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Introduction

Theoretical and Experimental Studies of Highly Active Graphene
Nanosheets to determine Catalytic Nitrogen Sites Responsible for
the Oxygen Reduction Reaction in Alkaline Media

J. Vazquez-Arenas®', A. Galano?, D. Un Lee®, D. Higgins®, A. Guevara-Garcia?, Z. Chen®

Graphene nanosheets with heterogeneously doped nitrogen atoms are synthetized using a facile one-step method based
on extremely rapid heating (temperature ramps > 150 °C s'1). Raman and X-ray photoelectron spectroscopy reveal efficacious
nitrogen incorporation into the graphitic network. A half-cell testing conducted in alkaline media with a rotating disk
electrode technique shows that the N-doped graphene nanosheets present a very comparable Oxygen Reduction Reaction
(ORR) activity to the state-of-the-art commercial 20 wt% Pt/C catalyst. The outstanding catalytic activity of metal-free
carbon-based graphene nanosheets is ascribed to the opened structure produced by the facile one-step synthetic procedure
resulting in significantly enhanced active site exposure. Density functional theory is used to elucidate the electrochemical
properties of these nanosheets on the basis of bandgap, vertical ionization energies, and adsorption free energies of
intermediate species ("OOH, 30, *OH, and *H) formed during the ORR associative mechanism occurring in alkaline media. A
systematic analysis is conducted by comparing pristine graphene and N-doped graphene nanosheets of multiple sizes
containing single and all together pyridinic, pyrrolic and graphitic species to determine the adequate size of the cluster and
the most catalytically active N site to perform the ORR. From all possible adsorption sites for the intermediates including
nitrogen on a larger cluster model with 37 rings doped with all type of nitrogen bonding, the adsorption on top of any carbon
adjacent to a central graphitic nitrogen represents a significant reduction in the energy barrier of the ORR electrocatalysis.
Theoretical calculations of the bond strengths of all possible species show that the removal of 30 species from the electrode
surface to form OHags is the rate-controlling step of the ORR mechanism. Consistently, a surface electrode potential of 0.918
V vs SHE computed for this reaction step is close to 0.867 V vs SHE reported for the second reaction (OOH/OH") of the
mechanism with two consecutive 2-electron transfer steps obtained under standard conditions.

nitrogen doped carbon catalysts (N-CNTs).6 7 Metal free
graphene nanosheets (GN) have attracted a tremendous

The development of new cathodes for low temperature fuel
cells has spurred the research of low cost and durable materials.
Typically, these compounds contain Platinum nanoparticles
supported on carbon black having high surface area, as a result
of intrinsically sluggish nature of kinetics of ORR on most
substrates.? 2 The limited natural abundance of platinum, and
gradually increasing cost, renders its long term applicability
unpractical for commercial purposes. Thus, it has become
crucial to investigate non-noble materials displaying a similar
performance, in order to minimize the use of platinum.
Non-noble electrocatalysts have been synthetized as
alternatives to Pt-based catalysts including enzymatic
compounds,?® metal chalcogenides,* 5> metal free graphene and
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attention for energy applications as result of its structure:
atomic thick planar sheets of sp2-bonded carbon atoms,
densely packed in a 2D honeycomb crystal lattice.®11 This
crystallographic structure delivers exceptional physical and
chemical properties such as high theoretical surface area (2630
m?2 g1), electrical conductivity (i.,e. 106 S cm™ at room
temperature) and chemical/mechanical stability; and the
capacity of functionalization and fabrication.2

In order to attain adequately high kinetics of ORR,13-22 the
chemical and electronic properties of the GN structure can be
modified by nitrogen doping (N-GN), which forms up to five
valence bonds with the adjacent carbon atoms having the
highest positive charge. This role has been confirmed where
more electronegative nitrogen removes electrons from
adjacent carbons, which on their turn act as the active site for
the ORR.13-17. 23 The pyridinic nitrogen type (sp? hybridization)
located at the edges or defects of the GN possesses a localized
electron lone pair which highly modifies the local electron
density to enhance electrocatalytic reactions. The pyrrolic
nitrogen type (sp3 hybridization) forms part of a five membered
ring structure, and the graphitic nitrogen (sp3 hybridization)
results from the carbon substitution by nitrogen in the GN. A
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fourth type of nitrogen identified as oxidized pyridinic has been
also found in carbonaceous materials, however, electrocatalytic
properties have not been assigned to this species.?*26 Some
studies have reported that the increase of the overall nitrogen
content, including typical nitrogen functional groups (graphitic,
pyrrolic and pyridinic species, refer to Fig. 1) and edge plane
defects deliver higher degree of electrocatalysis compared to
traditional Pt-based catalysts.2®> 27 However, there
controversy since other studies report that N content in excess
could actually introduce a large number of defects into the
carbonaceous structure, leading to a poor electronic
conductivity. To this concern, a more important aspect to
consider is the predominance of a nitrogen-bonding type upon
the performance of the catalyst for ORR. Ni et al found that all
nitrogen species lower the energy barriers for oxygen molecule
dissociation, but graphite-like nitrogen (i.e. graphitic) and
Stone-Wales defect nitrogen are more effective for this process
than pyridine-like nitrogen.28 Thus, an adequate level of
nitrogen bonding with catalytically active species could be more
critical than the overall nitrogen content to obtain high
performance GN catalysts.

Density functional theory has been successfully used to
describe the ORR mechanism on different carbonaceous
materials, mainly on the basis of binding energies computed for
intermediates formed during the course of ORR.2%-38 Although
these studies have been decisive to evaluate the energy barriers
arising with N doped carbonaceous structures, they have mostly
focused on acidic environments,?®: 3% 33, 35 ysing platinum (Pt)-
based catalysts,3°43 or nitrogen free Pt/CNTs.34 44,45 |n general,
alkaline conditions are more favourable from an application
standpoint, owing to the significantly more facility ORR kinetics
and less corrosive conditions encountered in comparison to

is a

acidic conditions. This enables the use of non-precious metal
catalysts in alkaline conditions, providing substantial cost
savings. In addition, the use of nitrogen-doped nanocarbon
electrocatalysts in direct methanol fuel cell (DMFC) operating
under alkaline conditions is advantageous due to their high
tolerance to methanol which enhances stability.4¢-4° However,
to our current state of knowledge, only one study has been
intended to analyse solvent interactions, surface adsorbates
and coverages in alkaline media, determining that the ORR
associative mechanism is energetically more favourable than
the dissociative one, and where the consumption of O species
was the rate-controlling step.3? Nevertheless, the absence of
pyrrolic and pyridinic-type nitrogen species in their computed
structures and the excessive amount of overall nitrogen content
could hinder crucial information of the ORR under alkaline
conditions. Experimentally, it is challenging to control the
concentration of a single nitrogen species in N-GN and CNTs.13-
17, 26, 50, 51 Consequently, most catalysts synthesized for ORR
should contain pyridinic, pyrrolic, and graphitic nitrogen species
as a function of the type and amount of precursor utilized.
Nitrogen-doped species have been individually considered in
carbonaceous materials, but their combined effects (e.g.
electronic, structural, energy barriers) towards ORR activity
remain unknown, even for acid conditions.

2| J. Name., 2012, 00, 1-3
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Figure 1 Nitrogen functional groups contained in doped
carbonaceous materials, typically related to the ORR
electrocatalysis.

Thus, this study aims to evaluate the ORR on N-GN
containing pyridinic, pyrrolic and graphitic species in alkaline
media. N-GN are experimentally synthesized, and characterized
to provide information of the structures of these catalysts,
which on its turn is connected to quantum mechanics
calculations to compute their properties, as well as the
phenomena and interactions involved in the ORR mechanism.
The synthesis of the experimental N-GN is carried out by a facile
one-step method recently implemented by Lee et al.,52 which
utilizes extremely rapid heating of graphene oxides (GO) from
room temperature to temperatures higher than 800 °C within
five seconds (temperature ramps = 150 °C s'1). This procedure
leads to the removal of most of the evolved gases in a very short
period time which helps to maximize the expansion of the
graphene nanosheets in order to enhance the ORR
electrocatalysis.

In addition, analyses of the ground state N-GN structures are
performed based on properties such as bandgap, vertical
ionization energies, and the free energies for the adsorption of
the intermediate species formed during the ORR associative
mechanism in alkaline media. To that purpose the density
functional theory (DFT) was used. A comparison is made with
the energies of pristine graphene and catalysts with single
nitrogen species, in order to highlight the advantages of N
doping and the presence of all nitrogen species upon catalysis,
respectively. Gibbs free energies for the adsorption processes
between the intermediates and the N-GN are computed for
multiple possible actives sites, including nitrogen and adjacent
carbon atoms, in order to determine the most favourable ORR
active sites. The free energy of the most active site is
subsequently utilized to calculate the reduction potentials,
which are compared against the potential value of an overall

two-electron transfer steps obtained under standard
conditions.
Experimental

Synthesis of N-Graphene Nanosheets

An extremely rapid heating rate was utilized to synthesize N-GN
having highly opened structure, combining thermal reduction
and ammonia treatment into a one-step process without using
a substrate. The GO used for N-GN preparation was based on a
modification of Hummer’s method>3 using natural graphite
flakes. Multiple synthesis were experimentally conducted to
analyse the influence of a slow (5 °C min-1) and a rapid (~150 °C
sec’!) heating rate, as well as the temperature at which the
synthesis was carried out (800 °C, 900 °C, 1000 °C, and 1100 °C),

This journal is © The Royal Society of Chemistry 20xx
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upon the degree of expansion of the graphene nanosheets and
its effect on the electrochemical performance. These conditions
revealed that the N-GN fabricated at 1100 °C using a rapid
heating ramp (= 150 °C s'1) present an unique open-structured
morphology with large interlayer spacing, highly suitable for the
electrocatalysis of ORR, whence only these conditions are
utilized in the present study. Further details of the complete
experimental analysis have been formerly reported by Lee et
al.>?

Structural and Chemical characterization

X-ray diffraction (XRD) was conducted using an AXS D8 Advance,
Brunker equipment to investigate the structural modification of
the N-GN after synthesis. Raman spectroscopy (LabRAM HR,
HORIBA scientific) was used to analyse the graphitic bonds, and
X-ray photoelectron spectroscopy (XPS) (K-Alpha XPS
spectrometer, Thermal Scientific) was performed to determine
the atomic composition of the graphene nanosheets and to
quantify the nitrogen species (pyridinic, pyrrolic, and graphitic).

Oxygen Reduction Reaction

The ORR electroactivity of N-GN was tested in 0.1 M KOH using
a three-electrode cell: a glassy carbon electrode (diameter: 5
mm) coated with a suspension of 20 uL of 4 mg mL1 N-GN (0.5
wt% Nafion in ethanol) was used as the working electrode
(catalytic loading of ca. 0.4 mg cm~2). The electroactivity of this
material was compared with a 20 wt% Pt/C coated working
electrode prepared on a glassy carbon with the same loading. A
saturated Calomel Electrode (SCE) and a platinum wire were
utilized as reference and counter electrodes, respectively. All
the electrochemical measurements were conducted using a
rotating disk electrode (RDE) at room temperature, using a
potentiostat (Pine Instrument Co., AFCBP-1).

Computational details

The electronic calculations have been carried out with the
package of programs Gaussian 09, Revision D.01.5* We have
used a dual level procedure to calculate the energies of the
systems of interest. This strategy has become common in the
study of large systems, because it significantly reduces the
computational costs, and at the same it usually reproduces the
main features of the reaction path correctly. It is known as B//A,
and consists of geometry optimizations at a given level (A)
followed by single-point calculations (without optimization) at
a higher level (B). In the present case the semi-empirical
method PM65> was chosen as level A, while PBEO/6-31+G(d)
corresponds to level B. The reliability of this dual level approach
is mainly ruled by the similarity between geometries obtained
at both levels of theory. Accordingly, this was tested for some
representative cases and the validity of using this particular dual
level combination was demonstrated. Therefore, PBEO energies
obtained at the PM6 geometries, are the ones used for the
analyses. In addition, cluster models were used instead of
periodic ones because pyridinic and pyrrolic sites are terminal,

This journal is © The Royal Society of Chemistry 20xx
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thus finite models are needed to include these structural
features.

PM®6 was chosen for geometry optimizations because of the
large size, and number, of the studied systems, which leads to
high computationally demanding calculations. This semi-
empirical method has been proven to be superior to other semi-
empirical quantum mechanical (QM) methods in various
aspects, including geometries.>> %6 In fact, it has been proposed
that PM6 currently represents the state of the art in the
development of semi-empirical QM methods.>®

Validation of PM6 geometry optimizations

Since PM6 has been used for geometry optimizations in this
work, we have tested its reliability for this purpose using model
systems of similar nature to those involved in the presented
investigation. They are of two different sizes, comprising 7 and
19 hexagonal rings (R7 and R19, respectively) including,
separately or simultaneously, the different types of N sites
investigated in this work (graphitic, pyridinic, and pyrrolic).
Selected geometrical parameters, representative of the whole
system have been analysed. They are bond distance and bond
angles involving the atoms highlighted in Fig. 2.

It was found that the parameters obtained from PM6
calculations are in very good agreement with those obtained at
PBEOQ/6-31+G(d) level of theory (Supporting Information, Tables

Figure 2 Model structures used to test the performance
of PM6 for geometry optimizations.

J. Name., 2013, 00, 1-3 | 3
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1S to 4S). The mean unsigned error (MUE) in the distances are
0.016, 0.015 and 0.016 A for R7, R19, and the whole set of
distances, respectively, while for the angles the MUE are 1.36°,
0.81°, and 1.04°. Therefore, it can be stated that the deviations
in geometry are similar regardless of the size of the cluster
model used to mimic graphene. Moreover, they are also similar
for pristine, as well as for N doped structures. In all the cases
the percent deviation is lower than 1.2%. Considering the
gathered geometrical data altogether the percent deviation
between PM6 and PBEO/6-31+G(d) geometries is equal to
1.07%. This means that PM6 geometries are close enough to
those of PBEOQ/6-31+G(d), and thus the B//A dual level strategy,
which involves performing geometries optimizations with PM6
and then calculate energies using PBE0/6-31+G(d) at PM6
geometries is adequate. This strategy enables using a larger
cluster model, with 37 rings, for the rest of the study.

In order to compare our results using clusters models, we
have performed first-principles DFT spin-polarized calculations
using the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional and the projector-augmented wave method as
implemented in VASP 5.3.5 code. A Gamma centered 24X24X1
k-point mesh was used for sampling the Brillouin zone with an
energy cutoff of 600 eV. These settings guarantee convergence
of total energy differences within 0.01 eV. Our N-GN model
contains 1 N and 31 C atoms. The positions of the atoms were
fully relaxed in a hexagonal cell of a=9.85 and ¢=20.00 A. A
comparison between the density of states obtained for a N-GN
graphitic cluster model, and the density of states of a N-GN
graphitic periodic model is included in the supporting
information (Fig. 7S). As observed, the density of states for the
cluster model exhibits similar features to the ones displayed in
the periodic calculation, suggesting that the proposed cluster
models are able to capture the same chemistry of larger
systems. Note that in both cases an increase of states near the
Fermi level is observed.

Results and discussion
Experimental insights of the N-GN

After the rapid heating process, the obtained N-GN clearly
shows voile-like structures with large voids and expansions
between the graphene sheets (Fig. 3a). The highly opened
structure of N-GN is attributed to the rapid heating process
where the gases generated during the conversion expands the
empty spaces between the sheets as they escape with very high
kinetic energies. The morphology of N-GN is very different from
previous reports of similarly thermally produced graphene that
show accordion or work-like morphologies.>”- 58 In addition to
the opened structure, the graphene sheets of N-GN are
observed to have wrinkles, which likely have formed by the
heterogeneous nitrogen atoms creating deformations in
pristine graphitic structures due to exposure to ammonia during
the heat treatment.>® The wrinkled graphene sheets can also
help to prevent re-stacking of N-GN to maintain active surface
area which is crucial for the ORR activity. Similar to the SEM
observations, the TEM image of N-GN shows folds and wrinkles

4| J. Name., 2012, 00, 1-3
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Figure 3 a) SEM, and b) TEM images of N-GN produced by
rapid thermal treatment. Inset: SAED pattern of a few
layers of N-GN. Reproduced with permission from J.
Electrochem. Soc., 160, F910 (2013). Copyright 2013, The
Electrochemical Society.

in the graphene sheets (Fig. 3b). The uneven edge of N-GN is
another indication of the addition of nitrogen species, which
have likely doped the edge of the graphene sheets more readily
than the basal plane. In fact, the basal plane of N-GN is observed
to still maintain its graphitic structure showing no large defects
or perforations, which is very important for efficient transport
of charges during the ORR. The selected area electron
diffraction (SAED) pattern of the basal plane of N-GN shows a
hexagonal symmetry, which signifies the existence of
symmetrical three-fold sp? bonding of carbon atoms, again
emphasizing primarily graphitic structure of N-GN.¢°

Of particular interest for the present study is the chemical
characterization of the N-GN structures to evaluate their
composition (i.e. nitrogen functional groups) and ORR
mechanism. To this concern, X-ray diffraction was utilized to
evaluate the structural change from GO to the N-GN after the
synthesis carried out at 1100 °C using a rapid heating ramp. Fig.
4 shows a shift in the 002 reflection assigned to the layer-to-
layer distance in the graphitic structures, as a result of the
elimination of the oxygen groups of GO upon thermal reduction.
As reported by McAllister et al,>” the GO lowered down from a
d-spacing of 8.57 A (26 =10.3°) to a value of 3.50 A (26 = 25.4°)
for N-GN .

This journal is © The Royal Society of Chemistry 20xx
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Figure 4 X-ray diffraction patterns collected for GO and N-
GN samples. Reproduced with permission from J.
Electrochem. Soc., 160, F910 (2013). Copyright 2013, The
Electrochemical Society.

In order to confirm successful formation of N-GN through
the structural deformation induced by thermal reduction and
ammonia treatment, Raman spectra were collected for the GO
and the N-GN. Fig. 5 shows two characteristic peaks obtained
for both samples around 1350 (D band) and 1590 cm~1 (G band).
The peak recorded at low shifts can be associated with some
degree of disordering within the N-GN, triggered by defects in
the planes. On the other hand, the peak located at high shifts is
typical of the sp2 bonds with E2g vibrational mode, which are
characteristic of any carbonaceous structure. In order to
rationalize the intensity values of these bands in terms of the
structural deformation, it is needed to calculate the ID/IG ratio.
A comparison of these values reveal that a higher ratio of 1.14
is obtained for the N-GN, while 0.97 is estimated for the GO.
Similar ratios have been reported in the literature.®! This finding
enables to confirm the expansion of GN and the incorporation
of the heterogeneous nitrogen species into the graphitic
structure, leading to the formation of N-GN structures having
increased edge planes and favourable defects for
electrocatalysis of ORR.

Intensity / a.u.

1300 1600 1900

Raman shift/ cm™

1000

Figure 5 Raman spectra collected for GO and N-GN
samples. Reproduced with permission from J.
Electrochem. Soc., 160, F910 (2013). Copyright 2013, The

This journal is © The Royal Society of Chemistry 20xx
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X-ray photoelectron spectroscopy was carried out to
determine the N-bonding type contained in the N-GN. As
observed in Figure 6a, the XPS spectra measured for the GO and
N-GN structures display the typical peaks associated with the O
and C species. The intense O peak results in the GO from oxygen
groups formed during the implementation of Hummers’
method, while its intensity decreases for N-GN as a result of the
thermal reduction, which shrinks the oxygen content in the
catalyst. A particular peak corresponding to the presence of
nitrogen species is only detected for N-GN around 400 eV. Note
that this peak is absent in the GO, thus, corroborating effective
doping of nitrogen species in-plane the graphene nanosheets.
Spectral de-convolution of nitrogen functional groups was
carried out from the overall XPS spectrum measured for N-GN
(Fig. 6a). Fig. 6b shows a high-resolution N1s spectrum of N-GN
sample with a 3.5 at% of nitrogen distributed into three species:
1.59 at% pyridinic (45.4 %), 0.69 at% pyrrolic (19.6 %), and 1.22
at% graphitic (35 %), thus, confirming the existence of these
nitrogen species at doping levels within the electrocatalyst.
Electrochemical measurements were performed with the N-GN
and commercial carbon supported 20 wt% Pt (Pt/C) catalysts to

a C1s
~
5 01s
° \
>
2 N 1s
o H |
£ N-GN g
600 500 400 300 200
Binding Energy / eV
b N 1s
Pyridinic
=]
g Quatemary Pyrrolic
2
©
c
Q
E
402 202 200 398 396

Binding Energy / eV

Figure 6 a) Full X-ray photoelectron spectroscopy spectra
collected for GO and N-GN samples; b) De-convolution of
nitrogen functional groups (N 1s) obtained from the overall
XPS spectrum for N-GN. Gray line: original signal, red curve:
curve fitting, blue: graphitic-type, green: pyrrolic-type,
pink: pyridinic-type. Reproduced with permission from J.
Electrochem. Soc., 160, F910 (2013). Copyright 2013, The
Electrochemical Society.
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compare their ORR activity, and demonstrate their practical
feasibility in O,-saturated KOH electrolytes (0.1 M). Polarization
curves were recorded for these materials from 0.2 V to -1 V
using a scan rate of 10 mV s~1 and an electrode rotation speed
of 900 rpm. All the electrochemical measurements were
corrected from ohmic drop, by subtracting the currents
obtained under the same testing conditions in an electrolyte
previously bubbled with Argon gas.

The RDE measurements have been conducted with N-GN to
obtain ORR polarization curves at various electrode rotation
rates (Fig. 7a). Based on these curves, Koutechy-Levich (K-L) plot
of N-GN has been obtained at various potentials -0.50, -0.55,
and -0.60 V vs. SCE (Fig. 7b). The K-L analysis has been carried
using the following equations.

11,1

141 1
j jK+fL M

ji = 0.2nFD*3v=16C,wl/2  (2)

The equation (1) shows relationship between the observed
current density (j), kinetics current density (jx), and limiting
current density (j.). Then the number of electrons transferred
per O, molecule during the ORR, n, can be calculated using the
K-L equation (equation 2), where F is the Faraday constant (96

a NGN

2
=

1
(3"

Current Density / mA em’
&=

=100 rpm
-6 svorm
w1600 rpm
-0.8 -0.6 -0.4 -0.2 0.0
Potential / V vs. SCE
800 b NGN

050V

A 055V
200F v 060V
0.02 0.04 0.06 0.08 0.10
0.5
(0]

Figure 7 a) RDE measurements of N-GN obtained at
rotation rates of 100, 400, 900, and 1600 rpm; b)
Koutechy-Levich plot of N-GN obtained at potentials -0.50,
-0.55, and -0.60 V vs. SCE. Reproduced with permission
from J. Electrochem. Soc., 160, F910 (2013). Copyright
2013, The Electrochemical Society.
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485 C mol?), D, is the diffusion coefficient of O, (1.9 x 10> cm?
s1)in 0.1 M KOH, v is the kinematic viscosity of 0.1 M KOH (0.01
cm?s1), and G, is the concentration of O; in the electrolyte (1.1
x 10® mol cm3).62 At the ORR potentials of -0.50 V, -0.55 V, and
-0.60 V vs. SCE, the calculated value of n is 4.0, which is an
indication of highly efficient electrochemical reduction of O;
occurring via a pseudo four-electron reduction pathway (O, +
2H,0 + 4e- = 40H"). Typically, ORR using a metal-free carbon-
based catalyst involves an electron number less than four.
However, highly ORR active nitrogen-doped carbon species
have been reported in the literature to undergo the four-
electron pathway.33 63

Fig. 8 shows the ORR curves of N-GN and commercial Pt/C
catalysts obtained at 900 rpm, which are shown to demonstrate
comparable on-set potentials of -0.050 and -0.039 V vs. SCE,
respectively. In terms of half-wave potential, N-GN outperforms
commercial Pt/C by demonstrating -0.164 V vs. SCE compared
to more negative shifted potential of -0.179 V vs. SCE obtained
with Pt/C. Additionally, both N-GN and Pt/C demonstrate
comparable limiting current densities at the high overpotential
region. These results are indicative of excellent ORR activity of
N-GN as a metal-free carbon-based catalyst.

To date, the remarkable ORR performance on nitrogen
doped graphene nanosheets has been established, however,
the specific electroactive nitrogen species towards ORR could
not be determined using the above experimental results. It is
only clear that the overall nitrogen content influences the ORR
electrocatalysis, but this may not be the most crucial factor as a
specific nitrogen species can be more effective towards
improving ORR. This is in line with the finding that not all
nitrogenated carbon materials catalyse the ORR.%* Table 1 and
other studies in the literature show a general trend for N-doped
carbonaceous materials, when the growth temperature is
increased, the nitrogen content within the catalysts decreases
due to the decomposition of the nitrogen species at high
temperatures.?> 52 5% 65 | jkewise, the nitrogen type varies with
the augment of the synthesis temperature. Graphitic N is
typically more predominant at high temperatures above 750 °C,
while pyridinic N is more abundant in catalysts formed below

0 ====20wt% PtC
———N-GN

i/ mA cm?

0.8 0.6 04 02 0.0
Evs SCE/V

Figure 8 ORR polarization curves of Pt/C and N-GN

obtained at 900 rpm. Reproduced with permission from J.

Electrochem. Soc., 160, F910 (2013). Copyright 2013, The

Electrochemical Societv.
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550 °C, although this condition may depend on the precursor.24
25,67, 68 Nevertheless, electrochemical characterization of ORR
should be connected to these compositions in order to
determine more electroactive sites for this reaction. This
conclusion is difficult to draw from the composition of nitrogen
species reported in the literature for different N -doped
carbonaceous materials (Table 1), as a result of the multiple
conditions (e.g. precursor, temperature, substrate, time,
technique) of synthesis utilized to prepare the materials.
Although most studies have assigned the ORR electrocatalysis

als Chemistry

ARTICLE

to graphitic N and pyridinic N (in that order, refer to Table 1).
These particular asseverations only rely on the individual at% of
the nitrogen species found from XPS analysis, or a higher at%
increase compared when a determined variable is being
modified during synthesis (e.g. temperature, precursor), thus,
there is a divided opinion. A fairer comparison can be
established by analysing the single reactivity of each nitrogen
species and their adjacent carbons, considering the presence of
all nitrogen species which have been experimentally confirmed

Table 1 Distribution of Nitrogen species calculated from the de-convolution of the N 1s peaks of XPS analysis obtained from

different sources in the literature.

Nitrogen species

Carbonace Temp. * Total N
ous Q) content pyridinic N pyrrolic N graphitic N Oxidized N Ref.
structure (at %) (at %) (at %) (at %) (at %)
N- Not quantified
300-1100 ~3-5 Higher temperature (= 900 ° C) incorporated more graphitic N into the 2,65
Graphene
graphene
1-NG 5 (33 %) (26 %) (15 %) (25 %)
2-NG 800 3 (42 %) (26 %) (24 %) (8 %) 20
3-NG 5 (45 %) (29 %) (21 %) (5 %)
1-NC 200 6 (56 %) (24 %) (12 %) (8 %) n
2-NC 4 (50 %) (26 %) (15 %) (9 %)
NDEEZ 200 3.7 (59 %) (25 %) (16 %) - »
N-CNT-CM 2.3 (54 %) (33 %) (13 %) -
N-CNT ** 4.74 1.6633 2.1761 0.9006
ED ’ (35.09 %) (45.91 %) (19 %)
N-CNT ** 800 248 0.3678 1.6916 0.4206 2%
DAP (14.83 %) (68.21 %) (16.96 %)
N-CNT ** 1.20 0.3492 0.7604 0.0904
DAB ’ (29.10 %) (63.37 %) (7.53 %)
N-CNT ** 43 1.7 0.4 2.2 i
P4AVP ' (39.53 %) (9.30 %) (51.17 %)
N-CNT ** 1173 8.4 5.2 0.4 2.8 ) »
PMVI (61.90 %) *** (4.76 %) (33.34 %)
N-CNT ** 10.7 4.3 0.7 5.7 )
P4AVP ’ (40.19 %) (6.54 %) (53.27 %)
N- Not quantified
900 - Larger amount of graphitic N presents a higher ORR electrocatalysis than 50
Graphene .
pyridinic N
N- 800 28 1.5455 0.9352 0.3192 )
Graphene (55.20 %) (33.40 %) (11.40 %) .
N- 900 28 1.5596 0.8484 0.3892 i
Graphene (55.76 %) (30.33 %) (13.91 %) ***
N-Porous 6.88 1.85 1.69 2.06 1.28
Carbon (26.89 %) (24.56 %) (29.94 %) (18.61)****
N-Porous 0.96 1.49 1.06
Carbon 1000 351 (27.35 %) ) (42.45 %) (30.29)**** *
N-Porous 347 0.68 ) 2.26 0.53
Carbon (19.59 %)*** (65.13 %)*** (15.28%)****

* Synthesis condition
** Modification of the precursor

*** Highest ORR electrocatalysis assigned to a specific N species in the study

*¥*%% pyridinic N+-O-

This journal is © The Royal Society of Chemistry 20xx
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(Figure 6). This approach cannot be evaluated experimentally,
whence ab initio methods for these purposes.

DFT analysis
The cluster models used to mimic pristine and N doped
graphene nanosheets are shown in Fig. 9, and were constructed
based on the structures experimentally synthesized and
characterized (refer to the previous section). For the N-GN we
have included structures with increasing number and varying
proportions of the different N sites (graphitic, pyridinic, and
pyrrolic) to help analysing the effects of these sites on the
graphene reactivity.

Since the oxygen reduction is the key factor studied in this
work, the oxidation of N modified graphene was first

H H
H

H

H
H

H
R37-1ale

WO
R37-1a2ble H

Journal Name

investigated. To that purpose vertical ionization energies (VIE)
have been calculated as:
VIE = En-1(gn) — En(gn) (3)

where En(gn) and En-1(gn) are the total energies of the N and (N-
1)-electron systems calculated at the gy geometries. In addition
the band gap (BG), considered as the energy difference
between the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) has also been
analysed. These two criteria (VIE and BG) are expected to be
inversely proportional to the facility of the electron transfer
through the studied materials.

Due to the inherent structure of the different N sites, in the
calculations their presence have an effect on the multiplicity of

R37-1alb2c i

Figure 9 Model structures used to mimic pristine and N doped graphene

8 | J. Name., 2012, 00, 1-3
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the whole system, depending on the number of graphitic N sites
(type a). The structures with an odd number of this kind of sites
are open shell systems, and thus their IE and BG are expected
to be lowered by this reason. Thus, the results obtained in these
cases should be analysed carefully. This is also why we have
included several structures with even number of graphitic sites,
i.e. to guarantee that the comparisons with other structures
allow drawing fair conclusions about the relative effects of the
different sites. Another important consideration is that because
pyridinic (b) and pyrrolic (c) sites are, necessarily, terminal sites;
they will be less abundant than graphitic sites in experimentally
produced materials, unless the catalysts contain a considerable
amount of defects. For the structure with 4 N sites, two of them
being graphitic N, we have used two different models, one with
both sites near the edge of the structure (R37-2alblc) and the
other one with one graphitic site close to the center of the
structure (R37-2a’1blc) to investigate the possible influence of
location on the effects from this type of sites.

The first finding that stands out is that the presence of the
N sites systematically reduces the BG of the modeled structures
(Table 2) regardless of the type or number of N. This strongly
suggests that the electron flux through the N doped structures
is increased with respect to the pure C. As mentioned before
the models that are open shell species (indicated with a * in
Table 2) present significantly lower BG values than the pristine
C structure. However, this is caused at least in part for presence
of an unpaired electron. These models are included in the
present study only for possible further theoretical studies in the
subject. Among the closed shell species R37-2a presents the
lowest BG value, followed by R37-2a’1blc then R37-2albilc. All
the other studied closed shell species have BG values, which are
only slightly lower than that of the pure C structure. It seems
interesting to note that such structures do not present graphitic
N sites. In addition comparing the values for R37-2a’1b1c and

Table 2 Vertical ionization energies (VIE, eV), and HOMO-
LUMO band gaps (BG, eV) for the computed structures.

Structure N site Multiplicity VIE BG
R37 0 1 5.88 2.47
R37-1a * 1 2 4.47 1.04
R37-1b 1 1 5.95 2.39
R37-1c 1 1 5.87 2.43
R37-2a 2 1 4.36 0.86
R37-2b 2 1 6.03 2.32
R37-2c 2 1 5.75 2.39
R37-1lalb * 2 2 4.65 0.96
R37-lalc * 2 2 4.57 1.05
R37-1blc 2 1 5.90 2.39
R37-2alblc 4 1 4.56 1.12
R37-2a'lblc 4 1 4.59 0.97
R37-1a2blc * 4 2 4.76 0.92
R37-lalb2c * 4 2 4.63 1.17

* Open shell structures.

This journal is © The Royal Society of Chemistry 20xx
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R37-2alblc it seems that the effect of increasing the electron
flux, caused by the presence of graphitic N sites is larger when
these sites are located in central positions, instead of near the
edges. This seems to be an important finding since, as
mentioned before, central graphitic sites are expected to be the
most abundant sites in actual doped materials, due to the
proportions of central vs. terminal sites in N-GN structures.

Regarding VIE, the effect of the N sites is also to reduce their
values. However, in this case three exceptions were found. They
correspond to structures R37-1b, R37-2b, and R37-1blc, with
the highest value of VIE corresponding to R37-2b. It is
interesting to note that these structures are just the ones that
do not present graphitic N sites. On the other hand the lowest
VIE value corresponds to structure R37-2a, which also presents
the lowest BG value, among all the studied closed shell species.
These results suggest that the presence of graphitic sites in
carbon surfaces might be crucial to increase their catalytic
properties, since they seem to be related with the decreasing of
ionization energies, i.e. the materials presenting this type of
sites are more easily oxidable.

The next step in the investigation deals with the interaction
of the studied structures with several chemical species that are
expected to be present in the actual systems (30,, *OOH, 30,
*OH, and H*®). To that purpose we have used only the R37-
2a’lblc structure because it includes all types of the N sites, is
a closed shell structure, and presents graphitic N sites in two
different relative positions, i.e. near the center and the edge.
The site numbering referred in the present study regarding the
adsorption of the chemical species mentioned above is shown
in Fig. 10. It has been established in such a way that the starting
letter indicates the type of N site, i.e. a for graphitic (central), a’
for graphitic (close to the edge), b for pyridinic, and c for
pyrrolic. For comparison, similar calculations of the interactions

Figure 10 Site numbering in the R37-2a’1blc to account for the
adsorption processes.

J. Name., 2013, 00, 1-3 | 9
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Table 3 Bond distances (A) for the adsorption of the
intermediates participating in the ORR mechanism.

"O0H 30 "OH "H

PristineG ~ 1.500 1.411 1.452 1.148

al 1.489 1.235 1.446 1.141

a2 1.485 1476 1.449 1.144
1.459

a3 1.486 1.401 1.451 1.141

a’l 1.478 1.408 1.439 1.142

a2 1.498 1377 1.455 1.148

a’3 1.491 1474 1.453 1.143
1.474

a’4 1.474 1.379 1.441 1.141

a’s 1.453 1.358 1.439 1.120

a’6 1.460 1.401 1.436 1.118

b1 1.459 1.254 1.444 1.129

b2 1.460 1.372 1.430 1.126

cl 1.484 1470 1.448 1.147
1.468

c2 1.490 1.284 1.452 1.143

3 1.495 1.283 1.455 1.148

of the 30,, *"O0H, 30, *OH and *H species in the site al of an un-
doped pristine graphene structure are carried out.

For the direct 30, adsorption on the different sites, any
attempt to bond one of the O atoms to the sheet invariably led
to the separation of the fragments, i.e. no chemical adsorption
was found on any of the studied sites. When the modelling is
performed trying to obtain a double anchored structure, i.e.
with both O atoms bonded to the surface the reactions become
thermochemically unviable, with significantly positive Gibbs
energies of reaction. Therefore, these results indicated that the
oxygen does not bind to the studied non-doped and doped
surfaces, and in the last case regardless of the presence of
different N sites.

For all the other cases ("OOH, 30, *OH, and °H) proper
adsorption products were found at all the studied sites. The
bond distance of the formed adducts are reported in Table 3. In
general for the formed O-C bonds the distances increase in the
following order 30, *OH, *OOH. In the particular case of 30 the
formation of an epoxy-like structure was found for the
adsorptions on sites a2, a’3 and cl, resulting in two values of
the formed bond distances for these cases as reported in Table
3. For all the other sites the adsorption lead to the formation of
one C-0 bond at the intended site.

The Gibbs free energies for all the studied reaction channels
(AG) are reported in Table 4. T*AS and AZPE values calculated
for the adsorption processes occurring on pristine graphene,
and the al site on N-GN are reported in Table 5S (Supporting
Information). For 30, *OH, and H* all the addition reactions were
found to be exergonic. This indicates that these species have
high reactivity, and low site selectivity towards the studied
structures. On the other hand, for "OOH —that is relatively less
reactive— the adsorption process was found to be endergonic

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

Table 4 Gibbs free energies (AG, kcal mol?) for all possible
adsorption processes (refer to Fig. 10) occurring on pristine
graphene and N-GN.

30, *O0OH 30 *OH *H
PristineG ~ -5.61 12.61 -7.76 -9.60 -17.12
al -8.81 -23.77 -55.20 -48.26 -44.58
a2 -7.59 -8.77 -53.23 -31.83 -27.27
a3 4045 -17.99 -33.24 -40.85 -42.31
a’l 16.12 -21.12 -47.36 -44.11 -43.75
a’2 -6.95 -0.64 -28.08 -24.07 -18.69
a’3 -6.66 -16.17 -43.99 -37.07 -39.32
a'4 0.89 -9.08 -45.14 -33.24 -27.80
a’s 27.45 0.28 -30.76  -27.57 -38.13
a’6 4.87 -15.18 -44.00 -34.71 -43.76
bl -1.72 1.65 -41.17 -27.31 -25.51
b2 16.47 -8.98 -35.28 -30.01 -36.30
cl -7.72 4.93 -35.08 -17.88 -18.25
c2 -7.04 -0.21 -2498 -23.15 -26.53
c3 4.76 -0.49 -16.61 -23.62 -15.36

when taking place on sites a’5, bl and cl. In addition the
adsorption on sites a’2, c2 and c3 are predicted to be almost
isoergonic. At all the other sites the *OOH adsorption processes
were found to be exergonic. Note that the Gibbs free energies
for the 30, adsorption are in general more positive (i.e.
endergonic) than the adsorption of any other species (*OOH, 30,
*OH, and *H) on any site on N-GN. Similarly as occurs for *OOH,
the 30, adsorption are both exergonic and endergonic. The
more abundance of endergonic adsorption sites (a3, a’l, a’4,
a’5, a’6, b2 and c3) on N-GN would account for the electrolysis
demanded in the ORR process.

Compared to the pristine C surface, the N doping
systematically increases the thermochemical viability of the
*OO0OH and 30 adsorptions. For the H adsorption this trend is also
fulfilled with the exception of the reaction involving the c3 site.
For the *OH absorption, on the contrary, only those taking place
on sites al, a3, a’l, a’3, and a’6 have AG values more negative
than that of the pristine C surface. In addition, the most
negative AG values are systematically those involving sites al
and a’l. These findings suggest that the presence of graphitic N
sites is the most important one to increase the viability of the
adsorption of the studied species (30, *O0H, 30, *OH, and *H).
This seems to be the case regardless of the location of this kind
of sites, whether central or near the edge.

In order to improve our energy predictions, further
calculations were performed using the implicit solvent (water)
on the site al (refer to Table 5), which in the previous section
was found to present the most negative AG value among all
possible sites considered on the catalyst computed in gas phase.
As observed in this table, the trends observed for the AG values
calculated in gas phase are consistent to those obtained with
the implicit solvent, namely the AG for the 30, adsorption are in

This journal is © The Royal Society of Chemistry 20xx
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general more positive than the adsorption of any other species
on N-GN, and the most positive AG is obtained for the OOH on
the pristine graphene. Presumably, this finding confirms that
the first elementary steps of the ORR mechanism involving 30,
and OOH species play a role as rate-determining step. In
addition, a comparison of the AG values reported in Table 5 for
the pristine and N-GN samples shows that the adsorption of all
species on N-GN is considerably more exergonic than on pristine
graphene, demonstrating its better capacity to perform the ORR
on its surface. In addition, the AG values becomes more
negative using implicit solvent (H,0), which agrees with the
results reported by Yu et al.30 T*AS and AZPE values calculated
for the adsorption processes occurring on pristine graphene,
and the al site on N-GN using the implicit solvent model are
reported in Table 6S (Supporting Information).

Calculation of reversible potentials on the basis of Gibbs energies

The ORR mechanism under alkaline conditions has been
moderately reported and analysed in the literature,3° unlike the
ORR mechanism occurring under acidic conditions. The
elementary steps of the associative mechanism for the ORR are
described in Table 7. Electroactive species are written in bold, *
denotes a free active site on the electrode surface. The standard
reduction potentials U° (V/ SHE) of reactions (2-5) are
evaluated using Hess’s law and the standard reduction
potentials from the elementary steps of the ORR mechanism in
acid media.3! The associative mechanism is the most common
pathway (i.e. more energetically favourable) reported for the
ORR under alkaline conditions,3% whence these reactions will be
the motivation of the present analysis. It differs with the
dissociative mechanism in the first three steps (reactions 1-3),
which are replaced by %20, + * » 0,45, and then followed
similarly by reactions (4) and (5). The U° value of reaction step
(3) could not be calculated since equivalent information under
acidic conditions was not found. However, as described below
this does not affect the calculation of the surface electrode
potential of other reactions, but precludes calculating a free
energy diagram which requires the consecutive addition of the
free energy of each elementary reaction step.

The research groups of Anderson and Ngrskov have
proposed similar comprehensive theories to calculate the
potential of multiple electrochemical reactions, particularly the
ORR mechanism in acidic conditions on a Pt surface. The
formalisms and developments of these models are not herein
presented, but only their fundamental considerations. Further

details of these models can be consulted in the literature.3% 33,
69-75

Table 5 Gibbs free energies (AG, kcal mol?) for the
adsorption processes occurring on the al site (refer to
Fig. 10) on pristine graphene and N-GN using implicit

Journal of Materials Chemistry A

The linear Gibbs energy relationship (LGER) developed by
Anderson and colleagues calculates the reversible potential of
an electrochemical reaction involving adsorbed (i.e.
chemisorbed) or soluble (i.e. physisorbed) reactant/products
on the electrode surface, by considering that the reversible
potential of the reaction is made up from two inputs: the
standard reduction potential (U°) of the electrochemical
reaction estimated under standard conditions against the
standard hydrogen electrode (SHE), and the Gibbs free energies
involving the adsorption of all products and reactants of the
reaction (AG). The core of this method is that the electrode
surface potential of adsorbed species can be estimated as a
perturbation of the reversible potential of the same species but
participating in a redox reaction (i.e. solution bulk), since they
are bonded to the surface. This model can account for the ORR
mechanism since there is a linear behaviour established
between gas phase reaction energies and the standard
reversible potentials of the reactions of this mechanism. It relies
on some assumptions described in refs.5% 70 In this model, the
bond strength (Bond_s) between the adsorbate and the
electrocatalyst surface (i.e. N-GN) can be estimated using the
following equation:33

Bond_s = Gy_gn + Gadsorbate — Gadsorbate_N-GN (4)

where GN_gN, Gadsorbate, Gadsorbate_N-GN are the Gibbs free
energies in eV of the N-GN structure, the adsorbate (i.e. 30,,
*O0H, 30, °*OH, °*H) and the adsorbate species on N-GN,
respectively. The model assumes that the solvation interactions
arising in all the species involved in the charge transfer reaction
are equally decreased since the intermediates are bonded to
the surface. Therefore, the adsorption bond strengths
calculated with eq. (4) (Table 6) can be used to estimate the
reversible potential of the surface intermediates participating in
the ORR:33

Bond_sproduct—Bond_sreactant

Usurface = U° + oF ©))

where Bond_s,;o4uce and Bond_s,¢qctant are the product and
reactant adsorption bond strenghts, respectively, n is the
number of electrons transferred in the electrochemical reaction
and F is the Faraday constant (96485.5 C mol1).

On the other hand, the method established by Ngrskov and
colleagues also estimates the free energies of all intermediates
participating in the ORR, as a function of the electrode potential
obtained from adsorption energies computed for the
intermediates using DFT.727> The model has been successfully
utilized to estimate thermodynamically the cathode reactions
of the ORR on different metals, and is able to predict a volcano-
shaped relationship between the rate of the reactions and the

Table 6 Bond strengths (Bond_s, eV) for the adsorption
processes occurring on the al site (refer to Fig. 10) on N-

solvent. GN using gas and implicit solvent phases.
30, *O0OH 30 *OH *H 30, *OO0H 30 *OH *H
PristineG  -5.95 13.52 -20.67 -9.18 -19.36 Gas phase 0.382 1.031 2.394 2.093 1.933
al -9.53 -23.07 -66.27 -47.99 -47.62 Implicit solvent 0.413 1.000 2.874 2.081 2.065

This journal is © The Royal Society of Chemistry 20xx
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Table 7 Standard (U°) and theoretical surface (Usurface) potentials calculated for the elementary steps of the ORR mechanism
occurring in alkaline conditions. The Ugurface Values were calculated using U° and the Gibbs free energies for the adsorption
processes occurring on the a1l site (refer to Fig. 10) on N-GN structures, using density functional methods in gas and implicit

solvent models.

yot gas yH:=0
Elementary reduction reactions surface surface
(V/SHE)
(V/SHE) (V/SHE)
03 + * = 03445 (1)
03,45 + H, O +e™ - O0OH, 45 + OH™ (2) -0.874 -0.226 -0.287
OOH,4s + e~ = 0,4s + OH™ £ (3) ¥ ¥ ¥
O,4s + HO + e~ - OH,4s + OH™ (4) 1.219 0.918 0.426
OH,4s +e~ > OH™ + * (5) 1.980 -0.112 -0.101
T This study

¥ It could not be determined

oxygen adsorption energy. The formalism of the model
establishes that an electrochemical reaction referred to the
standard hydrogen electrode (SHE, reference) can be rewritten
only in terms of a redox reaction, since the free energy of the
electron in the electrochemical step is a difficult concept to
evaluate. Thus, the reaction free energy of each step of the
ORR adapted to the present case study occurring under alkaline
conditions can be computed as follows: 7175

AG = AG% + AGy + AGy + AGgield + AGpH (6)

Each term in equation (6) are described below.

Any electrochemical reaction is typically measured against
the SHE. The reaction free energy of %H, & H* + e~ is zero at
an electrode potential of U =0 at T=298 K, pH =0 in the solution,
1 bar of H; in the gas phase. Under standard conditions, the
Gibbs free energy AGo = AG of the reaction A4 + H2.0 +e >
AH,4s + OH- (Electrochemical cathodic reaction) can be
calculated as Aags + 2H2 = AHags (Redox reaction). Aags and AHags
correspond to the adsorbed reactant and product (i.e. gaining
H) on the catalyst. The implementation of this procedure for
reaction (2) yields:
0344s + H,O0 + e~ —» O0H,45s + OH™ Electrochemical rxn (AG)

vs %BH, - Ht + e~ Reference (SHE)

O3a4s + ¥2H,; — OO0H 44 Redox reaction (AGo)

e AGPY calculations for the redox reactions were only
obtained using theoretical
computational details.

e Water was not explicitly considered as a monolayer on
the surface of the N-GN, only implicitly, whence the
term AGy, is neglected. This will be the motivation of a
forthcoming study, since it involves molecular
dynamics (MD).

e The effect of electron transfer is considered with the

information. Refer to

term AGy = -eU°, where U° is the standard reduction
potential of the electrochemical reaction, and e the
number of electrons.

e  Electrical double layer effects are neglected, AGgieid = 0.

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

e The correction for the free energy of H* due to the
concentration dependence of the entropy can be
calculated using: AGpy = kT In(10*pH) = 2.89 kcal mol?
(pH = 13), where k is Boltzmann constant
(8.617332478 x1075 eV K-1).

In order to establish a fair comparison between the models
proposed by Anderson and Ngrskov research groups, AGy,
AGsielg and AGpy are not considered. Note that eq. (5) proposed
by Anderson and colleagues only involves the first and third
term of eq. (6) developed by Ngrskov et al, e.g. AGy = —eU°
and Usyrface = U° + (Bond_Sproduct-Bond_sreactant)/nF. Thus, the
electrode surface potential ( Ugyrface ) associated with the
reduction of the adsorbed species (reactions 2-5) in alkaline
media can be calculated either using eq. (5) or eq. (6) (e.g.
neglecting AGw, AGtield, AGpn). These results are shown in Table
7.

As shown in this table, the Ugy face Values determined in gas
phase are more positive than using implicit solvent, except
reaction (5). In general, this could be due to the fact that more
energy is required to reduce an electroactive species in the
presence of the solvent than in gas phase. Although the effects
of the terms AGw, AGfieis and AGpy in eq. (6) can become
important under alkaline conditions, particularly the presence
of explicit water in the calculations (i.e. refer to reactions 3 and
5), first insights of the surface electrode potential can be
established between the comparison of the theoretical
calculations shown in Table 7 and the value determined in
alkaline conditions for a multi-step mechanism (i.e. two-
electron transfer step)’® 77. This comparison reveals that the
experimental transformation of OOH-/OH- involving the last 2-
electronic transfer steps (i.e. 4 electrons transferred in total)
performed under standard conditions presents an electrode
potential of 0.867 V. As observed in Table 6, the highest bond
strength reported on N-GN (i.e. al site) occurs for the O
adsorption, which suggests that the removal of this species to
form OH,q4s (reaction 4 in Table 7) on the electrode surface is the
rate-controlling step of the ORR mechanism. This finding agrees
with the analysis conducted by Yu et al.3° on graphene doped
only with graphitic N-type sites in alkaline conditions. Note that

This journal is © The Royal Society of Chemistry 20xx
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this implies that the last electron transferred in reaction (5) will
not represent a significant contribution to the energy barriers
of the mechanism, whence its reduction potential will be
virtually the same as the preceding rate-controlling step. A
similar comparison has been established by Kurak and Anderson
in acid media.3! Under this premise, the electrode potential of
0.867 V7% 77 can be compared with the 0.918 V calculated
theoretically for reaction (4) (Table 7) in gas phase. This
demonstrates a small deviation of 0.051 V against the two
electronic transfer step forming OH-. Note that the model is
thermodynamically favourable to estimate the potential of the
rate determining step in N-GN structures containing from 3.42
(R19a in fig. 2) to 5.8 (R37-2a’1blc in fig. 9) at % N, calculating
values of 0.856 and 0.918 V, respectively. These values are not
so different if the nitrogen doping variation is considered.
Likewise, the calculation of this potential for a bi-layer structure
(not shown) 1.69 at % N (C187-H46-N4) turns out to be 0.893 V,
which is similar to the value obtained for the cluster model
analysed in most of the present work. A larger deviation is
observed for the surface electrode potential calculated with the
value obtained under conditions of implicit solvent, which
requires a more profound analysis of the role of explicit water
hydration on this electrode potential value.

Conclusions

This study evaluated the performance of the Oxygen Reduction
Reaction on N-doped graphene nanosheets synthetized with a
one-step method, relying on extremely rapid heating of
graphene oxides from room temperature to higher
temperatures than 800 °C within five seconds (temperature
150 °C s1). Raman and X-ray photoelectron
spectroscopy showed an efficient nitrogen incorporation into
the graphitic network. The electrochemical testing conducted in
alkaline media with a rotating disk electrode technique revealed
that the N-doped graphene nanosheets presented a very
comparable Oxygen Reduction Reaction electroactivity to the
state-of-the-art commercial 20 wt% Pt/C catalyst, which was
assigned to the highly opened structured attained with the
synthesis method. Density functional theory was used to
determine the bandgap, vertical ionization energies, and
adsorption free energies of the intermediate species (*OOH, 30,
*OH, and °H) formed on the nanosheets during the ORR
associative mechanism occurring in alkaline media. It was
determined that a larger cluster model with 37 rings doped with
all nitrogen bonding (e.g. pyridinic, pyrrolic and graphitic) is
needed to account for the properties of the catalyst. The
adsorption on top of any carbon adjacent to a central graphitic
nitrogen generated a significant reduction in the energy barrier
of the ORR electrocatalysis, from all possible adsorption sites for
the intermediates including nitrogen. The bond strengths
between all possible species and the N-doped graphene showed
that the removal of 30 species from the electrode surface to
form OH,4s was the rate-controlling step of the ORR mechanism.
The surface electrode potential of 0.918 V computed for this
reaction step was close to the 0.867 V reported for the second

ramps >
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reaction (OOH/OH-) of the mechanism with two consecutive 2-
electron transfer steps obtained under standard conditions.

Further theoretical evaluations using explicitly water will be
the motivation of a forthcoming study to determine the
influence of water hydration on the energetics required to
perform the ORR electrocatalysis on N-doped graphene
nanosheets.
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