effect of site coupling to determine whether this effect 
can further enhance activity or stability. We begin with the case 
of a pair of pyridinic FeN4 sites at the zigzag edge, separated by 
carbon atoms (Fig. 1G), and conclude with a pyridinic Fe2N6 
cluster (Fig. 1H), both of which have been reported to have favora-
ble formation energies from computational studies (26).

Pyridinic FeN4 Site Pair Separated by Carbon at Zigzag Edge. 
Fig. 5 shows the phase diagram for the pyridinic FeN4 site pair 

along a zigzag edge. We find that a spectator OH* group forms 
on each of the iron atoms (structure 3 in purple) at 0.08 V. As 
the potential is increased, 2OH* (structure 4 in green) forms at 
0.77 V, where an OH* intermediate forms on the second vacant 
side of each iron site. The iron sites are completely occupied by 
ORR intermediates in this structure, giving UL = 0.77 V. Even 
higher coverages of overoxidized structures are also considered, 
where we note that carbon atoms separating the two FeN4 sites 
are resistant to overoxidation, but carbon atoms on either side of 
the FeN4 site become overoxidized. The OH#- 2OH* structure 
(structure 5 outlined in solid blue), with an additional OH# group 
along the zigzag edge compared to structure 4, forms at 0.73 V, 
giving UO = 0.73 V. A further increase in potential leads to heavier 
overoxidation of the edge carbon atoms on either side of the FeN4 
pair, ultimately forming a 4OH#- 2OH* structure (structure 6 in 
dashed blue).

We note that, in the previously discussed cases for single FeN4 
sites, carbon overoxidation is observed to occur at potentials higher 
than the potential of iron site poisoning (UO > UL). However, in 
this case, the propensity for carbon overoxidation is so high that it 
induces deactivation by causing site poisoning at a lower potential 
than for iron site poisoning. Hence, the limiting potential for this 
case is modified to UL’ = UO = 0.73 V. We represent this reduction 1. bare site 2. spectator OH* 3. OH*

4. 2O#-OH* 5. 4O#-OH* 6. 4OH#-OH*

Fig. 3. Phase diagram for a pyridinic site at the armchair edge of graphene 
and oxidized site configurations having OH and O groups that are energetically 
referenced to H2O (top and front views). Structure 1 is a bare FeN4 site 
configuration. Structures 2 to 6 have a spectator OH* group. OH* poisons 
the FeN4 active site in structure 3. Structures 4 to 6 have overoxidizing 2O#, 
4O#, and 4OH# groups, respectively, on carbon atoms surrounding FeN4, in 
addition to the OH* on iron. The overoxidizing groups cluster around the 
FeN4 site, forming intramolecular H- bonds. Structure 2 is assigned a reference 
energy of 0 eV. Free energies for phase transitions for every other structure 
by exchange of water, protons, and electrons are represented with respect 
to the reference phase with a single spectator OH* moiety.

1. bare site 2. spectator OH* 3. OH*

4. OH#-OH* 5. 4OH#-OH*

Fig. 4. Phase diagram for a pyridinic site at a zigzag edge of graphene and 
oxidized site configurations having OH and O groups that are energetically 
referenced to H2O (top and front views). Structure 1 is a bare site configuration. 
Structures 2 to 5 have a spectator OH* group. OH* poisons the FeN4 active 
site in structure 3. Structure 4 has one overoxidizing OH# present on a carbon 
atom at the zigzag edge. Structure 5 has four OH# groups, on carbon atoms 
along the zigzag edge surrounding OH* on the FeN4 site, and on each side 
of the graphene nanoribbon. The overoxidizing groups prefer to stay along 
the carbon edge next to the FeN4 site. Structure 2 is assigned a reference 
energy of 0 eV. Free energies for phase transitions for every other structure 
by exchange of water, protons, and electrons are represented with respect 
to this reference phase.

http://www.pnas.org/lookup/doi/10.1073/pnas.2308458120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2308458120#supplementary-materials
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in the ORR active potential window by a hatched region in Fig. 5, 
demarcated by potentials where the poisoned green structure (5) 
and overoxidized blue structure (6) intersect with the reference 
purple structure (3). These results demonstrate the importance of 
performing a comprehensive high coverage analysis for appropriate 
activity and stability predictions. We note, in passing, that intra-
molecular H- bonding between OH# intermediates, away from 
FeN4 sites, and OH* on FeN4 sites is weak and therefore does not 
affect overoxidation potentials. More details about the solvation 
stabilization are included in SI Appendix, section S4.2.7.

The predicted limiting potential for this site, UL
′ = 0.73 V, is 

similar to that for a single FeN4 site located at a zigzag edge (UL 
= 0.68 V), within the uncertainty of our model. Carbon overox-
idation sets in at the same potential, UO = 0.73 V, indicating strong 
competition between ORR activity and catalyst stability.

Clustered Pyridinic Fe2N6 Sites at Zigzag Edge. We close by 
discussing clustered Fe2N6 sites at the zigzag edge (Fig. 1H). The 
phase diagram analysis for this site, shown in Fig. 6, indicates 
that the bare Fe2N6 site (structure 3 in black) is stable up to 0.44 
V. At higher potentials, the cluster is occupied by three spectator 
hydroxy groups. One of these groups even replaces the NH 

bridging between the two iron atoms, converting the site to a 
Fe2N5 cluster. The bridge nitrogen has a driving force to undergo 
nitrogen corrosion and evolve NO(g), as per Eq. 4:

 [4]

where ^ indicates the bridge position between iron atoms where 
NH is bound.

NH replacement and multiple spectator formation occur simul-
taneously since the bare Fe2N6 site (structure 3) transitions directly 
to structure 4 (Fig. 6). Phases with a single or pair of spectator 
OH* groups (structures 1 and 2, outlined in dashed and solid red), 
on the other hand, are not as thermodynamically favorable. After 
occupation of the Fe2N5 cluster with three spectator hydroxy 
groups (structure 4 in purple), ORR occurs at the second bridge 
position between iron atoms. This reaction can occur in a potential 
window between 0.44 V and UL = 0.79 V, after which the site is 
poisoned with OH* (structure 5 in green). A higher coverage anal-
ysis indicates that overoxidation of the neighboring carbon atom 
sets in with the formation of OH#- OH* at UO = 0.66 V (structure 
6 in solid blue). Similar to the case of paired FeN4 sites, overoxi-
dation induces deactivation by lowering the limiting potential 
to UL

′ = UO = 0.66 V (depicted by a hatched region). Further 
increases in potential show higher degrees of overoxidized states, 

NĤ + 2H2O(l) ↔ OĤ + NO(g) + 4
(

H+ + e−
)

,

1. bare site 2. single OH*

spectator
3. spectator OH*

pair

4. 2OH* 5. OH#-2OH* 6. 4OH#-2OH*

Fig. 5. Phase diagram for a pyridinic FeN4 site pair separated by a carbon 
atom at the zigzag edge of graphene and oxidized site configurations having 
OH and O groups that are energetically referenced to H2O (top and front views). 
Structure 1 is a bare site configuration. Structures 2 and 3 have 1OH* and 2OH* 
spectator groups, respectively. Structure 4 has 2 OH* groups occupying the 
two iron atoms, in addition to the spectator pair. Structures 5 and 6 have 
overoxidizing OH# and 4OH# groups in the vicinity of the FeN4 sites along the 
zigzag edge of graphene, in addition to the 2OH* intermediates. Structure 3, 
with the pair of spectators, is assigned a reference energy of 0 eV. Free energies 
for phase transitions for every other structure by exchange of water, protons, 
and electrons are represented with respect to this reference phase.

1. spectator 
OH^ replacing 

NH^ 

2. two 
spectators: 

OH^ and OH* 

3. Fe2N6 
cluster with 
bridge NH^ 

4. three 
spectators: 
1OH^, 2OH* 

5. OH* 6. OH#-OH* 7. 2OH#-OH* 8. 3OH#-OH* 

Fig. 6. Phase diagram for a clustered pyridinic Fe2N6 site at the zigzag edge 
of graphene, with oxidized site configurations having OH groups that are 
energetically referenced to H2O (top and front views). Structure 3 is a bare 
site configuration. Structure 1 has the bridge NH^ replaced by a spectator OH^. 
Structures 2 and 4 have one and two additional OH* spectators in addition 
to bridge OH^. Structure 4 is assigned a reference energy of 0 eV. Structures 
5 to 8 contain OH*, OH#- OH*, 2OH#- OH*, and 3OH#- OH*. Free energies for 
phase transitions for every other structure by exchange of water, protons, and 
electrons are represented with respect to this reference phase.

http://www.pnas.org/lookup/doi/10.1073/pnas.2308458120#supplementary-materials
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with 2OH#- OH* and 3OH#- OH* (structures 7 and 8 in dashed 
and dotted blue) forming at 0.77 V and 1.03 V, respectively. More 
details of the solvation stabilization effects for the structures in 
this phase diagram are provided in SI Appendix, section S4.2.9.

In summary, a clustered Fe2N6 site undergoes a structural trans-
formation, causing loss of the bridge nitrogen atom. Its predicted 
activity, UL

′ = 0.66 V, is also similar to that of a single FeN4 site 
at the zigzag edge (UL = 0.68 V). Similar to the previous case, 
carbon overoxidation sets in at a potential of UO = 0.66 V, indi-
cating that, while this site exhibits good activity, its stability may 
be limited.

We briefly note that we have also performed a phase diagram 
analysis for the case where the bridge NH is retained to provide 
insights into the properties of Fe2N6. The results indicate that this 
Fe2N6 cluster is active up to UL = 0.69 V and undergoes carbon 
overoxidation at UO = 0.80 V, which are similar to the ranges of 
performance metrics observed for pyridinic sites. Analysis on an 
alternate pyridinic Fe2N5 configuration (Fig. 1I) that has also been 
reported to have a favorable formation energy (22) shows, how-
ever, a very low ORR activity, with UL = 0.20 V. These two sites 
are discussed in more detail in SI Appendix, sections S3.5 and S3.6, 
respectively.

We further note that the active site configurations considered 
in this work correspond to regions with single graphene layers 
intercalated by water in the Fe- N- C catalyst. Sites could also be 
situated in multilayered graphitic stacks where interlayer interac-
tions may have an additional effect, but the trends observed in 
single- layer models herein could still be extended to those 
circumstances.

We close this section by noting that Bader analyses (29) indi-
cate that, for all site types considered, the iron atom is present in 
a 2+ oxidation state when the site is present in a bare configura-
tion, which increases to 3+ in the presence of oxidizing species. 
Further, the Fe2+ bare configuration corresponds to a low/inter-
mediate spin state, while configurations with oxidized species in 
Fe3+ configurations correspond to a low spin state for all cases 
except the pyrrolic FeN4 site in large pores in the presence of a 
spectator OH*, where the iron is observed to have an intermediate 
spin. The oxidation states and spin states are consistent with val-
ues expected based on isomer shifts in Mossbauer spectroscopy 
(20). Further, the calculated spins are consistent with trends 
reported previously over the pyridinic active sites in bulk graphene 
and pyrrolic FeN4 large sites in pores, (20–23). Detailed descrip-
tions of all charge and spin states are given in SI Appendix, 
section S5.

Discussion

Our thermodynamic phase diagram analyses reveal that structural 
evolution of active sites can be broadly categorized into four stages, 
as the applied potential is varied from 0 V to 1.23 V: i) spectator(s) 
OH formation on the underside of the Fe- N- C sheets (region in 
red), ii) active ORR (region in purple), iii) site poisoning (region 
in green), and iv) carbon overoxidation (region in yellow or blue 
if overoxidation results from formation of epoxy or hydroxy 
groups, respectively). The schematics for these stages are depicted 
in Fig. 7A.

The activity and stability insights obtained from the phase dia-
grams are summarized in the form of a bar plot (Fig. 7) where we 
additionally include results from similar analyses on pyrrolic sites 
(Fig. 1 D–F) and clustered Fe2N5 (Fig. 1I). Here, the active site 
configurations are arranged in decreasing order of intrinsic activity 
(shown by green bars), and the corresponding intrinsic stability for 
these sites is marked by the accompanying blue bars. Hatched 

regions in the green bars represent the reduction in the ORR active 
potential window induced by onset of carbon overoxidation at low 
potentials. The experimental half- wave potential ( E1∕2 = 0. 85 V ) 
and carbon dioxide onset potential ( ECO2 onset

= 0.90 V ) are 
marked with green and blue horizontal lines, respectively, to pro-
vide comparison with the intrinsic performance parameters.

The green bars in Fig. 7B indicate that pyridinic sites (1 to 5) 
exhibit a higher activity than pyrrolic sites (6 to 8). Among pyrid-
inic sites, those located along a zigzag edge (1 to 3) show the 
highest activity, close to the experimentally observed half- wave 
potentials. This correspondence indicates that these structures may 
be the active sites responsible for driving ORR activity in Fe- N- C 
catalysts. A similarity in the activities of the isolated (0.68 V), 
paired (0.73 V), and clustered sites (0.66 V) indicates that differ-
ences in H- bonding and/or electronic structure at higher iron 
concentrations, do not enhance the sites’ activity. Pyridinic Fe2N5 
(9), another clustered site configuration, exhibits low activity (UL 
= 0.19 V) owing to strong binding of hydroxyl intermediates at 
very low potentials, which in turn results from undercoordinated 
iron atoms bearing three ligating nitrogen atoms per iron, as 
opposed to four nitrogen atoms per iron in the case of the pyrid-
inic Fe2N6 cluster (1). This result contrasts with a previous report 
where these sites have been proposed to exhibit a high ORR activ-
ity with a UL = 0.72 V (30). The difference in conclusions is likely 
due to the explicit consideration of coadsorbate and solvent inter-
actions in this work.

A significant drop is predicted in activity for armchair graphene 
edges (4). The activity is reduced more for in- plane defects in bulk 
graphene (5). The trend in relative activities of pyridinic sites at 
the zigzag edge and in the bulk agrees with previous reports (17). 
The activity remains low for pyrrolic FeN4 sites in the bulk (6), 
and it is similar to their pyridinic counterparts in the bulk (5). The 
activity drops even further when pores are located in the vicinity 
of the pyrrolic sites (7, 8). This contrasts with results in some 
studies where pyrrolic sites (6, 7) have been proposed to exhibit 
higher activities for ORR than pyridinic sites (5) in the bulk of 
graphene (4, 31, 32). This contradiction arises because spectator 
groups, that we found are likely to be present under ORR condi-
tions, were not incorporated in the previous atomistic models. An 
explanation of how their incorporation resolves this conflict is 
provided in SI Appendix, section S3.2. Taken together, the above 
results suggest that pyrrolic sites are inactive, while pyridinic FeN4 
sites at zigzag edges drive ORR activity in Fe- N- C catalysts.

Interplay between Intrinsic Activity and Intrinsic Stability. 
The blue bars in Fig. 7B, depicting intrinsic site stability, show 
that active sites located in the bulk have a high resistance to 
carbon overoxidation (UO > 1.20 V). In contrast, active sites near 
edges (zigzag/armchair/micropore) are prone to overoxidation 
in potential ranges of UO ~ 0.7 to 0.8 V, very close to the 
experimentally observed onset potential for CO2 evolution. 
This result may be ascribed to a high reactivity of carbon atoms 
along edges, compared to the bulk, due to the undersaturation 
of the edge atoms. We further note that carbon atoms along a 
zigzag edge are overoxidized by hydroxyl groups, while armchair 
edges and micropores are overoxidized by epoxy groups. This 
difference may be due to the fact that the carbon atoms in 
the latter cases are more flexible and can undergo significant 
geometric perturbations, allowing accommodation of epoxy 
groups in bridge positions. The overoxidized states that we have 
identified, from phase diagrams at potentials corresponding to 
UO, are shown in Fig. 7C. These structures may provide precursor 
states for carbon corrosion.

http://www.pnas.org/lookup/doi/10.1073/pnas.2308458120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2308458120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2308458120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2308458120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2308458120#supplementary-materials
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The combined activity and selectivity results imply that, for the 
pyridinic FeN4 sites along the zigzag edge (1 to 3), the potential 
windows for ORR and overoxidation are similar. Hence, the reten-
tion of site activity could be affected by deactivation via interaction 
of overoxidized groups with the intermediates, as is evident from 
the cases of clustered Fe2N6 (1) and paired FeN4 (2) sites, where 
overoxidation is predicted to be problematic above 0.66 and 0.73 
V, respectively. These potentials overlap with the predicted active 
region for the ORR (below 0.79 and 0.77 V). The difference 
between the values corresponds to the loss of active voltage 
induced by overoxidation, which is depicted by the hatched region 
in the green bars. The high driving force for carbon overoxidation, 
compared to ORR, could also lead to site loss initiated by carbon 
corrosion at the overoxidized edge carbons for these sites, indicat-
ing that they may be less stable than the isolated pyridinic FeN4 
site (1). Future investigations of the kinetics of the competition 
between ORR and carbon corrosion would be very desirable. In 

general, the results also point to an inverse relation between activ-
ity and stability, where sites such as pyridinic FeN4 in the bulk, 
with low predicted activities (short green bars), are less sensitive 
to carbon overoxidation (high blue bars).

Conclusions

Extensive structural analyses were performed for a comprehensive 
set of active sites that can form in single layers of graphene in 
Fe- N- C catalysts. The structures of the active sites are modified 
under reaction conditions in the presence of water, with high 
coverages of hydroxyl groups sometimes forming as either spec-
tator species or precursors to carbon overoxidation. Incorporation 
of rigorous solvation corrections, dependent on the hydroxyl cov-
erages, is central to the analysis, as these corrections do not scale 
linearly with the number of surface hydroxyl groups. In general, 
pyridinic sites at zigzag edges exhibit the highest activities for 
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Fig. 7. (A) Schematic depicting ORR, site poisoning, carbon corrosion after carbon overoxidation, and overoxidation- induced deactivation as a function of 
potential, and (B) performance indicators for various FeNx moieties in the Fe- N- C catalyst. Limiting potentials, UL, (green bars) indicate activity, while overoxidation 
potentials, UO (blue bars), represent stability, with their respective values denoted at the bottom of the bar plot. (C) Corresponding atomistic models are shown 
below the bar plots, with unit cells outlined in black. Configurations where overoxidation of the neighboring carbon atoms occurs at UO are also shown (“*” and 
“#” represent iron and carbon as binding sites, respectively, and “^” represents the bridge position in the iron cluster where OH^ replaced an NH^). Overoxidation 
is caused either by hydroxy or epoxy groups, outlined in blue and yellow, respectively. These groups may be precursor states for carbon corrosion. A given 
site poisons above UL; hence, a high UL indicates high intrinsic activity, while carbon overoxidation occurs above UO, which can lead to carbon corrosion. Thus, 
a high UO indicates high intrinsic site stability. In some cases, carbon overoxidation induces deactivation by lowering the site poisoning potential (if UO < UL). 
In this case, the site activity drops to UL

′ = UO from UL, with the decline denoted by the hatched region in the green bars. The experimentally observed ORR 
half- wave potential ( E

1∕2 = 0.85V ) is plotted as a horizontal green line, providing a direct comparison with intrinsic site activity predicted from UL. Similarly, the 
experimental CO2 onset potential ( E

1∕2 = 0.90V ) is plotted as a horizontal blue line, providing a comparison with the intrinsic site stability predicted from UO.
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ORR. However, even though these sites have the highest predicted 
activities for the ORR, carbon atoms at the zigzag edges are prone 
to overoxidation, raising stability concerns for the active sites. 
Clustering of sites appears to enhance activity, but these sites are 
again vulnerable to deactivation due to carbon overoxidation. The 
precise mechanism by which overoxidation affects the kinetics of 
the ORR landscape is not discussed here but will be described in 
a future study. Once the neighboring carbon atoms become over-
oxidized, it is quite plausible that, over many fuel cell potential 
cycles, highly oxidized sites could be susceptible to permanent 
deactivation via mechanisms such as carbon corrosion (11–13). 
Since carbon atoms near the FeNx sites are most vulnerable to 
oxidation, it is also plausible that carbon corrosion originating at 
these locations in turn accelerates site loss by metal leaching (11, 
14). The high coverage structures identified here thus provide 
precursor states from which potential- dependent degradation 
mechanisms proceed and may be used in subsequent kinetic anal-
yses. Hence, we conclude that carbon overoxidation limits ORR 
activity of sites and enforces a narrow potential window in which 
ORR can occur. Controls to avoid voltage spikes during fuel cell 
operations are needed so as to prevent carbon corrosion and site 
loss at highly oxidizing potentials. Since active sites in the bulk 
do not raise any stability concerns, however, it may also be worth-
while to work toward enhancing their activity via strategies such 
as doping.

Materials and Methods

Active sites in the Fe- N- C catalyst are modeled by multiple configurations, shown 
in Fig. 1, in a single graphene sheet or a nanoribbon in vacuum, with an interlayer 
spacing of 20 Å to avoid periodic interactions. Structures with epoxy or hydroxy 
intermediates in all possible unique positions over iron, carbon, or nitrogen 
atoms, illustrated in SI Appendix, Fig. S1, and their combinations at high cover-
ages, are enumerated with SurfGraph (27). All structures are relaxed with periodic 

density functional theory (DFT), and the minimum energy configuration is deter-
mined at every coverage. Spin- polarized calculations for structure optimization 
are performed using VASP (Vienna Ab- initio Simulation Package) in a planewave 
basis set (33, 34). A planewave cutoff energy of 400 eV and a Monkhorst- Pack 
K point (33, 35) grid spacing of 3 × 3 × 1 are chosen for all active sites after 
convergence tests. BEEF- vdW (Bayesian error estimation functional with van der 
Waals correlation) (36–38), a type of GGA (generalized gradient approximation) 
exchange correlation functional (39), is used to model the electron interactions, 
and projector augmented wave (PAW) pseudopotentials (40) are used to repre-
sent core electrons in the DFT calculations. The energy convergence limit is set 
to 10−5 eV/atom, with a force convergence criterion of 0.03 eV/Å. Structures are 
relaxed at different initial guesses of overall magnetic moments, and the resulting 
minimum energy structures are used for all analyses. In particular, the spins on 
the iron atoms, corresponding to the magnetic moment of the iron, are calcu-
lated and reported in SI Appendix, Table S8 for the minimum energy structures. 
Further, the charges on the iron atoms with different adsorbate configurations are 
determined from Bader analyses (29) and are reported in SI Appendix, Table S6. 
All calculations are carried out with the atomic simulation environment (ASE) 
python interface (41).

Corrections to account for the stabilizing effect of solvation of OH* intermedi-
ates in an aqueous environment are added to the energies obtained for structures 
in vacuum. These are determined with an in- house formalism (42) based on 
ab initio molecular dynamics (AIMD) simulations with explicit water molecules 
for different active site configurations, as discussed in SI Appendix, section S4.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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