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Abstract

Although recent studies have advanced the understanding of pyrolysed Fe-N-C materials as
oxygen reduction reaction (ORR) catalysts, the atomic and electronic structure of the active
sites and their detailed reaction mechanisms still remain unknown. Here, based on first-
principles Density Functional Theory (DFT) computations, we discuss the electronic structures
of three FeNy catalytic centers with different local topologies of the surrounding C atoms with
focus on unraveling the mechanism of their ORR activity in acidic electrolytes. Our study
brings back a forgotten, synthesized pyridinic Fe-N coordinate to the community’s attention,
demonstrating that this catalyst can host an excellent activity for promoting direct four-electron
ORR through the addition of a fifth ligand such as -NH», -OH, and -SO4. We also identify sites
with good stability properties through the combined use of our DFT calculations and
Maossbauer spectroscopy data.

Keywords: Oxygen reduction, Fuel cell, Mdssbauer spectroscopy, Fe-N-C, FeNy, density
functional theory, functional ligand, non-PGM catalysts



Introduction

Non-noble-metal catalysts for oxygen reduction reaction (ORR) are of interest in major clean
technologies such as the metal-air batteries and polymer-electrolyte-membrane fuel cells
(PEMEFCs) [1]. M-N3 active sites (M=Fe, Co, Cu, Ni) adsorbed on C-based supports have been
shown to be promising catalysts for ORR in acidic medium [2-5]. However, these catalysts
exhibit rapid degradation at the cathode in acidic pH. Their highest electrocatalytic activity
occurs at pyrolytic temperatures of 773 to 973 K at which a catalytic M-N4 site binds to the
carbon support [6-9]. The M-Ny site is considered a low-temperature catalytic site [8] for
pyrolytic temperatures of 773 to 973 K and a high-temperature catalytic site [10, 11] above
1073 K. Many efforts have been made to determine the detailed structural properties of the

catalytic FeNy site at high temperatures.

Dodelet et al. [12, 13] prepared three catalysts for ORR by pyrolyzing two iron precursors (Fe'!
acetate and Fe porphyrin (Cl-Fe''! TMPP)) adsorbed on a carbon support between 400-1000
C’. They found that the Fe-N—C material always contains two types of catalytic sites: (i)
FeN,/C as the high-temperature catalytic site (HT) and (ii) FeN4/C as the low-temperature (LT)
catalytic site, whose relative proportions depend on the pyrolysis temperature and the precursor
used. The most representative ion for the HT site is FeN,Cs', see Figure Sla in the
Supplementary Information, while for the LT site, it is FeN4Cs" [14] (Figure S1b). Dodelet et
al. [12, 13] thus proposed that FeN2/C is electrocatalytically more active than FeN4/C and that
both sites emanate from high Fe porphyrin loading. A Fe—N2+2/C type active center that forms
by bridging two graphene platelets with an iron ion was subsequently identified [8, 15-17]
where each graphene platelet is similar to the proposed structure shown in Figure Sla.
Mossbauer spectroscopy has also shown a similar configuration for Fe—N»+2/C [18]. Unlike
FeN4Cs" (Figure S1b), with Fe-N pyrrolic coordination, Fe in Fe—N»+2/C (Figure S1c) exhibits
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pyridinic Fe-N coordination. More importantly, Fe-N2+2/C and FeN4Cs" have been proposed
as fully coordinated Fe—N»/C and the known Fe—N4/C site, respectively. However, the structure

of the fully-coordinated Fe—N2+2/C is unknown.

The vital role of carbon support on the ORR activity of the electrocatalysts has been well
recognized [19-21]. In 2008, Charreteur et al. [22] proposed a structure for most FeNx/C active
sites based on their earlier Fe-N»/C and FeN4/C structures (Figure S2). One year later, Lefévre
et al. [23] produced microporous carbon-supported Fe-based catalysts. They believed that the
active sites containing Fe cations coordinated by pyridinic nitrogen functionalities were located
in the interstices of graphitic sheets within the micropores. In 2015, Zitolo et al. [24]
synthesized Fe-N-C materials and studied their structures pyrolysed in Ar or NHs. Using X-
ray absorption near-edge spectroscopy (XANES), they studied the structure of active sites in
Fe-based catalysts. The HT pyrolysis was used to prepare a catalyst from iron, nitrogen, and
carbon as precursors leading to the formation of graphene sheets in which iron atoms are
coordinated by nitrogen atoms, thereby doping the carbon support. In Figure S3, three different
FeN4Cx structures with different numbers of local carbon atoms are shown: (i) a pyridinic FeNy4
moiety bounded in a graphene sheet (FeN4Cio), (i) the FeN2+2 moiety bridging two graphene
sheets (FeN4Csg), and (iii) an iron-doped porphyrinic configuration (FeN4Ci2). By modeling the
XANES spectra, Zitolo et al. [24] concluded that the correct structure is a FeN4Ci2 moiety in
which the FeNy active site bridges two graphene sheets, so that the formed catalytic sites are

based on a porphyrinic architecture, and not the previously considered pyridinic structure.

Ideally, the ORR could proceed on either sides of the active site. However, because of the low-
coordination environment of the isolated Fe atom, it is possible that it adsorbs electrolyte ions
or molecules from the electrocatalysis solution system. Effects of the coordination environment
on ORR [25, 26] and the presence of a functional ligand on one side of the FeN4/C catalyst

along with the effects of different functional ligands on ORR activity have been discussed in

3



recent theoretical and experimental studies [27-29]. For instance, Jia et al. [30] demonstrated
that the pyridinic FeNy structures remain ORR active, especially the FeN4Cs catalyst. They
suggested that the presence of a fifth ligand (i.e., an NH; ') may cause a significant increase in
ORR activity. Changing the oxidation state of Fe was then suggested to be accompanied by a
decrease in Fe-N bond distance during the ORR reaction as measured by in-situ extended X-
ray absorption fine structure (EXAFS) for a highly ORR active Fe-N-C catalyst. Using DFT
calculations they predicted an increase in ORR activity with ligand vs. ligand-free
configurations and showed that the ORR activity is governed by the dynamic structure

/11

associated with the Fe™' " redox transition rather than the static structure of the base sites.

To make the Fe-N-C catalysts suitable for industry, their stability and activity should be
enhanced. To reach this goal, it is necessary to understand the detailed reaction mechanisms
that occur at the surface of these catalysts. Also, it is important to determine the relation
between the Fe-N-C catalysts, the spin-state and the orbital configuration of the surrounding N
atoms. This can be determined by X-ray emission (XES) [31] or Mdssbauer spectroscopy [32,
33] as an indication of the metal centers [34]. Recently, it was revealed by ex-situ >’Fe
Maossbauer spectroscopy that Fe-N-C catalysts consist of two types of FeNx sites, labeled D1
(doublet with quadrupole splitting (QS) values of 0.9-1.2 mm.s!) and D2 (QS = 1.8-2.8 mm.s"
1) with the same isomer shift [35, 36]. In 2019, Mineva et al. [37] applied Mdssbauer
spectroscopy to interpret the doublets for the Fe-N-C catalysts and determined the Fe oxidation
number and spin states of FeNy structures for two different local carbon topologies (FeN4Cio
and FeN4C12). The combined theoretical and experimental results identified that the FeNy sites
are mainly in Fe'' low-spin and Fe'! high-spin states. They assigned the experimental doublet
D1 to Fe"N4Ci> in high-spin with the calculated quadrupole splitting energy of AEqs =0.9—1.2
mm.s™! and the experimental doublet D2 to Fe'™N4C1o with low- and medium spin and AEqs =

2.5—3.3 mm.s™'. Finally, they reported that the D1 sites may be more active for ORR because



they correspond to surface-exposed sites, while D2 may correspond to either the bulk sites,
which are inaccessible to O, during the ORR, or to the surface sites that bind O> more weakly
than D1. Using Mdssbauer spectroscopy, Li et al. [38] indicated that Fe-N-C catalysts comprise
two distinct FeNy sites, the high-spin S1 site, and the low- or medium- spin S2 site. They
noticed that these two sites embed differently into the C matrix, and claimed that the oxidation
number of Fe in the S1 site switches from II to III in the range of 0-1 V, while S2 does not
change and stays as Fe'l. They concluded that although both active sites contribute to the ORR
in an acidic medium, the S1 site degrades quickly to ferric oxide Fe(IIl), while S2 is more

durable with no degradation after 50 h of operation at 0.5 V.

Here, we characterize the active sites in FeNs catalysts by using our DFT simulations along
with >’Fe Méssbauer spectroscopy data, and discuss how the ORR activity can be enhanced on
the porphyrinic (FeN4Ci2) and pyridinic (FeN4Cs, FeN4Cio) structures. We thus demonstrate
that the presence of the fifth ligand changes the oxidation state of the Fe atom, which leads to
a substantial enhancement of the ORR activity. This remarkable increase is more visible on the
pyridinic FeN4Cg compared to the porphyrinic FeN4Ci» structure. Our study opens a new
pathway for finding a broader combination of functional ligands and metal centers for

improved ORR activity.

2. Computational method

DFT calculations were carried out using the Vienna ab initio simulation package (VASP) [39-
41] using a projector-augmented-wave (PAW) method [42] with cut-off energy of 400 eV.
Perdew-Burke-Ernzerhof (PBE) [43] functional is used for treating exchange-correlation
effects. The zero-damping Grimme approximation, DFT-D2, is used to compute the weak
dispersion interactions [44]. (The use of DFT-D3 dispersion [45] was found to yield only small
changes in the reaction coordinates of the order of 0.05 eV). All calculations are spin-polarized.
The convergence criterion for the residual force and energy in structural relaxations was set to
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0.01 eV/A and 10 eV, respectively. Atomic charges and charge transfer were calculated from
the Bader charge scheme [46]. For the Fe atoms, the pseudopotential used includes 3s and 3p
states as valence states in all calculations. Details of DFT calculations and model simulations,
free energy calculations, and Mdssbauer computations are given in the Supporting Information.

3. Results and discussion

3.1. Structural characterization of pristine FeNs electrocatalysts

First, we investigate the geometry and binding energy of each FeNjy site displayed in Figure 1.
The pristine FeNy catalysts have a D4, symmetry with a completely planar structure. Therefore,
all six electrons can be associated with the Fe atom where the Fe atom is in an oxidation state
of Fe(Il) [47]. According to our DFT calculations, the adsorption energy of the Fe atom into
the N4 pyridinic and porphyrinic cavities is very high (see Table S1), especially in complex lc,
suggesting that the Fe atom anchors very strongly into the N4 defective site leading to the high
stability of the formed catalysts. The calculated Fe—N bond lengths of the optimized complexes

are in the range of 1.85-1.97 A which is in close agreement with previous studies [30, 48, 49].

. FeN,C, FeN,C),
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Figure 1. Proposed FeN4Cx (x = 8, 10, and 12) structures as representative Fe-N-C materials. The
optimized la, 1b, and lc structures are considered to be classified in the cluster group while the 2a and
2b structures are sorted in the periodic group. Color code: brown, C; blue, N; orange, Fe; white, H.
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The calculated decomposed total density of states (DOS) for all the complexes is shown in
Figure S5. The calculated HOMO-LUMO energy gap for pure la, 1b, and Ic clusters are 1.40,

0.21, and 0.19 eV, respectively.

3.2. ORR on four-fold-coordinated FeNs catalysts

Adsorption of ORR species. The ORR in an acidic environment starts with the adsorption of
an Oz molecule on the surface followed by four hydrogenation steps, forming the *OOH. The
*OOH then reacts with the second (H" + ¢") from the solvent and forms the *O while an H,O
molecule is released from the surface. Subsequently, the third protonation of *O results in the
formation of an *OH species. Finally, the last proton-electron pair combines with *OH and
produces another H>O above the FeNy active site. All possible orientations for each adsorbate
(except for atomic oxygen *O) have been considered and the energetically favorable structures
are shown in Figures 2 and S6. The oxygen molecule adsorbs through end-on orientation on
all complexes except on complex la in which it tends to have a side-on orientation in agreement
with other investigations [50, 51]. The O—O bond (do—o) increases by about 13% in complexes
la and 6.8% in complexes 2b and 1c after O, adsorption, suggesting charge transfer from Fe
to the 2m" orbitals of the adsorbed oxygen (Table S1). Besides O—O bond elongation, dre—n

increases by about 2% in complex 1a while it increases only 0.5% in complexes 2b and lc.
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Figure 2. The most stable optimized configurations of ORR intermediate species adsorbed on
complexes 1a, 2b, and 1c. Color code: brown, C; blue, N; orange, Fe; white, H; and red, O.

The Gibbs free energy of each reaction step greatly depends on the total energy difference
between the two intermediate products. Consequently, the performance of the reaction
corresponds to the adsorption behavior of the intermediates on the catalysts. As expected, the
adsorption of *OH outcompetes that of *O, and *OOH. Moreover, the adsorption energy of
*0O 1is smaller than that of *OOH (Figure S7). The computed adsorption energy of *O> on
complexes 2b and Ic are reported in Table S2. These values are comparable to the commonly
used catalyst in PEM, Pt(110), with Eags =-1.10 eV. The adsorption energy of *O> on complex
la and 2a is high (more negative), Eags = -2.90 and -2.02 eV, respectively, which is higher than
the values reported by Lie et al. [50] (-1.67 eV) or Kattel et al. [52] (-1.61 eV). The small
difference between the computed adsorption energy of *O» on complexes 1a and 2a might be

related to the small size of the complex 1a which leads to exaggerated binding energy while in



a similar periodic system, the values are more moderate. However, the same trend can be seen
for the adsorption of intermediates on complex 2a (see Figure S7). The DOS plots of *OH
adsorbed on FeN4 complexes also indicate a strong interaction between the Fe-dy, and O-py
orbitals in complexes 1a and 2b (Figure S8). At the HOMO level, the interaction of the Fe-d 2
and O-p, orbitals are visible in complex 1c¢ which might explain the half-filled d orbitals after
*OH adsorption [53]. However, one can see that upon the adsorption of *OH intermediate, the
HOMO-LUMO energy gap increases in complexes la, 1b, and 1c to 1.91, 1.71, and 0.29 eV,

respectively.

Electrochemical ORR. A four-electron pathway of ORR in acidic media, * + O (g) +4(H* +
e”) = 2H;0, is known as the ideal reaction [54] as discussed in the Supporting Information.
Upon the adsorption of ORR species on the active Fe center on pristine FeN4 catalysts, the
symmetry of the structure changes. The open-shell nature of the interacting ORR species with
the Fe!l atom of the pristine FeNy catalyst describes the change of iron oxidation number from
Fe!' to Fe' [27, 47, 55]. In addition, during the ORR, the four equatorial Fe—N bond lengths
of each complex, which were identical in the pristine FeN4 complexes, increase and divide into
two pairs with different bond lengths that cause the Fe out-of-plane displacement. Changes in
the average Fe—N bond length are monitored during the reduction reaction on all five catalysts.
As is clear from Table S1, the Fe—N distance increases by about 0.5-2% during the ORR,
depending on the catalyst [30, 56]. This reduces the stability of the catalyst as in O;-saturated
electrolyte, the activity and the number of active FeNs sites decreases, forming iron oxide
particles during cycling [38, 57]. This originates from the strong attraction of ORR species
with the Fe active center as reported in Table S1. One can see that the Fe-O bond length of
adsorbed ORR species on complexes 1a, 2a, 2b, and 1c is in the range of 1.61<dr..0<1.88 A,
confirming the strong adsorption of oxygenated species on Fe atom. This further leads to a

significant protrusion of the Fe atom from the N-plane, i.e., a movement of about 0.3 A in



complexes 1¢ and 2b that is in good agreement with other five-fold-coordinated TM complexes
(MLs) [58], Fe-porphyrine structure [47], and is more pronounced in complex 1a with a value
of about 0.9 A. The distinct Fe displacement and Fe—N switching behavior is also shown

theoretically and confirmed experimentally [30].

Since the calculated results for complexes 1b and 2b were similar, we chose complexes 1a, 2a,
2b, and 1c for calculating the ORR to reduce computational costs. The calculated ORR reaction
coordinate for each complex at zero potential is plotted in Figure 3. The ideal pathway (shown
in black) is the ORR standard reversible potential (1.23 V). Several important conclusions can
be derived from this analysis: (i) the calculated limiting potential (Ujim) for ORR on complexes
la, 2a, 2b, and Ic is -0.42, -0.11, 0.25, and 0.55 V vs reverse hydrogen electrode (RHE),
respectively (see Table S1). The uphill ORR steps for complex la and 2a are related to the
formation of HoO(g); (i1) being closer to the ideal line, complex 1c¢ shows better but not very
high catalytic activity for ORR; (iii) complexes 1a and 2a with the lowest local C coordination
have the lowest tendency for catalyzing ORR. The reason might be related to the larger Fe'"
out-of-plane displacement in these catalysts. To avoid expensive calculations, complex 1a is
chosen as a representative of the FeN4Cg and used in futher calculations. According to the
calculated binding energies of the ORR species on each catalyst, we can conclude that the
adsorption of these species becomes stronger with decreasing number of local carbon atoms

around the FeNy center (Table S2), requiring more energy for the cleavage of the bonds and

formation of two water molecules, in close agreement with previous investigations [24, 50].
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Figure 3. Free energy diagram of the ORR on complexes 1a, 2a, 2b, and 1¢ with an active Fe'" center

3.4. ORR on five-fold-coordinated FeNs catalysts

Adsorption of ligands. Subsequently, we determined the ORR activity of the studied
complexes in the presence of three different ligands, i.e., NH;, OH™~, and SO%~, which come
from the precursors, the ORR intermediate with a high tendency to poison the FeNy active sites,
and the H2SOq electrolyte, respectively. The structural changes induced by the ligands on the
FeNj catalysts are similar to those shown in Figure 2 considering that the protrusion of the Fe'
atom from the N-plane is more pronounced in complexes 1a and 2a (Figure S9). For adsorption
of the SO%~ ion on Fe'', two adsorption orientations are considered. One in which the SO%™ ion
binds to the Fe atom with one oxygen, and the other, in which the SO%~binds with two oxygen
atoms, thus forming either one or two Fe-O bonds. We demonstrate in Figure S10 that
regardless of the type of complex and its unit cell, SO%~ binds stronger than OH™ and NH;
ligands on all FeN4 centers. However, all the ligands adsorb on the FeN4Cg catalyst with much

higher adsorption energies (more negative) than that of other studied complexes (Table S3).
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Adsorption of ORR intermediates. Figure S11 shows the optimized six-fold coordinated FeN4
catalysts in which the ORR intermediate species adsorbs on the FeNs in the presence of the fifth
ligand (FeN4C-ligand). It can be seen that the symmetry of the iron atom in the configurations
changes to octahedral and the oxidation state of the Fe atom reduces from Fe' to Fe'' [33, 47],
restoring the planarity of the FeN4 section. As reported in Table S1, the dre-~ within the pyridinic
and porphyrinic N4 sites expand slightly, but this increase is negligible compared with that of
ORR on ligand-free complexes. The reason is that the fifth ligand in these structures pulls back
the Fe atom into the plane upon the adsorption of the ORR intermediates on the five-fold
coordinated FeNs sites preventing the elongation of the Fe-N bond. In contrast, dre-o increases
significantly compared to its value in ligand-free complexes. The Fe-O bond elongation induced
by the presence of the fifth ligand reduces the adsorption energy of the *O,, *OOH, *O, and *OH
intermediate species, as shown in Figure S12 and reported in Table S3, contrary to the ligand-
free catalysts. This is seen especially in complex 1a and it facilitates the ORR in agreement with

reports by Holby et al. [27].

Electrochemical ORR. Following the observation that a greater Fe displacement leads
to a lower ORR activity in the ligand-free complexes, we find that the presence of the fifth
ligand on the studied catalysts and specifically on complex la drastically increases their
electrocatalytic ORR activity. In addition, there is a significant elongation of the Fe-O distance,
especially if the first ORR step is the adsorption of oxygen. The elongation amounts to about
6-18% in complex la and about 10-13% in complex 2b (see Table S1). In complex C, this
elongation is in the range of 1-2%. The Fe-O bond length of other intermediates adsorbed on
the studied complexes changes between 6%< Adre.0 <1%. Interestingly, we noticed that the

highest Fe-O distance is for the complexes with the NH> and OH ligands.

The free energy plot of the ORR on complexes la, 2b, and Ic is shown in Figure S13. Our

results reveal that in the presence of the fifth ligand, the four-electron ORR proceeds with
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smaller limiting potentials (Uiim = -AGmin/e), closer to the ideal pathway (see Table S1). Along
the ORR pathways on complex 1a, the calculated ORR free energy diagram in Figure S13a
shows that the adsorption of Oz, Ox(g) + 4(H" + e7) - *O, + 4(H" + e7), on the Fe center in
the presence of SO4 ligand is endothermic with AGmin = 0.45 eV. O; adsorption on the Fe active
center of complex la in the presence of OH and NH; ligands is the ORR potential determining
step (PDS) with AGmin of -0.07 and -0.19 eV, respectively, showing that this step is
thermodynamically spontaneous under ambient conditions. ORR steps on complex 2b, shown
in Figure S13b, are all downhill and thermodynamically favorable. The calculated PDSs in the
presence of SO4, OH, and NH> are related to O> adsorption, second H>O formation, and the
first hydrogenation step of *O to *OOH, respectively. Similar to complex 2b, the ORR on
complex Ic is also thermodynamically exergonic and the PDSs are related to the second H.O
formation and the first hydrogenation step of *O; to *OOH, in the presence of SO4+/OH and
NHo, respectively.

Our analysis confirms that FeN4 catalysts catalyze the four-electron ORR more actively in the
presence of NH, and OH ligands, see the free energy profiles for various reaction steps in
Figure S13.

According to our investigation, we confirm that the FeNy catalysts catalyze the four-electron
ORR more actively in the presence of NH; or OH™ ligand by computing the free energy profile
for each reaction step on all studied catalysts (Figure S13). One can see that amongst the
different ligands, the addition of NH; to FeNs complexes decreases the adsorption energies of
the ORR intermediates (Figure S12) and thereby drastically increases their ORR activity. Our
results are in good accordance with previously reported experimental and theoretical results,
reporting that the presence of a fifth ligand makes the catalyst ORR active [59, 60]. Thus, in
contrast to what was reported in recent studies [24, 37, 38, 61], we here show that FeN4Cs can

promote the electrocatalytic ORR with lower limiting potential than that of FeN4Cio and
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FeN4Ci2 (see Figure 4). As proposed by Dodelet [12], we hereby confirm that Fe'' is a

representative ion of the robust FeN4Cg catalyst toward ORR at 0V potential.
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Figure 4. An atomistic visualization of the ORR on the FeN4Cs catalyst in an acidic medium. During
the reduction process, the four-fold coordination Fe™N4Cs switches to five-fold coordination Fe"™N,Cs
leading to catalyst degradation and formation of ferric oxide. In the presence of the fifth ligand, the
ORR activity of the catalyst increases significantly. The oxidation number of iron does not change in
the six-fold coordination structure. Color code: brown, C; blue, N; orange, Fe; white, H; and red, O.

According to the calculated magnetic moment (u) reported in Table 1, one can see that the
magnetic moment of Fe decreases with the addition of NH; as the fifth ligand while it increases
upon adsorption of OH~and SOZ~ligands. It is known that the change of the magnetic moment
stems from the change of spin configuration [62]. The magnetic moment of Fe decreases in the
ligand-free catalyst after adsorption of ORR intermediates except for the adsorption of *OH.
The decrease in the magnetic moment of the Fe atom is also visible in complex 1a-NH> except
for adsorption of *OOH and *OH, for which the u are higher than those in the pure complex

1a-SO4. In complexes la-OH and 1a-SO4 the magnetic moment decreases for all the
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intermediates adsorbed on the catalyst. The magnetic moment of the Fe atom in other

complexes is reported in Table S4.

Table 1. The calculated magnetic moment (in units of the Bohr magneton pg) of iron atom in complex
la for ORR configurations with and without the fifth ligand. Values in parenthesis correspond to the
calculated total magnetic moment of the complex.

Complex la 1la-NH, 1a-OH 1a-SO04
Substrate 1.70 (2) 0.74 (1) 2.03 (3) 0.00 (0)
*00 1.19 (2) 0.04 (1) 0.47 (1) 0.00 (0)
*OQOOH 0.80 (1) 1.30 (2) 1.36 (2) 1.11 (1)
*O 0.00 (0) 0.67 (1) 0.67 (1) 0.84 (2)
*OH 2.03 (3) 1.41 (2) 1.49 (2) 1.35 (1)

3.5. Linking ¥Fe Mossbauer spectroscopy to the Fe oxidation state

S’Fe Mossbauer spectroscopy has been extensively used to determine the local electronic
structure, coordination of iron nuclei, and magnetic properties in many materials containing Fe
atoms in their active sites [63-65]. The AEqs is an important Mdssbauer parameter originating
from the hyperfine interactions between the Fe nucleus and its surrounding electronic
environment. It is known that changing the iron oxidation state, spin state, or chemical
surrounding has a substantial effect on AEqs [66]. Therefore, we used this technique to

characterize the different oxidation states of iron in the studied complexes 1a, 2b, and Ic.

AEqs is calculated for three sets of complexes: (i) ligand-free (pure) complexes that contain a
significant fraction of ferrous moieties, Fe' (four-fold coordinated); (ii) complexes containing

the ferric ion, Fe''

, which is modeled by adsorbing either an ORR species or ligand on the Fe
center (five-fold coordinated); and (iii) Fe'"N4 with six-fold coordination. Since our results are in

close agreement with those reported for similar Fe-N-C structures [24, 37], we believe our results

are accurate for the proposed FeN4Cs structures, too.

First, we focus on the pure catalysts containing the Fe' in a low or medium-spin state. In Figure
5 we schematically show the AEqs values for the FeN4 complexes calculated using DFT with a
combination of five available spin states Fe'' (S = 0), Fe'! (S = 1), Fe' (S = 1/2), Fe! (S =3/2),
and Fe'' (S = 5/2). The corresponding combinations are taken based on Mdssbauer experiments,
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vis. Fe!' (S=0) and Fe'! (S = 5/2) for the Fe—~N—C catalysts. We did not consider the high-spin
state (S=2) because the obtained Mdssbauer parameter values for this spin state were never

experimentally observed for Fe-N-C catalysts [35, 67].

Our DFT calculations indicate that the AEqs for pure FeNy catalysts with either a closed-shell
(S=0) or an open-shell (S=1) structure is in the range of 2.5—3.2 mm.s!, see rows 1—3 in Table
S5. As shown in Figure 5 and reported by Mineva et al. [37], the obtained AEqs values for
complexes containing ferrous moieties with S=0 spin state are in the range of the experimental
AEqs values reported for Fe''N4 moieties. One can see in Table S5 that in the pure catalysts there
is a clear difference between the AEqs values of the complex 1c (2.5 mm.s™) and complexes 1a

and 2b (>3.0 mm.s™), confirming their structural difference (porphyrinic vs pyridinic).

By either adsorption of an ORR species (here an *OH moiety) or a ligand (here SO4) the
oxidation state of iron increases from Fe!' to Fe'l. The computed AEqs values in Table S6
indicate that there is a significant difference between the obtained AEqgs values for the five-fold
coordinated FeNs catalysts (rows 1-3) in S= 5/2 (<0.9 mm.s') with other spin states
(1.0<AEq@s<2.7 mm.s). The quadrupole splitting values in S=5/2 are in the range of the
experimental values reported in previous investigations [32, 37, 68], assigning the spin state of
Fe! to all the five-fold coordinated FeNj catalysts and consequently the switching behavior of

Fe atom in FeNy catalysts during the ORR process (see Figure 5).

Finally, we calculated AEqs for complexes la, 2b, and 1c with six-fold coordination as a
representative of other complexes with similar coordination. In these complexes, the iron atom
binds with four N atoms, one *OH group, and a ligand group. The computed AEqgs for S=0 is
in the range of 1.8 — 2.3 mm.s™! and for S=1 it is in the range of 0.2 — 2.5 mm.s ! (rows 4-8).

Therefore, we conclude that S=0 is in closer agreement with the reported experimental data
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confirming the switching behavior of the Fe oxidation state from Fe'!' to Fe'! in the six-fold

coordinated FeNy catalysts.
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Figure 5. DFT calculated and measured AEqs for FeN4Cs, FeN4Cio, and FeN4C» catalysts with four,
five, and six-fold coordination. The blue and orange shaded areas represent the experimentally
measured distribution of doublets D1 and D2, respectively. The dashed lines refer to the center of the
fitted Gaussian distribution as reported in Ref [37].

According to Figure 5, the experimental doublet D1 can only be assigned to the five-fold
coordinated FeNs structures. Among the studied catalysts, center of the D1 distribution
corresponds best to the high-spin FeN4Ci» catalyst (S=5/2) with the mean AEqs value of 0.9
mm.s™'. It was reported that the doublet D2 (S2) is durable with no active site degradation after
50 h operation at 0.5 V [38]. We confirm this durability by assigning doublet D2 to pure FeN4
catalysts before entering the ORR cycle and the six-fold coordinated structures. The oxidation
number of iron in these configurations is Fe. The calculated AEqs values for pure FeN4
catalysts are all in the range of experimental values shown in the orange shaded region
confirming that before starting the reduction reaction, the catalysts are ferrous rich. In the six-
fold coordinated FeNs structures with S=0, all complexes are in the same range, although

pyridinic complexes are the closest in value to the proposed range of 1.8-3.3 mm.s!. As
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expected, complex la corresponds best to the mean AEqs value of 2.2 mm.s™!, confirming its

high ORR activity.
Conclusions

The stability and durability of FeNy catalysts with different C-coordinations (FeN4Csg, FeN4Cio,
and FeN4Ci2) were investigated ab initio using DFT-based modeling and Mdssbauer
characterization. Simulated Mdssbauer spectra allowed us to identify FeNy4 pyridinic moieties
(FeN4Cs, FeN4Cio) as well as the active porphyrinic FeNy sites (FeN4Ci2). Three major steps
were analyzed carefully. (i) Before entering the ORR cycle the four-fold coordinated FeNs
catalyst with extensive ferrous sites. (ii) The five-fold coordinated FeNy site with oxygenated
intermediates adsorbed on the Fe atom, which forms during the reduction process. In this case,
the ferrous ions directly or indirectly degrade into the ferric oxides leading to the demetallation
of the catalyst; and (iii), ORR in the presence of the fifth ligand (NH;, OH™, and SO3~), which
changes the symmetry of the configuration and the iron-coordination to ferric by forming a six-
fold coordinated FeNs, and it is found to be surprisingly ORR active. The mechanism is that
the fifth ligand pulls back the Fe atom into the basal plane upon adsorption of the ORR
intermediates and prevents the elongation of the Fe-N bond and thus reduces the degradation of
the catalyst. The pyridinic FeN4Cg catalyst is found to exhibit both durability and ORR activity
in the presence of the fifth ligand. Our study provides a new pathway for the rational design of

robust FeNy catalysts for electrocatalysis and energy-conversion applications.

Supporting Information.

(a) The proposed FeN>C4" as the high temperature catalytic site (Figure 1 of ref [12]). (b)
Visualization of the reaction of porphyrin with the carbon support (Figure 9 of ref. [14]). (c)
the proposed structure of the Fe-N2+2/C (Figure 12 of ref. [18]). All figures have been
reproduced with the permission of the American Chemical Society. Possible structure of most
of the catalytic sites in Fe/N/C catalysts. Reprinted from ref. [22]. Copyright (2008), with
permission from Elsevier. Comparison between the experimental K-edge XANES spectrum of
Feos (black dashed lines) with the theoretical spectrum calculated based on the depicted
structures (solid red lines) for the proposed (a) FeN4Cio, (b) FeN2+2Cs+s, and (c) FeN4Ci2
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moieties. Color code: gray, C; blue, N; orange, Fe. Copyright (2015), reproduced with
permission from Nature. DFT calculations. Models for FeN4C catalysts. Free energy
calculations. Mdssbauer calculations. Origin of Quadrupole splitting. Calculated total density-
of-state (DOS) for the complexes la, 1b, lc, 2a and 2b. The most stable optimized
configurations of ORR intermediate species adsorbed on complexes 2a and 1b. Color code:
brown, C; blue, N; orange, Fe; white, H; and red, O. Binding energies of ORR species on
complexes la, lc, 2a, and 2b. Calculated total and partial densities of states for the adsorbed
configurations of *OH on complexes la, 1b, Ic, 2a, 2b and 1a, 2b, 1c¢, respectively. Optimized
adsorption configurations of NH;, OH™, and SO3~ on periodic FeN4Cs, complex 2a. Color
code: brown, C; blue, N; orange, Fe; white, H; red, O; and yellow, S. Calculated binding
energies of ligands on complexes 1a, 2a, 2b, and lc. The most stable optimized structures of
ORR intermediate species adsorbed on complexes la, 2b, and 1c in the presence of the fifth
ligand. Color code: brown, C; blue, N; orange, Fe; and white, H; red, O; yellow, S. Calculated
adsorption energies of ORR intermediate species on complexes 1a, 2b, and 1¢ in the presence
of the fifth ligand. Calculated free-energy evolution diagram for ORR on complexes la (a), 2b
(b), and 1c (c) in the presence of NH;, OH™, and SO4>" ligands at zero potential. Computed
average Fe-N (dre—n) and Fe-O (dre-0) bond length of ORR intermediates on FeN4Cx (x = 8,
10, and 12), the corresponding adsorption energy (Eags), the ORR limiting potential (Ulim),
along with the calculated overpotential (). Bond lengths, energies, and potentials are in A, eV,
and V, respectively. Computed adsorption energies (Eags) and changes in the Gibbs free
energies (AGags) of ORR intermediates on FeN4Cx (x = 8, 10, and 12). Computed adsorption
energies (Eads) of the ligands and ORR intermediate species on FeNs substrates. Magnetic
moment (in units of Bohr magneton, ug) of the Fe atom in complexes 2a, 2b, and 1¢ before
and after ORR with and without the fifth ligand. Values in parenthesis give the total magnetic
moments. Quadrupole-splitting energy (AEqs) in mm.s™! for the catalysts containing ferrous
moieties. Quadrupole-splitting energy (AEqs) in mm.s™' for the catalysts containing ferric
moieties.
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—==m = Connection to the carbon surface

Figure S1. (a)The proposed FeN,Cs4" as the high temperature catalytic site (Figure 1 of ref [1]). (b)
Visualization of the reaction of porphyrin with the carbon support (Figure 9 of ref. [2]). (c) the proposed
structure of the Fe-N».»/C (Figure 12 of ref. [3]). All figures have been reproduced with the permission
of the American Chemical Society.
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Figure S2. Possible structure of most of the catalytic sites in Fe/N/C catalysts. Reprinted from ref.
[4]. Copyright (2008), with permission from Elsevier.
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Figure S3. Comparison between the experimental K-edge XANES spectrum of Feg s (black dashed
lines) with the theoretical spectrum calculated based on the depicted structures (solid red lines) for the
proposed (a) FeN4Cio, (b) FeN212Cs14, and (c) FeN4Ci, moieties. Color code: gray, C; blue, N; orange,

Fe. Copyright (2015), reproduced with permission from Nature.
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DFT calculations

The adsorption energy of adsorbates is obtained by using:

Eads = Eadsorbate@FeNacx = (Eadsorbate + ErFeNacx) (1)
where Eadsorbate@FeN4Cx, Eadsorbate, and Erenacx are the total energies of the FeN4Cx surface with
the adsorbed molecules, adsorbate, and the pure surface, respectively. An optimized O>
molecule and the bulk Fe are used as a reference for evaluating the adsorption energy of atomic
oxygen on the surface and Fe atom into the N4 vacancies, respectively.

Models for FeN4C catalysts

FeN4C catalysts are well known as promising electrocatalysts for ORR. Recently, DFT
calculations were used to examine various possible structures of the FeNy active site within the
carbonic matrix [5-7]. However, there is no consensus on the local C structure surrounding the
FeNy active site [8-11]. Five different FeN4C models have been simulated with three different
local C structures, i.e., cluster and periodic FeN4Cs (complexes la and 2a) and FeN4Cio
(complexes 1b and 2b), along with the FeN4Ci2 cluster (complex 1c), representing the most
common models found in the literature [12-16]. The atomistic configurations of complexes 2a
and 2b are extended and shown in Figure S4. The porphyrin-like FeN4 catalyst, complex Ic,
was examined because of its stable structure and high performance in ORR [8, 17, 18]. All
models are constructed by modifying a graphene layer with C—C bond length of 1.42 A. For
the FeN4Cs cluster (complex 1a), a planar 14.37 A x 17.01 A unit cell is used while for the
FeN4Cio and FeN4Ci2 clusters, (complexeslb and 1c), a planar 24.55 A x34.03 A unit cell is
used. For the periodic FeN4Csg and FeN4Cio (complexes 2a and 2b), a 4X2 and 4 X4 unit cell is
used with a periodic graphene slab of 9.82 A x 17.01 A and 9.82 A X 8.50 A, respectively.
The models used vacuum-layer separations of 15 and 20 A in complexes 1a, 2a, and 2b and 1b,
lc, respectively. The cluster sizes used in simulations are sufficiently large to avoid lateral

interactions since the distances between the two hydrogen atoms in x — y directions are 8 A X
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10.25 A, 12.51 A x 20.82 A, and 13.28 A x 20.70 A for the clusters la, 1b, and lc,
respectively. The Brillouin zone integration was performed using a [I'-centered
Monkhorst—Pack mesh [19] with 5X5X 1 k-points for the periodic complexes 2a and 2b, while
for the clusters la, 1b, and 1c only the I'-point was used. The positions of all atoms are fully

relaxed during the optimization process.

2a 2b

Figure S4. Atomistic configurations of FeN4Cs (a) and FeN4Ci (b) active sites in extended simulation
cells. Color code: brown, C; blue, N; orange, Fe; and white, H.

Free energy calculations

The method proposed by Noarskov et al. [20, 21] is used to calculate the free energy change of
various elementary reactions occurring on the active site. The ORR reactions steps under acidic

conditions are:

*+0y(g)+4HT +e7) > 0" +4(HY +e7) (2)
"0+ 4(H* +e7) > *OOH + 3(H* + e") (3)
*OOH +3(H* + e7) >*O +2(H* + ™) + H,0 4)
*O +2(H* + e7) + H,O - *OH + (H* + ) + H,O (5)

S6



*OH + (H* + e7) + H,0 - 2H,0 (6)

The free energy change for each reaction step can be expressed as:

AG= AE + AZPE — TAS + AGpu + AGu (7)
where AE is the change in the total energy, AZPE is the change in the zero-point energy (ZPE),
T is the temperature (298.15 K), and AS is the change in entropy. The ZPEs of the adsorbed
ORR species were computed from DFT frequencies. For all adsorbed intermediates on FeNa,
only the vibrational entropy is taken into account because the translational and rotational
degrees of freedom of the adsorbate effectively convert into vibrational modes (frustrated
translations and rotations). Notably, for the gas phase molecules, the entropy term can be
obtained by the sum of the translational, rotational, and vibrational contributions, whereas only
the vibrational modes of the adsorbed species are computed explicitly, and the surface of the
catalyst is fixed by assuming that the change in vibrations of the solid surface is negligible.
AGyH refers to the correction of the H' free energy by the concentration: AGpy = 2.303 % kgT
x pH, where kg is the Boltzmann constant and the value of pH is set to be 0 in this work. AGuy
is the free energy contribution related to the applied electrode potential (U) versus the
reversible hydrogen electrode (RHE), i.e., AGu = -neU, where n is the number of H'/e™ pairs
transferred in NRR and e is the unit charge. The limiting potential (Uiim) is equal to —AGnmin /e,
where AGnmin 1s the step that releases the minimum energy among the four steps, i.e. the
thermodynamic rate-determining step (RDS). Theoretical overpotential () is adopted as a
measure of the whole ORR rate and determined as 1 = Uequ — Ulim, Where Uequ 1s the equilibrium
potential of ORR reaction, Oa(g) + 2H"+2e" = 2H,0 is 1.23 V vs. RHE, which is taken from
the tabulated experimental standard reduction potentials [22, 23].

Moéssbauer calculations

The electric field gradients (EFGs) at the positions of the Fe nuclei are calculated for all

structures using VASP [24]. Cutoff energy of 400 eV and a I'-point centered k-point mesh of
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I1x1x1 and 5x5x%1 is chosen for cluster and periodic models, respectively. Convergence of the
total energy was calculated using an energy cutoff in the range of 300-900 eV and the k-point
sampling used meshes from 1X1X1 to 9xX9x1 for periodic models. In all cases, the Fermi-
Dirac smearing method with a sigma value of 0.03 eV was used [11].

Origin of Quadrupole splitting.

The quadrupole splitting energy can be obtained from the coupling between the nuclear
quadrupole moment (Q) of the non-spherical nucleus and the principal components Vj; (I = x,

y, z) of the EFG tensor at >’Fe nucleus using:

1 E
AEQS = EeQVZZ 1 + ? (8)

Here e and Q are the elementary charge and nuclear quadrupole moment, respectively. The
quadrupole moment of the excited 3’Fe nucleus is about 0.16 barn (1barn = 102® m?) [25]. The
EFG asymmetry parameter (1) is defined as n = (Vy — V) /V,, where |V,,| = [V, | = V.
In order to compare the computed AEs values with the corresponding experimental data, AE g

is reported in units of mm/s. Calculation of AE,s and n involves a computation of the EFG

P 2
through the value of the EFG operator, V;; = (¥, |3U—r Y, ), for the electronic ground state

rS5

Y, with 1, j =X, y, z denoting components of the electron radius vector r.

The isomer shift (IS), &, is related to the differences in electron density at the nucleus in the

sample reference

absorber (p, ) and a reference (p, ) compound (typically a-Fe) as [26]:
5= a(psample _ preference)
= 0 0
where a is the so-called calibration constant (@ = —0.1573a3 mm.s~1) which is determined

from the experimental parameters of the >’Fe nuclear transition [27] and po is the nonrelativistic

calculated total charge density at the iron nucleus.

Both QS and IS originate from the interaction between the charge densities of the iron nucleus
and the surrounding electrons. The QS codes information about the electric field gradient
(EFG). EFG is the degree of asymmetry within the electron density while IS gives the electron
density at the iron nucleus also known as the contact density [28, 29]. However, although IS

provides information about the iron oxidation and spin states, QS is not only sensitive to the
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spin state but it can also help differentiate between various electronic states with the same

multiplicity. Therefore, we only focused on QS for comparing our results with the experimental

data.
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Figure S6. The most stable optimized configurations of ORR intermediate species adsorbed on
complexes 2a and 1b. Color code: brown, C; blue, N; orange, Fe; white, H; and red, O.
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Table S1. Computed average Fe-N (dre—~) and Fe-O (dre.0) bond length of ORR intermediates on
FeN4Cx (x = 8, 10, and 12), the corresponding adsorption energy (Ea.qg), the ORR limiting potential
(Uiim), along with the calculated overpotential (). Bond lengths, energies, and potentials are in A, eV,
and V, respectively.

dre—n (A)
Clomaiplle Pure catalyst | O,* | OOH* | O* | OH* Ea(€V) | Uin (V) | M (V)
FeNAC la 1.85 188 | 1.87 |1.85] 1.89 | -7.4 042 | 1.65
et g 1.84 185 187 [1.97] 197 | -3.59 011 | 112
NH, 1.83 184 | 186 | 1.87 | 1.86 | -3.22 019 | 1.04
la OH 1.89 188 | 186 | 1.86 | 1.87 | -3.74 0.07 1.16
SO, 1.85 183 | 184 | 187 | 1.84 | -4.78 2045 | 1.68
FeNAC 1b 1.89 191 | 191 [1.92] 190 | -6.19 - ]

eNat10 p 1.89 191 | 191 [193] 190 | -6.49 025 | 098
NH, 1.91 191 190 | 1.92] 191 | -2.44 051 | 0.72
2b OH 1.90 193 | 192 | 193] 191 | -3.06 048 | 0.75
SO, 1.93 191 | 192 | 194 | 1.93 | -3.98 053 | 0.70
FeNisCi2 | Ic 1.97 1.99 | 1.98 [2.00] 201 | -10.32 055 | 0.68
NH, 1.99 1.99 | 2.00 | 2.00 | 200 | -2.11 053 | 0.70
lc OH 2.00 199 | 2.00 | 200 1.99 | -2.60 066 | 057
SO, 1.98 200 | 201 | 202 202 | -3.46 072 | 051

Complex o OOH*dFe 0 (A) - -

la 1.85 2.83 1.61 1.82

FeN4Cy 2a 1.82 184 1.63 182

NH, 2.19 1.88 1.64 1.86

la OH 1.89 1.87 1.63 1.85

SO, 1.89 1.81 1.62 1.82

FeN4Cio 2b 1.74 1.75 1.64 1.80

NH, 1.97 1.87 1.68 1.89

2b OH 1.92 1.84 1.68 1.87

SO, 1.92 1.83 1.66 1.85

FeN4Ci2 lc 1.83 1.74 1.63 1.88

NH, 1.89 1.81 1.64 1.83

lc OH 1.82 1.86 1.66 1.86

SO, 1.79 1.86 1.64 1.83

S18



Table S2. Computed adsorption energies (Eags) and changes in the Gibbs free energies (AGads) of ORR
intermediates on FeN4Cx (x =8, 10, and 12)

ol Eads and AGags Adsorbed intermediate species
0,* OOH* O* OH*
Fude 22.90 .86 261 374
2 G 234 222 236 315
FeNuCs Eads 2.02 2.03 71 341
L Yo 1,50 -1.48 147 .85
Eads 21,59 21,98 1163 3.06
L Yo 21.00 21,20 132 261
FeNaCro Fads 21.68 .03 1165 3.06
2> 1 G 113 144 137 248
Eads 123 -1.66 20.97 2.60
FeNuCrz | 1o Py 20.68 21,08 20.68 2.02

S19



Table S3. Computed adsorption energies (Eags) of the ligands and ORR intermediate species on FeNy
substrates.

Complex Eugs (eV)
ompe Pure catalyst O,* OOH* O* OH*
s NH, 3.22 -0.47 -1.08 -0.26 2.35
OH 3.74 -0.40 -1.31 0.52 2.56
(FeN.Cs) SOs4 4.78 0.11 0.81 0.16 -1.99
- NH, 2.44 -0.98 -1.40 -0.52 2.45
(FeN:Cro) OH -3.06 -1.06 -1.54 -0.69 2.60
1971750, 3.98 0.85 -1.40 0.58 253
e NH, 2.11 -1.00 -1.47 -0.58 2.50
OH -2.60 111 -1.79 -0.83 2.68
(FeN«Cr) =55, 3.46 20.96 -1.65 20.70 278
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Table S4. Magnetic moment (in units of Bohr magneton, pg) of the Fe atom in complexes 2a, 2b, and
lc before and after ORR with and without the fifth ligand. Values in parenthesis give the total magnetic

moments.

Complex Substrate *00 *OOH *O *OH

2a (FeN4Cs) 1.16 (1) 2.03 (2.4) 2.67 (3.9) 1.76 (3.6) 2.76 (3.9)
2a-OH 2.77 (3.9) 0.71 (0.5) 0.79 (1.5) 1.25 (2.6) 0.95 (1.6)
2a-SO4 3.10 (4.4) 2.07 (0.5) 1.63 (2.9) 1.13 (2) 1.78 (3)
2b (FeN4Cio) | 1.74 (2) 0.33 (0) 1.00 (1) 2.00 (2) 1.00 (1)
2b-NH, 0.90 (1.0) 0.65 (0.1) 0.64 (0.9) 1.03 (1.8) 0.80 (1)
2b-OH 1.00 (1) 0.74 (0.1) 0.74 (0.9) 1.07 (1.8) 0.97 (1.2)
2b-SOq 2(2) 0.95 (0.2) 0.95 (1.2) 1.06 (1.8) 1.31 (1.9)
lc (FeNsCio) | 1.78 (2) 1.04 (2) 0.94 (3) 0.00 (0) 2.2503)
1c-NH; 0.98 (3) 1.05 (1) 0.11 (0) 0.79 (1.0) 0.13 (0)
1¢-SO4 0.34 (0) 0.00 (0) 1.18 (0) 0.94 (1) 1.37 (1)
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Table S5. Quadrupole-splitting energy (AEqs) in mm.s™ for the catalysts containing ferrous moieties

Row Complex AEqgs (S=0) AEqs (S=1)
1 la 3.1 3.2
2 2b 33 32
3 lc 2.5 2.5
4 OH-1a-NH, 2.0 2.1
5 OH-1a-OH 2.2 2.4
6 OH-1a-SO4 2.3 2.5
7 OH-2b-NH; 2.0 0.8
8 OH-1¢-NH, 1.8 0.2
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Table S6. Quadrupole-splitting energy (AEqs) in mm.s™ for the catalysts containing ferric moieties

Row Complex AEQS (S=1/2) AEQS (S:3/2) AEQS (S=5/2)
1 la-OH 1.5 1.9 0.7
2 2b-OH 2.6 1.0 0.9
3 1c-OH 2.7 1.2 0.9
4 la-SOq4 1.4 1.9 0.5
5 2b-SO4 2.3 1.4 0.7
6 1¢-SO4 2.4 2.3 1.2
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