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Abstract
We present here a thermodynamic assessment of the stability behavior in acid
environment at 298 and 353 K (80◦C) of two iron (II) hexa-aza-macrocyclic
complexes and of an hexa-aza-iron-based site (FeIIN(4+2)/C) that should
potentially be active for the oxygen reduction reaction in proton exchange
membrane (PEM) fuel cells. The calculations of the equilibrium constant (Kc)
for the demetallation reaction indicate that the iron (II)-hexa-aza-macrocyclic
complexes and FeIIN(4+2)/C are chemically stable in an acid medium at 298
and 353 K. Compared with two other potential model sites (FeIIN4/C and
FeIIN(2+2)/C) that were thought to be present in the same Fe-based catalysts, Kc
of FeIIN(4+2)/C is two to three orders of magnitude smaller at 353 K, and three to
four orders of magnitude smaller at 298 K, than Kc for FeIIN4/C or FeIIN(2+2)/C,
revealing the great chemical stability of FeIIN(4+2)/C. In this work, we discuss
about a novel proposition that the two catalytic sites active in these Fe-based
catalysts are FeIIN4/C and FeIIN(4+2)/C. This proposition is in agreement with
the durability behavior of these catalysts in PEM fuel cells and also with their
known physico-chemical characterizations. The origin of the fast and slow
decay behaviors of the different sites, which are active at the Fe–N–C-based
cathode of PEM fuel cells, is also discussed.
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1 INTRODUCTION

In recent years, the so-called “single-atom” electrocatalysts
have received increased attention due to their relatively
high electrochemical activity for the reaction of molecular
oxygen reduction reaction (ORR). Practically, all the stud-
ies were focused on the first four coordinating N-atoms of
the MetalN4 sites. The family of coordination compounds
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© 2022 The Authors. SusMat published by Sichuan University and John Wiley & Sons Australia, Ltd.

of transition metals with hexa-aza-macrocyclic ligands is
also of great interest due to its enhanced stability with
regard to the electrolytic dissociation, their ability to cat-
alyze various chemical reactions and, in electrochemistry,
to catalyze the ORR,1,2 the reduction of H2O to H2 and of
CO2 to CO and/or formic acid.3,4 In our previous work,5
we showed that the initial fast decrease in the activi-
ties of porphyrin-like (FeN4/C) and 1,10-phenanthroline
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F IGURE 1 Iron (II) complex with hexa-aza-macrocyclic ligand having 2,2′-bipyridine groups: FeN4[C20N2H12] (A) and its demetallated
form: H2N4[C20N2H12] (B). is the symbol of the donor–acceptor bond

F IGURE 2 Iron (II) complex with hexa-aza-macrocyclic ligand having 1,10-phenanthroline groups: FeN4[C24N2H12] (A) and its
demetallated form: H2N4[C24N2H12] (B). is the symbol of the donor–acceptor bond

(Phen)-like (FeN(2+2)/C) electrocatalytic centers in the
molecular ORR in the acid medium of PEM fuel cells is
most likely due to iron ions leaching from sites located
in the micropores of the Fe–N–C catalyst (a demetallation
reaction). Furthermore, we believe now that the true struc-
ture of FeN(2+2)/C is probablymore related to the structure
of iron (II) complexes with hexa-aza-macrocyclic ligands,
as illustrated in Figures 1A and 2A, being embedded into a
graphene layer (Figure 3A) of Fe-based catalysts obtained
by high-temperature pyrolysis of iron, nitrogen, and car-
bon precursors. Due to their structural analogy with the
well-studied FeN4/C electrocatalytic sites, these hexa-aza
FeN(4+2)/C sites, as we will name them, should most prob-
ably display an ORR electrochemical activity and have a
better resistance to iron acid leaching than FeN4/C also
found in the same catalysts.
The molecular structure FeN(4+2)/C (shown in

Figure 3A) is a FeN(4+2) site inserted into a graphene
layer for which the iron (II) complex is an hexa-aza-

macrocyclic ligand with Phen grouping. FeN(4+2)/C was
modeled using the molecular structure of Figure 2A with
covalently bonded carbon hexagons. The vacant valences
of the terminal carbon atoms in the molecular model
are saturated by hydrogen atoms. For this example of
FeN(4+2)/C and the iron-free framework, H2N(4+2)/C, the
used molecular formulas are as follows: FeN4[C58N2H20]
(Figure 3A) and H2N4[C58N2H20] (Figure 3B),
respectively.
For the reactions of demetallation (iron acid leaching),

we can write:

Fe(II)N4[C20N2H12] + 2H+
(aq) ⇆ H2N4[C20N2H12] + Fe2+

(aq) (1)

Fe(II)N4[C24N2H12] + 2H+
(aq) ⇆ H2N4[C24N2H12] + Fe2+

(aq) (2)

Fe(II)N4[C58N2H20] + 2H+
(aq) ⇆ H2N4[C58N2H20] + Fe2+

(aq) (3)
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GLIBIN et al. 733

F IGURE 3 Molecular models of FeN(4+2)/C or (Fe(II)N4[C58N2H20]) electrocatalytic site (A) and its demetallated form H2N(4+2)/C (or
H2N4[C58N2H20]) (B). is the symbol of the donor–acceptor bond

where the symbols H+
(aq)

and Fe
2+
(aq)

refer to the hydro-
gen and iron (II) ions in solution; Fe(II)N4[C20N2H12]
and Fe(II)N4[C24N2H12] are the iron (II) complexes with
hexa-aza-macrocyclic ligands of Figures 1A and 2A,
respectively; Fe(II)N4[C58N2H20] is the modeled electro-
catalyst site FeN(4+2)/C of Figure 3A; H2N4[C20N2H12],
H2N4[C24N2H12], and H2N4[C58N2H20] (or H2N(4+2)/C)
are the demetallated forms of Figures 1B, 2B, and 3B,
respectively.
To quantitatively estimate the extent of such reac-

tions, we will use the values of equilibrium constants, 𝐾c,
determined as follows:

ln 𝐾c =
−Δ𝑟𝐺

0
𝑇

𝑅𝑇
(4)

where Δ𝑟𝐺0𝑇 is the Gibbs free energy of Reactions (1)–(3),
𝑅 is the universal gas constant, and 𝑇 is the temperature
in K. In turn, to determine the Gibbs free energy of Reac-
tions (1)–(3) at temperature 𝑇, the following equation can
be used6:

Δ𝑟𝐺
0
𝑇
= Δ𝑟𝐻

0
298

− 𝑇Δ𝑟𝑆
0
298

+ Δ𝐶𝑝,298

×

[
(𝑇 − 298) − 𝑇 ln

(
𝑇

298

)]
(5)

where Δ𝑟𝐻
0
298
, Δ𝑟𝑆0298, and Δ𝐶𝑝,298 are the standard

enthalpy, standard entropy, and heat capacity changes,
at 298 K, in Reactions (1)–(3), respectively. The enthalpy
change, Δ𝑟𝐻0

298
, is calculated as the difference between

the standard enthalpies of formation of the product and
reactant parts of these reactions. The values of Δ𝑟𝑆0298

and Δ𝐶𝑝,298 can be determined analogously. In our case,
given the small value of the difference between 353 K
(the usual temperature of a running PEM fuel cell) and
298 K, the last term (Δ𝐶𝑝,298 × [(𝑇 − 298) − 𝑇 ln(𝑇∕298)])
in Equation (5) may be neglected. Standard entropies
and enthalpies of formation of H+

(aq)
and Fe2+

(aq)
ions are

tabulated.7 Since the data on standard enthalpies of forma-
tion of the frameworks of Reactions (1)–(3) are absent, we
used N–H and Fe–N bonds energies (along with tabulated
standard enthalpies of formation of H+

(aq)
and Fe2+

(aq)
ions)

to calculate the enthalpy change of these reactions.
The correct determination of equilibrium constants

using bond energies implies the determination of Fe–
N and N–H bond energies with a so-called “chemical
accuracy,” that is, within the incertitude of an order of
5 kJ mol−1. Even though the quantum-chemical meth-
ods (ab initio and based on density functional theory)
are currently widely used for investigating molecular
electronic structures, interatomic distances, and chem-
ical bond energies, the semi-empirical and empirical
methods have also their own merits: rapid calculations,
enough accuracy, and wide applicability. The latest devel-
opments in the electronegativity concept have led to
relatively simple methods for the determination of molec-
ular properties such as the charge distribution in sim-
ple and large molecules,8–21 interatomic distances,20–22
chemical bonds energy,20–21,23–26 proton affinity,20,27 force
constants,19,28 dipole moments,29 and other properties.
In this work, the previously developed semi-empirical
methods (relying on the concept of electronegativity) are
used for computing interatomic distances and Fe–N bond
energies.

 26924552, 2022, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sus2.94 by E

cole D
e T

echnologie Superieur, W
iley O

nline L
ibrary on [13/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



734 GLIBIN et al.

2 CONCEPT OF ELECTRONEGATIVITY
IN THE DETERMINATION OF Fe–N
INTERATOMIC DISTANCES AND Fe–N
BOND ENERGIES IN IRON (II)
COMPLEXESWITH
HEXA-AZA-MACROCYCLIC LIGANDS
AND THEMODELED FeN(4+2)/C
ELECTROCATALYST

2.1 Modeling of Fe–N bond energies

Ferreira,30 Evans andHuheey,31 andUrusov32 showed that
the bond energy can be modeled as the sum of the three
contributing terms into total energy. They are: the cova-
lent contributing term (first term in Equation 6) due to
the overlap of bonding orbitals of atoms forming a bond,
the energy of the electrostatic interaction (second term in
Equation 6) due to an attraction of opposite partial charges
on atoms forming a bond, and the energy associated with
the charge transfer from a metal atom to a ligand (third
term in Equation 6). The bond energy can be represented
by the following equation:

𝐸 (eV) =
(
1 − 𝑖2

)1∕2
𝐷0 +

𝑒0
2𝑖

𝑑

(
1 − 𝑛−1

)
+ Δ𝐸 (6)

where 𝑖 is the bond ionicity (fractional ionic character of
a bond), 𝐷0 is the covalent energy, related to Pauling’s
geometric mean33 but allowing for a decreasing overlap
with an increasing ionicity, 𝑒0 is the electron charge, 𝑛 is
the Born exponent, a number between 5 and 12, 𝑑 is the
interatomic distance, andΔ𝐸 is the charge transfer affinity
term,34 which is the energy resulting from the transfer of
electron density from a less electronegative atom to amore
electronegative one. As can be seen from Equation (6), the
first two contributions into the bond energy are functions
of 𝑖; with increasing the ionicity of the bond, the covalent
first term in Equation (6) decreases, and the second term
in Equation (6) increases.
The second term in Equation (6) corresponds to the

electrostatic contribution into a bond energy due to the
partial charges appearing on the atoms. The Born expo-
nent appears in the 1/dn dependence of the repulsive
interaction resulting from the electron–electron repulsions
between two electronic shells of atoms.35 Following Fer-
reira’s suggestion,30 we accepted in our calculations the 𝑛
value equal to 9. The methods used for the determination
of Fe–N bonds ionicity, Fe–N interatomic distances, and
the ΔE term are presented in Supporting Information.
Since the determination of Fe–N interatomic distances

in this work is based on the use of partial charges on atoms
(see the Bergman-Hinze equation, Supporting Informa-
tion, Equation A5), we consider it necessary to provide
the description of an approach used in this work for the

assessment of partial charges of atoms in the FeN4 group-
ings. It is presented as the combination of two methods;
the first one is based on Sanderson’s principle of full equal-
ization of electronegativities of atoms in a molecule36 and
the second37 is based on the averaging partial charges, cal-
culated for each bond involving the atom for which the
partial charge will be determined considering that each
pair of bonded atoms in a complex structure behaves like a
separate diatomic molecule (the so-called Pauling type of
calculations).

2.2 Short description of methods used
for the assessment of partial charges on
atoms

For the first method, the principle of full electronega-
tivity equalization upon bond formation formulated by
Sanderson36 states that when molecules are formed, the
electronegativities of the all-constituent atoms become
equal. Parr et al.38 have found quantum-mechanical sup-
port for Sanderson’s principle. To calculate the charge of
an atom, one should first calculate, according to Sander-
son, the equalized electronegativity, 𝜒eq, of all the atoms
in a molecule, which is determined as the geometric mean
of the electronegativity values of each of the atoms, 𝜒𝑖 , in
the molecule:

𝜒eq =
𝑛

√√√√ 𝑛∏
𝑖=1

𝜒𝑖 (7)

The partial charge (𝛿𝑖) acquired by any bonded atom is
determined as follows:

𝛿𝑖 =
𝜒eq − 𝜒𝑖

1.57
√
𝜒𝑖

(8)

However, a problem arises with this method when one
has to calculate the partial charges of oxygen atoms in
a molecule like acetic acid, CH3COOH, for example. For
this molecule, according to Sanderson’s principle, oxygen
atoms must have, regardless of their chemical nonequiv-
alence, the same equalized electronegativity and, corre-
spondingly, the same partial charge. To avoid this problem,
Carver et al.39 proposed a modified Sanderson’s method.
In the modified Sanderson’s method, a molecule is con-
sidered as being composed of an ensemble of subgroups,
rather than as an ensemble of atoms. A chemical subgroup
is defined as any atom or group of atoms bonded directly
to the atom of interest, which is considered as a central
atom. The equalized electronegativity of a subgroup is cal-
culated as the geometric mean of electronegativity of the
constituent atoms.
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GLIBIN et al. 735

The second method,37 as we believe, is also well suited
to calculate the partial charge of a central atom in coordi-
nation compounds. It has been shown in Ref. [37] that to
adapt Pauling type of calculations to molecules containing
more than one bond, it is necessary to add the arithmetic
average of partial charges of the first coordination sphere
of the atom for which the partial charge is being calculated
to the reduced average of the second coordination sphere.
The effect of the second coordination sphere is taken into
account by multiplying the obtained partial charges of the
first coordination sphere by an empirical factor. Finally, the
multiplicity of bonds associated with the considered atom
can be accounted by using the multiple bond factor. The
partial charge of a central atom A (𝛿A) then is calculated
as a function of Δ, as follows37:

Δ = 𝜒A −

∑
𝑖
𝑅𝑖𝜒𝑖 + Ω

∑
𝑗
𝑅𝑗𝜒𝑗

1 +
∑
𝑖
𝑅𝑖 +

∑
𝑗
𝑅𝐽

(9)

𝛿A =
Δ

1.57
√
𝜒A

(10)

where Δ is the difference between the electronegativity of
the atom A (𝜒A) (for which the partial charge is being cal-
culated) and the sum of the averaged electronegativity (𝜒𝑖)
of ith atoms of the first coordination sphere of atom A
and the reduced averaged electronegativity (𝜒𝑗) of the jth
atoms forming the second coordination sphere. 𝑅𝑖 is the
multiple bond factor associated with the considered atom
(which was found equal to 1.2 for double bonds) and Ω is
the weighting factor for the second coordination sphere of
atom A (given that Ω= 0.2).37
In Ref. [37] it was established that the best correlation

between partial charges on atoms and the data of X-ray
photoelectron study of electrons binding energy (electron
spectroscopy for chemical analysis) is observed if one uses
the linear combination of the charges obtained using both
methods, more specifically calculated as the sum of the
amount of 60% of data obtained using themodified Sander-
son method and, correspondingly, of the amount of 40% of
the data obtained using the Pauling type calculations (the
second method).

2.3 Computations and results of Fe–N
interatomic distances and Fe–N bond
energies determination in iron (II)
complexes with aza-macrocyclic ligands
and the modeled electrocatalyst

Although electronegativity, as it was emphasized by
Huheey et al.,40 is often treated as an invariant prop-

erty, it actually depends upon a number of factors such
as the valence and oxidation states of the atom, the
charge on the atom (either an integral charge as an
ion or a partial charge as an atom in a molecule), and
the hybridization of the atom. Hybridization affects elec-
tronegativity due to the reason that orbitals of atoms
having greater s-character are more electronegative.40
Applying the modified Sanderson’s method, we have
used the Sanderson’s scale.41 In the case of application
of the second method, the well-known Pauling’s scale
(Table 3.12 in Ref. [40]) was used. These scales are based
on different physical principles of the electronegativity
definition, and therefore they have different units and dif-
fering values, although the values of electronegativities of
atoms of these scales correlate well among themselves.
The values of electronegativity and hardness of atoms
and ions (on the Mulliken scale of electronegativity42)
in their different valence states were obtained from
Refs. [43]–[46]
Thus, using the modified Sanderson’s method, it was

obtained from Equations (7) and (8) that Fe- and N-atom
partial charges (in electron units, e.u.) in each FeN4 group-
ing of iron (II) complexes and the modeled electrocatalyst
are equal to +0.555 (for the iron atom) and –0.156 (for
each of the four nitrogen atoms) in Figures 1A–3A. The
application of the second method (Pauling type calcula-
tions: Equations 9 and 10) gave the values of the partial
charge of Fe-atoms in iron (II) complexes and the mod-
eled electrocatalyst equal to +0.508 for Figure 1A, +0.519
for Figure 2A, and +0.573 for Figure 3A, respectively. In
these calculations, the first coordination sphere of iron
atoms in both complexes (Figures 1A and 2A) and in the
modeled electrocatalyst (Figure 3A) was considered con-
sisting of four atoms of nitrogen and the second sphere
was considered as composed of all the remaining atoms.
The multiple bonding factor for Fe–N and C–N bonds in
Figures 1A–3A was adopted equal to 1.1, that is, the value
intermediate between 1 (ordinary bonds) and 1.2 (double
bonds); and for C–H bonds, it was taken equal to 1. It is
interesting to note that the obtained partial charges of iron
atoms in iron (II) complexes and in themodeled electrocat-
alyst are close to the 𝛿Fe value of+0.521; the value obtained
by substitution of electronegativities of iron atoms (1.83
eV1/2, Table 3.12 in Ref. [40]) and a pyridine molecule (1.42
eV1/2, the converted value of 4.4 eV43) into Equation (A2),
assuming that hexa-aza ligands and pyridine molecules
have to some extent similar behavior as complex-forming
species. This fact indicates a good enough reliability of the
above-estimated partial charges of iron atoms. The neces-
sary conversion of electronegativities of pyridine,𝜒Mulliken,
fromMulliken’s units (eV), into Pauling’s units, 𝜒P (eV1/2),
was carried out using the following modification47 of the
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736 GLIBIN et al.

TABLE 1 Partial charges (𝛿) of Fe- and N-atoms, Fe–N interatomic distances (𝑑Fe−N), and Fe–N bond energies (𝐸Fe−N) in iron (II)
hexa-aza-macrocyclic complexes and the modeled electrocatalyst in comparison with the data on Fe–N interatomic distances and Fe–N bond
energies for already studied electrocatalysts

Compound, electrocatalyst 𝜹𝐅𝐞
a (e.u.)

𝜹𝐍
a (e.u.)

(estimated
value)b

𝒅𝐅𝐞−𝐍 (Å),
Equation
(A5)

𝑬𝐅𝐞−𝐍 (kJ mol−1),
Equation (6)

Fe(II)N4[C20N2H12] +0.536 −0.134 2.00 ± 0.03 219.4 ± 5 (𝑖 = 0.156)c

Fe(II)N4[C24N2H12] +0.541 −0.135 2.00 ± 0.03 219.4 ± 5 (𝑖 = 0.156)c

Fe(II)N4[C58N2H20]
(electrocatalyst modeled in
this work, Fe(II)N(4+2)/C)

+0.562 −0.14 1.995 ± 0.03 221.4 ± 5 (𝑖 = 0.160)c

Fe(II)N(2+2)/C (FeN4C60H20;
“armchair” electrocatalyst)d

+0.537e −0.134 2.00 ± 0.03
1.97 ± 0.03d

216.3 ± 5 (𝑖 = 0.150)c

216.7 ± 5f

Fe(II)N4/C (FeN4C62H22;
“zig–zag” electrocatalyst)d

+0.538e −0.134 2.00 ± 0.03
1.98 ± 0.03g

216.3 ± 5 (𝑖 = 0.150)c

213.5 ± 5f

a𝛿 is (in contrast to the charge of an ion) a non-integer charge value created by the asymmetrical distribution of electrons in chemical bonds and measured in
elementary charge units.
bPrinciple of electroneutrality applied to the first coordination sphere.
cThe value of Fe–N bond ionicity used in our calculations with Equation (6).
dRef. [50]
eCalculated using the modified Sanderson method, namely, considering the modeled electrocatalyst as an ensemble of two groupings: FeN4C26 and C34H20 in the
case of “armchair” electrocatalyst, and FeN4C22 and C40H22 in the case of “zig–zag” electrocatalyst.
fCalculated using the following equation: 𝐸Fe−N (kJ mol−1) = 1657∕𝑑3

Fe−N
, Ref. [50]

gRef. [49]; X-ray absorption near-edge spectroscopy (XANES) data.

original Bratsch’s formula45:

𝜒P = 1.934
√
𝜒Mulliken + 7.02 − 5.12 (11)

The observed little discrepancy between partial charges
of iron atoms calculated using both methods is seem-
ingly caused by the fact that the chemical nonequiva-
lence of the same atoms is not fully taken into account
in the modified Sanderson’s method. To account for it,
we specified the values of 𝛿Fe in both iron (II) com-
plexes and the modeled electrocatalyst (Table 1) by the
use of the linear combination (Sanderson 60%/Paul-
ing 40%) of calculated charges obtained using both
methods as previously described at the end of the
Section 2.2.
Further, by substitution of partial charges, covalent radii

of iron and nitrogen (1.32 and 0.71 Å, respectively48), and
hardness of iron and nitrogen atoms (ions) into Equation
(A5) (Supporting Information), the interatomic distances,
𝑑Fe−N, in iron (II) hexa-aza-macrocyclic complexes and the
modeled electrocatalyst were determined (Table 1). The
following data on the hardness of iron and nitrogen atoms
(ions) were used: 𝜂Fe2+ = 7.2443 and 𝜂N (sp2 hybridiza-
tion) equal to 15.0 eV.44 We note that the calculated Fe–N
interatomic distances are close to the X-ray absorption
near-edge spectroscopy (XANES) data of the same dis-
tances in other kinds of electrocatalysts49,50 not containing

nitrogen atoms in their iron atoms’ second coordination
sphere.
Following the approach presented in Equation (6), the

value of 𝐷0 for the covalent bond energy of Fe–N in the
first term of Equation (6) was determined as the geo-
metric mean of the ordinary bond energies for Fe–Fe
(100.0 kJ mol−1)51 and N–N (163.2 kJ mol−1).52 Hence, 𝐷0
was assessed to be equal to 127.7 kJ mol−1.
The ionicity of N → Fe2+ donor–acceptor bond neces-

sary to calculate the first and second terms of Equation (6)
was determined by two methods; namely, using Equations
(A3) and (A4) in Supporting Information. The application
of these methods yielded the values of ionicity of 0.123 and
0.150, respectively; the latter value taken with minus sign
is close to the partial charge of N-atoms (–0.156) obtained
using the modified Sanderson’s method. In the calculation
of N→ Fe2+ donor–acceptor bond ionicity (Equation A3),
𝜒N = 11.78 eV45 (sp2 hybridization ofN-atoms),𝜒Fe2+ = 7.86
eV18 (Fe2+ ion coordinated to N-atoms in ligands), and the
above indicated values of the hardness of atoms (ions)were
used. In the calculation of the bond ionicity by Equation
(A4), the values of 𝐼D = 9.3 eV (potential ionization of a
pyridine molecule) and 𝐸A = 12.58 eV (electron affinity of
Fe-atoms, dsp2 hybridization) were taken from Refs. [43,
46] respectively.
Undoubtedly, an ionicity value of the order of 0.15,

which is theoretically substantiated, should be used in
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GLIBIN et al. 737

the determination of the first and second terms in Equa-
tion (6). This is true for electrocatalysts that do not have
nitrogen atoms in the second coordination sphere. In our
case, due to themore pronounced ability of nitrogen atoms
to attract electrons toward themselves compared to carbon
atoms (𝜒N > 𝜒C), the electron density in the conjugated
𝜋-system of carbon–carbon bonds (see Figure 3) is redis-
tributed, involving also in this process the iron–nitrogen
bonds. As consequence, it leads, as we believe, to some
increase of the ionicity of Fe–N bonds. Such considera-
tions are in line with the results of MATLAB simulations
of the electrical field in electrocatalysts showing that, due
to theN-induced charge redistribution, the pristine electri-
cal field in the FeN4 grouping increases.53 Accordingly, the
values of the Fe–N bond ionicity (i) for the modeled elec-
trocatalysts were appropriately adjusted, and are reported
in column 5 of Table 1.
For the third term in Equation (6), we obtained by sub-

stitution of the above indicated data on electronegativity
and hardness of atoms (ions) into Equation (A6), that the
charge transfer affinity, Δ𝐸, is of the order of 0.173 eV
(16.7 kJ mol−1).
Then, by summing all three terms in Equation (6), Fe–N

bond energies in the studied complexes and in the mod-
eled electrocatalyst were determined and summarized in
Table 1 (column 5).
For comparison, we also recalculated, using this semi-

empirical approach, the former values of the Fe–N bond
energy50 in the “armchair” and “zig–zag” electrocatalysts
inserted into graphene (see the two last entries of 𝐸Fe−N
in Table 1). As can be seen from Table 1, the application
of this approach yielded values of Fe–N bond energies
very close to those which were previously estimated,
using a correlation equation of the type “interatomic dis-
tances versus bonds energy” (footnote “f” of Table 1) and
taking into account XANES data49 for Fe–N distances
that were already experimentally determined for these
electrocatalysts.
It is also seen from Table 1 that the presence of nitrogen

atoms in the second coordination sphere of the modeled
electrocatalyst increases the energy of Fe–N bonds com-
pared with the energy of the Fe–N bonds of the “armchair”
and “zig–zag” electrocatalysts. Although the difference
between Fe–N binding energy in the hexa-aza electrocat-
alyst simulated in this work and that of the previously
studied electrocatalysts is only of the order of 4 kJ mol−1,
given that this value is multiplied by 4 in the calculation
of the reaction enthalpy (Equation 12), the resulting value,
nevertheless, noticeably affects the Gibbs free energy of
the demetallation reaction (see Equations 5 and 4) and,
accordingly, the equilibriumconstant value of the hexa-aza
catalyst.

3 THERMODYNAMIC
CALCULATIONS

When Reactions (1)–(3) occur, four Fe–N bonds are bro-
ken and two N–H bonds are formed. Thus, we can write
the following expression to estimate the enthalpy change,
Δ𝑟𝐻

0
298
, of these reactions:

Δ𝑟𝐻
0
298

=
[
Δ𝑟𝐻

0
298
Fe

2+
(aq)

+ (−2𝐸N−H)
]

− [Δ𝑟𝐻
0
298
H+
(aq)

+ (−4𝐸Fe−N)] (12)

where𝐸N−H and𝐸Fe−N are the bond energies (more specif-
ically, bond enthalpies), andΔ𝑟𝐻0

298
Fe

2+
(aq)

andΔ𝑟𝐻0
298
H+
(aq)

are the standard enthalpies of formation of the ions in
an aqueous solution. Note that the values of Fe–N bond
energy have already been determined (see Table 1). The
required value of N–H bond energy in the demetallated
(base) frameworks (Figures 1B–3B) can be assessed using
the following correlation equation54:

𝐸N−H(kJ mol
−1) = 418.8 − 18.35𝜒C + 1.59𝜒

2
C
= 382.3

(13)

where 𝜒C is the Pauling electronegativity of a carbon
atom (2.55) bonded to a nitrogen atom. Considering Equa-
tion (5), it is seen that along with data on the enthalpy
change of Reactions (1)–(3), data on the entropy change
are also required. The values of standard entropy of ions
are tabulated,7 but the data on standard entropies of the
frameworks appearing in Figures 1–3 are absent in the lit-
erature.Wehave used the following correlation equation of
Glasser and Jenkins for the assessment of missing entropy
values55:

𝑆0
298

(
JK−1mol−1

)
= 774 𝑉m

(
nm3∕per molecule

)
+ 57

(14)

where 𝑉m is the molecular volume. According to this
method, the volume, 𝑉m, can be assessed by summation
of atomic contributions taken from Ref. [56] The use of
Equation (14) permits to estimate the standard entropy of
organic compounds with an error of the order of 5%. The
impact of such error on values of the entropy changes of
the Reactions (1)–(3) is low, since the same method is used
in the estimations of 𝑆0

298
of the product and reactant parts

of these reactions. Results of the assessment of molecular
volumes and standard entropies for iron (II) complexes,
modeled electrocatalyst, and their demetallated forms are
summarized in Table 2; the values of thermodynamic
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738 GLIBIN et al.

TABLE 2 Estimated molecular volumes (𝑉m) and standard entropies (𝑆0298) for iron (II) hexa-aza-macrocyclic complexes and the
molecular model of electrocatalyst, and their respective demetallated forms in comparison with 𝑉m and 𝑆0

298
for already studied

electrocatalysts

𝑽𝐦 (nm3) 𝑺𝟎
𝟐𝟗𝟖

(J mol−1 K−1)

Compound, electrocatalyst
Compound or
electrocatalyst

Demetallated
form

Compound or
electrocatalyst

Demetallated
form

Fe(II)N4[C20N2H12]a 0.439 0.419 396.8 ± 20 381.3 ± 20
Fe(II)N4[C24N2H12]a 0.495 0.474 440.1 ± 22 423.9 ± 22
Fe(II)N4[C58N2H20]a

(electrocatalyst modeled in
this work, Fe(II)N(4+2)/C)

1.007 0.987 836.4 ± 27 820.9 ± 27

Fe(II)N(2+2)/C (“armchair”
electrocatalyst)b

1.011 0.986 839.5 ± 27 820.2 ± 27

Fe(II)N4/C (“zig–zag”
electrocatalyst)b

1.049 1.029 868.9 ± 27 853.5 ± 27

aFigures 1–3A.
bRef. [50]

TABLE 3 Thermodynamic data for several ions, the values of Fe–N bond energy for iron (II) hexa-aza-macrocyclic complexes and the
modeled electrocatalysts, and N–H bond energy in the demetallated frameworks in comparison with the same data for already studied
electrocatalysts

Ion, compound,
electrocatalyst 𝚫𝒇𝑯

𝟎
𝟐𝟗𝟖

(kJ mol−1) 𝑺𝟎
𝟐𝟗𝟖

(J K−1mol−1) 𝑬𝐅𝐞−𝐍 (kJ mol−1) 𝑬𝐍−𝐇
a (kJ mol−1)

H+
(aq)

0b 0b − −

Fe
2+
(aq) −92.5 ± 0.84b −101.6 ± 3.7b − −

Fe(II)N4[C20N2H12] Use 𝐸Fe−N 396.8 ± 20 219.4 ± 5 382.3 ± 4
Fe(II)N4[C24N2H12] Use 𝐸Fe−N 440.1 ± 22 219.4 ± 5 382.3 ± 4
Fe(II)N4[C58N2H20]
(electrocatalyst modeled in
this work, Fe(II)N(4+2)/C)

Use 𝐸Fe−N 836.4 ± 27 221.4 ± 5 382.3 ± 4

Fe(II)N(2+2)/C (“armchair”
electrocatalyst)c

Use 𝐸Fe−N 839.5 ± 27c 216.3 ± 5 use 𝐸H+⋯N
d190.0 ± 5e

Fe(II)N4/C (“zig–zag”
electrocatalyst)c

Use 𝐸Fe−N 868.9 ± 27c 216.3 ± 5 382.3 ± 4c

a𝐸N−H in demetallated frameworks.
bRef. [7]
cRef. [50]
d𝐸H+⋯N is the energy of H+⋯N coordination bond formed when H+ replaces Fe(II) in FeN(2+2)/C site (Ref. [50]).
eOur estimation based on the back-calculations, this work (see also Ref. [57]).

constants for ions participating in Reactions (1)–(3), and
Fe–N and N–H bond energies are given in Table 3.
Using data given in Tables 2 and 3, the enthalpy and

entropy changes for Reactions (1)–(3) were calculated.
Then, based on these values, the Gibbs free energies of
Fe2+/H+ ion exchange (Reactions 1–3; acid leaching from
iron (II) hexa-aza-macrocyclic complexes and the active
site of the electrocatalyst) at 298 and 353 K (Equation 5)
were assessed and, further, used for the estimation of
equilibrium constants with Equation (4).
The summary on the thermodynamics of iron acid

leaching from iron (II) complexes, the modeled electro-

catalyst and, for comparison, from several electrocatalysts
already studied in Ref. [50] is presented in Table 4.
Here, it is also important to estimate the incertitude in

calculating the equilibrium constants. Turning again to
Equations (4) and (5), it can be seen that the incertitude
in calculating the equilibrium constants will depend on
the errors in determining enthalpy and entropy change
of the reactions of demetallation. As it was noted above,
the error on values of the entropy changes of the reac-
tions demetallation is low, since the same method is used
in the estimations of 𝑆0

298
of the product and reactant

parts of these reactions. Therefore, the main contribution
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GLIBIN et al. 739

TABLE 4 Summary on the thermodynamics of iron leaching (Fe2+/H+) from iron (II) hexa-aza-macrocyclic complexes and active sites
of several electrocatalysts at 298 and 353 K in comparison with the same data for already studied electrocatalysts

𝑲𝐜 at temperature T (K)

Compound, electrocatalyst
Reaction of iron
acid leaching

𝚫𝒓𝑯
𝟎
𝟐𝟗𝟖

(kJ mol−1)
𝚫𝒓𝑺

𝟎
𝟐𝟗𝟖

(J mol−1 K−1) 298 353
Fe(II)N4[C20N2H12] Equation (1) 20.5 −117.1 1.95 × 10−10 7.07 × 10−10

Fe(II)N4[C24N2H12] Equation (2) 20.5 −117.8 1.79 × 10−10 6.50 × 10−10

Fe(II)N4[C58N2H20]
(electrocatalyst modeled in
this work, Fe(II)N(4+2)/C)

Equation (3) 28.5 −117.1 7.71 × 10−12 4.61 × 10−11

Fe(II)N4[C62H22] (“zig–zag”
modeled electrocatalyst,
Fe(II)N4/C)

− 7.9 −116.1 3.6 × 10−8 5.8 × 10−8

Fe(II)N(2+2)[C60H20] (“armchair”
modeled electrocatalyst,
Fe(II)N(2+2)/C)

− 10.7 −120.9 6.4 × 10−9 1.3 × 10−8

to the incertitude in estimating the equilibrium constants
belongs to errors associated with the determination of
the enthalpy of reactions, which, in turn, depend on the
inaccuracies in estimating the Fe–N bond energies.
For example, three different methods for the assessment

of Fe–N bond energy for the “zig–zag” modeled electrocat-
alyst yielded the following values in kJ mol−1: 216.3 (this
work), 213.5 (using correlation of the type “bond length–
bond energy”, Ref. [50]), and 215.2 (using correlation of the
type “bond order–bond energy”, Ref. [50]). Themean value
is equal to 215.0± 1.4 kJ mol−1. Using this value, we get for
the equilibrium constant at 353 K the value𝐾c = 3.2× 10−7.
When comparing this value with the data given in Table 4
and Ref. [50] this means that our calculations are char-
acterized by the incertitude which is equal to ±1 order of
magnitude, the accuracy, as we believe, unattainable using
quantum-chemical methods (see Ref. [57]).

4 DISCUSSION

4.1 Stability toward demetallation in
acid medium of the Fe-hexa-aza active sites

As can be seen by comparing the values of equilibrium
constants, all studied iron (II) hexa-aza complexes and
the hexa-aza active site of the modeled electrocatalyst are
stable in an acid environment. A site is unstable if the
quantity (−𝑅𝑇ln 𝐾c)< 0.As an example, for the active site
of the modeled Fe(II)N(4+2)/C electrocatalyst, this quan-
tity at 353 K is equal to −8.314 × 353 × ln(4.61 × 10−11)
= 69 850 J mol−1, that is, this site is stable. Among
iron (II) hexa-aza complexes, the iron (II) complex
with an hexa-aza-macrocyclic ligand having Phen groups
(Figure 2A) is, apparently, slightly more stable than the
iron (II) complex with an hexa-aza-macrocyclic ligand

having 2,2′-bipyridine groups (Figure 1A). Comparing the
stabilities toward demetallation of the hexa-aza active
site Fe(II)N(4+2)/C with the active sites of the FeN4/C
(“zig–zag”) and FeN(2+2)/C (“armchair”) electrocatalysts
(Table 4, rows 4 and 5), it can be seen that the stabil-
ity of the modeled hexa-aza electrocatalyst is about two
to three orders of magnitude higher (since its Kc value
is two to three orders of magnitude smaller) than the
previously studied Fe-based “zig–zag” or “armchair” elec-
trocatalysts. This difference is essential due to the Δ𝑟𝐻0

298

of the demetallation reaction (Table 4), which is much
more endothermic for FeN(4+2)/C with its two more nitro-
gen atoms in their electrocatalytic moiety than for the
corresponding moieties of FeN4/C or FeN(2+2)/C electro-
catalyst (Table 4). Indeed, Δ𝑟𝐻0

298
depends on the value of

EFe–N, which itself is greatly affected by the value of dFe–N
(Equation 6). Shorter is the dFe–N, smaller is Kc and larger
becomes the resistance to demetallation of the considered
catalyst. However, for the hexa-aza FeN(4+2)/C catalyst, it
is also clear in our opinion that an additional stabilization
of its active site can be attributed to the two N-atoms of
the second coordination sphere leading to the appropriate
redistribution of the electron density in this electrocatalyst,
increasing, as it was suggested above, the ionicity of the
Fe–N bonds, and correspondingly EFe–N, the Fe–N bond
strength (Equation 6).

4.2 Estimation of the amount of iron
ions leaching from the electrocatalysts at
353 K (80◦C)

It is of practical interest to estimate the amount of iron
ions leaching from the electrocatalysts in an acid medium
at equilibrium conditions. This estimation is performed
based on the following facts and assumptions: (i) the
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740 GLIBIN et al.

experimentally determined activity of H+ ions in Nafion
at 353 K is equal to 2.14 (extrapolated value from Ref. [58]);
(ii) the coefficient of activity of Fe2+ ions, due to the very
low value of the equilibrium constant, can be taken equal
to 1, meaning that 𝑎

Fe2+aq
= 𝑐

Fe2+aq
; (iii) the activity of the

solid phases like Fe(II)N4[C58N2H20] and H2N4[C58N2H20]
for Fe-based and demetallated hexa-aza catalysts, respec-
tively, is equal to 1, by definition. Then, the expression for
the constant of equilibrium, 𝐾c, in terms of activities (or
molar concentrations, if the coefficient of activity = 1) has
the following form:

𝐾c =
𝑐
Fe2+aq

[𝑎H+aq]
2

(15)

where 𝑐
Fe2+aq

and 𝑎H+aq are the equilibrium concentration
(mol L−1) of iron ions and activity of hydrogen ions,
respectively. Using this equation, the concentration of
interest of iron ions (mol L−1 or g L−1) can be easily
determined. Thus, by substitution of 𝐾c value at 353 K,
which is equal to 4.61 × 10−11 (Table 4), and 𝑎H+aq= 2.14
into Equation (15), the equilibrium concentration of iron
ions, as the result of Fe2+/H+ exchange in the mod-
eled Fe(II)N4[C58N2H20] electrocatalyst, was obtained to be
equal to 2.11 × 10−10 mol L−1 or 1.18 × 10−8 g L−1.
In the case of previously studied electrocatalysts

(Table 4), the values of Fe2+ ions equilibrium concentra-
tion at 353 K are calculated equal to 2.7 × 10−7 mol L−1 or
1.58× 10−5 g L−1 (“zig–zag” electrocatalyst) and 3.07× 10−8
or 1.71 × 10−6 g L−1 (“armchair” electrocatalyst).
As can be seen by comparing the calculated values, the

extent of acid iron leaching from active sites of the mod-
eled hexa-aza electrocatalyst is significantly lower than
from the “zig–zag” and “armchair” FeN4 site electrocat-
alysts. This lower iron leaching in acid is in agreement
with the greater stability experimentally established for the
14-membered hexa-aza macrocyclic complex in compari-
son with the electrocatalyst based on Fe-phthalocyanine
(FePc).1 To be able to obtain electrochemical results, both
the 14-membered un-pyrolyzed hexa-aza and FePc com-
plexes were impregnated on carbon black (/C). They were
then cycled between 0 and 1 V in O2-saturated acid (0.5 M
H2SO4) solution.

4.3 Discussion about the value of dFe–N
used to calculate Kc for the Fe(II) hexa-aza
catalytic site

So far, two main groups have synthesized and character-
ized several Fe-based hexa-aza molecular complexes in
order to find similarities with some structural and electro-

chemical properties of pyrolyzed Fe–N–C catalysts. These
new hexa-aza molecules are depicted in Figure 4. The syn-
thesis of A1, A2, and A3 is described in Ref. [59] while
that of B1, B2, and B3 is described in Ref. [2] The targeted
molecule for both groups was Tw2, which was the start-
ing point of the thermodynamic calculations presented in
this work. The starting complex for the synthesis of the two
groupswas the same demetallated hexa-aza complex: A1 or
B1, which is also the same demetallated hexa-aza complex
(Tw1) used in our calculations.
It is important to note that none of the synthetic attempts

succeeded in synthesizing the targeted Fe(II) complex
depicted as Tw2. Instead, all the syntheses ended up with
Fe(III) hexa-aza complexes, even for A2, contrary to what
was declared by the authors of that particular synthesis.59
To obtain the Fe formal oxidation value of their A2 and
A3 complexes, the latter authors compared the energy at
0.5 of their normalized XANES X-ray absorption spectra
(that we will name y(eV) for short) with that of a series
of 10 Fe-based materials for which the formal oxidation
state is supposed to be known. To help the reader with
the conclusions of this comparison, the results are illus-
trated in Figure S1B. In that figure, one sees that y(eV)
for A3 falls in the middle of all reference materials iden-
tified to a Fe formal valence of +3 (including for FeTPPCl,
the un-identified red point marked by an arrow in Figure
S1B), while complex A2was identified by the same authors
as displaying a Fe formal valence of +2. This is mainly
because FePc was misplaced. It was, indeed, attributed to
the same y(eV) value as that of FeTPPCl (a Fe(III) complex)
and placed above Fe3O4, which has two Fe ions in the +3
oxidation state and only one in the +2 oxidation state, and
for which, the Fe formal valence of is 22/3+). It is indeed
known that, if the Fe ion is initially Fe(II) in a fresh syn-
thesized FePc, it is gradually oxidized to Fe(III) in contact
with air.60 This gradual oxidation of the Fe ion is much
more obvious at the 2p3/2-edge than at the K-edge used in
Ref. [59]. Therefore, the synthesis of all model complexes
A2, A3, B2, and B3 yielded Fe(III) complexes. This explains
why A2 and A3 have practically the same dFe–N value of
1.89 and 1.90 Å, respectively. It does not explain, however,
the value of 1.97 ± 0.08 Å for B3. In this case, it was men-
tioned by the authors of B3 synthesis that the Fe ions in
the μ-oxo hexa-aza complex B3 were puckered, meaning
that they were displaced out of the plane of the four proxi-
mal N-atoms in the direction of μ-oxygen, which is holding
the two macrocycles together. When Fe(III) is in the plane
of the four proximal N-atoms of the hexa-aza macrocycle,
as it is for A2 or A3, the Fe–N bond is much shorter. This
was confirmed by Density Functional Theory (DFT) calcu-
lations performed onB4, forwhich a value ofdFe–N= 1.86Å
was found, in agreementwith the experimental Fe–N bond
distance determined for A2 and A3.
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GLIBIN et al. 741

F IGURE 4 H2-, Fe(II)-, or Fe(III)-based hexa-aza molecular complexes that have been characterized in the literature and in this work in
the frame of their potential oxygen reduction reaction (ORR) catalytic properties. In Ref. [59] A1, A2, and A3 were named H2HAM,
Fe(H2HAM)(DMF)2Br2, and [(H2O)(Fe(H2HAM)(μ-O)(Fe(H2HAM)(μ-O)(Fe(H2HAM)(H2O)Br6, respectively; in Ref. [2] B1, B2, B3, and B4
were named (phen2N2)H2, (phen2N2)FeCl, [(phen2N2)Fe]2O, and [(phen2N2)FeIII]+ (top and side views), respectively. In this work, Tw1 and
Tw2 have been named H2N4[C24N2H12] (depicted in Figure 2B), and FeN4[C24N2H12] (depicted in Figure 2A), respectively. The figure reports
dFe–N values (in Å) available for these complexes, as well as which techniques [X-ray diffraction (XRD) or X-ray absorption spectroscopy
(XAS)] or procedure [density functional theory (DFT) or thermodynamic calculations (this work)] that were used to obtain these values

To continue our discussion, we have now to introduce
an observation that was made for the porphyrin-based
site (Fe(II)N4/C) belonging in Table 4 to the zig–zag mod-
eled electrocatalyst. In order to explain the changes of the
XANES spectrum at the Fe K-edge of Fe(II)N4/C with the
applied potential, it was proposed that the Fe(II) ion, which
was measured at a distance of 2.7Å, out of the plane of
the four N-atoms of the site, was now measured at a Fe–N
distance of 1.99–2.01 Å, in plane, when Fe(II)N4/Cwas elec-
trochemically oxidized to Fe(III)N4/C.61,62 The porphyrinic
Fe(II)N4/C site displays strong structural similarities with
the Fe(II)N(4+2)/C hexa-aza site. They are both electri-
cally neutral. Both are also conjugated sites integrated
in the conjugation of their supporting graphene layer,
either metallated or demetallated. It means that when
the Fe2+ ion is leached out these sites, it is replaced
with two H+ to maintain the electrical neutrality, without
perturbing the neighboring conjugation. In other words,

upon leaching a Fe2+ ion, Tw2 in Figure 4 becomes
Tw1.63–66
We are proposing here that what happens to Fe(II)N4/C

upon iron oxidation, may also happen to Fe(II)N(4+2)/C;
that is, a change of the dFe–N bond length distance upon
oxidation to Fe(III)N(4+2)/C. A dFe–N distance of 1.99 ± 0.03
Å was calculated in this work for Fe(II)N(4+2)/C. Accord-
ingly, we are proposing that dFe–N for Fe(III)N(4+2)/C is of
the order of 1.90 Å, as it is experimentally observed for the
Fe(III) hexa-aza macrocycles when the Fe(III) ion is in the
plane of the four proximal N-atoms of A3.59 The difference
in the Fe–N bond length for Fe(II)N(4+2)/C upon a change
in the iron oxidation state between its two positions in the
site is 0.6–1.2 Å, while it is 0.6–0.8 Å, upon the change in
the oxidation state of FeN4/C. Consequently, FeN(4+2)/C is
vulnerable to demetallation in acid medium when it is in
the reduced Fe(II)N(4+2)/C with dFe–N = 1.99 ± 0.03 Å and
it is the reduced form of Fe in the site that is considered in
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742 GLIBIN et al.

the demetallation Equation (3) and for Equations (1) and
(2) for the two hexa-aza molecular models as well as for
the other two sites (Fe(II)N(2+2)/C armchair and Fe(II)N4/C
zig–zag) reported in Table 4.

4.4 Howwould a Fe-hexa-aza active site
fit among the various active sites already
proposed to perform ORR in
electrocatalysts obtained after a
high-temperature pyrolysis step?

Since the synthesis of the first ORR electrocatalyst
obtained after a pyrolysis step of iron and nitrogen pre-
cursors impregnated on carbon, the scientific community
has always been interested in the structure of the obtained
molecular catalytic sites.
van Veen et al.,67 who worked with a Fe-porphyrin

impregnated on carbon black, defended the thesis that,
after a high-temperature heat-treatment, the FeN4 moiety
of the porphyrin remained intact, and that after binding
to the carbon support, FeN4 was the center of the ORR
catalytic site. This was clearly expressed in their review
published in 1988, but it was only in 2002 that they pub-
lished an image of their proposed catalytic site.68 This
representation is shown in Figure 5A. Eight bonds were
left dangling as they did not know how the FeN4/C site
was connected to the carbon support. It is important to
note that in FeN4/C, all four N-atoms are of pyrrolic type.
Therefore, FeN4/C is an electrically neutral site. After
demetallation, the Fe2+ ion is replaced by two H+.
At the same time, Yeager and coworkers also worked

with Fe-porphyrin. However, they defended the idea that
iron was reduced to iron metal during pyrolysis and it was
ironmetal that oxidized andwas released as Fe ions in con-
tact with an acidic medium. These Fe ions were captured
by N-atoms (especially pyridinic ones) at the surface of the
pyrolyzed carbon support to form ORR catalytic sites.69
Yeager and coworkers70 continued to defend the same idea
about the catalytic sites even after having shown thatmetal
macrocycles were not indispensable to the formation of
ORR catalytic sites and that, pyrolyzing an inorganicmetal
precursor and a nitrogen precursor impregnated on car-
bon black also produced ORR active FeNx sites. In 2007,
we demonstrated at Institut National de la Recherche Sci-
entifique (INRS) that the FeNx site proposed by Yeager was
only a precursor of a much more active site obtained after
another high-temperature pyrolysis.71
In 2002,72 we also demonstrated by time of flight sec-

ondary ion mass spectroscopy (ToF SIMS) analysis of
ORR Fe-based catalysts that, whatever was the starting
iron precursor (a Fe-porphyrin or an inorganic salt-like
Fe-acetate), two ORR catalytic sites were always simulta-

F IGURE 5 First representation of the FeN4/C catalytic site,
according to van Veen and coworkers68 (A); structure of the
Fe-porphyrin (B); structure proposed in Figure S14 of Ref. [49] for
FeN4C12 “representing the zig–zag edge graphene sheet generated
by adding C6 rings to the Fe–N–C porphyrinic active site” (C). In
our nomenclature, “C” is a developed representation of the FeN4/C
site, bridging two zig–zag edges of graphitic crystallites across a
micropore of the carbon support

neously obtained; one site was identified by its FeN2C4+
ion signature (see Figure 6A). It was themain ion collected
in the family composed of FeN2Cy+ ions, and another site
identified by its FeN4C8+ signature (see Figure 6B), which
was the main ion collected in the family composed of
FeN4Cy+ ions, as well as some fragments of FeN4Cy+ col-
lected in the FeN3Cy+ and FeN1Cy+ ion families. At that
time, we assigned the FeN4C8+ ion to the vanVeen FeN4/C
site and tentatively attributed the FeN2C4+ ion to a FeN2/C
site for which the two N-atoms were of pyridinic charac-
ter. We knew, of course, that the FeN2/C structure was
incomplete.
After a few years of gathering other information about

the simultaneous presence of two active sites in the
catalysts, we also knew73: (i) that the catalytic activ-
ity increased when the N-content of the carbon support
increased; (ii) that the Fe in the site was always a Fe ion;
(iii) that most active sites were located in micropores; (iv)
that Mössbauer and extended X-ray absorption fine struc-
ture spectroscopies of Fe-based catalysts mainly detected
four N-atoms in close proximity of the Fe ion in the site.
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GLIBIN et al. 743

F IGURE 6 FeN2C4+ ion (A), identified by ToF SIMS72 as the signature of the FeN(2+2)/C site represented in (C), bridging a micropore,
and in (D), embedded in a graphene layer; FeN4C8+ ion (B), identified by ToF SIMS72 in the same catalyst than FeN2C4+. FeN4C8+ is the ToF
SIMS signature72 of the van Veen FeN4/C site illustrated in Figure 5

Thus, we proposed the two following structures for the
active sites simultaneously detected in all Fe-based cata-
lysts obtained by pyrolysis: the first one was the van Veen
type catalytic site with four pyrrolic-type N-atoms (illus-
trated in Figure 5A) and (ii), the second one was a new
catalytic site thatwe namedFeN(2+2)/C, located in amicro-
pore where the site bridges the edges of two graphitic
crystalliteswith a Fe ion coordinated by four pyridinic-type
nitrogen atoms (see Figure 15 in Ref. [74] for the original
figure and Figure 6C in this work). The FeN(2+2)/C site
has been the subject of many DFT studies. So were also
other sites of the same nature, but with fewer pyridinic
nitrogen atoms in close vicinity with the Fe ion that ren-
ders these sites less stable, yet able to produce ORR.75–77 A
particularity of the FeN(2+2)/C site is that it is easily embed-
ded in a graphene layer (see Figure 6D). To form such a
structure, one only has to complete the graphene structure
which is missing in the micropore. This operation is much
more difficult to perform for the FeN4/C site, as embed-

ding the site necessitates the introduction in the graphene
sheet of four Stone-Wales defects (one at each corner of the
FeN4/C site).78 The existence of embeddedFeN(2+2)/C sites
has been proven by high-resolution transmission electron
microscopy,which demonstrated that a graphene structure
could be observed around the Fe ions.79–81
Coordination complexes of Fe2+ with Phen exist with

one, two, or three ligands.82 They all carry a (+2) charge
since the two electrons of the pyridinic nitrogen atoms in
the Phenmolecule are non-bonding. It is, therefore, logical
to deduce that FeN(2+2)/C sites are also positively charged
by the positive charge of the Fe ion. One or two anionswith
an electrical neutralization charge per each FeN(2+2)/C site
should therefore be part of these catalysts. This is practi-
cally never mentioned in the literature despite the fact that
the negative charge density of these catalysts needs to com-
pensate around 1019 ± 1 positively charged FeN(2+2)/C sites
per gram of catalyst.83 Always following the chemistry of
Fe(Phen)1–32+ complexes, when a FeN(2+2)/C loses its Fe2+
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744 GLIBIN et al.

ion in an acidic medium, the latter is replaced by a sin-
gle H+ which coordinates to the four pyridinic nitrogen
atoms50.
In Figure 6C, one sees that the pyridinic N-atoms on

each crystallite are located on the armchair edge of the
graphene layer. FeN(2+2)/C sites will not be found on the
zig–zag edge of the graphene layer, even if two pyridinic
atoms are substituting for two carbons located on two
neighboring cycles of the zig–zag edge. Not only, will these
pyridinic atoms be too close to each other to support the
site, but their non-bonding orbitals will not be directed at
the appropriate angle to coordinate the Fe ion. Jaouen and
coworkers49 have, however, found that it is possible to use
the zig–zag edge of graphene crystallites to anchor the van
Veen FeN4/C catalytic site. This is shown in Figure 5C. In
order to go from Figure 5A to Figure 5C, the four pairs
of dangling bonds in Figure 5A are joined in “x”, then
Figure 5A is rotated 45◦ to obtain the same presentation as
Figure 5B, which is the Fe-porphyrin structure. Figure 5B
is then compared with Figure 5C to recognize that the
Fe-porphyrin structure is indeed identified in Figure 5C
once four C–C bonds have been established between “y”
and “z.” Once completed, Figure 5C represents therefore
the van Veen FeN4/C site bridging two zig–zag edges
of graphitic crystallites across a micropore of the carbon
support.
In their work published in 2015, Jaouen and coworkers49

named FeN4C12 the site described in Figure 5C, since in
that site the Fe ion is surrounded by 4 N-atoms and 12
proximal C-atoms. So far, we labeled that site: FeN4/C.
They also declared that FeN4C12 was the only site present
in their catalyst in contrast to a FeN(2+2)/C site structure
(that they named FeN2+2C4+4 for the version bridging a
micropore like in Figure 6C, or FeN4C10, for the embed-
ded version like in Figure 6D) assumed hitherto (according
to them) for pyrolyzed Fe–N–C materials. This did not
prevent them touse a FeN(2+2)/C site structure in their con-
tribution to another important work published in 2020 by
Jia and coworkers,84 describing the formation of ORR cat-
alytic sites when a Fe-salt, a nitrogen precursor like Phen
and a nitrogen and carbon precursor like zinc-imidazolate-
framework-8 (ZIF-8) are heat-treated to obtain a Fe-based
catalyst. In a more recent paper yet, published in 2021,
Jaouen and coworkers85 recognize that there are indeed
two catalytic sites in Fe-based catalysts obtained by the
pyrolysis of Fe-acetate, Phen, and ZIF-8. They are: (i) site
S1 or FeN4C12 (or FeN4/C in our nomenclature) with four
pyrrolic-type nitrogen atoms and characterized by a Möss-
bauer doublet D1. This site is not stable in PEM fuel cells
as it demetallizes. After demetallation, the Fe2+ ion is
first exchanged for H+ with the proton exchanging Nafion
material surrounding the catalyst, then gets oxidized as
Fe3+, which is found later on aggregated in Fe2O3 crystal-

lites in the cathode catalyst layer; (ii) site S2 or FeN4C10
(or FeN(2+2)/C in our nomenclature) with four pyridinic-
type nitrogen atoms characterized by aMössbauer doublet
D2. According to Jaouen and coworkers, this site is
stable.
In the present discussion, we like to propose an alterna-

tive to the present assignment of the stable Fe-based site
previously made in Ref. [85] According to the 𝐾c values
listed in Table 4 for FeN4/C, FeN(2+2)/C, and FeN(4+2)/C,
we propose that the stable site is not FeN(2+2)/C, which has
a 𝐾c value for its thermodynamic demetallation similar to
that of FeN4/C, but it is FeN(4+2)/C instead, which displays
(depending on the temperature) a𝐾c value between two to
four orders of magnitude smaller than that of FeN(2+2)/C
(or of FeN4/C). The structure of FeN(4+2)/C is presented in
Figure 3A. It differs from that of FeN(2+2)/C by only two
supplementary N-atoms, whose particularity is to stabilize
the FeN(4+2)/C, against demetallation in acid medium as it
was described in Section 4.1. It is also important to note
that, alike FeN4/C, FeN(4+2)/C is an electrically neutral
site.When such a site demetallizes, the Fe2+ ion is replaced
with two H+.63–66
Nabae and coworkers have already proposed to replace

FeN4 sites with four pyridinic nitrogen atoms embedded
in graphene (or FeN(2+2)/C armchair sites in our nomen-
clature) with a Fe-hexa-aza-type site. This is obvious from
their graphical abstract in Ref. [59] This proposition has
been later on1 based on the high durability during ORR
in acid solution of a 14-member hexa-aza macrocyclic
Fe-complex (A3/C in Figure 4 of this work) compared
with the ORR durability behavior of a 16-member Fe-
based-phthalocyanine measured in the same solution. By
determiningKc equilibrium values for the demetallation of
Fe(II)N4/C, Fe(II)N(2+2)/C, and Fe(II)N(4+2)/C catalytic sites
in acid medium, we have now strengthened their proposi-
tion. Another element that argues in favor of a Fe-hexa-aza
ORR catalytic site comes from the publication of Suren-
dranath and coworkers.2 For the hexa-aza molecules (B2
andB3 depicted in Figure 4) synthesized by this group,2 the
highlight in the comparison of both Fe–N–C catalysts and
the synthesized molecules is not in the stability of B2 or B3
complexes during ORR, but rather in the Mössbauer prop-
erties of B2. Indeed, the important Mössbauer parameters,
δ and ΔEQ, of the doublet characterizing the Mössbauer
spectrum of B2 are exactly the same as the correspond-
ing δ (0.37 mm s−1) and ΔEQ (3.06 mm s−1) parameters
assigned to the doublet D2, reputed to be stable in the
Mössbauer spectrum of Fe–N–C.85 Fe–N–C also displays
another doublet, D1, characterized by δ = 0.46 mm s−1
and ΔEQ = 1.08 mm s−1,2 usually assigned to FeN4 with
the four nitrogen atoms in a pyrrolic environment,2,49 and
reputed to demetallate in Ref. [85] The existence of two
Fe-based catalytic sites of different stabilities in fuel cells
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GLIBIN et al. 745

for a catalyst made by the pyrolysis of a Fe-salt, Phen, and
ZIF-8 as reported by INRS in 2011,86 also perfectly agrees
with the present conclusions.When this catalystwasmain-
tained at a constant potential in PEM fuel cell, the current
decay curve was showing a fast exponential decay followed
by a much slower one.5 The fast decay was attributed to
the demetallation of catalytic sites (that we know now to
be FeN4/C sites) located in the catalyst micropores. The
much more stable site may now be attributed to hexa-aza
FeN(4+2)/C. Finally, the structures of a Fe-hexa-aza macro-
cycle of the FeN(4+2)/C type and that of a pyrrolic FeN4/C
type were also proposed as potential active sites in Fe–N–C
in a recent review by Zagal et al.87
In the Fe-based catalysts, which are so far the most

studied Pt-free ORR electrocatalysts in PEM fuel cells,88,89
we have therefore two Fe-based active catalytic sites: (i)
FeN4/C (or FeN4C12), which would be the most thermo-
dynamically unstable site toward demetallation in acid
medium; and (ii) FeN(4+2)/C that would be a site much
more stable in acid medium. Besides the two Fe-based
sites, we have also some CNx active sites. We have already
shown that, above∼ 0.7 V, the contribution to the total cur-
rent of the CNx sites is negligible, but it represents about
one-third of the total current at 0 V in H2/O2 PEM fuel
cell.90 Once FeN4/C sites disappear by demetallation from
the catalyst layer, the sites left that are able to generate
ORR current are FeN(4+2)/C and CNx. If the FeN(4+2)/C
sites are indeed stable toward demetallation, the causes
of catalyst instability degrading these remaining sites dur-
ing the slow exponential decay in fuel cell, are either the
electrochemical corrosion of the catalyst or its chemical
corrosion by H2O2 (and its Fenton derivatives). We already
demonstrated, on the one hand, that the electrochemical
corrosion was becoming important only above ∼ 0.7 V in
PEM fuel cells.5 On the other hand, we ignore what is the
H2O2 evolution yield as a function of the potential in fuel
cells, but it increases below ∼0.7 V in acid solution at pH
1.90 The two effects may therefore cause the instability of
the remaining active sites with relative importance varying
with the applied fuel cell potential.

5 CONCLUSIONS

In thiswork,we presented a thermodynamic assessment of
the stability behavior in acid environment at 298 and 353 K
of two iron (II) hexa-aza-macrocyclic complexes and of an
hexa-aza-iron-based (FeIIN(4+2)/C) potential active site for
ORR in PEM fuel cells. The main conclusion arising from
the thermodynamics study of the iron leaching from iron
(II) hexa-aza complexes and the modeled hexa-aza elec-
trocatalyst at both 298 and 353 K (80◦C, being the usual
running temperature of PEM fuel cells) is that:

∙ The studied iron (II) hexa-aza complexes and the hexa-
aza active site of this type of electrocatalysts are chemi-
cally stable in an acid environment, considering that the
equilibrium constants of their demetallation reactions
are a criterium of their chemical stability.

∙ The stability of the modeled hexa-aza electrocatalyst is
about two to four orders of magnitude higher (since its
𝐾c value is two to four orders of magnitude smaller,
depending on the temperature) than the previously stud-
ied Fe-based “zig–zag” or “armchair” electrocatalysts.

∙ This difference is essentially due to the Δ𝑟𝐻0
298

of the
demetallation reaction (Table 4), which is much more
endothermic for FeN(4+2)/C with its two supplementary
nitrogen atoms in the electrocatalytic site than for the
corresponding FeN4/C or FeN(2+2)/C sites (taking also
into account that Δ𝑟𝑆0298 values for all the three studied
electrocatalytic sites are very close; see Table 4).

∙ The equilibrium concentration of iron ions, as the
result of Fe2+/H+ exchange in the modeled hexa-aza
electrocatalyst, calculated for 353 K, is equal to about
2.1 × 10−10 mol L−1 or 1.2 × 10−8 g L−1. This is
about two orders of magnitude smaller than for the
previously studied Fe-based “zig–zag” or “armchair”
electrocatalysts.

∙ Evidently, the latter fact is due to a specific chemi-
cal structure of the central part of the modeled site
(Figure 3), which represents the structural motif of
the hexa-aza-macrocyclic complexes of Fe(II) covalently
bonded with carbon hexagons.

∙ The so-called chelate effect (due to high values of𝑇Δ𝑆 in
Equation 12) is also responsible for the stability of these
types of electrocatalytic sites.

∙ The chemical stability of the modeled electrocatalytic
site is valid for systems that are in the state of chemical
equilibrium. But, under dynamic conditions, when Fe2+
ions exit the system (because they are exchanged with
H+ in ion exchange membranes or they are leaving the
cathode with the flow of water produced by the oxygen
reduction in a running fuel cell), the progressive demet-
allation of the electrocatalytic sites can be conceivable,
according to the Le Chatelier’s principle.

In this work, we have also discussed about the fit of
the hexa-aza FeIIN(4+2)/C potential site among the other
potential active sites that have already been proposed in
the literature to be ORR active. More specifically we com-
pared the structural and electrochemical properties of the
FeIIN(4+2)/C hexa-aza potential site with the known struc-
tural and electrochemical properties of: (i) FeIIN4/C a
molecular site essentially found in micropores where it
is bridging the zig–zag edges of two graphene sheets and
for which the four nitrogen atoms are of pyrrolic type,
(ii) FeIIN(2+2)/C, a molecular site found either between
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746 GLIBIN et al.

the armchair edges of two graphene sheets in a microp-
ore or embedded in a graphene sheet of the catalyst and
for which the four nitrogen are of pyridinic type. Our
conclusions are that the two main Fe-based sites in Fe–
N–C active catalysts for ORR are: (i) FeIIN4/C, and (ii)
FeIIN(4+2)/C, the hexa-aza site, but not the usually consid-
ered FeIIN(2+2)/C. FeIIN4/C is more active but much less
stable than FeIIN(4+2)/C in the acid medium of PEM fuel
cells, in agreement with the literature. To these two Fe-
based sites, it is still important to add theORR contribution
of CNx sites that is low at high potential but becomesmajor
at low potential.
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