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Nitrogen-doped graphitic materials as promising catalysts for the oxygen reduction reaction in fuel-cells have been mainly
investigated under the graphitic versus pyridinic nitrogen-dopant dichotomy approach. However, we show here that active

sites, reaction mechanism, selectivity and even the origin of each behavior can be better understood when the stability of

the possible active site and the eventual contribution of charge from the surface are considered separately. The roles in

the reaction played by specific nitrogen-dopants, the hydrogenation of pyridinic nitrogen-dopants and the solvation effect

are all clarified. The investigated activity is much more linked to the edges, where certain carbon atoms are sufficiently

unstable or can be destabilized by means of adjacent nitrogen-dopants, and where reaction intermediates can be better

relaxed, than to the presence of specific nitrogen-dopants. Unfortunately, high overpotentials and the undesired

production of hydrogen peroxide appear unavoidable in the oxygen reduction to water on these materials.

Introduction

The controlled oxidation of fuels in electrochemical cells could
give rise to a more efficient and cleaner energy conversion
technology than combustion engines. As a counterpart, both
the fuel oxidation reaction on anodes and the oxygen
reduction reaction (ORR) on cathodes, inside the fuel-cells,
require of suitable catalysts.' Molecular oxygen on cathodes
can be partially reduced to hydrogen peroxide and completely
to water. The production of hydrogen peroxide decreases the
fuel-cell performance and can degrade the device,® but it can
be also the target of synthesis cells.®

Metal-free nitrogen-doped graphitic materials (NGs) exhibit
activity towards the ORR,”™® though the active sites and the
mechanisms have not been yet completely understood?®-28
preventing optimizations. ORR active sites on NGs have been
mainly investigated under the graphitic versus pyridinic
nitrogen-dopant dichotomy approach,*>~7 giving rise to one of
the most controverted topics regarding these materials.
Additionally, recent results suggest that XPS peaks attributed
to pyrrolic nitrogen-dopants would be actually linked to
hydrogenated-pyridinic nitrogen-dopants.?>3° Using highly
oriented pyrolytic graphite with well-defined m-conjugation
and well-controlled nitrogen-doping, it has been recently
concluded that ORR activity on NGs should be attributed to the
presence of pyridinic nitrogen-dopants,® reinforcing previous
results.®1820 However, we will show that such a conclusion is
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not accurate enough. It has been suggested that graphitic
nitrogen-dopants also play a role in the mechanism,52131 gnd
we will demonstrate that basal plane versus edge and even
type of edge (armchair versus zigzag) are also essential
dichotomies to completely understanding ORR on NGs.

ORR activity on NGs is frequently attributed to the positive
charge originated on carbon atoms adjacent to nitrogen.”.832 |t
has been also attributed to spin-polarization effects on that
carbon atoms.'#33 However, these effects can be considered
neither the primary nor the ultimate mechanisms but only
manifestations of the true mechanisms. The electronic
structure of the surface before activation can influence the
kinetics. But the true relevance of a given site, regarding a
given multi-step reaction, is ultimately dictated by the
thermodynamic profile of the whole of the reaction on the
site. On the other hand, ORR activity has been linked to Lewis
basicity on these materials.1¢

It has been pointed out that configurations of nitrogen-
dopants in clusters would be high energy defects.22:34
However, we found that important effects influencing the ORR
on NGs are not captured when a single nitrogen dopant is
included in the model.®3536 Moreover, it has been shown that
the hydrogenation of pyridinic nitrogen-dopants also plays a
role in the mechanism.®17.36-38 Finally, the associative
mechanism of the reaction has been emphasized as the
relevant mechanism on these materials.’* Assuming these
insights, the complete ORR reaction on a broad set of
unclustered nitrogen-dopants  configurations is here
theoretically investigated at the free energy level using DFT.
From these results, the active sites, the reaction mechanism
and its selectivity, the roles played by specific nitrogen-
dopants and by the hydrogenation of pyridinic nitrogen-
dopants, the solvation effect and even the origin of each
behavior are all clarified. It is found that ORR activity on NGs is
much more linked to the edges than to the presence of specific
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nitrogen-dopants. At these regions, certain carbon atoms are
sufficiently unstable, or can be destabilized by means of
adjacent nitrogen-dopants, and reaction intermediates can be
better relaxed. The proposed mechanisms involve a local
component, in the form of a sufficiently unstable carbon atom,
and a global component, in the form of available charge.
Carbon atoms can be destabilized as a local effect of both
graphitic and hydrogenated-pyridinic  nitrogen-dopants
(depending on the region of the material), and charge can be
globally contributed from both graphitic and hydrogenated-
pyridinic nitrogen-dopants. Both effects would be in the core
of the ORR activity, selectivity and Lewis basicity of these
materials. Unfortunately, high overpotentials and the
undesired production of hydrogen peroxide would be
unavoidable in the oxygen reduction to water on NGs.

Methods

Using numerical basis sets3®* under the PBE functional,*®
periodic DFT calculations at neutral charge were performed
running Dmol3.4! All the electrons were explicitly included in
the calculations under a spin unrestricted approach. Explicit
water molecules and the COSMO%? continuum solvation model
were used as solvation effect treatment. Dispersion forces
were taken into account by the Tkatchenko and Scheffler
method.*® Non-zero dipole moments in the supercells were
cancelled by means of external fields.** Free energy profiles
were obtained by correcting DFT total energies for zero point
vibrational energies and entropies. Potential effects were
incorporated into the free-energy profiles by means of the
computational hydrogen electrode formalism.*> Additional
details are provided in the Electronic Supplementary
Information.

Results and discussion
Energy profiles.

The complete associative mechanism of the ORR can be
schematized as:

0, -»00,,, » 00H,, — 0, +H,0 - OH,,  +H,0 - 2H,0 (1)
\
HZOZ

Therefore, the free-energy profiles for the ORR on the NG
configurations displayed in Figure 1 were estimated, using DFT,
considering the intermediate states: (1) free O,, (2) OO.qs, (3)
OOH,qs, (4) O,4s and (5) OH,q4s. Each energy value was obtained
as the AG of the full cell reaction for the conversion of the
corresponding intermediate into the surface (S) plus two water
molecules. Thus, the calculated AG values are those of to the
reactions:

S+0,+2H, > S+2H,0 (2)

00,, +2H, > S+2H,0 (3)

2| J. Name., 2012, 00, 1-3
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OOH,g, + 2 H, =>S+2H,0 DOI: 10.1(0 9/C9SE00262F
O, +H, +H,0 > S+2H,0 (5)
1
OH-+—H, +H,0 - S+2H,0 (6)

Each NG configuration is identified by a capital letter (G, Z or
A) followed by two hyphen-separated symbols plus,
eventually, the asterisk symbol. The capital letter identifies the
type of configuration: G for graphene, Z for zigzag and A for
armchair nanoribbons. The first of the two hyphen-separated
symbols codify the site of a substitutional nitrogen-dopant (the
local one), using 0 when missing. The second one codifies the
carbon atom tested as the active site. Finally, an asterisk is
added only when an additional substitutional nitrogen-dopant
(the remote one) is introduced in the model (see Figure 1). So,
the notation Z1-2* represents a graphitic material with
abundant zigzag edges, modeled by the periodic unit cell
displayed in Figure 1C, in which a substitutional nitrogen-
dopant is introduced at the site identified as 1 and an
additional one in the site identified by the asterisk symbol, and
where the carbon atom identified as 2 is tested as the active
site.

Table 1 summarizes the ORR free-energy profiles for the most
relevant configurations, i.e., those with an asterisk, because in
real materials there will be always additional nitrogen-dopants
along with a given local one. The consideration of variations on
these models allows concluding that the effect of the remote
nitrogen-dopant is largely independent on the distance, the
exact position and the type of nitrogen (graphitic or
hydrogenated-pyridinic). The profiles corresponding to
configurations without the asterisk are also included as Table
S1 in the Electronic Supplementary Information for
comparison.

Figure 1. Unit cells and sites of the periodic models used to represent different
materials: A) graphene, B) armchair and C) zigzag nanoribbons. Numbers identify
sites tested both as hypothetical active carbon atom and as substitutional
nitrogen-dopant. The “a” letter identifies an additional carbon atom tested as
the possible active site. When additional nitrogen-dopants were included in the
models, they were located in the asterisk-marked sites.

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Free-energy profiles in eV for the complete ORR reaction on different nitrogen-doped graphitic configurations.

icle Ouli
DOI: 10.1039/C9SE00262F

Reactions Configurations
GO-2* G1-2* Z20-1* 20-2* 71-2* Z2-1* AO-1* AO0-2* Al-a* Al1-2* A2-1*
00 (1) -4.93 -4.93 -4.93 -4.93 -4.93 -4.93 -4.93 -4.93 -4.93 -4.93 -4.93
00,4 (2) - -5.27 -4.97 - - -4.76 - - -4.45 -5.03 -4.98
OOH,4; (3) -5.27 -4.64 -3.95 - -5.57 -4.18 -4.98 - -3.87 -4.72 -4.22
(stability) (0.36) (0.33) (0.13)
0,45 (4) -3.32 -1.79 -2.09 - - -1.05 - - -1.18 -1.72 -1.43
OH,4 (5) -2.07 -1.36 -0.55 -2.55 -2.35 -0.72 -1.76 -1.97 -0.54 -1.43 -0.98

The energy profiles G0-2, Z0-1, Z0-2, AO-1 and AO-2 (Table S1)
suggest that, in the total absence of nitrogen (and other
dopants and defects), neither on the basal plane nor at the
edges graphitic materials can activate molecular oxygen
through the 00,4 intermediate, though the Z0-1 configuration
would be very close to that. Moreover, with the only exception
of the Z0-1 configuration, not even OOH,4s would be favorable
enough at low overpotentials on these configurations. By
contrast, the profiles G1-2*, Z0-1*, 72-1*, Al-a*, A1-2* and
A2-1* (Table 1) provide evidence that, in the presence of
nitrogen, the ORR can be favored on specific NG
configurations, sites and conditions.

The potential-dependent energy profiles for the most relevant
configurations at three different potentials are displayed in
Figure 2. At E=0 V, these profiles are always downhill (within
the error of the calculations) for all the at edge configurations
having a remote nitrogen. Thus, all these configurations would
be able to activate oxygen through the 00,4 intermediate and
drive the full ORR to water at this electrode potential, though
it does not imply complete selectivity. The 00,45 formation on
the G1-2* configuration is unfavorable by ca. 0.34 eV, though
OOH,q4s could be also formed by a concerted proton-electron
transfer from solution,*%47 a process that would be favorable in

configuration is unfavorable by only ca. 0.23 eV. This small
value, surmountable with thermal energy, implies that the Z0-
1 configuration would be also active for the ORR, given that
the rest of the steps would be straightforward. This last
observation would explain the increase of the ORR activity on
HOPG materials as the number of edges increase,*® linking the
activity to the presence of zigzag edges.

As the electrode potential increases, the ORR becomes
progressively less favorable. At around E=0.60 V, only the Al-
a* configuration maintains all the reaction steps downhill, with
the intermediate states O,4s and OH,qs in virtual equilibrium
(within the errors of the calculation) with H,0. This is
moreover the most favorable configuration for activation.
Therefore, the complete ORR to water on NGs would be
optimally favored at armchair edges below 0.60 V, being the
reaction deactivated on zigzag edges at lower potentials. The
value is close to the experimental onset value 0.67 V.*8 This
configuration has been also pointed out from experiments.2°
Finally, at £=1.23 V (the thermodynamic equilibrium potential
for the ORR), the limiting steps in the reaction can be
identified. For optimal performance (where the reaction would
take place without significant overpotentials), all the
intermediate energy levels (OOH.4s, Oags and OH,ys) at this

this case. Finally, the 0O,y formation on the Z0-1 potential should have been the same and equal to that of
E=0V E=0.60V E=1.23V
6,0 r
5,0 o [ — Z0-1*
40 = -
T O i — Al-a*
- OOH, 4 0, OOHu o
Tl 0 I - A2-1*
? 2,0 _ads OH.. — s il
LQD - ——" I OO%ss Oags [ OOH, 4
1,0 — \ - 0g————————
' — — 00
I T HO T ———H0 | == OFacs
0,0 —vrn — —
§ § OH,qs O, — — = H,0
-1,0
20 [ I Oads

reaction coordinate

reaction coordinate

reaction coordinate

Figure 2. Free energy profiles for the ORR reaction on different nitrogen-doped graphitic configurations at different electrode potentials (vs. RHE).

This journal is © The Royal Society of Chemistry 20xx
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reactants and products. However, OOH,qs formation for the
most active configuration toward the complete reduction to
water (Al-a*) is uphill by 0.17 eV, whereas O,qs and OH,4s are
more stable than water by -1.29 and -0.69 eV, respectively.
Thus, the most unfavorable steps for Al-a* are the OH,4s and
0,45 removal. By contrast, the OOH_4s formation on the G1-2*
configuration is unfavorable by 0.94 eV, being the molecular
oxygen activation the most difficult step in this case.

Scaling laws

To optimize the catalyst, the OH,ys on the Al-a* configuration
could be weakened. Alternatively, the OOH,4s on the G1-2*
configuration could be strengthened. However, it has been
shown that the OOR intermediate energy levels on metals are
strongly correlated.*> To explore these correlations on NGs,
the reductive desorption free-energies of the intermediates
00,45, OOH,4s, and O,4s (egs. (3) to (5)) are plotted vs. that of
OH.ys (Eonags €9.(6)) in Figure 3. Linear relationships were
obtained for all the intermediates. Thus, is here demonstrated
that the scale law principle operates also on graphitic
materials, which has been already pointed out.*® However, a
singular difference between the 00,ys and O,4s behavior with
respect to OOH,ys on NGs deserves to be highlighted. Two
different fittings for each one of the 0O, and Ouys
intermediates, depending on the presence or absence of
remote nitrogen in the model, were required, implying that
the remote nitrogen has a significant effect on the stabilization
of these intermediates. By contrast, a single linear relationship
allowed the perfect fitting of the OOH, for all the
configurations.

I OOH, (1&2N) .. |
e 0, 0N
Ll 0, (IN) |
v 00, (2N)
00,, (IN)
o ]
i
m | |
4k 4
-/,)
i . ]
v //
[ ]
_6 1 1 1 1 1 1 1 1 1 1 1

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0

EOH ads

Figure 3. Free energy for the reductive desorption of 00,4, OOH,g4s and O,gs vs. that of
OH,ys depending on the total number of nitrogen atoms in the lattice (1N or 2N).

Overpotentials

Considering the formation of OOH,q4, reduction of O,y to
OH,4s and desorption of OH,ys to form water as the potential
limiting steps of the reaction, the performance of the best
conceivable unclustered NG catalyst can be estimated
assuming the scale laws displayed in Figure 3. The electrode
potential as a function of the Egnags for each intermediate step

4| J. Name., 2012, 00, 1-3

is plotted in Figure 4. The intermediate reactiop.having the
lower potential is the limiting step for th@WRSEVEIHO GRR.
Therefore, a truncated volcano curve for the effective
electrode potential is obtained as a function of Egpags. FOr small
energy values of the OH,4 to water reaction, this is the limiting
step. For large energy values for this reaction, the limiting step
is the formation of OOH,q4. For intermediate values (-1.15<
EoHads <0.6 eV), the O,4s reduction to OH,4s is the limiting step.
Thus, the truncated volcano curve points to a best performing
value for Egpags close to -0.6 eV, which imply high
overpotentials. To break the scaling laws giving rise to high
overpotentials, a second active site could be required.>®

EN

-2.0 -1.5 -1.0 -0.5 0.0
eV

EOH{IdS

Figure 4. Energy for the different steps in the ORR as a function of Eqy, showing a
truncated volcano curve.

Selectivity

The molecular oxygen reduction to hydrogen peroxide is
thermodynamically possible for potentials below the standard
redox potential of this reaction (0.69 V). The ORR to H,0, free-
energy profiles for the investigated NG configurations,
according to the equations:

$+0,+H, ->S+H,0, (7)
00,, +H, = S+H,0, (8)
1
OOH, + EHZ — S+H,0, (9)

are summarized for E=0 V in table S2 and displayed for £=0.65
V in Figure 5. All energy steps are very small, indicating that
hydrogen peroxide can be always unavoidably produced when
molecular oxygen is reduced to water on these materials,
which is consistent with previous results.515:21,51,52

This journal is © The Royal Society of Chemistry 20xx
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E=0.65V

2,0
- G1-2*
- Z0-1*
1,5 p— | - Z2-1* -
— Al-a*
A1-2*
10 ———— | = p2+ |-
> 01
g 0'5 r OHads
02 e
0’0 e — ——
HZOZ
OOads
-0,5

reaction coordinate

Figure 5. Free energy profiles for the ORR to H,0, reaction at 0.65 V (vs. RHE).

Primary mechanisms

To associatively activate oxygen on NGs, the active carbon
atom would have to bond the proximal oxygen atom of the
molecule. The mechanism would involve the surface
restructuration, the oxygen double bond degradation to single
bond and the spin-polarized charge location at the distal
oxygen. In the presence of available charge, additional charge
could be paired at the distal oxygen. Though, in doing so, net
charge would be accumulated at this atom. However, under
solvation conditions, charge localized at the distal oxygen
could be stabilized by the solvation effect. Thus, to
associatively activate oxygen on NGs, relatively unstable
carbon atoms and available charge would be required, being
the solvation effect essential.

Conditions under which the described mechanism could
become to operate have been previously identified. 3 It was
found that graphitic nitrogen-dopants, from the basal plane of
unclustered NGs, can contribute charge to even large distance
(Figure 6A), which is consistent with the observation that
graphitic nitrogen-dopants delocalize charge on graphene.>3
Moreover, it was found that unclustered graphitic nitrogen-
dopants at the basal plane destabilize their adjacent carbon
atoms, and that the net charge located at the distal oxygen of
an adsorbed oxygen molecule can be, in fact, stabilized by the
solvation effect.3> Alternatively, ORR on NGs has been also
explained from superoxide.>* However, in any case, it has been
here shown that graphitic nitrogen-dopants at the basal plane
cannot sufficiently destabilize their adjacent carbon atoms to
drive ORR under favorable conditions, which is consistent with
previous results.1®

This journal is © The Royal Society of Chemistry 20xx
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- 1.200e-1
- 6.000e-2
- 0.000

|- -6.000e-2

- -1,200e-1

Figure 6. Monodentate associative chemisorbed states of molecular oxygen on
different unclustered nitrogen-doped graphitic configurations. For each configuration,
the nitrogen layout, the electrostatic potential [Ha per e] mapped on the density
isosurface p=0.01 e A3 and a significant detail are displayed.

Moreover, from Figure 6B-C can be concluded that, also from
the edges, both graphitic and hydrogenated-pyridinic nitrogen-
dopants can contribute charge to even large distance when
they are not involved in the activation of an adjacent carbon
atom. Additionally, when A0-a* and AO-1* vs. Al-a* and A2-1*
energy profiles are compared (Table 1), it can be concluded
that both graphitic and hydrogenated-pyridinic nitrogen-
dopants destabilize certain adjacent carbon atoms at armchair
edges, favoring their activation. Finally, the Z0-1* energy
profile (Table 1) reveals that, in presence of available charge,
carbon atoms at pristine zigzag edges are unstable enough as
for activating oxygen, and the Z2-1* one (Table 1), that
hydrogenated-pyridinic nitrogen-dopants cannot destabilize
their adjacent carbon atoms at zigzag edges.

Unfortunately, the inherent capability of contributing charge
from the surface, which favors the molecular oxygen activation
on NGs, drives desorption of the undesired hydrogen peroxide
anion. To this end, when Z0-1* and Z2-1* energy profiles are
compared (Tables 1 and S1), with the aid of Figure 6C-D, it can
be observed that, in the presence of adjacent nitrogen-
dopants, the required charge for the activation at zigzag edges
is more favorably contributed from the local nitrogen-dopant
than from the remote one. This is so because the activating
carbon atom is already unstable enough on pristine zigzag
edges. The local contribution of charge locally polarizes the
chemisorbed complex, stabilizing the hydrogen peroxide
anion, though only until 0.33 eV.

Ultimate mechanisms

In brief, nitrogen favors the ORR on NGs because both
graphitic and hydrogenated-pyridinic nitrogen-dopants can

J. Name., 2013, 00, 1-3 | 5
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both destabilize certain adjacent carbon atoms and contribute
with charge, but why? Graphitic nitrogen-dopants can
contribute with charge because they delocalized charge on the
surface when they are not involved in the activation of an
adjacent carbon atom. Regarding the ORR on NGs, the
electron-accepting capability of nitrogen has been
emphasized.” Also, the role of the graphitic nitrogen-dopants
delocalizing charge on graphene has been pointed out.>® The
apparent contradiction can be conciliated. The over
stabilization originated by the collective nature of the graphitic
network, to which each carbon atom contribute with four
electrons, would be drastically reduced if each graphitic
nitrogen-dopant would contribute to the structure with only
three electrons. This argument suggests that each graphitic-
nitrogen dopant contributes to the surface with additional
charge, involving its 2s electrons. First, the higher
electronegativity and positive charge at the nucleus displace
bonding charge toward the nitrogen atom (Figure 7A-C). Then,
charge is partially delocalized from nitrogen to their adjacent
carbon atoms, to compensate the previously displaced charge
toward the nitrogen atom, and on the surface, avoiding the
nitrogen atom itself (Figure 7D-F). So, part of the delocalized
charge on the surface can be easily contributed to even large
distance. This mechanism would explain why graphitic
nitrogen-dopants favor the ORR on NGs having an effect on
the limiting current'® and on the current density.?!

Figure 7. Electron density difference isosurfaces between graphene models with and
without a graphitic nitrogen-dopant at A) +5x10! B) +1x10? C) +5x102 D) +1x102 E)
+5x1073 and F) +1x10° e A3. The red color visualizes regions of charge concentration,
meanwhile the blue color represents regions of charge depletion.

Hydrogenated-pyridinic nitrogen-dopants can contribute
charge because, when they are not involved in the activation
of an adjacent carbon atom, they adopt a sp?-hybridized

configuration, which gives rise to delocalized charge on the

6 | J. Name., 2012, 00, 1-3

surface. Before molecular oxygen activation, apd, afterothe
hydrogenation process, hydrogenatedpyridiRi®/CAtErRSgEAE
dopants remain coplanar to the surface, which is the signature
of the sp? hybridization of orbitals. The structure can be then
described as a proton, bonded to the lone pair exposed by the
pyridinic nitrogen-dopant, plus a neutralizing electron, which is
partially localized on the proton and partially delocalized on
the surface. So, part of this delocalized charge can be easily
contributed to even large distance. Note that the
hydrogenation process is essential for pyridinic nitrogen to
contribute charge.3® This mechanism supports the observation
that pyridinic nitrogen-dopants favor the ORR on NGs
enhancing the current density.?!

Both graphitic and hydrogenated-pyridinic nitrogen-dopants
destabilize certain adjacent carbon atoms because they can
exhibit a bimodal bonding behavior, minimizing the
reorganization required to bind intermediates and maximizing
the relaxation of the resulting chemisorbed states. Before
molecular oxygen activation, both graphitic and hydrogenated
pyridinic nitrogen-dopants lie coplanar to the surface,
adopting sp? orbitals-hybridization. However, as can be
observed in Figure 6A-B, after molecular oxygen activation, the
nitrogen-dopant and the adjacent activated carbon atom tend
to be displaced out of the plane in opposite directions. More
precisely, each one of them tends to occupy the center of the
tetrahedron defined by the atoms they are bonded to (for
nitrogen, a vertex is missing). Therefore, being the tetrahedral
disposition a signature of the sp3 hybridization of orbitals, the
activation implies the switching of the activated carbon atom
from sp2-hybridization to sp3. This transition is favored, on
certain nitrogen-doped graphitic configurations, when
accompanied by the same kind of transition of an adjacent
nitrogen atom. To activate oxygen, the electronic structure
around the active carbon atom must be reorganized so that it
can adopt the sp3-hybridization. This reorganization destroys
collective aromatic energy. Therefore, the smaller the
reorganization to activate a carbon atom is required, the more
unstable the carbon atom is. Nitrogen-dopants can destabilize
carbon atoms because specific nitrogen-dopants can reduce
the reorganization required to activate carbon atoms. The
reorganization required to activate oxygen is relatively small at
zigzag edges (Z0-1 and Z2-1), and it can be sufficiently reduced
at armchair edges in the presence of adjacent graphitic and
hydrogenated-pyridinic nitrogen-dopants (A2-1 and Al-a). On
Al-a* (the most active configuration), the electronic structure
reorganization required to bond oxygen is mainly limited to a
single ring (inside the ring, both the active carbon and the
adjacent nitrogen-dopant can switch from sp? to a sp3). As a
result, little aromaticity is destroyed, reason why the oxygen
activation becomes favorable. By contrast, the reorganization
required to activate oxygen cannot be sufficiently reduced
neither in the presence of graphitic nitrogen-dopants at the
basal plane nor on the carbon atoms adjacent to
hydrogenated-pyridinic nitrogen-dopants at zigzag edges. On
Z1-2*, the electronic structure reorganization required to bond
oxygen would involve the whole edge, which would imply
large aromaticity destruction, being thus unfavorable.

This journal is © The Royal Society of Chemistry 20xx
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Moreover, when the sp? to sp3® switching of the activated
carbon atom is coordinately accompanied by the
corresponding switching of an adjacent nitrogen atom, the
resulting chemisorbed complexes that can be better relaxed.
The described mechanism supports the observations, that
molecular oxygen cannot be favorably activated in the basal
plane,'® and that ORR activity is favored by pyridinic-nitrogen
dopants at the edges.16:18-20

Finally, both graphitic and hydrogenated-pyridinic nitrogen-
dopants can exhibit bimodal bonding behavior (sp2-sp3)
because switching is favored by the fact that their most
favorable electronic configuration before activation (sp?) is,
somehow, suboptimal (they give rise to delocalized charge on
the surface). When graphitic nitrogen-dopants switch from sp?
before activation to sp? after activation, the charge delocalized
before activation can be re-localized recovering energy. And,
when hydrogenated pyridinic nitrogen-dopants switch from
sp? before activation to sp3 after activation, hydrogen can be
covalently bonded to nitrogen diminishing the energy. Note
that hydrogenation is essential for pyridinic nitrogen to adopt
the described bimodal bonding behavior.

Conclusions

It has been shown that NGs cannot favorably drive the ORR in
the basal plane and that in the presence of both graphitic
and/or hydrogenated-pyridinic nitrogen dopants oxygen can
be activated on certain carbon atoms at the edges of these
materials. Thus, the investigated activity is much more linked
to the edges, where certain carbon atoms are sufficiently
unstable or can be destabilized by means of adjacent nitrogen-
dopants, and where reaction intermediates can be better
relaxed, than to the presence of specific nitrogen-dopants.
Unfortunately, high overpotentials and the undesired
production of hydrogen peroxide appear unavoidable to
completely reduce oxygen to water on these materials. These
results are consistent with, and provide reasoned explanations
for, a broad set of experimental evidences, enabling to
conciliate previous results. The here described mechanisms for
the bimodal bonding behavior and charge contribution would
be in the core explaining activity and selectivity of the ORR on
NGs. Both graphitic and hydrogenated-pyridinic nitrogen-
dopants can play these roles. Our results can contribute to the
better understanding and future development of nitrogen-
containing graphitic materials and catalysts.
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