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A direct four-electron process on Fe—N3z doped
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As one of the potential candidates for electrocatalysis, non-precious transition metal and nitrogen co-

doped graphene has attracted extensive attention in recent years. A deep understanding of the oxygen
reduction reaction (ORR) mechanism including the specific active sites and reaction pathways will
contribute to the further enhancement of the catalytic activity. In this study, the reaction mechanism

for ORR on Fe—-N3z doped graphene (Fe—N3-Gra) is investigated theoretically. Our results show that
Fe—Nz-Gra is thermodynamically stable. The ORR elementary reactions take place within a small
region around the Fe—Nz moiety and its adjacent six C atoms. HOOH does not exist on the catalyst
surface, indicating a direct four-electron process for Fe—Nsz-Gra. The kinetically most favorable
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pathway is O, hydrogenation, in which the formation of the second H,O is the rate-determining step

with an energy barrier of 0.87 eV. This value is close to 0.80 eV for pure Pt, suggesting that Fe—Nz-Gra

DOI: 10.1039/c7ra03157b

rsc.li/rsc-advances discussed.

1. Introduction

Fuel cells (FCs) have attracted worldwide attention because of
their high energy conversion efficiency, high power density,
and low emission." The electrochemical performance of a fuel
cell largely relies on the oxygen reduction reaction (ORR) at the
cathode which determines the efficiencies of the energy
conversion and storage. The ORR is, however, sluggish and
thus a highly efficient cathode catalyst is required.>* Up to
now, the most effective cathode catalysts for the ORR have
been the Pt-based catalysts.*® Nonetheless, their large-scale
commercial applications are limited by high cost, poor CO
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could be a potential electrocatalyst. Free energy changes at different electrode potentials are also

tolerance, and low durability and stability.” Therefore, alter-
native materials that are earth-abundant, cost-effective and
have high catalytic activities comparable to or higher than
those of Pt-based catalysts are in demand. In this aspect, the
pioneering work was done by Jasinski in 1964, which reported
that the cobalt phthalocyanine could be used as catalyst for
oxygen reduction.® Based on this idea, in recent years, the
transition metal-coordinated (e.g., Fe, Co and Mn) nitrogen-
doped carbon matrix (M-N,-C) electrocatalysts for the ORR
have been studied extensively as promising alternatives to Pt-
based catalysts in experiments.”®* The non-precious metal
catalysts derived from polyaniline, iron, and cobalt show high
catalytic activity with remarkable performance and stability as
well as excellent four-electron selectivity (hydrogen peroxide
yield <1.0%).° The current density of the cathode made with
the microporous Fe-N,-C catalyst could be equal to that of
a Pt-based cathode at a cell voltage of larger than 0.9 V.*® The
Co-N, co-doped graphene has comparable ORR performance
to the commercial Pt-C electrocatalysts.”® The Mn-doped
glycine-derived carbon catalyst has a high catalytic activity
for the ORR and low half-wave potential than that of
commercial Pt-C.” Furthermore, theoretical studies have
been also available for M-N,-C electrocatalysts for the
ORR™™ and these studies revealed that they possess high
catalytic activity for the ORR.

Among the M-N,-C catalytic systems, Fe-N,-C electro-
catalysts are studied most both experimentally®**'#?**” and
theoretically.'***** In-depth structure-to-property relation

This journal is © The Royal Society of Chemistry 2017
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presents an evidence that Fe-N, centers are the active sites
playing a key role in oxygen reduction reaction." Indeed, Fe—
N, moiety as the catalytic active site was observed by diverse
experimental studies.>**** The atomic structure of highly
active Fe-N,-Gra has been analyzed by X-ray absorption
spectroscopy®® and high-resolution transmission electron
microscopy.*® The current density of ORR to the number of in-
plane Fe-N, centers was identified using Mdssbauer spectra.**
Theoretical studies also confirmed that Fe-N, doped gra-
phene has high catalytic activity for ORR comparable to that
of Pt catalyst with Fe-N, moiety as active sites.'>***' The most
favorable reaction pathway for Fe-N, doped graphene is
a four-electron OOH dissociation process.”® Besides Fe-Ny,
Fe-N; doped carbon matrix has been also studied for ORR in
the pyrolyzed catalyst.''> The experimental study suggests
that the Fe-N; doped graphene also exhibits high ORR
activity, high stability, and low H,0O, production.*® Theoretical
studies revealed that the Fe-N; doped graphene is thermo-
dynamically stable with the negative formation energy.>**’
Clustered Fe-Nj structures can cleave the O-O bond very
easily.> However, up to date, the catalytic activity and the
detailed mechanism for ORR remain unclear for Fe-N;-C
catalysts. In particular, for Fe-N, doped graphene, direct four-
electron process is observed for ORR both experimentally**
and theoretically.>® For Fe-N; doped graphene, however, it is
not clear whether it catalyzes the four-electron direct reduc-
tion of O, molecule to water or also catalyzes the second step
HOOH reduction to water through a two-electron process.*
Therefore, it is highly necessary to unravel the physical
insights of Fe-N; doped graphene from the atomic and elec-
tronic point of view. To achieve this goal, the catalytic active
sites and the reaction pathways for Fe-N; doped graphene
have been studied by using the density functional theory
(DFT) in this work.

2. Computational details
2.1 Methods

All spin-polarized DFT*** calculations were performed using the
Vienna ab initio simulation package (VASP).**** The interactions
between valence electrons and frozen cores were described by the
projector augmented wave (PAW) method.* The electronic
exchange-correlation energy was treated by the generalized
gradient approximation of the Perdew-Burke-Ernzerhof (PBE)
functional.*® The kinetic energy cutoff was set to be 400 eV for the
plane-wave expansion. A 5 x 5 x 1 Monkhorst-Pack grid was used
to provide sufficient accuracy in the integration of the Brillouin
zone.* The transition state (TS) searches were performed by
employing the climbing image nudged elastic band (CI-NEB)
method,” and was confirmed by only one imaginary frequency
on the potential energy surface. For geometry optimizations and
TS searches, the convergence tolerances of the electronic and ionic
iterations were set to 10~° eV and 0.05 eV A", respectively. The
van-der-Waals (vdW) interactions were considered by using the
semiempirical scheme proposed by DFT-D2 method of Grimme***
in all of the calculations.

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

Free energy calculation of each elementary reaction on the Fe-
N;-Gra surface was performed based on computational hydrogen
electrode (CHE) model suggested by Nerskov et al.*® The compu-
tational detail of the free energy change (AG) is as follows:

AG = AE + AZPE — TAS + AG,u + AGy (1)

where AE is the reaction energy obtained from DFT calculations,
AZPE is the zero point energy correction, 7 is the temperature
(298.15 K), and AS is the entropy change. AG,,y is the correction of
H' free energy by the concentration, AGpy = kgT x In 10 x pH,
where kg is the Boltzmann constant and 7 = 300 K. pH = 0 is
assumed for acidic medium. AGy = —neU, where n is the number
of transferred electrons and U is the electrode potential. In acidic
environment, the U values range from 0 to 1.23 V.*

2.2 Models

A5 x 5 hexagonal supercell of graphene (containing 50 atoms)
with Fe-N; coordinated structure (Fig. 1a) was built based on
the experimental studies."** The lattice parameters were a =
b= 12.3 A, and the graphene sheets were separated by a 15 A
vacuum layer along the ¢ direction to avoid interactions between
periodic images. All atoms were allowed to relax during the
geometry optimization. To check the stability of Fe-N;-Gra, the
formation energy was calculated as:

AEf = EFe—N;-Gra + 4/1C - (EGra + SI'LN + ,uFe) (2)

where Epe_n -gra and Eg, are the total energies of Fe-N; doped
graphene (Fe-N;-Gra) and the pristine graphene, respectively.
uc is the chemical potential of the carbon atom defined as the
total energy per carbon atom in a pristine graphene.* uy is the
chemical potential of nitrogen taken as one-half of the total

s 0
E-E, (eV)

Fig. 1 (a) Possible adsorption sites on the Fe—Nz-Gra involved in the
ORR. (b) The differential charge density distribution for Fe—N3-Gra.
Isosurface value = 0.01. The cyan and yellow colors represent charge
accumulation and depletion, respectively. (c) The total density of states
(DOS) for Fe—Nz-Gra. (d) Partial DOS for Fe—Nz-Gra.
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energy of the N, molecule in the gas phase.***” ug. is computed
for an isolated Fe atom.>>*"*
The adsorption energy (AE.qs) was calculated as:

AEygs = adsorbate/Fe—N;-Gra — (Eadsorbate + EFe—N3—Gra) (3)

where Eadsorbate/Fe—NS-Gray Eadsorbate and EFe—Ns-Gra are the total
energies of the Fe-N;-Gra with adsorbate, the isolated adsor-
bate, and clean Fe-N;-Gra, respectively.

3. Results and discussion
3.1 Structure and electronic properties of Fe-N;-Gra

Compared with the formation energy of —0.95 eV from Kattel
et al® and —1.0 eV from Kabir et al.,*® our calculated formation
energy for Fe-N;-Gra is —1.66 €V, slightly larger than the previous
results due to the different model system and the consideration
of the Van der Waals interactions in this work. The electronic
density of states (DOS) (Fig. 1c) suggests that Fe atom has a finite
density of states at the Fermi energy level, implying the metallic
character for Fe-N;-Gra. The partial density of states (PDOS)
shows that there is a strong hybridization between the 2p orbital
of N atom and the 3d orbital of Fe atom near the Fermi energy
level (—1.5 to 0 eV, Fig. 1d). At the lower energy level (<—1.5 eV),
the DOS is mainly contributed by the strong hybridization
between the 2p orbital of N atom and the 2p orbital of C atom.
These results suggest that the electronic interaction leads to the
bond formation of N-Fe and N-C, resulting in lower formation
energy for Fe-N;-Gra, similar to the previous study.’” Bader
charge analysis reveals that Fe atom has positive charge 0.96 |e|
for clean Fe-Nj;-Gra (Table 1). The three nitrogen atoms are
negatively charged by —3.59 |e|. The total charges of the six
carbon atoms bonding to the nitrogen atoms are positively
charged by 2.45 |e|. These results reveal that due to the different
electronegativity of doping atoms and carbon, the local electro-
neutrality is broken and charge transfer occurs. The small net
charge —0.18 |e| between Fe-N; moiety and its adjacent six
carbon atoms suggests that the small region around Fe-Nj
moiety and its adjacent six carbon atoms can be served as the
catalytic active center for ORR on the Fe-N;-Gra surface. This is in
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Fig. 2 The most stable adsorption configurations of the ORR inter-
mediates on the Fe—Nz-Gra. AE,q4s is the adsorption energy (eV). (a)
Side-on O, (b) end-on Oy, (c) two separated O atoms, (d) atomic O, (e)
atomic H, (f) OH, (g) OCH, (h) two OH co-adsorption, and (i) H,O. In
the figure, the brown, pink, blue, red, and cyan balls represent C, Fe, N,
O and H atoms, respectively.

agreement with the charge density difference (Fig. 1b). Hence,
the possible adsorption sites for the ORR intermediates are the
top sites of the Fe, N and C atoms, namely Tg., Ty and Tc, as
shown in Fig. 1a.

3.2 Adsorption of the ORR intermediates on the Fe-N;-Gra

For each ORR intermediate ie., O,, O + O, H, O, OH, OOH,
HOOH, and H,0, we optimized its various possible adsorption
configurations at different adsorption sites on the Fe-N;-Gra.
The obtained stable adsorption structures and adsorption

Table1 The Fe—O and O-O bond distance (A) in FeNs-Gra and Bader charge (Q [e]). Q(Fe), Q(Ns), Q(C-total) and Q(ads) refer to the total charge
on Fe, N3, the six adjacent C atoms connecting to the three N atoms, and each adsorbate, respectively. NC refers to the net change and is the sum
of Q(Fe) + Q(N3) + Q(C-total) + Q(ads). The values in the brackets are from the solvent environment

dre-o doo Q(Fe) Q(N3) Q(C-total) Q(ads) NC
FeNj — — 0.96 -3.59 2.45 0.00 —0.18
Side-on O, 1.82(1.83) 1.42(1.44) 1.22 —3.44 2.58 —0.80 —0.44
End-on O, 1.69(1.70) 1.30(1.34) 1.14 —3.53 2.88 —0.62 —0.13
20 1.63(1.66) 2.65(2.60) 1.40 —3.43 2.92 —1.23 —0.34
O 1.60(1.62) — 1.15 —3.42 2.78 —0.65 —-0.14
H — — 1.07 —3.62 2.97 —0.42 0.00
OH 1.76(1.79) — 1.15 —3.41 2.39 —0.51 —0.38
OOH 1.84(1.86) 1.49(1.50) 1.25 ~3.63 2.61 —0.59 ~0.36
20H 1.82(1.86) 2.67(2.64) 1.38 —-3.50 2.72 —1.00 —0.40
H,0 2.11(2.03) — 1.06 —3.65 2.89 0.06 0.36
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Table 2 Adsorption energies (eV) of the ORR intermediates on Fe—N3-Gra. The values in the brackets are from the solvent environment. The

comparison with other electrocatalysts is also listed

0, o OH OOH H,0

Fe-N, —3.178/—2.30" —6.45 —4.35 —3.00 —0.80
Fe-Nj-sol (—3.118/—2.32%) (—6.35) (—4.05) (—2.68) (—0.83)
Fe-N,“ —2.45 — — — —
Fe-N,” —~1.78 —5.12 —3.25 —2.08 —0.33
Fe-N,° —0.95 —4.37 —2.94 —1.87 —0.48
Fe-N,? —0.98 —4.35 —2.80 -1.76 —0.18
Fe-phthalocyanine® -1.16 — —3.41 — —1.05
pt(111) —0.62 —4.30 —2.21 —0.94 —0.20
Pt(100) —1.10 —4.38 —2.77 —1.30 —0.25

“ Ref. 50, doped in carbon nanotube. ? Ref. 32. ¢ Ref. 19. ¢ Ref. 20. ¢ Ref. 51./ Ref. 52.¢ Side-on configuration, this work. ” End-on configuration, this

work.

energies are shown in Fig. S1, ESI.T The most stable adsorption
structures and energies are summarized in Fig. 2 and Table 2,
respectively.

The favorable adsorption of the O, molecule on the Fe-N;-
Gra is the prerequisite for ORR to proceed. For O, adsorption,
we obtained two adsorption configurations, that is, side-on and
end-on. In the side-on configuration (Fig. 2a), the adsorbed O,
molecule is parallel to the catalyst surface and forms two equal
bond distances with Fe atom (Fe-O: 1.82 A). The adsorption
energy of —3.17 €V is stronger than that of —2.45 eV in Fe-Nj;
doped carbon nanotube.* Upon adsorption, the O-O bond
length is elongated to 1.42 A compared with 1.22 A in the free
gas phase O,, and the charge transfer from Fe-N3;-Gra to O, is
—0.80 |e|, which indicates that a chemisorption exists between
0, and Fe-N;-Gra. This would facilitate the O, dissociation. For
the end-on configuration (Fig. 2b), only one O atom bonds to the
Fe atom with Fe-O bond distance 1.69 A, while the other O atom
is pointing away from the catalyst surface. Its adsorption energy
is —2.30 eV, smaller than —3.17 eV for side-on configuration.
The O-O bond length and charge transfer of end-on O, are 1.30
A and —0.62 |e|, respectively. As the final state for O, dissocia-
tion, the two separated O atoms are co-adsorbed at top Fe site
(Fig. 2c) with an energy of —10.10 eV. The charge transfer —1.23
le| is nearly two times of the single O atom of —0.65 |e|. The
adsorption energy of single O atom is —6.45 eV, which is the
strongest among the studied single ORR intermediates, similar
to the previous studies.**3

For hydrogen-containing intermediates (Fig. 2e-g), the most
favorable adsorption site of H, OH, and OOH is the top Fe site
with the adsorption energies of —2.79 eV, —4.35 eV, and
—3.00 eV, respectively. For H atom, the second most favorable
adsorption site is on the C atoms adjacent to N atoms with an
adsorption energy of —1.50 eV (Fig. S1t). Since the top Fe site is
always occupied by O-containing species during the reaction,
the C atoms adjacent to N atoms are the primary active site for
the adsorption of hydrogen in the hydrogenation reaction. For
H,O0, the adsorption energy is —0.80 eV. The charge transfer
from Fe-N;-Gra to H,O is 0.06 |e| with relatively long Fe-O
distance of 2.11 A (Fig. 2i), indicating that it might be desorbed
easily from the Fe-N;-Gra surface once it is formed.

This journal is © The Royal Society of Chemistry 2017

For the HOOH species, the DFT study shows that it does not
exist and is decomposed into either O + H,O or OH + OH
configurations. Quantum Chemical Molecular dynamics study
confirmed this point (details concerning the computational
method and corresponding results are presented in ESIt). The
cleavage of O-O bond is observed at very short time (Fig. 3).
Both O + H,0 and OH + OH configurations are observed
depending on the different initial parameters. Therefore, the
direct four-electron process occurs on the Fe-N;-Gra surface.

3.3 ORR mechanism on the Fe-N;-Gra

As mentioned above, the adsorption of O, molecule is the first
step to initialize the ORR on the catalyst. Upon the O, adsorption,
the ORR would proceed through two possible reaction pathways,
i.e., O, dissociation and O, hydrogenation, as shown in Fig. 4. We
will introduce these reaction pathways in the following.

Fig. 3 Evolution of molecular dynamic simulations of the HOOH
species without adsorbing (dre—o = 5 A) on the Fe—N3-Gra surface at
300 K.

RSC Adv., 2017, 7, 23812-23819 | 23815


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra03157b

Open Access Article. Published on 03 May 2017. Downloaded on 10/26/2025 12:17:16 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances
0,
1 |
lside—on end-on l
*0, *Q,
l(o.ss,-o.w) *H l(°'°7"1‘56)
*0+*0 *OOH
*H | (0.07,-2.69
*011{{}50 ) I l -
l(o.oo,-z.m) *Hl(o.oo,~3.s9)

*OH+*0 H,0+*0

*Hl(o.os,-l.sl)

%
0170 «n 012,236

*OH+*OH

*H‘L(oss,-l.n)
*OH

+H | (0.33,-1.72)
*OH

2B

*Hl(0.87.0.09)

H,0
H,0

L

Fig. 4 Possible reaction pathways for ORR on the Fe—Ns-Gra. The
numbers in parenthesis are the energy barriers and reaction energies in
units of eV. * denotes that the ORR species is adsorbed on the catalyst
surface.

*H l(0.14,—1.28)
H,0+*OH

*Hl(0.87.0.09)
H,0
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0, dissociation - pathway I. For end-on configuration with
smaller adsorption energy (—2.30 eV), our calculation indicates
that it first converges to side-on configuration in searching the
transition state of O, dissociation. This means that the side-on
configuration is the first step in O, dissociation. During the
reaction, the chemisorbed O, molecule undergoes the O-O
bond cleavage to form two separated O atoms (Fig. 5a;). At
transition state, the O-O bond is enlarged to 1.80 A compared
with 1.42 A in the initial state. For final state, the two separated
O atoms are co-adsorbed at Fe atom with O-O distance of 2.65
A. The O, — O + O reaction is exothermic with an energy of
—0.49 eV and costs an energy of 0.85 eV, smaller than 1.19 eV
(ref. 20) and 2.53 eV (ref. 19) for the O, dissociation in FeN,
doped graphene. This implies that the O, dissociation would be
relatively easy on the Fe-N;-Gra surface. Following the O,
dissociation, one of the O atoms is first hydrogenated to form O
+ OH with an energy barrier of 0.07 eV and a large of reaction
energy of —2.69 eV as shown in Fig. 5b;. After the O + OH
species is generated, both the single O atom and OH will be
hydrogenated. We will first discuss the hydrogenation of OH,
while the hydrogenation of single O atom will be discussed in
O, hydrogenation reaction in the following section. The
hydrogenation of OH forms the first H,O (Fig. 5¢;) with a small
energy barrier of 0.05 eV. The O + OH + H — O + H,O reaction is
exothermic by —1.81 eV. After the first H,O molecule is des-
orbed from the Fe-N;-Gra surface, the remaining O atom will
proceed with two sequential hydrogenation processes to form

23816 | RSC Adv., 2017, 7, 23812-23819
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AE,;=0.07,AH=-2.69

(e;)) *OH+*H—H,0 AE,=0.87,AH=0.09 fi=1042.1

Fig. 5 Atomic structures of the initial state (left panel: IS), transition
state (middle panel: TS), and final state (right panel: FS) for O, disso-
ciation (aj), atomic O hydrogenation (by), first H,O formation (c,;), OH
formation (d;) and second H,O formation (e;). AEy, is the energy barrier
(eV) and AH is the reaction energy (eV). f; is the imaginary frequency for
the transition state [cm™].

the second H,O (Fig. 5). For the O + H — OH reaction, H atom
would adsorb on either top C site or top N site, because the total
energy of the two adsorbed system is nearly the same. For H
atom adsorbed at top C site, the reaction needs to overcome an
energy barrier of 1.09 eV (Fig. S2t), while the energy barrier is
only 0.33 eV for H atom adsorbed on the top N site. This means
that the hydrogenation of O atom with H adsorbed at top N site
is kinetically favorable. This result also suggests that the reac-
tion process depends strongly on the location of the introduced
H atom. For the last hydrogenation step of OH, the OH and H
co-adsorbed at top Fe site is energetically more favorable than H
adsorbed at top C or top N site. The formation of second H,O
has an energy barrier of 0.87 eV with a slight endothermic
reaction energy of 0.09 eV. If H atom first adsorbs at top C or N
site, our calculation indicates H atom will first bond with Fe
atom, then start the reaction with OH to form the second H,O.

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra03157b

Open Access Article. Published on 03 May 2017. Downloaded on 10/26/2025 12:17:16 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

O, hydrogenation. For side-on O, configuration, our calcu-
lations show that the hydrogenation of O, molecule gives O +
OH. That is, O-O bond is broken and OOH species is not
formed. For end-on O, configuration, OOH species can be
formed (Fig. 6f;). For the O, + H — OOH reaction, it has a small
energy barrier of 0.07 eV and a large exothermic reaction energy
of —1.56 eV. The results suggest that O, hydrogenation to form
OOH species is very easy. Following the OOH formation, there
are two possible pathways, that is, OOH direct dissociation into
O + OH and OOH hydrogenation into O + H,O or OH + OH.

OOH dissociation — pathway II. For OOH — O + OH reaction,
the OOH is spontaneously dissociated into O + OH without any
barrier and large reaction energy of —2.10 eV. This is different
from Fe-N, doped graphene, in which OOH dissociation needs
to overcome an energy barriers of 0.56 eV (ref. 20) and 1.18 eV.*®
Following the formation of co-adsorbed O + OH, the further
hydrogenation would give either O + H,O or OH + OH. The
former reaction has been already discussed in O, dissociation
section (pathway I in Fig. 4). Therefore, we only discuss the later
reaction in the following. For O + OH + H — OH + OH reaction,
this process needs an energy barrier of 0.12 eV and is
exothermic by —2.36 eV (Fig. 6g,). The following hydrogenation
reaction OH + OH + H — OH + H,O0 has an energy barrier of
0.14 eV and a reaction energy of —1.28 eV (Fig. 5h,). After the
generated H,O is desorbed from the Fe-N;-Gra surface, the
remaining OH at top Fe site would be hydrogenated to give the
second H,O (OH + H — H,O in Fig. 5e;), as also shown in
pathway I, Fig. 4. After the release of the second H,O molecule,
the catalyst will be refreshed and a new cycle begins.

(b)) *OH+*OH+*H—*OH+H,0 AE,=0.14,AH=-1.28

f£i=6115

Fig. 6 Atomic structures of the initial state (left panel: IS), transition
state (middle panel: TS), and final state (right panel: FS) for O, hydro-
genation to OOH (fy), the second OH formation (g;), OH hydrogena-
tion to H,O (hy). AEy, is the energy barrier (eV) and AH is the reaction
energy (eV). f, is the imaginary frequency for the transition state [cm™].
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Fig. 7 The free energy diagrams for the reduction of O, to H,O at
different electrode potentials U. pathway |, O, dissociation; pathway II,
OOH dissociation and pathway I, OOH hydrogenation; see also Fig. 4
for the detailed reaction pathways. The dotted lines in the bottom
panel denote the results from the solvent environment.

OOH hydrogenation - pathway III. The hydrogenation of
OOH would give HOOH, OH + OH and O + H,0. As mentioned
above, HOOH is very unstable and it dissociates into either OH +
OH or O + H,0O. Meanwhile, our efforts to locate OH + OH from
the direct hydrogenation of OOH also failed during the geometry
optimizations. Therefore, only O + H,O is observed. This is
a spontaneous process and has more exothermic energy of
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—3.59 eV. The remaining O at top Fe site will proceed directly with
the two sequential hydrogenation processes to form the second
H,0 (O + H — OH and OH + H — H,0 in pathway I, Fig. 4).

In a word, the four-electron ORR on the Fe-N;-Gra surface
could proceed through three possible reaction pathways (Fig. 4).
The rate-determining step in the three possible pathways is the
formation of the second H,0, i.e., OH + H — H,0. The energy
barrier of 0.87 eV, smaller than 0.56 eV (ref. 20) and 0.62 eV (ref.
19) for Fe-N, doped graphene, but close to 0.80 eV for pure
Pt(111).** For Fe-N,-Gra, the two-electron ORR is observed
because HOOH species could be stably adsorbed on catalyst
surface.” However, the HOOH species will be decomposed
immediately on Fe-N;-Gra surface, suggesting a four-electron
pathway. This suggests that the Fe-N,-Gra could be a high
performance catalyst for ORR. The obtained three pathways are
competitive for the most favorable pathway, with the pathway of
O, hydrogenation being slightly favored.

3.4 Effect of electrode potentials on the ORR

Since all of the above results are obtained under zero electrode
potential, while in reality, electrochemical ORR at the electrode
occurs under positive potentials, we studied the effect of the
electrode potentials on the free energy of ORR on Fe-N;-Gra.
The free energy diagrams for three possible pathways are given
in Fig. 7 based on the method of Nerskov et al.*® For the three
pathways, all of the reduction steps except the OH reduction to
H,O0 are downhill at zero potential. The endothermic process for
the second H,O formation is due to the strong adsorption of OH
(—4.35 eV, Table 2) on the catalyst surface. For pathways I and
111, the another step, i.e., O + H,O + H — OH + H,0 becomes
uphill at potential larger than 0.22 V. A similar trend is observed
after the solvent effect is considered (Fig. 7, dotted lines in the
bottom panel).

4. Conclusions

Fe-Nj; doped graphene (Fe-N3;-Gra) is energetically stable. Fe-N;
moiety and its six adjacent C atoms are the catalytic active sites
for the oxygen reduction reaction on the catalyst surface. Both
DFT and molecular dynamics studies indicate that HOOH does
not exist on the catalyst surface, implying the direct four-
electron process for Fe-N;-Gra. O, dissociation and O, hydro-
genation are competitive for the most favorable pathway, in
which the pathway of O, hydrogenation is slightly favored. For
these pathways, the rate-determining step is the formation of
the second H,0, i.e., OH + H — H,0, with an energy barrier of
0.87 eV. Due to the strong adsorption of OH on the catalyst
surface, the endothermic process is observed for the second
H,O0 formation at zero potential.
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