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A B S T R A C T

Density Functional Theory calculations were performed on N doped graphene sheet to investigate the trends for
adsorption energy variation of oxygen reduction reaction intermediates (HOO*, O*, HO*) when the N con-
centration increases from 0N (0%) to 1N (33%), to 2N (67%) and to 3N (100%) around the C active site. The
impact of the distance between the doping N atoms and the C active site is also studied. Last, the impact of
additionally co-adsorbed HO*/O* intermediates was probed. For all the studied systems the magnitudes with
which varies the adsorption energies are shaped by the HO*/HOO* capability of accommodating less charge
than O* (i.e according to octet rule 1e− vs. 2e−). When N concentration increases, adsorption energy of O*
increases with a much higher magnitude than that of HO*/HOO* (i.e with 5 eV vs. 2.7 eV, when going from 0N
to 3N). In the presence of the O* co-adsorbate, adsorption energy of intermediates on the investigated active site
decrease with a much higher magnitude than when 1HO* is present as co-adsorbate (≈2 eV vs. 1 eV). The
theoretical overpotential trends are evaluated using ΔGHO*-ΔGO* descriptor and are found to be significantly
influenced by all these environmental changes around the active site. By applying the water stabilization effects,
the activity trends remain the same as when it is not taken into account. These results reveal aspects of ORR
activity variations that take place when N is clustering on graphene sheets, structures that can be possible as a
function of synthesis procedures that could lead to unevenly distribution of dopants in the matrix.

1. Introduction

Nitrogen is an ideal candidate for doping graphene and other gra-
phitic materials (eg. nanotubes) because the CeN bond length is com-
parable with the CeC bond and the distortion of graphene lattice upon
doping is relatively small, which makes it the most well studied dopant
in graphene. The bonding configuration around N (graphitic-N, pyr-
idinic-N, pyrrolic-N) changes sensitively with the synthesis conditions
(ex. used methods, temperatures, source molecules, etc.), therefore an
inhomogeneous distribution of incorporated N in the N-doped materials
is expected and can be shaped experimentally [1,2]. The experimental
studies and their techniques can be directed to manipulate the exact
positioning of doping elements in the graphene matrix to achieve the
desired activity as a function of the bonding configuration around the N
dopant.

Cathodic electrochemical oxygen reduction reaction (ORR) is the
application for which the nitrogen doped graphitic materials were
shown to exhibit activities [3–6] and are one of the materials that are

considered to be replacement for the expensive/scarce Pt based mate-
rials. ORR represents the bottleneck in the low temperature fuel cells to
realize their large scale commercialization, due to sluggish kinetics and
high overpotentials [7]. These devices are recognized as one of the most
attractive alternatives to combustion engines for automotive applica-
tions [8]. Therefore designing proper catalysts from all points of view
(activity, selectivity, price, resistance in time, etc.) is of tremendous
importance.

With the aid of theoretical approaches, it was shown that the active
site for ORR, is the C atom adjoining a N atom [9]. This is explained by
the fact that the electronegative N atom reduces the electron density of
the C atoms that bond with the N atom and polarizes the C atoms into C
(δ+), making easier the adsorption of O2 molecule which is the first
step in the ORR process. Moreover, it was shown that O2 is stabilized
significantly when water effects are modeled [10]. Different other as-
pects such as: the type of doping nitrogen (graphitic, pyridinic, pyr-
rolic) [7,11,12], concentration of N dopants [9,13,14], solvation effects
of reaction intermediates [10,13,15], the size and shape of graphene
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sheets were investigated to get insights into activities of these materials
[16,17]. Even though in recent years N doped graphitic materials (na-
notubes, grapheme, etc.) have been extensively studied for ORR both
experimentally and computationally, the active sites and mechanisms
are still not completely understood and many aspects needs a deeper
understanding, especially when depending on the synthesis procedures
the N clustering could take place.

In most DFT studies that imply N concentrations, N is dispersed
uniformly in the graphene sheet [13]. On the other hand, Okamoto
argued that the concentration of dopant N atoms neighboring the C
atom is the key to understanding ORR [9]. On graphene sheets having
one to four N impurities in the substitutional site of C, around a C]C
bond, he investigated the interaction of O2 with these sites and showed
that the binding interaction between graphene and O2 becomes
stronger as the number of N atoms bonding with the C]C increases.
The idea behind the present paper is similar with that of Okamoto’s, but
there are however main differences between Okamoto’s model and the
present one. We consider increasing the N concentration inside the
basal plane of a very large graphene sheet, right beside the C active site
with three possible cases − 1N (33% concentration around the active
site), 2N (67%), 3N (100%) with 2N and 3N structures that weren’t
studied so far in this configuration.

We study the variation of adsorption energy of HOO*/O*/HO* ORR
intermediates, while in Okamoto’s study the focus was on the first step
of O2 adsorption energy trends. Another major difference is the fact that
our N configurations are placed in a very large unit cell compared to
Okamoto’s– (112 C unit cell vs. 32) such as to act as an island, and be
sure that there are no effects related to interactions between periodic
images. This is especially important for the surface models when one or
two N atoms in 2N and 3N systems are displaced in different directions
at 1C/2C/3C atoms distance from the active site. This was performed to
determine the distance at which the second N starts to have a sig-
nificantly diminished effect on the adsorption of reaction intermediates,
and consequently the system becomes similar with the case of 1N. If
locally the concentration is high, when related to the entire graphene
sheet the N concentration is low − 0.89% for 1N, 1.78% for 2N and
2.67% for 3N. Despite the fact that are studies that show that the doped
edges are active as well [14], in this study we focus only on the nitrogen
doping in a basal plane of graphene sheet. This is because depending on
the preparation conditions, the number of available doping sites inside
the graphene sheets can be larger than in the edge and is expected not
to be uniformly distributed on the surface after synthesis. In this respect
we consider that there are still features to be understood concerning the

activity of N doped basal plane sites, especially if the clustering phe-
nomenon could happen locally during synthesis procedures.

Because the adsorption of ORR reaction intermediates (HOO*/O*/
HO*) has large contribution in the overpotential value, the main focus
of the study is to investigate the trends in variation of adsorption en-
ergies when passing from one surface to the other, another point that
makes difference from other studies. A supplementary aspect to which
we pay special attention in this study is the presence of co-adsorbates,
aspect not investigated in Okamoto’s paper and not too much in the
literature. For example, to the best of our knowledge the adsorption of
co-adsorbate on 1N type structure wasn’t investigated so far. This is
crucial to be explored since at higher N concentrations there are more
and different types of active sites, and under steady state conditions
they will be covered with a certain number of reaction intermediates
which can affect the adsorption on the neighboring sites and at their
turn the overpotential that can decrease or increase the overpotential.
Depending on various factors (pH, voltage, etc.) HO* and O* are likely
to be co-adsorbed. More co-adsorbates could adjoin the C sites next to
N. In this respect 1N structure and part of the 2N type structures are
investigated, and trends are established. The co-adsorbate presence is
found to influence quite significantly the adsorption of reaction inter-
mediates. Projected density of states (PDOS) and bond order (BO) cal-
culations are used to gain insights into the underlying phenomena of
adsorption. A discussion concerning the effect of water layer on the
theoretical overpotential is considered, by using values from two lit-
erature references. We do not use continuum solvation models for our
systems because it was shown that is unable to describe the solvation of
O* with sufficient accuracy [13] and the use of explicit H2O molecules
is cost expensive. The last approach is expected to give relatively si-
milar stabilizations with the one that are taken from the literature.

2. Computational methods

All the density functional theory (DFT) computations were done
using the Atomic Simulation Environment [18], coupled with the
GPAW ab initio simulation package [19].

We used a 8×7 (17.04 Å x17.217 Å) supercell of pristine graphene
sheet of configuration (G) doped progressively around the active site
with 1N, 2N and 3N dopants (see Fig. 1). This is a large unit cell that
gives low N concentration relative to the entire unit cell 0.89% for 1N,
1.78% for 2N, 2.67% for 3N (see Fig. 1) –and a large N concentration
relative to the active site (the reaction site) − 33% for 1N, 67% for 2N
and 100% for 3N. As a consequence, the N clustering behaves like an
island relative to the entire unit cell. In 2N and 3N systems, we explored

Fig. 1. Illustration of nitrogen distribution around active center in the 8×7 zigzag graphene unit cell for (a) 1N (0.89% N concentration), (b) 2N (1.78% N
concentration), for which three possible clustering models are explored − 2N type structure (where 2N atoms are adjoining the active site) and −2N1Ne1Cd1,
2N1Ne1Cd2 type structures – for which N is at 1C site apart from the active site on two directions and − 2N1Ne2Cd1, 2N1Ne2Cd2, 2N1Ne2Cd3 configurations -for
which N is at 2C site apart from the active site on three directions) and (c) 3N (2.67% N concentration) with N atoms positioned at several distances from the active
site: 3N type structure (all 3N atoms adjoining the active site) and − 3N2Ne2Cd1, 3N2Ne2Cd2 configurations- (where 2N out of 3N atoms are each at 1C site apart
from the active site in two distinct directions). The bold letter “a” from the figure indicates the position of the active site where the HOO*/O*/HO* intermediates
adsorb. Color code – C-gray, N-blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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also the cases when one or two N atoms were positioned further away
from the active site. Thus, for the 2N model one of the two N atoms was
positioned at 1C atom site from the active center in two directions (see
in Fig. 1b − 2N1Ne1Cd1 and 2N1Ne1Cd2, where 1Ne1Cd1/2 subscript
means that 1N is at 1C distance from the active site on one of the two
directions d1 or d2), than at 2C atoms from the active site in three di-
rections (2N1Ne2Cd1, 2N1Ne2Cd2, 2N1Ne2Cd3 where 1Ne2Cd1/2/3
subscript means that 1N is found at 2C atoms distance from the active
site on one of the three considered directions d1, d2 d3 see Fig. 1b) and
then at 3C atoms from the active site (for which we considered enough
only one direction to be studied 2N1Ne3Cd1 – not shown in Fig. 1b but
similar with 2N1Ne1Cd1 and 2N1Ne2Cd1). For the 3N model two of the
three N atoms were separated each by 1C atom from the active site
along two set of directions (3N2Ne1Cd1, 3N2Ne1Cd2).

For all the computations a Fermi smearing of electronic occupations
with a width of 0.1 eV was used and the k-point sampling of the
Brillouin zone was obtained by using a 2x2x1 Monkhorst-Pack grid
centered on the gamma (Γ) point [20].

The vacuum layer region, in-between the periodic images of the
system on Z direction, was set to 15 Å. The dipole correction was used
to decouple the electrostatic potentials on the two sides of the two di-
mensional structure. The structure relaxation was performed until the
maximum force on each atom drops below 0.05 eV/Å. The exchange-
correlation functional used was BEEF-vdW, which was proven to be
successful in predicting adsorption bond energies on carbon based
materials [21].

The free energy corrections for the adsorbed species are based on
the quantum mechanical harmonic approximation and calculated vi-
brational frequencies.

The data for the bond orders (BO) analysis were obtained in com-
binations with charge files generated by the Vienna ab initio simula-
tions package [22–25]. For all these calculations the PBE exchange and
correlation functional and a cutoff energy of 450 eV were employed. No
structural or energy trend modifications were obtained when compared
with GPAW calculations. The bond orders analysis was obtained by
using the Chargemole code [26–28]. Previous studies showed that the
DDEC6 based bond order exhibit good reliability and correlation with
the adsorption energies on various systems [29,30].

3. Results

3.1. Formation energy of N-doped graphene

Formation energy (EF) of the eleven N-doped graphene sheets
(Fig. 1) relative to nitrogen molecules and graphene was examined
according to the equation:

= − − − −
−

μ μE E(G ) (112 x) 1/2xF C(112 x)Nx C N2 (1)

where E(GC(112− x)Nx) is the ground state energy of the graphene sheet
doped with 1 to 3N atoms in different configurations. We used the total
energy of undoped graphene sheet per atom as μC and μN2 of nitrogen in
gas phase. The formation energies are listed in Table 1 and indicate an
endothermic process. The smallest formation energy is that for the 1N
doped graphene. When the concentration increase, the formation en-
ergy increase with 1.57 eV for 2N configuration and 1.2–1.27 eV for the
other 2N structures, with 1.2 when one of the 2N atoms is at approx. 5 Å
from the active site (see in Table 1, ΔErel,2Nto1N). Indeed the structures
with the N placed farthest one by each other are the most stable. Even
though for our systems the differences between them are not sig-
nificant.

It is should be noted that the endothermic formation energy is not
unusual. These values are predicted as well for similar systems [9].
Using the same formula they obtained for 1N system the formation
energy of 1.11 eV. In the same article they indicate that the standard
formation energy of pyrazine molecule (C4N2H4) is also endothermic
(1.44 and 2.03 eV in crystal and in gas phase, respectively [24]).

Definitely is possible to fabricate the less stable models since N2 gas is
not the only way to dope graphene with N. Various aromatic com-
pounds are used to synthesize N doped graphene (i.e. ionic liquids [31])
and once obtained these structures are predicted to be stable as the
desorption of N2 molecule from models is calculated to be highly exo-
thermic (i.e. 11.95 eV [9]). The possibility of synthesizing unevenly
distributed N in the graphene matrix is one of the main reason we fo-
cused on the system that comprise an island like configuration of N in
the graphene sheet.

3.2. Variation of adsorption energies on the surface models

Adsorption energies of the ORR intermediates are the ones that
contribute the most to the overpotential value and are defined as the
DFT energies of the following reactions:

H2O+*→O*+H2, ΔEads,O*= EO*− E*− (EH2O− EH2) (2)

H2O+*→HO*+1/2H2, ΔEads,HO*= EHO*− E*− (EH2O− 1/2EH2)
(3)

2H2O+*→HOO*+3/2H2, ΔEads,HOO*=EHOO*− E* - (2EH2O− 3/
2EH2) (4)

where E*, EO*, EHO*, EHOO* are the ground state energies of the clean
surface and that of the surfaces adsorbed with O*, HO*, and HOO*. EH2
and EH2O are the calculated DFT energies of H2 and H 2O molecules in
the gas phase. In Fig. 2a the variation of HOO*/O*/HO* adsorption
energies is plotted as a function of HO* adsorption energy. Linear

Table 1
Formation energy of nitrogen doping EF.

Structures EF/eV ΔErel,2N–1N
Ef(2N) – Ef(1N)

1N 1.29 –
2N 2.86 1.57
2N1Ne1Cd1 2.56 1.27
2N1Ne2Cd1 2.59 1.32
2N1Ne1Cd2 2.63 1.34
2N1Ne2Cd2 2.67 1.38
2N1Ne2Cd3 2.66 1.37
2N1Ne3Cd1 2.49 1.20
3N 4.68 1.82
3N1Ne1Cd1 4.38 –
3N1Ne1Cd2 3.77 –

Fig. 2. Adsorption energies of HOO*/O*/HO* versus adsorption energies of
HO*
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correlations are obtained, with ΔEHOO* that is linearly related to that of
ΔEHO* by ΔEHOO*= ΔEHO*+ 3.13 eV, with the constant of approximate
3.13 eV that is independent of the binding strength to the surface. The
slope unity in the linear fit is motivated by the single bond between O*
and the carbon of the N-doped graphene sheet for both HO* and HOO*
systems as further emphasized. All these data obey the universality
scaling that was already shown for many materials with applications in
both oxygen evolution reaction (OER) [32] and oxygen reduction re-
action (ORR) [33]. A scaling relation is established also between ΔEHO*
and ΔEO*, but with a slope that is close to two and with points that are
more scattered than for ΔEHOO*. Definitely the slope indicates that
oxygen binds differently than HO* and HOO* fragments and that in-
dicates a larger change of ΔEO* when going from one structure to the
other.

Therefore, we analyze systematically the variation of adsorption
energies when going from one structure to the other as follows: when
the nitrogen concentration (see in Fig. 1a the illustration of 1N, 2N, 3N)
around the C active site increases, when one of the N nearest neigh-
boring the C atom in the 2N structure is separated by 1/2/3C atom
distance from it in different directions (see in Fig. 1b the structures −
2N1Ne1Cd1, 2N1Ne2Cd1, 2N1Ne1Cd2, 2N1Ne2Cd2, 2N1Ne2Cd3,
2N1Ne3Cd1) and when two nitrogen atoms out of the three nitrogen
atoms nearest neighboring the C atom are moved at 1C atom distance
away in two different directions (Fig. 1c the structures − 3N2Ne1Cd1,
3N2Ne1Cd2).

The energy difference between different adsorption energies as a
function of environment around the active site is defined in a simplified
manner as:

ΔEdiff= ΔE(HOO*/O*/HO*),str1− ΔE(HOO*/O*/HO*),str2 (5)

where ΔE(HOO*/O*/HO*),str1 and ΔE(HOO*/O*/HO*),str2 are the adsorption
energies of HOO*, HO*, O* fragments on different studied structures
(i.e. ΔEdiff,(x+1)N−xN when the concentration increase around the active
site x= (0–3)). For a better understanding, accross the paragraphs to
the diff subscript, as a function of situation supplementary notation will
be added.

As reference systems we considered the undoped graphene and the
adsorption energy values calculated for the ideal catalyst (see the de-
finition of ideal catalyst in the SI – shortly an ideal catalyst should be
able to facilitate ORR above the equilibrium potential and all four
charge transfer steps to have reaction free energy of the same magni-
tude at zero potential – 4.92 eV/4=1.23 eV and is equivalent to all
reaction free energies being zero at the equilibrium potential and from
there adsorption energies of HOO*/HO*/O* are calculated). Because on
undoped graphene sheet during optimization the HOO* fragment flies
away from the surface, we have used for comparison the value obtained
for single point calculation when the fragment is in contact to the
surface (see the black dashed line in Fig. 3a for HOO* on undoped
sheet). The other two moieties, O* and HO* adsorb to the surface, with
O* adsorbing on the bridge site between two C atoms and HO* ontop C
site (structures not shown in Fig. 3a). When the G sheet is doped with
1N, the fragments bind to the carbon site next to the nitrogen. On these
sites, their adsorption energies drop significantly compared to the un-
doped sheet – with energy differences of ΔEdiff,0N-1N= 1.36 eV for
HOO*, ΔEdiff,0N–1N= 1.63 eV for O* and ΔEdiff,0N–1N= 1.38 eV for HO*
(see the differences between the energy levels of black and brown lines
in Fig. 3a). All three fragments are stabilized with approximately the
similar magnitude. When the second N is placed closed to the active site
(2N structure), both HOO* and HO*continue to be stabilized (see dark
blue line) with the same magnitude, but compared to the energy var-
iations from 0N to 1N the magnitude is much lower
(ΔEdiff,1N–2N≈ 0.65 eV for 1N to 2N transition vs. ΔEdiff,0N–1N≈ 1.36
for 0N to 1N transition). On the other hand the stabilization energy of
O* is approximately 1.5 larger when the transition takes place from 1N
to 2N configuration compared to transition from 0N to 1N. Moreover

the magnitude is three time larger than that of HO*/HOO*
(ΔEdiff,O*,1N–2N=2.07 eV vs. (ΔEdiff,HO*/HOO*,1N–2N≈ 0.66 eV).

When the active site is completely surrounded by nitrogen, the
HOO* adsorbs under dissociated form: O* on the three coordinated
nitrogen site and HO* next to the closest C atom adjoining one of the
nitrogen atoms (during HOO* optimization HO detaches from O-see
dark yellow line). For this fragment a direct comparison with adsorp-
tion on 1N and 2N structures cannot be done anymore. The adsorption
energies of O* and HO* continues to strengthen, for O* with approx.
1.3 eV and for HO* with approx. 0.65 eV. Once more the rate with
which O* adsorption energy increases is two times that of HO* when
passing from 2N to 3N structure (1.32 eV for O* vs 0.65 eV for HO*).
Compared to the transition from 1N to 2N the stabilization extent of O*
is lower.

By comparing the adsorption energies with those of ideal catalyst,
the adsorption energies on 1N surface are the closest, with ΔEHO* and
ΔEO* that are similar with those of an ideal catalyst, while HOO* binds
much more weakly than in the ideal case and is the one that gives the
overpotential.

Summing up, the adsorption energies of O* increases much faster
than that of the HO* and HOO* fragments, when the number of N
atoms surrounding the active site increases (i.e. with approx. 5 eV for
O* and 2.7 eV for HO* when going from 0N to 3N). If for 0N and 1N
structures the O* is less stable than HO*, for 2N and 3N structures O*
start to become more stable than the HO* fragment. This can be ex-
plained through the octet rule, as HO* and HOO* can accommodate 1
e− while O* can accommodate 2e− to form eight electron outer shells.
The HOO*/HO* capturing abilities will become weak once the eight
electron outer shells is formed. This could explain the different stabi-
lization energies for O* and HO* and the fact that HOO* on 3N struc-
tures is not stable anymore with HO* that detaches and leaves only O*
adsorbed on the active site. After HO* and HOO* complete their outer
shells, if there is still available charge they won’t accommodate any-
more it, while O* will continue to capture the charge up to 2e− (and the
adsorption get strengthen as the charge is captured) such as to complete
its outer shell. Similar trends were shown for the reducible metal oxide
surfaces [34].

In the 2N structures in which one nitrogen atom is separated by 1C/
2C/3C atoms sites from the active center, large variations of adsorption
energies are registered as well (Fig. 3b). For the case of 1C site se-
paration on two different directions (2N1Ne1Cd1 (blue dashed line),
2N1Ne1Cd2 (blue short dashed line) in Fig. 2b), we observe that ΔEHO*
and ΔEHOO* get very close to the adsorption energies registered for 1N
surface, while ΔEO* is at approximately half the distance between
binding on 1N structure and 2N, but slightly closer to 1N (see
ΔEdiff,O*,0Ne1N≈ 0.88–0.78 eV, ΔEdiff,O*,2Ne3N≈ 1.19–2.19 eV in
Fig. 3b). For the case when the N is separated by 2C sites apart from the
active center – three different directions – 2N1Ne2Cd1, 2N1Ne2Cd2,
2N1Ne 2Cd3 (blue dashed, dash-dot and dotted lines in Fig. 3b) are
possible. We observe that the same trend of variation for the adsorption
energies of the fragments is obtained as in the case when the N is 1C site
apart. Small variations of ΔEHOO*/ΔEHO* depending on the directions in
which the N was moved are found, while O* binds slightly weaker than
when N is 1C apart (see in Fig. 3b connecting arrows that show ΔEdiff
for 2N1Ne2Cd2). For the case when N is at 3C atoms distance from the
active site (2N1Ne3Cd1, Fig. 3b cyan dashed line)), ΔEO* approaches the
adsorption energy value registered on 1N structure (compared with the
case when this second N is at 1C/2C atoms distance from the active
site). Even so, the 2N1Ne3Cd1 is still approximately 0.5 eV more stable
than the 1N case. No further tests have been performed for the case
when N is 4C atoms sites apart from the active site. We suppose that, by
extrapolating the trend, as the N-C distance increases the active sites
will not feel anymore the effect of this N atom.

From these trends, it is concluded that O* is the fragment that feels
the most the effect of the second N atom being placed at 1C/2C/3C sites
apart from the active sites, and we assume this to be connected with the
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octet filling rule.
The last investigated configurations are those derived from 3N

structure, when two nearest neighbor nitrogen atoms are separated by
1C site apart from the active center along two directions (3N2Ne1Cd1

and 3N2Ne1Cd2 – see Fig. 3a). The general trend for ΔEHOO*/ΔEHO* is
the same as found for 2N type structures when one nitrogen is displaced
from the active site. The adsorption energies get close to those obtained
on the 1N structure (see the connecting arrows for 3N2Ne2Cd1 struc-
ture). On 3N2Ne2Cd1, HO* and HOO* adsorb slightly stronger than on
the 1N, while on 3N2Ne2Cd2 adsorb slightly weaker. ΔEO* changes

significantly, being placed close to the middle between 1N and 2N
adsorption levels, varying with the displacement direction. It adsorbs
stronger on 3N2Ne1Cd1 than on 3N2Ne1Cd2.

From these trends, it is concluded that O* is the fragment that feels
the most the effect of the N atom placed at 1C/2C/3C sites apart from
the active sites.

In Fig. 4a, 4b and 4c are plotted the density of states projected onto
oxygen p states through which the three fragments bind to the surface.
The increase of nitrogen content around the active site determine the
shift of the states inside the valence band (see the p states for 1N (solid

Fig. 3. Scheme for HOO*, O*, HO* adsorption en-
ergies variations (a) when passing from 1N, 2N and
3N doped G. In the right side of the graph – top
view of O*, HO*, HOO* adsorbed structures. Color
scheme of graphs: undoped G (black solid line), 1N
doped (brown solid line), 2N (blue solid line), 3N
(light green solid line), ideal catalyst (red solid
line). The connecting arrows evidentiate three en-
ergy difference (Ediff,0Ne1N/1Ne2N/2Ne3N) be-
tween adsorption energies on 0N− 1N− 2N− 3N
structures; (b) in the 2N conformations when 1N
atom is moved away from the active site by: 1C
atom site apart in two directions − 2N1Ne1Cd1

(dark blue dashed line), 2N1Ne1Cd2 (dark blue
short dashed line),by 2C atoms sites apart in three
directions − 2N1Ne2Cd1 (blue dashed line),
2N1Ne2Cd2 (blue dashed dot line),2N1Ne2Cd3

(blue dotted line) and 3C atoms sites apart in one
direction − 2N1Ne3Cd1 (dashed dark cyan line)
from the active site. The arrows indicate
ΔEdiff,1Ne2N between adsorption energies on 1N −
2N1Ne2Cd2 − 2N surfaces and (c) in the 3N
structure when two nearest neighbor nitrogen
atoms are separated by 1C atom site each from the
active center in two different directions 3N2Ne1Cd1

(dashed light green line), 3N2Ne1Cd2 (light green
dashed dot line).The arrow indicate ΔEdiff between
the adsorption energies on 1N − 3N2Ne1Cd1-3N
surfaces. Color code of top view of surfaces- C-gray,
N-blue, O-red, H-white. The bold letter “a” –desig-
nates the active site). (For interpretation of the re-
ferences to color in this figure legend, the reader is
referred to the web version of this article.)
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brown line), 2N (dark blue solid line) and 3N (dark yellow solid line)).
The shift is present also for the 2N type systems, when one of the 2N
atoms is moved at different distances from the active site. When this
distance increase (from 1C to 3C atoms distance), the oxygen p states
shift from the 2N states – like case (when both N atoms are near the
active center) towards the positioning of the p states as in the 1N
structure.

The relation between the adsorption energies and the Ce*O/*OH/
*OOH bond orders are depicted in Fig. 4d. For both HO* and HOO* the
bond order is close to 1, meaning that the fragment tend to form a
single bond with the surface. HO* has the bond order slightly higher
than that of HOO* fragments ((0.93–1.01) vs. (0.82–0.89)). A trend can
be observed better for HO* than for HOO* because of the instability of
HOO* fragment on the 3N structure. The adsorption energy increases
with the increase of the bond order. The bond order for O* is higher
than 1 and varies inbetween 1.44 and 1.77. For 2N and 3N structures
the value is higher than 1.5 (1.64, 1.70), indicating that the O-C bond
approaches a double bond character, while for 1N and the three
structures with 1N separated by 1C/2C/3C sites from the active center

(2N1Ne1Cd1, 2N1Ne2Cd1, 2N1Ne3Cd1), the values are slightly below
1.5 indicating a state of partially double bond state (1.44, 1.46, 1.47).
The same correlation between the BOCeO* and ΔEO* with the increase
of the adsorption energy with the bond order. Compared to HO* both
the bond orders and adsorption energies increase with higher magni-
tudes (see the shape of triangles for HO* and O* formed between 1N
and 3N structures). Similar variations of these fragments with the
charge adsorbed from the TiO2 semiconducting surface were found
[34].

3.3. Co-adsorbate effect on the adsorption energies

It is expected that no matter on the solution pH, under steady state
condition the N graphene surface to be covered with a certain amount
of intermediates of reactions, such as O* or HO* or O*/HO*, which are
in equilibrium with liquid water. On the other hand, the type of the
intermediate is expected to depend among others on the pH.

On 1N surface, three active sites (C1/C2/C3 – Fig. 5a) are possible.
With increasing the nitrogen concentration increases the number of

Fig. 4. PDOS onto oxygen p states of adsorbed intermediates on 3N, 2N, 2N1Ne1Cd1, 2N1Ne2Cd2, 2N1Ne3Cd1, 1N. (a) HO*, (b) O*, (c) HOO* and (d) ΔEO* vs. Ce*O
bond order (black points), ΔEHO* vs. Ce*OH bond order (brown points) and ΔEHOO* vs. Ce*OOH bond order (blue points). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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possible active sites that can be covered with intermediates. The
question rises, if there is any influence of the co-adsorbate (i.e. found on
C2 on 1N structure) on the adsorption of reaction intermediate frag-
ments (i.e. found on C1 or C3 for the 1N structure). In the following we
analyze this influence on some representative structures (1N, 2N,
2N1Ne3Cd1).

The results were obtained on surface models with coadsorbates
placed on the same side of the sheet. Most of the tested models
(HO*eHO*, HO*eO*, O*eO*, HOO*eO*, HOO*eHO*) on 1N,
2N1Ne3Cd1 surfaces indicate that the structures with the fragments
adsorbed on opposite facets are slightly less stable than when placed on
the same side (see in Tables S2 and S3). This stability is given by the
formation of hydrogen bonds between the fragments, even when the
fragments are placed at larger distance. Therefore, in the first ORR step,
the stabilization of the HOO* fragments will come, beside from the
strength of the interaction with the active site also from the formation
of hydrogen bonds with the co-adsorbates. The 1N and 2N surfaces free
of co-adsorbates are taken as reference for comparison.

On the1N surface, because HO* is the fragment that binds the
strongest on the active site (see the brown solid line in Fig. 2a), we will
consider it the intermediate that presents a higher probability to be
found as co-adsorbate under steady state conditions (i.e. adsorbed on C2

site – notation 1N1HO). In this condition the adsorption energies of
HOO*, O*, HO* intermediates are analyzed in Fig. 6. We observe that
ΔEHOO*, ΔEO*, ΔEHO* decrease considerably when compared to the case
when the surface is free of coadsorbates (ΔEdiff,coads-no_coads≈ 1 eV for
HOO* and HO* and 0.4 eV for O*). This is expected as they share the
same pool of charge given by the single N atom. The CeOH bond order

values for the structure with two HO* fragments indicate that one of the
frament has BOCeOH similar with the case when is alone on the surface
(0.94), while For the other HO* the BOCeOH decreases considerably to
0.77. For the HO*eO* surface structure, the oxygen does not bind
anymore ontop C but on the bridge position (see the surface top view in
Fig. 6). For the structure with the O* ontop C, the BOCeO decrease
considerably to 1.11 (from 1.44). This leads to the O* migration on the
bridge site and ends in a stabler structure with ≈0.25 eV. The HO*
fragment keeps the same BO value as on the clean surface (0.95) when
O* is ontop C. When O* is on the bridge position, two BOs values are
present (corresponding to the binding to the two C atoms (0.77 and
0.83). From the total energy we observe also that O binds weaker than
when it binds on the surface free of co-adsorbate. This could be ex-
plained by the bridge position that is different than ontop. On the same
surface the BOCeOH of HO* fragment decreases slightly to 0.9.different
way of adsorption.

For the 2N representatives (2N and 2N1Ne3Cd1) the existence of co-
adsorbates on other active sites is inevitable. The same is valid for the
models with higher N concentration.

On the 2N structure there are two types of active sites and the total
number of C atoms that could be active is 5 (see Fig. 5b). C1 is the most
active site because has two next-neighbor N atoms. The other four are
equivalent since each is adjoining one N. Therefore we have in-
vestigated two possible cases. One is when C1 is the site where the re-
action takes place while on one of the other active sites (C2/3/4/5), 1O*
(2N2N*e1N(O) structure, 2N*e1N(1O) subscript means the reaction
takes place on the C neighbor to 2N and 1O is co-adsorbed on the site
that is adjoining 1N) or 1HO*(2N2N*e1N(1HO) structure, 2N*- 1N
(1OH) subscript means that the reaction take place on C adjoining 2N
atoms and HO* is adsorbed on the site that is adjoining 1N) inter-
mediates are co-adsorbed (see top view of surfaces in Fig. 7a). The other
one is when C2 (or C3/4/5) is the site where the reaction takes place and
C1 is occupied with the 1O* (2N1N*e2N(1O)) or with
1HO*(2N1N*e2N(1OH)) intermediates (1N*e2N(1O)/1N*e2N(1OH)
subscript means that the reaction takes place on the site adjoining 1N
and the co-adsorbate occupy the site adjoining 2N- see the top view of
the investigated surfaces in Fig. 5b). We have considered both O* and
HO* as potential coadsorbates, as both adsorb strong. Depending on
reaction conditions (eg. pH) each of them could be present on the
surface.

When the reaction site is C1 and on C2 are the co-adsorbates, the
adsorption energies of all intermediates on this site decrease in the
order: ΔEa(2N) > ΔEa(2N2N*e1N(1OH)) > ΔEa(2N2N*e1N(1O))
(Fig. 7a). If for 1HO* coadsorbate, the adsorption energies of inter-
mediates are approximately in-between 2N and 1N levels, for 1O* co-
adsorbate the O* level on the reaction site is already the same as on 1N,
while HO* and HOO* adsorb weaker than on 1N. Therefore, O* de-
stabilize in a much higher extent the intermediates than HO*.

Because C2 sites adjoin only 1N (see Fig. 7b) the intermediates bind
weaker than on C1 even when the other C active sites are free from
intermediates (HO* and HOO* bind with approximately 0.5 eV weaker
on C2 than on C1, while O* with approximately 0.9 eV weaker). The
adsorption trend when 1HO* and 1O* are preadsorbed is the same as
for the previous case: ΔEa (2N1N*) > ΔEa (2N1N*e1OH(2N)) > ΔEa
(2N1N*e1O(2N)). For 1HO co-adsorbate the energy levels shift to the
same level as for 1N system, while for 1O* the energy levels already
shifts towards much weaker adsorption energies for all intermediates.

This trend of significant weakening of the adsorption energies of the
intermediates when going from free of adsorbates surfaces to pre-
adsorbed HO* and further to O* co-adsorbates, can be explained as well
by the HO* and O* capacities to accommodate charges in the context of
charge sharing. Thus, HO* which require less charge than O*, leaves
more charge for the active site and affects less the adsorption energies
on the reaction sites.

For the 2N1Ne3Cd1 structure (see Fig. 7c) all six possible active sites
are equivalent because the two N are at aproximately 5 Å side appart

Fig. 5. The possible C active sites around N for the case of (a) 1N, (b) 2N and (c)
2N1Ne3Cd1 models.

Fig. 6. Variation of adsorption energies for HOO*, O*, HO* on the 1N surface
without (brown solid line) and with 1HO* coadsorbate (1N1HO – brown dashed
line). Red solid line – the corresponding adsorption energies for the ideal cat-
alyst. ΔEdiff values represent the difference between adsorption energies on 1N
and 1N1HO* surfaces. Top view of the surface structures color scheme – C-gray,
N-blue, O-red, H-white. The numbers represent the bond orders CeO bond
associated with the adsorbed fragments HO* and O*. (For interpretation of the
references to color in this figure legend, the reader is referred to the web ver-
sion of this article.)
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and each has its own three active sites. The co-adsorbate fragments
were placed on C6 (next to one nitrogen atom), while the reaction takes
place on C1 (next to the other nitrogen atom). In this adsorption con-
figuration the charge sharing is maximized (is the most stable config-
uration), because each fragment benefits from adjoining one N, each
and are close enough to form hydrogen bonds. At this distance, as
shown in the previous chapter, the activity of the sites gets closer to that
on 1N system in terms of HO* and HOO* adsorption energies and with
O* that binds stronger (cyan solid line in Fig. 7c). The variation of
adsorption energies of intermediates follow the same trend, as em-
phasezied in the previous paragraph, when going from clean to HO*
and O* co-adsorbates: 2N > 2N1Ne3Cd1e1OH > 2N1Ne3Cd1e1O.
(see the differences between solid – dashed and dot dashed lines in
Fig. 7c). The HO* and HOO* adsorption energies are slightly weakened
by the 1HO* co-adsorbate, while O* level is brought to the same value
as obtained on 1N free of co-adsorbate (cyan dashed line). On the other
hand O* continue to destabilze the intermediates (cyan dashed dot line)
with a higher magnitude than HO*.

The overall conclusion is that the presence of co-adsorbates on the
other active sites influence quite significantly the adsorption energies,
almost with the same magnitude with which the concentration of N
atoms around the active sites does, but the shift is towards weaker
values acting as a counterbalance to the N effect. Compared to the ideal
catalyst, the investigated structures 2N1Ne3Cd1e1OH and
2NN*e2N(1OH) have the HO*/O* adsorption energy levels close to
those of the ideal catalyst, but as in the case of the 1N structure, HOO*
binds much more weaker than in the ideal case. To get closer to ideal
levels, HO* and O* should be kept at the same level and the adsorption
energy of HOO* should be strengthened.

3.4. Theoretical overpotential

In this section, based on the thermodynamic model proposed by
Nørskov et al. [35], we have calculated the free energies of the reaction
intermediate steps. We determined the least exothermic step (the rate
limiting step) that gives the overpotential for ORR (Eqs. (6)–(9) and

Fig. 7. Variation of adsorption energies for HOO*, O*, HO* with 1O* or 1HO* as co-adsorbates on (a) 2N, when the active site is the C adjoining two N atoms (C1)
and the co-adsorbate is adjoining one N atom (C2), (b) 2N1N*, when the active site is the C adjoining one nitrogen atom (C2) and the co-adsorbate is adjoining the 2N
(C1) and (c) 2N1Ne3Cd1, when the active site and the co-adsorbate each are adjoining 1N.
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explained in SI). The theoretical overpotential is derived only from the
adsorption energies of intermediates without including other stabili-
zation effects such as water.

We consider the oxygen reduction cycle through the four-electron
process with the following elementary steps:

O2+ (H++ e−)+*→HOO* ΔG1= ΔGHOO*− ΔGO2 (6)

HOO*+(H++e−)→O*+H2O(l) ΔG2= ΔGO*− ΔGHOO* (7)

O*+ (H++ e−)→HO* ΔG3= ΔGHO*− ΔGO* (8)

HO*+ (H++e−)→ *+H2O(l) ΔG4=−ΔGHO* (9)

where ΔG1/2/3/4 are the free energies of the respective intermediate
steps and ΔGHOO*/O2/O*/HO* are the free energies of intermediates. The
way they are calculated is detailed in SI.

A volcano plot was built (Fig. 8) using as a descriptor the free en-
ergy of the deprotonation step: ΔGHO*− ΔGO*. Compared to the other
descriptor used in literature so far (ΔGHO*) [33,36], this one describes
better the activity for most of our systems, because of the large varia-
tions between ΔEO*- ΔEHO* when passing from one system to the other.
The most active sites are the ones that are close to the top of the volcano
(as much as possible close to the 0 value of theoretical overpotential
and which is represented by the ideal catalyst – IC). The point for the
ideal catalyst was placed as well in the plot (the IC point). Even the best
performing point is still far from the ideal. On the right side of the
volcano the trends are smooth because this descriptor is the rate lim-
iting step. On the left side of the volcano some points are not well de-
scribed by this descriptor – mostly because of different limiting step.

Analyzing the trends the overpotential decreases as the N con-
centration around the active site decreases ƞth,3N > ƞth,2N > ƞth,1N.
For 1N system the overpotential is around 0.67 eV, among the best ones
when compared with the other systems. It decreases as well when one
of the two N atoms adjoining the C active site, starts to be separated by
the active center by 1/2/3C atoms sites. The overpotentials for 2N1Ne1/

2Cd1/2/3 systems are placed on the strong binding site of the volcano,
while for 2N1Ne3Cd1 the overpotential is already placed on the weak
binding side of the volcano and gets closer to the 1N overpotential
point. This shows that if the second N is placed at a distance larger than
5 Å from the other N, its effect will not be felt anymore by the active site
and the system will behave as 1N system. For the 3N2Ne1Cd1/2 sys-
tems, that have the active site next to 1N and the other two N moved 1C
site apart from it, the overpotential decrease significantly compared to
3N system (from 2.17 eV to 1.31/1.36 eV).

For the studied systems, the presence of one of the co-adsorbate
intermediates (HO*/O*) on one of the other active sites influences quite
significantly the overpotential. On 1N1HO system the overpotential in-
creases, because they share the same N and the adsorption energies of
all intermediate decreases. The potential determining step stays as well
the formation of HOO* moiety.

For the 2N and 2N1N* models, the overpotentials decrease sig-
nificantly and move towards the top of the volcano for 1HO* co-ad-
sorbate, while for O* the overpotentials increase again. On 2N1Ne3Cd1,
the HO* co-adsorbate decreases as well the overpotential when com-
pared to the free co-adsorbate systems, while O* increases it. If more co-
adsorbates are supposed to adjoin the same N, by extrapolation using
the 1N model, the overpotential is predicted to increase. Similar var-
iations are supposed to take place on the 3N systems when co-ad-
sorbates are present. Therefore, the overpotential of the active site
surrounded by 2/3N atoms is increased due to the high amount of
charge provided by nitrogen, but the ORR intermediates that are highly
possible to co-adsorb on the other active sites, depending on the co-
adsorbate type and the adsorption site, could decrease the overpotential
more or less.

3.5. Water effect

As mentioned in literature, the interaction between water molecules
and intermediates affects the stability of surface species on N-graphene.
This effect can vary for example with the number of hydrogen bonds
between water molecules and the intermediates, with the electrolyte pH
near the electrode, with the presence of other ions in solution etc.
Because the purpose of this study is focused on the variation of ad-
sorption energies of ORR intermediates in the absence of water, we use
the stabilization energies given in the literature to check the over-
potential trends. Yu et al. [10] found a stabilization energy of −0.42 eV
for HO*, −0.53 eV for O* and −0.49 eV for HOO*. Thus, all of them
are stabilized almost with the same magnitude. Reda et al. [13] ob-
tained slightly smaller stabilization energies: −0.20 eV for HO*,
−0.38 eV for O* and −0.19 eV for HOO*. Because these reported
stabilization energies are slightly different, both of them were applied
to our data and the obtained volcano plots are depicted in Fig. 9. Other
stabilization values can be present as well, due to the solution pH, an
aspect that is less studied theoretically.

The stabilizing effect makes the points to shift towards stronger
binding but the general trends concerning the overpotential when
passing from one system to another are kept. The overpotentials are
slightly lower when using M. Reda values, which is due to the fact that
there is a higher stabilizing difference between O* and HO* which will
increase the exothermicity of the rate limiting step. The stabilization
effects increase will rise the probability of existence of more co-ad-
sorbates around the N active sites. An example is the 1N system free of
co-adsorbates. When applying the stabilizing effect of water, with both
sets of values, a much smaller overpotential is obtained compared to the
reported experimental value (0.3/0.41 eV vs. 0.4 eV [37]). When the
1HO* is co-adsorbed, the overpotential increases to 0.72/0.92 eV.

4. Conclusions

By using DFT calculations we analyzed the variation of adsorption
energies of ORR intermediates with increasing N concentration around
the C active sites on the basal plane of graphene sheet (1N that means
33% around the active site, 2N-67%, 3N-100%). It was found that with
the increasing of N concentration, O* adsorption energy decrease faster
than that of HO*/HOO* (5 eV vs 2.7 eV when going from 0N to 3N
atoms adjoining the active site). This variation was explained with the
aid of CeO* bond order investigation, which shows that the bond order
for O* varies with increasing the concentration, from single to partially
double and to double bond, while for HO* and HOO* gets closer to
single bond and is according to the octet rule to fill the outer shell to

Fig. 8. Volcano plot – general activity trends for ORR theoretical overpotential
(ƞth) vs. standard free energy of the oxygen protonation step (ΔGHO*− ΔGO*).
IC represents the point for the ideal catalyst.
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form eight electron outer shell. Therefore this different way of the
fragments to accumulate the charge (with O* that accommodate more
charge than HO*/HOO*) makes the O* adsorption energy to strengthen
with a significant higher magnitude than HO* and this mirror in the
variation of the theoretical overpotential when going from one struc-
ture to the other.

In the 2N structures by separating one of the adjoining N atoms by
1C/2C/3C sites from the active center, its effects on HO*/HOO*/O*
decrease considerably. When is only 1C site apart, the adsorption en-
ergies of HOO*/HO* are similar to those on the system with 1N, while
the O* can still feel the presence of N even from 3C sites apart. As a
general conclusion, the trends of the adsorption energies variations are
affected beside the amount of charge provided by increasing the N
concentration, also by the amount of charge the HO*/HOO*/O* in-
termediates can accommodate.

The same trend of variations was obtained for O* and HO* co-ad-
sorbates when placed on other possible active sites. On the 2N systems
that were studied for co-adsorbate effect, O* weakens the adsorption
energies of the intermediates on the reaction site with a much higher
magnitude than HO* (up to 2 eV for O* co-adsorbate vs. 1 eV for HO*
co-adsorbate relative to the free of co-adsorbate surfaces).

All these variations are mirrored in the theoretical overpotential
that increase with the N concentration (1N > 2N > 3N). For the same
concentration (2N) it decreases in the presence of 1HO* co-adsorbate
and increase again in the presence of O*, but is not higher than when no
co-adsorbate is present. The overpotential decreases and approaches to
the overpotential on 1N when one of the 2N atoms is displaced by 1C/
2C/3C atoms from the active site. Similar significant decrease of
overpotential is found when two N out of three N are moved 1C site
from the active site.

The effect of water was studied using corrections from two different
studies. The activity trends remain the same, but due to stabilizing ef-
fects on the adsorbed species, the change of surface coverage with HO*
and O* fragments is expected. This will affect the adsorption energies of
ORR intermediates and at their turns affects the overpotential towards
lower or higher values when compared to free of co-adsorbates surfaces
(i.e. on 1N1HO* structure during the reaction one of the three active sites
will have co-adsorbed 1HO* and the reaction will take place on one of
the other two active sites- with an increase of overpotential compared
to the case when no co-adsorbates are present).

The overall conclusion is that not only the N concentration and their
distance from the active site are the one that influence the adsorption
energy of ORR intermediates on the N doped graphene, but also the
capacity of the intermediates to accumulate charge (i.e. O* more than

HO*) that affects quite significantly and differently the magnitude of
adsorption energy variations. The present results are expected to pro-
vide insights concerning the relation between N concentration and the
amount of charge the adsorbate/co-adsorbate can accommodate on N
doped graphene which is mirrored in the final values of adsorption
energies and in the final activity for the ORR application, when the
clustering phenomenon takes place locally during synthesis. These
trends are expected to be extrapolated to other types of intermediates
and dopants that accept or provide different amount of charge.
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