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Abstract Nitrogen (N)-doped carbons reportedly exhibit good
electrocatalytic activity for the oxygen reduction reaction
(ORR) of fuel cells. This work provides theoretical insights
into the ORR mechanism of N-doped graphene by using den-
sity functional theory calculations. All possible reaction path-
ways were investigated, and the transition state of each elemen-
tary step was identified. The results showed that OOH reduc-
tion was easier than O—OH breaking. OOH reduction followed
a direct Eley—Rideal mechanism (the OOH species was in gas
phase, but H was chemisorbed on the surface) with a signifi-
cantly low reaction barrier of 0.09 eV. Pathways for both four-
electron and two-electron reductions were possible. The rate-
determining step of the two-electron pathway was the reduction
of O, (formation of OOH), whereas that of the four-electron
pathway was the reduction of OH into H,O. After comparing
the barriers of the rate-determining steps of the two pathways,
we found that the two-electron pathway was more energetically
favored than the four-electron pathway.

Keywords Density functional theory - Nitrogen-doped
carbon - Oxygen reduction reaction - Reaction mechanism
Introduction

Fuel cells are an efficient power generation source with high
efficiency and low emission. They are expected to have a
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significant contribution in the efficient use of energy in the
near future [1, 2]. In this system, the cathodic half-reaction or
the reduction of oxygen into water limits the performance of
fuel cells because of its multi-electron reaction character and
low reaction rate [3]. The development of efficient catalysts
for oxygen reduction reaction (ORR) is crucial in the practical
applications of fuel cells. Platinum (Pt)-based materials are the
most widely used catalysts for ORR [4, 5]. However, the
commercial application of fuel cells is limited by the low
durability, scarcity, and high cost of Pt [6].

In the past few decades, intensive efforts have been per-
formed to reduce Pt usage or replace it completely. Re-
searchers [7—20] have recently found that nitrogen (N)-doped
carbons, including N-doped carbon nanotubes, graphene
sheets, and graphitic arrays, exhibit excellent electrocatalytic
performance. These materials have become promising candi-
dates to replace Pt-based catalysts. However, the detailed
ORR mechanisms of these N-doped carbons remain unclear,
and several issues remain unaddressed. First, whether or not
the doped N atoms really improve ORR is still debatable
because the employed N-doped carbon materials are usually
synthesized using metal catalysts whose residues often en-
hance ORR activity [17]. Zhang et al. [21] reported that
N-doped graphene (without Fe) exhibits low ORR activity
because of the absence of Fe ions. Second, X-ray photoelec-
tron spectroscopy results showed that three types of N species,
namely, graphite-like, pyridine (or pyridinium)-like, and
pyrrole-like N atoms, may simultaneously exist in N-doped
carbons. However, previous studies have not made a consen-
sus on which types of N atoms, i.e., graphitic, pyridinic,
pyrrolic, or two of three or even all types, are active structures.
Several reports have suggested that graphite-like N [9, 11, 18,
19] exhibits high ORR catalytic activity, whereas others have
concluded that both graphite-like and pyridine-like N species
can activate oxygen [22, 23]. Moreover, others have indicated
that pyridine-like N cannot induce ORR activity [12] and even
have a tendency to suppress ORR activity [12, 24]. Experi-
mental techniques are not effective tools in identifying active
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sites because the effects of edge N and pyridine-like N are
difficult to distinguish [25]. Gaussian [26] simulation was used
to study pyridine-like and pyrrole-like N-containing graphene
sheets. The results showed that these two N species have ORR
activities. Third, whether or not the ORR on N-doped carbons
undergoes a four-electron or two-electron pathway remains un-
known. Ikeda et al. [27] proposed that the four-electron ORR
pathway could be achieved by doping graphite-like N. However,
other scholars [28-30] have suggested that ORR predominantly
occurs through the two-electron pathway with H,O, as the final
product. Okamoto et al. [31] found a pathway to 4e reduction on
the structure of graphite-like N. However, the occurrence of
second reduction before O—OH breaking suggests that a pathway
to 2e reduction exists. Luo et al. [32] synthesized a pyridinic N-
doped graphene. In this case, the ORR was a two-electron
pathway. However, Qu et al. [8] synthesized N-doped graphene
containing pyridine-like and pyrrole-like N atoms, where oxygen
was reduced via a four-electron pathway.

The ORR on N-doped carbon materials has attracted con-
siderable attention. However, many problems still persist.
Although several researchers focused on the mechanism of
ORR on N-doped carbons [25, 26, 31, 33], they [25, 26, 31]
only studied the reaction pathway and obtained no quantita-
tive information of reaction kinetics, such as reaction barriers.
Yu et al. [33] obtained information about reaction kinetics but
only studied the four-electron ORR pathway in an alkaline
solution. In the present work, we used the density function
theory (DFT) method to investigate all possible ORR path-
ways, including four-electron and two-electron pathways.
This study aims to examine the reaction mechanism, particu-
larly the kinetics of the ORR on N-doped graphene catalysts.
The catalytic active site was examined. Energy variations and
reaction barriers were calculated for each fundamental step,
the rate-determining step was determined, and the most feasi-
ble ORR pathway on the N-doped graphene was analyzed. In
this work, only graphite-like N structure was considered be-
cause most reports suggested it has ORR activity.

Methods and models
DFT method

All calculations were performed using the Dmol® module in
the Materials Studio program of Accelrys Inc [34, 35]. The
exchange and correlation energies were calculated using the
Perdew, Burke, and Ernzerhof functions (PBE) [36] with
generalized gradient approximation (GGA) [37]. Double nu-
merical plus polarization function (DNP) basis sets were
employed in the calculation. Spin polarization, which has
significant effects on the adsorption energies for magnetic
systems [38], was included, and a 5x5x1 k-point set was
used. The geometry convergence tolerance for energy change,
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max force, and max displacement were 0.00001 hartree, 0.002
hartree A™!, and 0.005 A, respectively. We used the complete
linear synchronous transit/quadratic synchronous transit meth-
od to search for the transition states. The reaction energy and
activation barrier of each elementary step are listed in Table 1.

Model

We applied a 6 x 6 graphene supercell that has 72 C atoms with
one doped graphite-like N atom substituting a C atom (Fig. 1).
A periodic boundary condition was used. In the vertical di-
rection, a vacuum slab was set to at least 15 A to avoid
interplanar interactions. The adsorption energy E 4 was de-
fined as E ,4s = E 1o — E 4q — E'x, where E , is the total energy
of the doped graphene with an adsorbed X species, £ 4, is the
energy of doped graphene, and E y is the energy of an isolated
X species. The same supercell and k-point grids were used for
all calculations to minimize systematic errors. The ORR at
solid-liquid interfaces is rather complex because they involve
solid surfaces, solvent, and substrates. Therefore, simulating
such processes by using a simple model system at the solid—
gaseous interface seems difficult. However, the results of
these simple models facilitate a better understanding of com-
plex systems (heterogeneous liquid-phase catalysis).

No local distortion was observed when N was doped in
graphene, except for minimal changes. This result is similar to
that reported by Dai et al. [39]. The C—C length of graphene
was 1.42 A after optimization. After N doping, the average
length of C-N was 1.41 A, which is in agreement with the
result of Zhao et al. [40]. Furthermore, the electronegativity of
N was larger than that of C, and the doped N induced charge
delocalization. The result of Mulliken population analysis
showed that the N atom and its neighboring C atoms showed
negative and positive charges, respectively. The N atom had a
negative charge of —0.458 e. Most of the compensating pos-
itive charges were distributed on the three nearest neighboring
C atoms with a positive charge of 0.178 e. This result is in
agreement with the result of Gong et al. [5].

Table 1 Reaction energy (E..,) and activation barrier (E,.) of each
reaction step

Reaction step Erea(€V) Euu(eV)

O5 + Hags) — OOH a4 —-0.96 0.63
OOH(ads) - O(ads) + OH(ads) 0.25 1.18

OOH a45) + Heags) = Ogags) + H2O -2.99 0.55
OOH ags) + Hiags) — 20Haas) 291 0.72
Oads) T Heads) = OHags) -2.21 0.54
OH ags) + Heags) — H20 -2.23 0.82
OOH a45) + H(ags) — OOH + Haqs) 0.16 0.23
OOH + gy — H,0; 221 0.09
H,0; — 20H 45 —0.48 1.39
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Fig. 1 Optimized structure of GNDG. The gray and blue spheres
represent C and N atoms, respectively

Results and discussion
Adsorption of O, on N-doped graphene

The bond length of O, molecule in the ground state was
1.225 A (experimental value is 1.209 A). The O, molecule
was initially placed at all possible adsorption sites, such as the
top sites of N and C atoms, the bridge sites of N-C and C—C
bonds, and the center site of the hexagonal lattice. After relax-
ation, O, was adsorbed on the graphite-like N-doped graphene
(GNDG) with a small adsorption energy of —0.20 eV and a long
distance of 3.20 A from the graphene plane, which suggests
that the interaction between the O, molecule and the surface
was weak. This result is consistent with that of Dai et al. [39].
Many reports [25, 27, 28, 39] suggested that the O, molecule is
physically adsorbed on N-doped graphene, which is different
from the ORR mechanism on Pt-based materials [41-49]. O, is
chemically adsorbed on the Pt (111) surface with an adsorption
energy of —0.96 eV [43].

Chemical behavior of adsorbed oxygen

The adsorption of O, molecule has two possible reaction path-
ways, namely, dissociation or formation of the OOH species.
First, we considered the dissociation of the adsorbed O,. This
dissociation reaction is expressed in Eq. (1), where the subscript
(ads) represents the adsorption on the surface. This reaction was
endothermic with a reaction energy (the change in the total
energy between productions and reactants) of 1.20 eV, which
indicates that O, dissociation was energetically unfavorable.

O2(ads)_)20(ads) (1)

Alternatively, the O,gs) molecule may seize an H atom to
form an OOH,4s species. The formation of OOH g is
expressed in Eq. (2). After the O, molecule was adsorbed on
the surface, we introduced an H atom into the system. After
relaxation, the O, molecule was activated by the presence of the
adsorbed H, and the OOH species was then formed. As shown in
Fig. 2, the formed OOH was adsorbed chemically on the GNDG
surface, and the most favorable adsorption site was the top site of

the C atom next to the doped N atom with an adsorption energy
of —0.88 ¢V. This finding is in agreement with other theoretical
results [33, 50]. After the adsorption of OOH on the C atom, the
latter moved out of the surface plane and the distance between
the C and O atoms of OOH was 1.49 A, which is close to the
value (1.50 A) reported by Zhang et al. [26].

OQ(ads) +H + e_—>OOH(ads> (2)

Reaction (2) is a crucial step for the catalytic activity of N-
doped carbons because the adsorption and formation of chem-
ical bonds are necessary for the following reactions [26]. The
reaction energy and activation barrier of reaction (2) were
—0.96 and 0.63 eV, respectively, which indicates that the
reaction was exothermic. In terms of thermodynamics and
kinetics, reaction (2) was a favorable pathway for O,. There-
fore, hydrogen-mediated adsorption should be the dominant
process in the reduction of O,.

The adsorption of OOH 44 has two possible reaction path-
ways. One is to combine with an H atom and produce H,O,,
the other is to break the O—OH bond and form the final
product, H,O. The former is a two-electron reaction pathway,
and the latter is a four-electron reaction pathway.

Two-electron pathway

The formation of H,O, is expressed in Eq. (3a). After OOH ;45
was adsorbed on the GNDG surface, we introduced another H
to the system. The H atom was placed near the O atom that was
bonded to the C atom to produce H,O, (Fig. 3a). The final
optimized structure of H,O, on the surface is shown in Fig. 3c,
in which the formed H,O, drifted away from the surface. The
nearest distance between the molecule and surface was 3.41 A.
This work failed to identify the transition state of this step. To
the best of our knowledge, no study has ever reported on the

Fig.2 Top view (a) and side view (b) of the most stable configuration of
OOH on GNDG. (gray, blue, red, and white spheres represent C, N, O,
and H atoms, respectively)
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Fig. 3 Relative reaction energy 1.5
and activation barrier of OOH
reduction to form H,O, on the
surface together with optimized
reactant and product structures
and corresponding transition
structures. a Adsorbed OOH and
H species. b Stable adsorbed H
and desorbed OOH. ¢ Generated
H,0,. d and e are the two
corresponding transition states

Relative energy/eV

reaction barrier of H,O, formation on N-doped carbon mate-
rials. In fact, the calculation results show that this reaction was
not an elementary step but included two steps. First, the
adsorbed OOH was desorbed from the surface (Fig. 3b), the
distance between the OOH to the surface increased from 1.50 A
t0 2.56 A, and the O—O bond decreased from 1.49 A to 1.39 A.
Second, the desorbed OOH combined with the adsorbed H
atom, and the O—O bond was increased to 1.47 A. The H,0,
molecule was then formed, which indicates that the formation
of H,0O, followed a direct Eley—Rideal (ER) mechanism [51]
rather than a Langmuir—Hinshelwood (LH) mechanism. In the
ER mechanism, molecules from the gas react with surface-
chemisorbed reagents. In the LH mechanism, both reagents
are chemisorbed on the surface [52, 53]. The schematic of these
two reaction steps is shown in Fig. 3. As shown in the figure,
OOH desorption is an endothermic process that absorbed an
energy of 0.16 eV and had a desorption barrier of 0.23 V. The
structure of the transition state is shown in Fig. 3d. The reduc-
tion of OOH into H,O, is an exothermic reaction that released
an energy of —2.21 eV and had an active barrier of 0.09 eV,
which was very low such that the H,O, molecule was easily
formed. Thus, the ORR is a two-electron pathway. However, if
the formed H,0O, easily caused O—O breaking and generated
two OH species, then the ORR remains as a four-electron
pathway. Thus, we considered the dissociation of H,O,.

OOH(adS) +H" 4+ e_—>H202(ads) (3)
H202 (ags)—20H (ags) (4)

The products of H,O, dissociation were two OH species,
which were adsorbed on the C atoms next to the N atom. The
reaction is expressed in Eq. (4). The reaction energy and active
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Reaction step

barrier of this step were —0.48 and 1.39 eV, respectively. The
results show that this reaction released heat to proceed. How-
ever, the barrier value of 1.39 eV was too high to be overcome
at the working condition of the fuel cell [33]. Therefore, the
formed H,O, was difficult to dissociate, which indicates that
the ORR may be a two-electron reaction pathway on GNDG.
This conclusion was consistent with the experimental and
theoretical results [28-30]. Compared with the barriers of all
elementary steps along the two-electron pathway, the reduc-
tion of O, into OOH had the highest barrier 0.63 eV, which
indicates that it is the rate-determining step of the whole two-
electron ORR pathway.

Four-electron pathway
The breaking of the O—OH bond is an important step because

it indicates a four-electron reaction pathway [26]. The
adsorbed OOH ) has three possible dissociation pathways:

OOH(adS)%O(ads) + OH(ads) (5)
OOH(ads) =+ H* + e7_’H20(ads) + O(ads) (6)
OOH y5) + H' + & —20H 4y) (7)

Equation (5) expresses the pathway of direct dissociation
of OOH ,4s), in which the products were O and OH species.
These two products were chemically adsorbed on the doped
surface, and the favorable adsorption sites were the top sites of
C atoms next to the N atom. As shown in Table 1, this reaction
was slightly endothermic, where an energy of only 0.25 eV
was absorbed. However, the barrier of this reaction was re-
markably large (1.18 eV). At the working temperature of fuel
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Fig. 4 Relative reaction energy

and activation barrier of OOH i (A)
reduction on surface together with

optimized reactant and product

structures and corresponding E,=0.55EV
transition structures. a Reduction

to form O(,gs) and H>O. b
Reduction to form two OH g

Relative energy/eV

(B)
1 T -
/
Enci=0.72 EV
o \
c C

3 . .

Reaction Step

cell (approximately 350 K), a barrier of 1.18 eV was difficult
to overcome, which indicates that direct OOH ,45) dissociation
is difficult to occur at a reasonable rate on the GNDG surface.
Zhang et al. [44] found that OOH dissociation is one of the
steps that kinetically limit the electrocatalytic oxygen reduc-
tion on a Pt surface.

Instead of breaking the O—OH bond directly, OOH 45, can
break the bond with the help of the introduced H atom. This
reaction is called hydrogenation dissociation in the present
work. Another H atom was then introduced into the system.
This H atom may randomly move to the position near the O
atom that was bonded to the H atom (Fig. 4a) or the other
oxygen atom (Fig. 4c) [26]. The former reaction is expressed
in Eq. (6), and the optimized structure is shown in Fig. 4b.
The O atom that was initially adsorbed on the C atom
remained bonded to it, whereas the OH moiety combined with
the introduced H atom and generated an H,O molecule. The
formed H,O molecule drifted away from the surface, and the
nearest distance between the H,O molecule and the surface

Reaction Step

was 3.12 A. The distance between the two O atoms was
1.98 A, which indicates that the O—O bond was broken.

The reaction wherein the introduced H was close to the O
atom that was bonded to the C atom is expressed in Eq. (7).
The optimized structure (Fig. 4d) shows that the O atom
combined with the introduced H atom and was still bonded
to the C atom in the form of OH,4s). Meanwhile, the other OH
moiety drifted away and was adsorbed on another C atom next
to the N atom. The distance between the two O atoms was
2.73 A, which indicates that the O—O bond was broken.

The schematic of these two reactions is shown in Fig. 4.
The reaction energies of Egs. (6) and (7) were —2.99 and
—2.91 eV, respectively, which indicate that these two reactions
were strongly exothermic and therefore energetically favor-
able. The dissociation barriers of reactions (6) and (7) were
0.55 and 0.72 eV, respectively. The corresponding transition
state structures are shown in Fig. 4¢ and f. The barriers of
hydrogenation dissociation pathways, which are shown in
reactions (6) and (7), were lower than that of direct

Fig. 5 Relative reaction energy
and activation barrier of Oygs) and
OHags) reduction on the surface
together with the optimized
reactant and product structures
and the corresponding transition
structures. a Reduction of Oyqs)
and b reduction of OHyqs)

(A)

Encr=0.54 EV

Relative energy/eV

(B)

/
E,c=0.82 EV

Reaction Step

T -3 T T .
Reaction Step
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dissociation (1.18 eV). Therefore, in terms of thermodynamics
and kinetics, OOH .45, was more likely to break the O-OH
bond along the pathway of hydrogenation dissociation. After
comparing the three possibilities of OOH ,qs) dissociation
pathways, we found that the reaction that formed H,O(qs)
and O,gs) possessed the lowest reaction barrier (0.55 eV).
Therefore, Oygs) and HyO(,as) Were the favorable reduction
products of OOH 45 dissociation. As shown in Fig. 4b, the
generated H,O molecule drifted away from the surface. Thus,
only the isolated O,qs) atom was considered but without the
interaction between O,qs) atom and H,O molecule.

The isolated O.qs) atom preferred to adsorb on the C atom
next to the N atom with an adsorption energy of —3.36 eV. We
further added a H atom to the system near the O atom. After
optimization, the O(,gs) atom was reduced by the H atom, and
an OH species was formed. The reaction is expressed in
Eq. (8). The generated OH,q4s) Was still chemisorbed on the
C atom with an adsorption energy of —1.53 eV. When another
H was introduced into the system, the OH,qs species was
reduced, and the second H,O molecule was formed. The
formed H,O molecule drifted away from the surface, and the
distance between the molecule and the surface was 3.12 A.
The reaction is expressed in Eq. (9). Figure 5 shows the
optimized structures of the initial, transition, and final states
of Ogags) and OH,qs) reduction on GNDG together with the
corresponding activation barrier and reaction energy.

O(ads) + H* + e__>OH(ads) (8)

OH(q5) + H™ + ¢ »H,0 45 9)

After comparing the active barriers of all steps, we found
that the most favorable four-electron ORR pathway was ar-
ranged in the following order: reduction of O, into OOH,
hydrogenation dissociation of OOH to generate H,O and O
species, reduction of O into OH, and reduction of OH into the
second H,O molecule. The reduction of OH ,qs) into H,O had
the highest barrier (0.82 eV). Therefore, the OH .4 reduction
was the rate-determining step in the four-electron reaction,
which is similar to the result of ORR on Pt [43, 44, 47], where
the rate of OH,qs) removal or protonation determined the
overall ORR activity.

Conclusion

This work studied the mechanism of ORR on N-doped
graphene. All possible reaction pathways and the transition
state of each elementary step were investigated. The results
confirmed that the N-doped graphene possessed ORR activity.
The C atoms next to the doped N atom were the catalytically
active sites. Pathways for both two-electron and four-electron
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reductions were possible. Both H,O and H,0O, were the prod-
ucts of oxygen reduction. The reduction of OOH into H,0,
was easier than O—OH breaking. This reduction followed a
direct ER mechanism (the OOH species was in gas phase, but
H was chemisorbed on the surface) with a significantly low
reaction barrier of 0.09 eV. The rate-determining step for the
two-electron pathway was the reduction of O, with a reaction
barrier of 0.63 eV. However, the rate-determining step for the
four-electron pathway was the reduction of OH with a reaction
barrier of 0.82 eV. After comparing the barriers of the rate-
determining steps of the two pathways with each other, we
found that the two-electron pathway was more energetically
favored than the four-electron pathway.
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