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Abstract

The Fe/N/C catalysts emerged recently as a representative class of non-Pt catalysts for
oxygen electrocatalytic reduction, which could have a competitive catalytic
performance as Pt. However, the nature of the catalyst remains elusive, especially on
the active site structure and the electrocatalytic kinetics. Here we examine two kinds
of Fe/N active sites for Fe/N/C catalysts, namely, the four-coordinated FeN4 and the
five-coordinated Fe(CN)N4 centers embedded in graphene layer. By using large-scale
first principles calculations with periodic continuum solvation model based on
Modified-Poisson-Boltzmann equation (CM-MPB), we identify the four (4¢) and two
electron (2¢) oxygen reduction pathways under acidic conditions. We find that both 4e
and 2e pathways involves the formation of OOH intermediate, which breaks its O-OH
bond in the 4e pathway but is reduced to H20:2 in the 2e pathway. We show that at 0.8
V vs. SHE, the 4e pathway is preferred at both FeNs and Fe(CN)N4 centers, but the 2e
pathway is kinetically also likely on the Fe(CN)N4 center. The O-OH bond breaking
of OOH is the key kinetics step, which has similar free energy barrier as the OH
reduction on the FeN4 center, and is the rate-determining step on the Fe(CN)N4 center.

Due to the high adsorption energy of Fe towards the fifth ligand, such as OH and CN,
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we expect that the active site of the real Fe/N/C catalyst is the five coordinated Fe
center. We found that the barrier of the O-OH bond breaking step is not sensitive to
potential and a Tafel slop of 60 mV is predicted for the ORR on the Fe(CN)N4 center,

which is consistent with the observation in the experiments.

1. Introduction

Oxygen reduction reaction (ORR, O2+4H™+4e 2H>0) is a key electrocatalytic
reaction for fuel cell applications, which converts Oz to water using proton and
electrons at cathode. To date, the most widely used catalysts for ORR are still the high
cost Pt and Pt-based alloys! and great efforts have been devoted to search for non-Pt
catalysts aiming to overcome the high overpotential and the long-term stability
problems of traditional catalysts. Since Jasinski and the coworkers found that metal
phthalocyanine featuring with metal-N4 center is able to catalyze ORR under acid
conditions®, recent years have seen encouraging progress to immobilize the metal-N
complex (mainly Fe-N*>*) and also to improve the catalytic performance. For example,
such active catalysts can be synthesized by simply heating common nitrogen
containing chemicals, Fe inorganic salts and carbon black.”!' Due to the complex
nature of the catalysts, the atomic structure of the active site and the catalytic
mechanism of these metal/N/C catalysts remain largely elusive.

Because the Fe macrocycles such as porphyrin and phthalocyanine are
catalytically active for the ORR!*!7, the basic structural motif, i.e. Fe-N4, has been
regarded to be the active center in the heterogeneous environment as well. The
presence of Metal-N4 such as FeNs, CoNs4 moiety was indeed detected by various
experimental techniques.'®* For example, Dodelet et al. using Time of Flight
Secondary Ion Mass Spectrometry detected FeNa species in the catalyst prepared
using Fe acetate, Fe porphyrin and NH3 as the precursor.?* 2 Koslowski related the
current density of ORR to the amount of in-plane FeNs centers using Mdssbauer
spectra and a linear correlation was identified.'® Thermodynamics analysis using first

principles calculations also indicated that the FeNs embedded in graphene could be
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active for ORR.?% 27 On the other hand, newly emerged evidences suggest that the
Metal-N4 might not be exactly the active site: the chemical environment around this
center could also affect significantly the ORR activity. It was demonstrated that the
presence of the porosity in the pristine carbon black during the pyrolysis (e.g. using
disordered carbon) is important for achieving high catalytic activity®®2°. This implies
that the active site forms at/near the micropores of the nitrogenized graphite. Instead
of the four-coordinated Fe center, the five-coordinated Fe center was also suggested
by Jain et al.,** the structure of which mimics the Fe-porphyrin complex in biological
systems for Oz activation®!> 32,

In this work, we aim to understand the mechanism and the kinetics of the Fe
center catalyzed ORR on the nitrogen-doped graphite by using first principles
calculations. Two different models for the Fe center, namely, a four-coordinated FeNa
center and a five coordinated Fe(CN)N4 center on graphene have been considered as
the possible active sites. The CN ligand is chosen as the fifth ligand because the CN

ions has been well detected in the synthesis of Fe/N/C catalysts at high temperature’.

The structures of these two models are as shown in Figure 1.

2. Calculation methods and Models

All DFT calculations were performed using the SIESTA package with numerical
atomic orbital basis sets and Troullier-Martins norm conserving pesudopotentials.3->
The exchange-correlation functional utilized was at the generalized gradient
approximation level, known as GGA-PBE.*® A double-& plus polarization basis (DZP)
set was employed. The orbital-confining cutoff was determined from an energy shift
of 0.010eV. The energy cutoff for the real space grid used to represent the density was
set as 250 Ry. The Quasi-Newton Broyden method was employed for geometry
relaxation until the maximal forces on each relaxed atom were less than 0.1 eV/A. To
correct the zero-point energy (ZPE), the vibrational frequency calculations were

performed via the finite-difference approach. Transition states (TSs) of the catalytic

reaction were located using the Constrained-Broyden based methods developed
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recently in the group and were verified using the vibrational frequency calculation.?”
38 The convergence of the key results with respect to the force criterion have been
checked by reducing the criterion to be as low as 0.02 eV/A, and the calculated
adsorption energy (e.g. Oz adsorption) and the barrier (e.g. O2H* dissociation) are
found to be different by less than 0.05 eV.

The solid/liquid interface is modeled using the periodic continuum solvation
model based on the modified Poisson-Boltzmann equation (CM-MPB), which can
take into account the long-range electrostatic interaction due to solvation. The
short-range solvation effect has been considered by adding the explicit water
molecules as the first solvation shell. The periodic DFT/CM-MPB method has been
utilized in our previous work on electro-/photocatalysis, where the detail of the
implementation of the method is described.*

To derive the free energy reaction profile, we first obtain the reaction energy of
each step (strictly speaking, Helmholtz free energy change (AF) at 0 K, 0 bar) that is
directly available from DFT total energy (AE) after the ZPE correction. For
elementary surface reactions without involving the adsorption/desorption of gaseous
or liquid molecules, AF at 0 K, 0 bar is a good approximation to the Gibbs free energy
(AG) as the temperature T and pressure p contributions at the solid phase are small. To
compute the free energy change AG of elementary reactions involving gaseous or
liquid molecules, such as oxygen, hydrogen, and water, the large entropy term at 298
K is essential to take into account. We utilize the standard thermodynamic data*' to
obtain the temperature and pressure contributions for the G of the aqueous H20 and
gaseous Hz, which are —0.57 eV (the entropy contribution is —0.22 eV in solution) and
—0.31 eV compared to the total energy of the corresponding free molecule (E, 0 K),
respectively.*” The G of O is derived as G[02]=4.92(eV)+2G[H20]-2G[Hz] by
utilizing OER equilibrium at the standard conditions; the G of H202 is derived
similarly considering that the H202/0O2 standard equilibrium potential is 0.682 V vs.
SHE. For reactions involving the release of proton and electron, the reaction energy
can be computed by referencing to the normal hydrogen electrode (SHE) in a manner

proposed by the groups of Bockris*® and Nerskov.** This is governed by
4
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Gproton+electron=G(1/2H2)—neU, where e presents the transfer electron, n means the
number of electrons, and U is the electrochemical potential vs SHE. The other detail
for computing the reaction kinetics of ORR under electrochemical conditions is as
described in our previous work for ORR on Pt surfaces.*’

To study the ORR mechanism on the Fe/N/C catalysts, here we propose two
possible types of active centers, namely, the four coordinated planar FeNs center
(pyridine-like structure for each N), and the five-coordinated square-pyramidal
Fe(CN)N4, as shown in Figure 1. The planar FeN4 is embedded in the graphene plane,
which can be considered by substituting six C atoms of the graphene by one Fe and
four N atoms. It should be mentioned that the exact structure of the active site for
ORR in Fe/N/C catalysts is not known. Due to the high temperature condition in the
synthesis (e.g. typically 900°C*#%), HCN and CN ions has been detected in experiment
by reacting NH3 with carbon*” and it is thus possible that the CN ion®! acts as a ligand
coordinated to the FeNs center. It should be emphasized that the Fe(CN)N4 center
cannot be hold inside the graphite due to the large steric repulsion between the CN
group and the neighboring layer of the graphite, but it may well be present at/near the
micropores in real catalysts.

The FeNs and the Fe(CN)N4 catalyst are modelled by embedding the active
center in a graphene sheet with each unit cell containing 58 carbon atoms and a FeN4
or Fe(CN)N4 center. The unit cell utilized in this work is 17.04x9.84 A with the
vacuum region large than 30 A. In this theoretical model, the Fe concentration is
about 7 wt%, higher than that in the Fe/N/C catalysts reported in experiment with the
best performance, e.g. from 0.02 wt% to 2 wt%?!, but lower than that in the porphyrin
molecule (15.38 wt.%) that is known to be active for ORR in solution. The low Fe
concentration of the Fe/N/C catalysts in experiment could be due to the difficulty of
dispersing/incorporating single Fe ions into the graphite layers. Experimentally, the Fe
concentration as the active site is limited by the microporous surface area, which is

equivalent to Fe loading of ~1 wt%.!°
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Figure 1. Two possible active sites embedded in the graphene sheet modeled in the work. Left:
the four-coordinated planar FeNy center; Right: the five-coordinate square-pyramidal Fe(CN)N4
center. The grey, blue and purple balls represent C, N and Fe, respectively.

3. Results and discussion

For ORR on Fe/N/C catalyst at the acidic condition, the number of electron
transfer measured with Koutecky—Levich experiment is generally less than 4%,
indicating that both 4e and 2e reduction occur simultaneously in ORR. It was believed
that the 4e reduction involves sequentially the O2*, OOH*, OH* and O*
intermediates®* 2% 27 (* indicates the adsorbed species) as every elementary step of the
reaction is exothermic at 0 V vs. SHE as shown by thermodynamics calculations®.
For the 2e reduction, it could involve OOH* and HOOH* intermediates (without O-O

t49

bond breaking) and H20:2 is as the final product.” The proposed mechanisms from

literatures can be summarized as Eq. 1-8. Eq. 1-6 are the 4e reduction pathway and Eq.

7-8 are the 2e pathway. The OOH* intermediate appears in both pathways and thus is
the key species determining the selectivity. The main purpose of the current work is to
evaluate the potential-dependent reaction thermodynamics and kinetics of the 4e and
2e reduction pathways quantitatively on the graphene-embedded FeNs and Fe(CN)N4
models in order to provide new insights into the working mechanism and the nature of

the active site of the Fe/N/C catalyst.
02 —0O,* (1)
O2*+ H (aqte” =OOH* (2)

OOH*+ H (aqte” —»O*+H0 3)

6

Page 6 of 20



Page 7 of 20

Physical Chemistry Chemical Physics

O*+ H' (aqte” —»OH* 4)
OH*+ H'agte” —H,0* (5)
H>0*—H20(ag) (6)
OOH*+ H' age” —HOOH* (7)
HOOH* —H202(q) (8)

3.1 Structure of the FeN center

The geometrical structure of the active sites has been first investigated in vacuum
(without the applied electrochemical potential and the solvation). In the optimized
structure for the FeN4 embedded in the graphene sheet, the Fe is found to locate at the
plane of graphene and the Fe-N bond distance is 1.875 A. The result is consistent with
the previous calculations (the Fe-N distance is around 1.87~1.89 A27-3%)_ It is noticed
that the Fe-N distance of the embedded FeN4 is generally shorter compared to that in
metalmacrocyclic molecules with the FeNs center. e.g. the distance is 1.981A in
Fe-porphyrin and 1.923 A in Fe-phthalocyanine.”! From the electronic structure
analysis, we found that the oxidation state of Fe is Fe(II) with two net spins in the 3d
orbitals of Fe. For the five coordinated Fe(CN)N4 center, the structure is similar with
the Fe being still in the plane of graphene. The Fe-N distance is still 1.876 A and the
Fe-CN distance is 1.846 A.

Next, we calculated the active site structures under electrochemical conditions
using the DFT/CM-MPB method, where the solvation due to the aqueous solution and
the surface charging due to the increase of potential are taken into account. Because
the electrocatalytic ORR is sensitive to potential, we will focus on the 0.8 V vs. SHE
condition, which is utilized practically for ORR. At 0.8 V vs. SHE, the Fe-N distance
is calculated to be 1.895 A for FeN4 and 1.883 A for Fe(CN)N4, which are slightly
lengthened compared to those calculated in vacuum. Obviously, the presence of the
electrochemical conditions does not alter much the structure of the active site,

implying the high stability of the central FeN4 unit.
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Figure 2. The free energy profiles for the 4¢ ORR pathway on the embedded FeN4
(red) and Fe(CN)N4 (blue) centers at 0.8 V vs. SHE. 1: Ox*; 2: OOH*; 3. O*; 4. OH*;
5. H2O*. The free energy zero is set as that of Oz in the gas phase (ambient condition)
and the clean surface. Selected intermediate structures on the FeN4 are also shown
(the states corresponding to Fe(CN)N4 are similar). The grey, blue, purple, red and
white balls represent C, N, Fe, O and H, respectively.

3.2 4e reduction pathway

By using the DFT/CM-MPB method, we have first investigated the reaction
channels the 4e reduction pathway following Eq. 1-6. The free energy reaction
profiles for ORR on the FeNs and Fe(CN)N4 centers at 0.8 V vs. SHE have been
determined, as shown in Figure 2 and the decomposed energetics in each step is listed
in Table 1.

ORR initiates by molecular Oz adsorption on the central Fe metal (state 1, see
Figure 2). The adsorption of Oz on the nearby carbon and nitrogen atom sites is very
weak and is thus unlikely. For the Oz adsorption on Fe, two possible Oz configurations
were examined, namely, the end-on and the side-on configurations®>. The end-on

configuration has only one oxygen atom directly bonded with the Fe with the O-O
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axis tilted away from the Fe-N plane, while the side-on configuration have both O
atoms bonded with the Fe with the O-O axis in parallel with the Fe-N plane. We found
that on both FeNs and Fe(CN)N4 catalysts, the end-on configuration is preferred
energetically, which is different from O2 adsorption on Pt surface where the side-on
configuration is generally preferred®. The Oz adsorption free energy is 0.68 eV on the
FeNs, and drops to 0.28 eV on the Fe(CN)Ns (see Table 1). Our Mulliken charge
analysis showed that the adsorbed Oz on both Fe centers accumulates electron to form
superoxo Oz ion, also evident from the lengthened O-O distance (1.28 A) compared to
the gas phase O2 molecule. The charge depletion occurs not only at the Fe center, but
also at the nearby carbon sites of the graphene, indicating the transfer of the Fermi
electron of the graphene to the antibonding states of O2 molecule.

Table 1. The free energy (AG) change of the elementary steps involved in the 4e
reduction on the embedded FeN4 (red) and Fe(CN)N4 centers. All energies are in eV.
elementary steps AE AH(0—298K) ZPE -TS -le|U AG

FeNsat 0.8V
02— 02* -1.33 -0.09 0.10 0.64 0.00 -0.68
Ox*+H"+e—OO0H* -1.02 -0.05 0.22 0.20 0.80 0.15
OOH*— [O--OHJ*(TS) 0.11 0.00 -0.07 0.15 0.00 0.19
OOH*+H+e —0*+H20 -1.51 0.06 -0.01 -0.47 0.80 -1.13
O*+H+"e—OH* -1.58 -0.05 0.21 0.20 0.80 -0.42
OH*+H+"e—H20* -1.01 -0.05 0.20 0.20 0.80 0.14
H>O0*—H>0 1.02 0.10 -0.22 -0.67 0.00 0.23
Fe(CN)N4 at 0.8V
02— 02* -0.93 -0.09 0.10 0.64 0.00 -0.28
O2*+H"+e—OO0H* -1.03 -0.05 0.22 0.20 0.80 0.14
OOH*—[O--OHJ*(TS) 0.19 0.00 -0.07 0.15 0.00 0.27
OOH*+H+e —0*+H20 -1.36 0.06 -0.01 -0.47 0.80  -0.98
O*+H+'e—OH* -1.43 -0.05 0.21 0.20 0.80  -0.27
OH*+H+'e—H20* -0.87 -0.05 0.20 0.20 0.80  -0.28
H.0*—H20 0.84 0.10 -0.22 -0.67 0.00 0.05

We noted that the Oz adsorption on the similar FeNs structures have been reported
in the previous theoretical calculations. For example, on the iron phthalocyanine
molecule, Oz adsorbs with the end-on configuration and has the adsorption energy of

1.16 eV>?; on the FeNs embedded in the carbon nanotube (18, 0), the Oz adsorption
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energy is calculated to be 1.06 eV.2* Considering that these calculations have different
catalyst model from this work and generally did not include the solvation environment,
the calculated adsorption energy on FeNs (AE=1.33 eV including the solvation) here
agree reasonably with the previous data. This also indicates that the electronic
structure of the FeN4 center at different chemical environment is quite similar (e.g.
Fe?).

The lower adsorption energy of O2 on the Fe(CN)Ns center is interesting,
suggesting that the increased coordination of Fe will reduce the adsorption energy of
O2. Due to the strong coordination ability of the CN ligand (CN"), we found that the
oxidation state of the center Fe in Fe(CN)Ny is lifted to 3" (Fe(IIl)). Compared to
Fe(Il), the Fe(IIl) has a low ability to donate electrons to the antibonding 2n* orbitals
of Oz and thus the bonding of Fe-O: is weakened, as also evident from the calculated
Fe-O: distances: 1.871 A in FeNs and 2.152 A in Fe(CN)Na.

The adsorbed O2 can be facilely hydrogenated at 0.8 V to the adsorbed OOH,
O2*+H"+e—OOH*, once a solvated proton approaching to the adsorbed O2, shown
in Figure 2. This step is slightly uphill in the energy profile by ~0.15 eV on both
catalysts and the calculated free energy barrier are also ~0.15 eV (after ZPE correction,
see supporting information Figure S1 for the located IS, TS and FS structures). The
0-0 bond of OOH* is lengthened to 1.439 A and 1.451 A on the FeN4 and Fe(CN)N4
centers, respectively, which is already similar to that in the free H2O2 molecule (1.470
A).

The key step in the 4e reduction pathway is the O-O bond breaking as written in
Eq. 3, which occurs by breaking the O-O bond of the adsorbed OOH (state 2). In this
step, a solvated proton above the OOH helps to accept the dissociated OH. Overall,
the reaction involves the coupled proton/electron transfer to form H2O and the
breaking of the O-O bond, OOH*+H"+e—O*+H20. The located initial state (IS), the
TS and the final state (FS) of this step on both Fe catalysts are depicted in Fig. 3. At
the IS, the presence of solvated proton H3O"(H20) helps to increase the O-O bond of
OOH, 1.502 A for FeNs and 1.488 A for Fe(CN)Na4. At the TS, the O-O bond of OOH

is further lengthened, 1.591 A for FeNs and 1.819 A for Fe(CN)Ns, and the leaving
10
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OH group starts to evolve bonding with the H of the solvated proton. It is noticed that
the solvated proton is still quite far away from the OH of the [O-OH] TS complex
(>1.5 A), indicating the weak interaction of the [O-OH] TS complex with the solvated
proton. After the TS, the solvated proton quickly approaches to the OH that forms a
H>0 molecule in the solution and leaves a terminal O on the Fe center. From Figure 2,
it is clear that the TS of O-O bond breaking dictates the highest free energy position
along the whole 4e reduction pathway and thus this reaction is a key kinetic step in
the 4e reduction. The calculated free energy barrier is 0.34 eV on FeNs with respect to

the adsorbed O2 molecule (state 1), which is 0.07 eV lower than that on Fe(CN)Na.

GOC IS € = FS
C& .

1.502

FS

Figure 3. The IS, TS and FS structures of the O-O bond breaking step
(OOH*+H+¢—0*+H20) on FeNs (top panel) and Fe(CN)Ns (bottom panel). The
labeled distances are in angstroms.

It should be emphasized that the O-O bond breaking mechanism for ORR on the
FeN catalysts are different from those identified for ORR on extended Pt surfaces* >,
On Pt surfaces, the O-O bond breaking follows either the O-O direct dissociation or
the O-OH dissociation, involving at least two surface Pt atoms. In particular, the
solvated proton is not required to act as a reactant to accept the O or OH after the O-O

bond breaking. By contrast, the O-O bond breaking on the Fe centers follows only the

O-OH dissociation and the solvated proton reacts with the dissociated OH to form
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water. Obviously, the difference is due to the nature of the reaction sites: for the
reaction on the Fe center, there is no extra metal site for the adsorption of the
dissociated O or OH, unlike the reaction occurring on Pt surfaces. Indeed, for O2
direct dissociation, we found that the dissociated O atoms on FeNs is 0.87 eV less
stable than the initial Oz adsorption state and this data is 2.01 eV on Fe(CN)N4 (the
structures of the dissociated O atoms are shown in supporting information Figure S2).
The large endothermic reaction energies indicate that Oz direct dissociation is unlikely
on these mono-Fe center sites.

Next, the adsorbed terminal O* can be stepwisely hydrogenated to OH and to H>O
via the coupled proton and electron transfer. We have searched for the TSs of these
two steps and found that the barriers are less than 0.1 eV on both Fe catalysts. On the
FeNa center, the free energy change from the adsorbed OH* to H20 in solution is 0.37
eV, which is comparable to the barrier of the O-OH bond breaking (0.34 e¢V). This
indicates that the presence of an additional OH on the FeNs center is highly likely at
the 0.8 V condition, both thermodynamically and kinetically. The presence of OH
should not poison the FeNs center, i.e. Fe(OH)N4 center, since the ORR can also
occur on the five coordinated Fe(CN)Na4, as shown in Figure 2. On the Fe(CN)N4
center, the reduction of O to OH and to H20 is downhill energetically, suggesting the

five coordinated Fe center is thermodynamically more stable at the 0.8 V condition.

3.3 2e reduction pathway

In parallel with the 4e reduction pathway, the 2e reduction leading to H2O2 may
also occur, which is a bifurcated route from the 4e reduction at the stage of the
adsorbed OOH (see Eq. 7-8). The O-end of the OOH is hydrogenated to H202, which
then desorbs to solution to complete the 2e reduction. Using DFT/CM-MPB method,
we have investigated this 2e reduction pathway on both Fe catalysts and the free
energy profile is shown in Figure 4.

The overall mechanism of the 2e reduction pathway is summarized as follows.

At the 0.8 V condition, the adsorbed OOH can first interact with a coming solvated

12
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proton to form a metastable [H2OH—OOH] complex, as shown in the state 6 of
Figure 4. Next, the adsorbed H2O: (state 7) is formed by the coupled proton and
electron transfer from the [H2OH—OOH] complex. The TSs for the hydrogenation
(6—7) have been located (see supporting information Figure S3) and the free energy
barriers are calculated to be 0.15 eV on FeNsand ~0 eV (after ZPE correction) on
Fe(CN)Na. The adsorbed H20: is found to interact strongly with the nearby H2O
molecules, indicating that the first solvation shell is critical for the stability of H20:2

on the Fe centers. The 2e reduction ends when the adsorbed H20:z is released to

solution.
0.4 | cmmm Fe(CN)N4
—TFoNd 0.8V vs SHE
0.2- -
= 2 0.58
U \'\, i .o .fjf 0.92
< -0.4- 1
\ ’-
-0.6- N

o
6 "‘t& 1717

7 ‘-#?1.483

Figure 4. Free energy profile for the 2e reduction pathway from Oz to H202 on the
embedded FeNs (red) and Fe(CN)N4 (blue) centers at 0.8 V vs. SHE. 1: Ox*; 2:
OOH*; 6: OOH* with solvated proton; 7: H2O2* with H20 (the first solvation shell).
The labeled distances are in angstroms.

From the free energy profile in Fig. 4, we can conclude that the desorption of the
adsorbed H20: is the rate-determining step in the 2e reduction. The overall barrier
from the adsorbed Oz to the H2O2 in solution is 0.92 eV on the FeNs, and it is 0.58

eV on the Fe(CN)N4. Comparing with the energetics of the 4e reduction pathways
13
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(Fig. 2), we found that the 2e reduction is kinetically unlikely on the FeN4 center (the
overall barrier is more than 0.5 eV higher than that in the 4e reduction), while it is
likely with the 4e reduction on the Fe(CN)N4 with the difference of the overall
barriers of the two routes being around 0.17 eV (see the overall mechanism
summarized in supporting information Fig. S4).

It might be mentioned that H2O: dissociation into two OH groups has also been
considered on FeNgs site, which, if occurs, will revert the reaction back to the 4e
reduction (on the Fe(CN)Ny site it is not possible for H2O2 dissociation because two
OH groups on the Fe site will spontaneously combine to form H20: after
optimization). We found that the solvation plays important role to stabilize the
adsorbed H202 molecule on the FeN4 center. Without the explicit solvation ((H20)3
nearby the H202 molecule), the adsorbed H202 can spontaneously dissociate into two
OH groups on FeNas. Previously, Chen et al. also found that for H2O2 adsorption on
Fe-Phthalocyanine in vacuum, H202 will dissociate and the O-O distance of the
product is 2.368 A*. By contrast, with the explicit solvation, the O-O bond breaking
of H202 on FeNu requires to overcome a barrier of 0.42 eV. Therefore, the overall
barrier for the 4e pathway via H20:2 dissociation is 0.63 eV with respect to the
adsorbed Oz molecule (state 1), which is also much higher than the pathway via
OOH dissociation (0.37 eV, Figure 2). Therefore, the ORR pathways via H20:2
intermediate are kinetically unfavorable on the FeNus site (see the overall mechanism

summarized in supporting information Fig. S4).

4. Discussion on the kinetics

0.5

slope=0.078

““ "

0.65 0.70 0.75 0.80 0.85 0.90 0.95
potential/V vs. SHE
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Figure 5. The plot of free energy barrier AGa (¢V) of the O-OH bond breaking

against the potential on Fe(CN)Na.

Our results show that the one-electron reduction from OH to H20 on the FeN4
center has the similar as or even higher barrier than that of the O-OH bond breaking.
The adsorption of OH on the four-coordinated Fe is thermodynamically favored at
the working potentials, which can be produced readily by water dissociation in the
aqueous environment of ORR. Since the Fe/N/C catalysts are generally prepared at
high temperatures, we expect that the four-coordinated Fe as the active site is highly
unlikely, both thermodynamically and kinetically: the standalone FeN4 structure can
be readily terminated by a fifth ligand in the experimental conditions, such as CN in
the catalyst preparation stage, or OH in the ORR conditions. We therefore will
mainly focus on the results obtained on the Fe(CN)N4 structure and compare its
kinetics with the experimental findings.

We are now at the position to discuss the potential dependent ORR kinetics on
the Fe(CN)N4 centers. Fig. 2 shows that the TS of the O-OH bond breaking in the 4e
reduction pathway dictates the highest energy position in the free energy profile. The
overall barrier height for the O-OH bond breaking at 0.8 V is constituted by two
parts, (i) the free energy change from Oz to OOH, O2*+H"+e*—>OO0H*; and (ii) the
free energy barrier of the OOH dissociation, OOH*+H"+e—O*+H20. The step (i)
can be treated as a fast equilibrium with the AG being 0.14 eV at 0.8 V for Fe(CN)N4
(see Table 1). Because this step involves explicitly one electron transfer, AG should
vary upon the change of potential according to AG=AG]|osv+ |e|(U-0.8). Therefore,
0.66 V is the equilibrium potential between the adsorbed Oz and the adsorbed OOH.
Below 0.66 'V, the overall barrier of O-OH bond breaking should be only determined
by the free energy barrier of the (i) step, the OOH dissociation.

For the step (i), a TS to break O-OH bond is present and therefore whether the
OOH dissociation is potential dependent is related to the nature of the TS. From the
optimized TS structure shown in Figure 3, we noticed that the TS is in fact IS-like

and the solvated proton links with the dissociating O-OH complex via the hydrogen
15
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bonding. This implies that the solvated proton acts largely as a spectator to stabilize
the TS and the electron is not transferred yet at the TS. If so, the OOH dissociation
step on the Fe centers is not sensitive to the potential condition. Indeed, we have
checked the potential dependency of the OOH dissociation over the Fe(CN)N4 using
the constant-charge DFT/CM-MPB method>* (our previous work shows that the PBE
functional of DFT is able to describe reasonably the potential dependent activity for
reactions on metallic surfaces®”). Our results show that the barrier remains quite
constant over the potential range investigated, as shown in Fig. 5.

By summing the two steps from the adsorbed Oz to dissociated O, we can deduce
that the kinetics of the O-O bond breaking on the Fe centers are potential dependent
(AGa=AG. -aFn) with the apparent charge transfer coefficient, o, being 1 above 0.66
V, which is owing to the one-electron reduction from Oz to OOH. The theoretical
Tafel slope (b = 2.3RT/oF) can thus be computed to be around 60 mV decade™. It is
interesting to compare our theoretical Tafel slope for the O-OH bond breaking with
the experimental data on ORR kinetics. Jaouen et al. have investigated nine
non-noble-metal catalysts for ORR in the acidic medium and the measured Tafel
slopes are generally within the range of 54~65 mV decade™ at the interval 0.9~0.75
V vs. RHE®. Chlistunoff et al. investigated the Tafel behavior on Fe/N/C catalyst
prepared by the pyrolysis of Fe/polyaniline and carbon black. They found that the
Tafel slope switches from 60 mV at the low overpotentials to more than 240 mV at
the high overpotentials®® and the change of the Tafel slope occurs around 0.65 V.
From our results, the increase of the Tafel slope at high overpotentails could be
understood as the consequence of the O2/O0OH equilibrium favoring the OOH and
the overall barrier is only contributed from the O-OH bond breaking of OOH that is
not a potential sensitive reaction. It is also likely that at the high overpotential
conditions the diffusion of the reactants might turn out to be kinetically important.

From the obtained reaction network, we can utilize microkinetics to estimate the
reaction rate of the 4e and the 2e reduction pathways on the five-coordinated
Fe(CN)Na. Our results show that both 4e and 2e reduction pathways are likely: the

H20 is the major product and the H2O: is the by-product. Because the reaction
16
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channel to H2O has an overall barrier of 0.41 eV, which is 0.17 eV lower than that of
the H202 formation, one can estimate that the 2e reduction pathway contributes only
0.1% in the total O2 reduction assuming the reaction temperature is 300 K and the
two channels have the same pre-exponential factor.

Our results suggest that the five-coordinated Fe(CN)N4 are good catalysts for
ORR with a high selectivity to the 4e reduction pathway. The calculated barrier at
0.8 V is around 0.4 eV, which is about 0.2 eV lower than those determined on the
Pt(111) surface within the same theoretical framework®. This indicates that the
non-Pt catalyst could have a higher catalytic activity per active site. Therefore, the
major concern in practice should be the efficient implantation of the FeNs center into
the graphene plane to achieve a high concentration of the active centers in the

Fe/N/C catalysts.

5. Conclusion

This work represents a theoretical survey on the reaction mechanism of the
electrocatalytic ORR over two possible non-Pt catalyst model, namely the four
coordinated FeNs and five coordinated Fe(CN)N4 structures that are embedded inside
the graphene plane. These two theoretical models in heterogeneous environment
mimic those in the Fe-containing complex in homogeneous catalysis. Both the 4e and
2e reduction over the FeN centers have been investigated at the working potential
conditions. Theoretical results show that both the FeNa center and the Fe(CN)N4
center can be good catalyst for ORR with a low activation barrier and a good
selectivity to 4e reduction. The presence of five oordinated Fe(X)N4 (X=CN or OH) is
more likely thermodynamically due to strong bonding of Fe towards the fifth ligand.
The major challenge in practice is the creation of such active centers with a high
concentration. Our major results are outlined as follows.

(1) The four-coordinated FeN4 center can bond the reaction intermediates, such as the

02, OOH, OH species more strongly compared to the five-coordinated Fe(CN)N4

center. The Fe center is Fe(II) in the FeN4 and is Fe(III) in the Fe(CN)Na.

17
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(i) The 4e reduction pathway follows the O2>OOH—>0O->OH->H20 mechanism.
On the FeNs center, the O-OH bond breaking and the OH reduction at 0.8 V have
the similar overall free energy barrier, being 0.34 and 0.37 eV, respectively. On
the Fe(CN)N4 center, the O-OH bond breaking is the rate-determining step with
the free energy barrier being 0.41 eV.

(iii) The 2e reduction pathway follows the O2>OOH->H:202 mechanism. On the
FeNs center, due to the high adsorption energy of Oz, the 2e reduction channel is
unlikely with a high overall barrier, 0.92 eV. On the Fe(CN)N4 center, the 2e
reduction is possible with the overall barrier being 0.58 eV.

(iv) The ORR kinetics on the Fe(CN)N4 centers are potential dependent with the
theoretical Tafel slope being 60 mV above ~0.66 V, involving the coupled
proton/electron transfer from Oz to OOH. The O-O bond breaking of OOH is not
potential dependent with the solvated proton nearby being like a spectator at the

TS at the potentials investigated.
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