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a b s t r a c t

N-doped carbon materials have been considered one of the most promising options for the replacement
of platinum-based electrocatalysts towards the oxygen reduction reaction (ORR). This work provides
insights into the deactivation routes of N-doped carbon materials. The changes occurring in the active
sites of N-doped carbon catalysts have been analyzed in detail through pre- and post-ORR character-
ization by XPS of selectively N-doped carbon materials. Moreover, computational modelling was used to
deepen into the deactivation mechanism of N-doped carbon materials in the ORR. From XPS and
computational modelling, it can be concluded that the deactivation of graphitic-type nitrogen species,
during the ORR in both acidic and alkaline environments, occurs through oxidation and tautomerization
reactions that result in the formation of NeCeO-type groups. In acidic environment, the reaction kinetics
is slower due to the high stability of the ORR intermediates. In alkaline electrolyte, the NeCeO-type
groups can be easily formed due to the interaction of graphitic-type N species and the OH� anions from
the electrolyte. In this case, the catalytic activity is due to the contribution of both graphitic nitrogen
groups and NeCeO species.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Fuel cells arise as an attractive alternative towards the
replacement of current combustion engines for automotive appli-
cations because of their clean conversion of chemical energy to
electricity [1,2]. However, one of the main limitations of these
electrochemical devices is found in the cathode electrode, where
the oxygen reduction reaction (ORR) occurs [3e5]. ORR is a limiting
reaction of these devices since it shows sluggish kinetics and high
overpotential, which makes necessary the use of high loading of
expensive catalysts [6,7]. The current commercial catalyst is based
on platinum nanoparticles supported on carbon materials; how-
ever, the high cost, low abundance in nature, carbon monoxide
poisoning and low stability are some of the main limitations of
these cathode electrodes [8e10].

One of the most promising alternatives for replacing platinum-
based catalysts consists of the use of metal-free carbon-based
catalysts [11,12]. Non-doped carbon materials show a homoge-
neous distribution of the electron density, which makes difficult
Ltd. This is an open access article u
the chemisorption of the oxygen molecules. In order to increase the
kinetics of ORR in catalysts based on carbon materials, the intro-
duction of heteroatoms is necessary to disturb the electron density
distribution and enhance the catalytic activity for ORR [13e15]. In
this sense, N-doped carbon materials have demonstrated excellent
catalytic properties towards the ORR in experimental [14,16], and
computational [17e19] studies. However, there is still controversy
about the nature of the active sites. Most of the works that try to
shed light on the ORR mechanisms for N-doped carbon materials
focus on the identification of the active sites, and a general agree-
ment seems to exist: graphitic N (also known as quaternary N) and
pyridine species seem to be the most active sites towards the ORR
[16,20,21].

Nevertheless, despite the remarkable performance of these
materials and the increase in the knowledge about the active sites,
there is still a significant limitation to face; N-doped carbon ma-
terials show a non-negligible deactivation with time [22]. This is a
factor of paramount importance since the stability of the cathode
electrodes is of pivotal relevance for the industrial commerciali-
zation of fuel cells. The deactivation mechanisms are extensively
studied in the scientific literature for metal-containing catalysts
[22]; however, to the best of our knowledge, there exists a lack of
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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knowledge regarding the deactivation mechanism in metal-free N-
doped carbon catalysts. The most common explanation for this
issue considers the oxidation of the active sites [23]. Previous work
tried to handle this challenging target. By computational modelling,
Yang et al. [24] studied the oxidation mechanism of heteroatom-
doped carbon-based catalysts for the ORR using unsaturated car-
bon flakes. They did not consider hydrogen-terminated edges in the
carbon material, which is the most stable situation in carbon-based
materials. Moreover, despite the interesting theoretical results
obtained, the lack of support from experimental results and the
non-consideration of the crucial role of the electrolyte make
necessary further studies. This last factor, i.e. the role of the elec-
trolyte, is of great importance since such a pH-dependent behav-
iour of carbon-based catalysts in ORR makes difficult the
comprehension of the deactivation mechanism [25].

This work aims to provide further insights into the deactivation
mechanism by which metal-free N-doped carbon catalysts reduce
their effectiveness for ORR in alkaline and acidic electrolytes. For
this purpose, a selectively N-doped carbon material that only
contains graphitic-type nitrogen species has been used and the
changes occurring in this specific nitrogen species during ORR has
been studied by XPS. Computational modelling based on Density
Functional Theory (DFT) calculations were performed to unravel
the deactivation mechanism for N-doped carbon materials in both
acidic and alkaline solutions.

2. Experimental

2.1. Electrocatalysts synthesis

Polyaniline (PANI) was chemically synthesized according to our
previous work [26]. 0.067 M of aniline was introduced in stoi-
chiometric ratio with ammonium persulfate in 1.5 L solution of 1 M
HCl. Then, the solution was kept under continuous stirring
(500 rpm) for 3 h at 0 �C. The obtained polymer was filtered,
washed with 2 L of water and dried at 80 �C. Then, the resultant
polymer was treated with 1 M NH4OH for 24 h to obtain the
dedoped PANI. The obtained PANI was washed again with distilled
water and dried at 80 �C for 12 h.

N-doped carbon material, with the majority of graphitic nitro-
gen groups, was obtained from the double-stage heat treatment of
PANI [20]. First, PANI is treated under an oxygen-containing at-
mosphere (5000 ppm of O2 in N2) at 1000 �C for 1 h using a heating
rate of 5 �C min�1 and, then, cooled down up to room temperature
in the same atmosphere. The flow rate was maintained at
100 mLmin�1. The second step is based on a second heat treatment
at 1200 �C under an inert (N2) atmosphere for 1 h using a heating
rate of 5 �Cmin�1. The flow rate for this second treatment was fixed
at 150 mL min�1. More details about the characterization of these
materials and the synthesis can be found in our previous work [20].
In brief, the first treatment at 1000 �C in an atmosphere containing
5000 ppm of O2 in N2 was used to generate a well-developed sur-
face area thatmakes the active sites accessible to the electrolyte. On
the other hand, the second heat treatment at 1200 �C under N2 was
performed to tailor the nitrogen functionalities since pyridines are
transformed into graphitic nitrogen species at temperatures above
1000 �C [27,28]. The resultant material shows a BET surface area of
1360 m2 g�1 and a N and O content of 1.4 and 2.8 at.%, respectively.
This specific synthetic protocol leads to carbon materials with one
nitrogen species: graphitic-type functional groups, being the edge-
type graphitic nitrogen groups the active sites for ORR.

2.2. Characterization

The surface composition and oxidation states of the elements of
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the prepared materials were studied using X-ray photoelectron
spectroscopy (XPS) in a VG.Microtech Multilab 3000 spectrometer
through radiation of Al Ka (1253.6 eV) and pass energy of 50 eV.
The deconvolutions of the XPS spectra have been carried out by
using least-squares fitting with Gaussian-Lorentzian curves. The
C1s peak at 284.6 eV was used as a reference to position the other
peaks. The XPS N1s data were obtained from the average of ten
cycles and were analyzed considering the full-width at half-
maximum (FWHM) of 1.6 ± 0.2 eV [29]. The error in the binding
energies of the nitrogen species in the N1s spectra was ±0.2 eV. For
this purpose, we have used polyaniline as a reference material (N1s
spectra has been included in Fig. S1). Considering the errors of the
FWHM and binding energies, the estimation of the measurements
uncertainty of the deconvolution of XPS analysis is 5%.

The electrocatalytic behaviour towards ORR was carried out in
an Autolab PGSTAT302 (Metrohm, Netherlands) potentiostat. A
rotating ring-disk electrode (RRDE, Pine Research Instruments,
USA), equipped with a glassy carbon disk (5.61 mm in diameter)
and a platinum ring, was used. A graphite rod was employed as the
counter electrode, and a reversible hydrogen electrode (RHE)
immersed in the working solution via a Luggin capillary was uti-
lized as the reference electrode. The disk electrode was modified
with 120 mg of the sample through the drop-casting of a 1 mg mL�1

suspension of the material in a 20% isopropanol, 0.02% Nafion ®
aqueous solution, thereby obtaining a catalyst loading of
0.5 mg cm�2. The electrocatalytic activity towards ORR was studied
by linear sweep voltammetry (LSV) for alkaline and acid media in
O2-saturated 0.1 M KOH and 0.5 MH2SO4, respectively, between 0.0
and 1.0 V at different rotation rates, from 400 to 2025 rpm and at a
scan rate of 5mV s�1. Furthermore, the potential of the ring in RRDE
was held constant at 1.5 V vs RHE during all measurements. The
number of electrons transferred has been calculated by rotating
ring-disk electrode experiments according to hydrogen peroxide
oxidation in the Pt ring electrode, as follows:

n¼ 4Id
Id þ Ir=N

where Id and Ir represent the current measured at the disk and ring
electrodes, respectively, and N is the collection efficiency of the
ring, which was experimentally determined to be 0.37. Before all
ORR experiments, the platinum ring is electrochemically cleaned
through the 50 cycles at 50 mV s�1 between 0.0 and 1.65 V vs RHE,
to ensure the removal of organic impurities in the surface of the
platinum ring electrode.

Cycling tests were also carried out in O2-saturated 0.1 M KOH
and 0.5 M H2SO4 solutions by applying 25 cycles between 1.0 and
0.0 V vs RHE at a scan rate of 5 mV s�1. The EONSET was measured at
a current density of �0.1 mA cm�2 for all experiments. In order to
study the changes in the catalysts depending on the applied po-
tential, chronoamperometric experiments were also performed at
different potentials, from 1.0 V to 0.0 V vs RHE and different time of
analysis in an O2-saturated 0.1 M KOH and 0.5 M H2SO4 solutions.

To analyze the changes in the surface composition and oxidation
states of the sample after ORR analysis, XPS was performed before
and after ORR measurements, including cyclic voltammetry and
chronoamperometric analysis (as explained above). For those an-
alyses, a non-rotating glassy carbon electrode was used in which
the material is drop-casted as done for the RRDE, and the same
electrochemical conditions as those used in the rotating electrode
were applied (loading, electrolyte, scan rate, etc.). Then, the glassy
carbon electrode was washed with distilled water to remove the
excess of KOH or H2SO4 and dried in an oven for 12 h at 100 �C to
ensure the complete removal of humidity in the XPS experiments,
which might interfere in the O1s spectra. After this, XPS analysis
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was performed according to the experimental procedure
mentioned above.

2.3. Computational modelling

Density functional theory (DFT) at the M06-2X/6-31G(d,p) level
was employed in this study through Gaussian 09 software [30],
using restricted and unrestricted Hamiltonians for closed- and
open-shell systems, respectively. Free energies for ORR steps were
computed as the energy differences of the optimized geometries,
including vibrational corrections. All energies are reported in eV (1
Hartree ¼ 27.2116 eV). Self-consistent reaction field (SCRF) models
of solvationwere used with a polarized continuummodel (PCM) to
represent a precise consideration of the effect of the electrolytes.
The carbon flakes consist of a quasi-circular carbon graphene layer
formed by 80 atoms with zigzag and armchair edge sites. One N
atom is introduced into the carbon matrix according to the chem-
ical nature of the nitrogen functional groups that are studied.
Moreover, to obtain more accurate results, the modelling was
augmented by the introduction of two water molecules that can
reflect explicit hydrogen bonds with the ORR intermediates of the
carbon flakes [17,31]. For simulating the acidic environment, one
hydronium (H3Oþ) cation was introduced instead of one water
molecule for simulating a protonic environment [25].

The energy diagrams of ORR have been calculated based on the
Norskov model [32]. In brief, the free energy of all ORR steps is
defined as follows: DG ¼ DE' - T$DS þ DGU, with DE0 being the re-
action energy, DS represents the variation in entropy and DGU in-
volves the changes in free energy related to the applied
electrochemical potential. Moreover, T represents the temperature;
in this study, 298 K was selected. DGU ¼ n$e$U, with U being the
applied electrode potential and n represents the number of elec-
trons that are involved in each reduction step.

3. Results & discussion

3.1. Experimental results

For this study, we have selected a N-doped carbon material that
was prepared in a previous work (NMC) [20]. This material essen-
tially contains graphitic-type nitrogen functional groups, which
makes it a perfect model material to further analyze the changes of
the active sites upon reaction. Prior to the evaluation of the changes
in the chemical state of the NMC sample, this catalyst was tested
towards the ORR. Fig. 1 shows the linear sweep voltammetry curves
in oxygen-saturated 0.5 M H2SO4 and 0.1 M KOH solutions in the
first and 25th cycle at working conditions. This test was performed
to observe changes in the catalytic activity towards the ORR after
cycling the material in working conditions. Fig. S2 shows the cur-
rent recorded in the platinum ring for the obtention of the number
of transferred electrons in these experiments. NMC shows high
catalytic activity towards the ORR in alkaline electrolyte with an
EONSET of 0.91 V and a half-wave potential of 0.79 V vs RHE. These
results are excellent for metal-free carbon-based electrocatalysts,
but they are still far from the commercial platinum-based elec-
trodes, with an EONSET of 0.98 V and a half-wave potential of 0.86 V
vs RHE (Fig. S3). After 25 cycles, the performance of the electro-
catalyst slightly decreases to an EONSET of 0.86 V and a half-wave
potential of 0.74 V vs RHE. At a potential below 0.5 V vs RHE,
changes in the current in the ORR polarization and the number of
electrons transferred profiles were observed, which are character-
istic of the reduction of the H2O2 formed during the ORR [33]. At
less positive potentials than 0.5 V vs RHE, carbon materials can
further reduce the H2O2 to H2O molecules, increasing the number
of electrons transferred [33]. Regarding the selectivity, the number
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of electrons transferred shows a similar profile after 25 cycles of
reaction, whichmeans that the deactivation of the catalyst does not
seem to affect the reduction mechanism.

The electrocatalytic activity of the NMC samples was also
studied in acid solution. The material shows an EONSET of 0.75 V vs
RHE with a number of electrons transferred close to four during the
whole potential range. The half-wave potential cannot be calcu-
lated because of the lack of a defined limiting current density. The
lack of the diffusion-limited current plateau during these ORR ex-
periments can be explained considering that only N species are
active towards the ORR in the potential range and that their cata-
lytic activity is significantly lower than in alkaline conditions. Thus,
since the N content is small (1.4 at.%) and the catalytic activity is
much lower than in alkaline conditions, not all the oxygen mole-
cules that reach the electrode surface can be reduced.

The same cycling test was also performed in the sulphuric acid
electrolyte, where similar trends were observed. The catalytic ac-
tivity of NMC decreases to an EONSET of 0.65 V after 25 cycles. In the
acid electrolyte, the catalytic activity impoverishment is more
important than in the alkaline medium. Nevertheless, such
impoverishment does not have an influence on the ORR mecha-
nism, as confirmed by the number of electrons transferred.

Interestingly, the catalytic properties towars ORR in acidic and
alkaline electrolytes show important differences in terms of activity
and selectivity. The kinetics of the ORR (evaluated as EONSET or half-
wave potential) shows a better performance in alkaline conditions.
This is due to the high stabilization of the ORR intermediates by the
protons of the acidic electrolyte, which makes difficult the
completion of the following ORR steps. However, in alkaline con-
ditions, the lack of protons surrounding the N active sitesmakes the
ORR easier [25]. In addition, the presence of the protons sur-
rounding the nitrogen species favours the formation of ORR in-
termediates that work through the 4 electrons pathway and,
therefore, increase the number of electrons transferred [25].

XPS technique has been widely employed to analyze the active
sites of N-doped carbon materials for ORR [34e37]. The full spec-
trum (Figs. S4eS7) of the XPS analysis and the O1s spectra
(Figs. S8eS11) can be found in the Supporting Information. From
O1s spectra, it is observed that despite the drying treatment of the
sample after the ORR experiments, a small contribution of adsorbed
water (at 535.6 eV [38]) is still detected in all cases. Moreover, only
C]O, CeOH and adsorbed water are detected in O1s spectra, which
suggests the absence of NeO species (530.2 eV [39]) in thematerial.
On the other hand, C1s spectra before and after the electrode
preparation are provided in Fig. S12. It can be observed that after
the electrode preparation, Nafion is successfully introduced in the
electrode since a new C1s contribution appears at 292 eV, which is
characteristic of the CeF species of Nafion ® [40]. However, no
differences are observed in the N1s spectra in the pristine material
and after electrode preparation with Nafion (Fig. S13).

The interpretation of the electrocatalytic results is often based
on the analysis of the nitrogen species in the N1s spectra before the
ORR measurements. However, this might be far from the real sit-
uation since nitrogen functionalities can be modified during the
reaction by the electrolyte, ORR intermediates, etc. Therefore, the
most accurate XPS analysis should be done under operando con-
ditions in order to observe which oxidation states of the func-
tionalities predominate at the reaction potential. Unfortunately,
this is not possible nowadays because of the lack of experimental
tools that enable this kind of experiments with high accuracy. A
second option to handle this topic is the approach followed in this
work. XPS analysis has been performed before and after ORR in
order to analyze the changes in the nitrogen species. The decon-
volution of N1s spectra has been done according to the literature
[29,41,42]; pyridines (398.5 ± 0.2 eV), NeCeO groups



Fig. 1. a) and b) number of electrons transferred; c) and d) LSV curves for NMC. First cycle (continuous line) and after (dashed line) 25 cycles in an oxygen-saturated (red lines)
0.5 M H2SO4 and (blue lines) 0.1 M KOH solutions. Scan rate ¼ 5 mV s�1. Rotation speed ¼ 1600 rpm. (A colour version of this figure can be viewed online.)
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(400.2 ± 0.2 eV), graphitic nitrogen species (401.2 ± 0.2 eV) and
oxidized nitrogen groups (402.9 ± 0.2 eV).

NMC sample was immersed in the working electrolyte and
subjected to cyclic voltammetry measurements between 1.0 and
0.0 V vs RHE for 30 min in a N2 and an O2 saturated solutions. The
same electrolytes were utilized: 0.1 M KOH and 0.5 M H2SO4 so-
lutions for alkaline and acidic electrolytes, respectively (Fig. 2).
These experiments can allow us to understand whether the
changes in the oxidation states are related to the electrolyte or to
the presence of O2 during the ORR.

Fig. 2a shows that if NMC is immersed and cycled in the sul-
phuric acid electrolyte without oxygen in the solution (N2-atmo-
sphere), the sample does not significantly modify the nitrogen
oxidation states, although a minimum contribution of NeCeO
groups appears (below 10%). However, if the same material is
cycled in the presence of an oxygen-saturated solution (O2-
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atmosphere in Fig. 2a), significant changes are observed in the
oxidation states of nitrogen functional groups. Cycling the pristine
NMC in an oxygen-containing solution in the potential rangewhere
the ORR takes place leads to the formation of NeCeO-type species
at around 400.1 eV (i.e., pyridone species), which is consistent with
the literature [16,23]. This transformation from graphitic nitrogen
species into NeCeO moieties can only be understood if the
graphitic nitrogen functional groups are located at the edge of the
carbon layers since the oxidation of the basal atoms is highly
hampered in thermodynamic terms [43].

Concerning the alkaline medium (Fig. 2b), the same study has
been carried out in a 0.1 M KOH solution. If the N-doped material is
introduced and cycled in a N2-saturated KOH solution, the peak
related to pyridone groups appears at around 400.3 eV. Unlike in
sulphuric acid, this transformation occurs in absence of dioxygen
molecules. Therefore, this must be explained by the interaction



Fig. 2. N1s spectra of pristine NMC sample before and after the CV measurements in N2-saturated atmosphere and O2-saturated atmosphere in (a) 0.5 M H2SO4 and (b) 0.1 M KOH
solutions. Yellow peaks represent graphitic-type contribution, while blue peaks represent NeCeO-type functionalities. (A colour version of this figure can be viewed online.)
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between edge-type graphitic nitrogens and OH� anions from the
alkaline solution, thereby leading to pyridonic-type nitrogen spe-
cies (i.e., NeCeO species). To confirm this assumption, the same
electrodewas immersed in the same KOH electrolyte at open circuit
potential, resulting in the formation of NeCeO-type moieties (N1s
spectrum not included for the sake of clarity). Moreover, when the
material is cycled in an oxygen-containing KOH solution, there are
changes in the relative contributions of the different species, but no
significant new contributions appear.

XPS analysis was performed after different times in the ORR
experiments for each electrolyte (Fig. 3) to evaluate how the ni-
trogen functionalities change with reaction time. After 5, 15 and
30min of cycling between 1.0 and 0.0 V vs RHE, the electrodes were
withdrawn from the solution, washed, dried and analyzed via XPS.
On the one hand, in the H2SO4 solution (Fig. 3a), the observed XPS
profiles show that the NeCeO species are formed over time, and
the higher the reaction time, the higher the formation of such
species. This might be connected to a progressive deactivation
process, as observed in the decrease of the catalytic activity after 25
cycles of LSV experiments in Fig. 1. On the other hand, the behav-
iour of the same sample in KOH solution is quite different since the
N1s spectra are more similar regardless of the reaction time
measured (Fig. 3b), which indicates that the formation of NeCeO
moieties starts since the immersion of thematerial into the alkaline
electrolyte.

This is relevant since the conversion of graphitic nitrogen spe-
cies into NeCeO-type groups in alkaline electrolyte seems to be
mainly determined by the reaction with the electrolyte at open
circuit potential conditions, making that the chemical state of the
catalyst does not change significantly under reaction conditions.
This may explain the less important changes in the catalytic activity
in ORR experiments. However, in the acidic medium, the propor-
tion of NeCeO-type groups significantly increases with reaction
time, which leads to an essential decrease of graphitic-type
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nitrogen species and a more relevant deactivation in such acidic
environment.

To get further insights into the possible deactivation mechanism
and to elucidate the role of the applied potential, chronoampero-
metric analysis was performed after 30 min of working conditions
at different potentials (Fig. S14). NMC was introduced into oxygen-
saturated 0.5 M H2SO4 and 0.1 M KOH solutions at different fixed
potentials and kept for 30 min. After this time, the electrode was
washed with water several times, dried and analyzed via XPS. Fig. 4
shows the XPS spectra of the catalysts in both electrolytes after the
chronoamperometric analysis at 0.0, 0.4, 0.6, 0.8 and 1.0 V vs RHE.

In sulphuric acid electrolyte, the XPS spectrum obtained at a
fixed potential of 1.0 V vs RHE shows a significant contribution of
NeCeO species (Fig. 4a). This is highly relevant since the EONSET
(0.75 V vs RHE) in these conditions shows that the ORR does not
occur at those positive potentials for NMC (see Fig.1 for LSV curves).
Higher overpotentials are needed for the reaction to take place. This
means that the chemisorption of oxygen molecules occurs at more
positive potentials than the subsequent ORR steps. Therefore, the
oxygen chemisorption is not the rate limiting step in edge-type
graphitic nitrogen species under these acidic conditions. This is in
agreement with the prediction of a theoretical study [17] inwhich it
was concluded that the chemisorption of dioxygen molecules is a
reaction that does not need the application of overpotential in an
acidic electrolyte. In order to corroborate this issue, XPS analysis of
the N1s spectra was performed after open circuit potential mea-
surements. NeCeO species are detected in an O2-saturated sul-
phuric acid solution without applying an external potential
(Fig. S15). This demonstrates the favourable thermodynamics of the
oxygen chemisorption in sulphuric acid solution. At a less positive
potential, at which the ORR commences (approximately 0.8 V vs
RHE), the N1s spectrum of NMC obtained from chronoampero-
metric analysis significantly changes. The contribution of NeCeO
groups decreases from 60% to almost 30%, which is likely related to



Fig. 3. N1s spectra of NMC obtained post-ORR analysis at different times: 5, 15 and 30 min in (a) 0.5 M H2SO4 and (b) 0.1 M KOH. Yellow peaks represent graphitic-type contribution,
while blue peaks represent NeCeO-type functionalities. (A colour version of this figure can be viewed online.)
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the beginning of the reduction of the dioxygen molecules that are
already chemisorbed, releasing part of the active sites for further
reduction processes. At potentials lower than 0.8 V, the contribu-
tion of NeCeO groups remains nearly constant in the potential
range between 0.8 and 0.0 V vs RHE.

Some important points must be highlighted concerning XPS
obtained from chronoamperometric results in O2-saturated 0.1 M
KOH solution (Fig. 4b). This material is highly active in the alkaline
electrolyte, showing an onset potential of 0.91 V vs RHE. Interest-
ingly, at 1.0 V vs RHE, the XPS shows that almost all nitrogen species
are found as NeCeO-type groups, with a negligible contribution of
graphitic-type nitrogen species. This can be explained considering
the chemisorption of oxygen molecules, which can occur at more
positive potentials than the reduction of dioxygen like in the sul-
phuric acid electrolyte, and/or the interaction of OH� anions from
the KOH electrolyte. Fig. 4b also shows that, interestingly, once the
ORR commences (potentials below 0.8 V vs RHE), the contribution
of NeCeO species decreases and some graphitic N-species are
detected. If dioxygen molecules are already adsorbed in the active
sites at more positive potentials, when decreasing the potential, the
ORR can start giving rise to the release of active sites for further
dioxygen reduction.

The experimental section of this work shows that the changes in
edge-type graphitic nitrogen species lead to a poorer electro-
catalytic performance towards the ORR in terms of EONSET, half-
wave potential and current density but does not affect the num-
ber of electrons transferred. From the experimental results, the
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following two hypotheses can be postulated: i) the NeCeO-type
groups are reaction intermediates and only graphitic-type N are
those that produce high catalytic activity towards the ORR; thus,
the proportion and interconversion of NeCeO/graphitic N species
is what would determine the catalytic activity and ii) the NeCeO-
type groups are also active towards the ORR but with a lower cat-
alytic activity than graphitic N species. Computational modelling
may help to deepen into these critical issues.

3.2. Computational modelling

Computational modelling, based on Density Functional Theory
(DFT) calculations, was performed to study in detail the reaction
mechanism in graphitic N containing N-doped carbon
electrocatalysts.

In this sense, the most stable and preferred ORR pathways were
determined for edge-type graphitic nitrogen species as they seem
to be the most active nitrogen species towards the ORR. In order to
take into account the effect of the electrolyte/pH, two water mol-
ecules and a continuous polarization model were included for
modelling the alkaline environment, and one water molecule and
one hydronium cation for modelling the acidic environment. This
electrolyte environment configuration has been proved to model
carbon flakes with high accuracy compared to experimental results
[25]. The ORR mechanisms proposed in this section were selected
according to previous DFT studies that unraveled the most
favourable pathways for the ORR in each nitrogen species and



Fig. 4. N1s spectra of NMC obtained post-ORR chronoamperometric analysis at the different potential for 30 min in (a) 0.5 M H2SO4 solution and (b) 0.1 M KOH solution. Yellow
peaks represent graphitic-type contribution, while blue peaks represent NeCeO-type functionalities. (A colour version of this figure can be viewed online.)

J. Quílez-Bermejo, E. Morall�on and D. Cazorla-Amor�os Carbon 189 (2022) 548e560
electrolyte [17,20,25].
3.2.1. ORR in edge-type graphitic nitrogen species

3.2.1.1. Acid medium. Fig. 5 shows the free energy diagram ob-
tained at 1.23 V for the ORR in edge-type graphitic nitrogen for an
acidic environment. The model configuration of ORR stages has
been included. Moreover, a schematic representation of the
possible changes of the ORR intermediates is also added in Fig. 6.

Firstly, it is important to point out that the chemisorption of
oxygen molecules shows negative free energy in the acidic elec-
trolyte, which means that the oxygen chemisorption would take
place without applying an external potential. This agrees with the
XPS results obtained from the chronoamperometric analysis, where
at a potential of 1.0 V vs RHE, in which ORR does not occur ac-
cording to LSV experimental results, the dioxygen molecules are
chemisorbed in the carbon atom adjacent to the nitrogen func-
tionality, forming NeCeO-type intermediates. This chemisorption
takes place in a terminal CeOeO configuration due to the strong
interactions of the chemisorbed oxygen atoms and the Hþ from the
acid electrolyte, which leads to a very stable ORR intermediate [25].
Moreover, it is worth noting that, in the acidic environment, the
ORR intermediate formed after the second reduction step shows a
large negative free energy, which means the formation of a very
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stable reaction intermediate for graphitic-type nitrogen species
that might make difficult the completion of the ORR [25].

To evaluate the possible deactivation mechanisms, we have
considered oxidation and tautomerization pathways that may in-
fluence the ORR mechanism. The first possible deactivation
mechanism of edge-type graphitic nitrogen in an acidic electrolyte
that we can envision occurs after the chemisorption of the oxygen
molecule (path a1 in Fig. 6). In this case, the configuration > C(H)e
OeO can be oxidized to form a triangular bridging bond in which
both oxygen atoms from the dioxygen molecule are bonded to the
carbon atom adjacent to the nitrogen functionality. Since such
oxidation involves the transfer of an electron-proton pair, the
applied potential influences the thermodynamics of this reaction
[32]. This is reflected in Fig. 7, in which the DG of this deactivation
mechanism (path a1 in Fig. 6) and the ORR stage (stage 1 in Fig. 6)
have been plotted over the applied potential. Fig. 7a shows that
path a1 seems to be a plausible deactivation mechanism for edge-
type graphitic nitrogen species at positive potentials since this re-
action has a larger negative free energy. As a consequence of this
reaction, the active site would be oxidized, thus changing its
chemical nature. However, the ORR (occurring through stage 1 in
Fig. 6) is the most favourable pathway at lower potentials (inter-
estingly at values close to the experimental values).



Fig. 5. Free energy diagram and model configuration of the oxygen reduction reaction stages in edge-type graphitic nitrogen functional group in acidic electrolyte at 1.23 V. (A
colour version of this figure can be viewed online.)

Fig. 6. Schematic representation of possible changes of the ORR intermediates in acidic electrolyte for edge-type graphitic nitrogen species. (A colour version of this figure can be
viewed online.)
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After the second reduction stage of the ORR, we envision two
different deactivation paths; (path a2) which involves a tautome-
rization of the >C(H)eO to > CeOH and (path a20) the oxidation of
the >C(H)eO to > C]O, in which one electron-proton pair is
involved. Fig. 7b shows the DG of these pathways in relation to the
applied potential and the ORR (stage 3 in Fig. 6) is included for
comparison purposes. Interestingly, paths a2 and a20 seem to be
viable routes in thermodynamic terms since the free energies of
these paths are more negative than those obtained for the third
oxygen reduction step. Finally, path a3 shows the deactivation
mechanism of the ORR intermediate after the third reduction stage,
which can lead to the formation of >CeOH. This oxidation process
also shows negative free energy for the deactivation of the edge-
type nitrogen functional group; however, at lower potentials (at
values close to the experimental values), the ORR stage (stage 4 in
555
Fig. 6) is the most favourable pathway.
Interestingly, these modelling results suggest, in agreement

with the experimental results and previous works, that NeCeO-
type groups are intermediates formed during ORR and are ther-
modynamically stable [16]. However, the calculations also raise the
possibility of the formation of pyridone groups (NeCeO-type
groups) from the oxidation or tautomerization reactions of the ORR
intermediates. Therefore, one possibility to explain the lower ac-
tivity with the time of use in acidic conditions is that the oxidation
or tautomerization reactions have to occur in the opposite direction
for the ORR to continue (which must involve an increase in the
overpotential of the ORR). The second possibility is that these
pyridonic-type functional groups are also active towards the oxy-
gen reduction reaction, although less active than the pristine
graphitic N species.



Fig. 7. Free energy vs applied potential of possible deactivation mechanisms during ORR in acidic electrolyte for edge-type graphitic nitrogen species. (A colour version of this figure
can be viewed online.)
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3.2.1.2. Alkaline medium. The same modelling approach has been
applied for edge-type graphitic nitrogen species since N1s spectra
(Fig. 2) show that both graphitic-type and NeCeO-type function-
alities coexist on the surface of the material in alkaline conditions.
NeCeO groups are specifically studied in the following section. In
this case, two water molecules embedded in a continuous polari-
zation model have been employed for modelling this environment.
Fig. 8 shows the free energy diagram obtained at 1.23 V for the ORR
in edge-type graphitic nitrogen for an alkaline environment.

It is worth noting the important differences in the free energy
diagram and ORR mechanisms depending on the electrolyte
employed. The acidic medium leads to very stable ORR in-
termediates that make the completion of the reaction much more
difficult and explain the lower catalytic activity [25]. However, the
absence of protons in the alkaline environment reduces these high
energy requirements, leading to a more straightforward oxygen
reduction reaction. This is especially remarkable in the oxygen
chemisorption stage, which takes place through the formation of
-C-O-O-C bridging binding mode in alkaline media. The absence of
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protons, which stabilize the terminal configuration in acid solution,
leads to the formation of bridging bonds in an alkaline environment
[25].

These free energy diagrams are consistent with those previously
obtained in the literature [20], despite using different basis sets,
which reinforces the observed trends in ORR for these carbon-
based flakes. It should be highlighted that, unlike in the acidic
electrolyte, the oxygen chemisorption step shows positive free
energy. In XPS analyses, we observed that at 1.0 V vs RHE, the
majority of the nitrogen species were found as NeCeO species.
According to our modelling results, this cannot only be due to ox-
ygen molecule chemisorption. Therefore, the formation of such a
high concentration of NeCeO species at 1.0 V seems to be mainly
related to the interaction of the OH� anions of the electrolyte to the
adjacent carbon atoms. This reaction may occur in the absence of
oxygen molecules, as was demonstrated in the CV study performed
in the N2 atmosphere (Fig. 2).

Fig. 9 shows a schematic representation of the possible deacti-
vation mechanisms that we envision for edge-type graphitic



Fig. 8. Free energy diagram and model configuration of the oxygen reduction reaction stages in edge-type graphitic nitrogen functional group in alkaline electrolyte at 1.23 V. (A
colour version of this figure can be viewed online.)

J. Quílez-Bermejo, E. Morall�on and D. Cazorla-Amor�os Carbon 189 (2022) 548e560
nitrogen species in an alkaline medium. All these possible deacti-
vation reactions have been plotted versus the applied potential in
Fig. 10.

Free energies, calculated for paths b1, b10 and b2, have been
plotted over the applied potential (Fig. 10). The modelling results
show that ORR has a competitive reaction in the oxidation of edge-
type graphitic nitrogen functionals groups, which is particularly
noteworthy at positive potentials, and that may hamper the
completion of the oxygen reduction, or modify the reaction
mechanism. This process leads to changes in the oxidation states of
the pristine nitrogen species. In addition, tautomerization reaction
(path b10) can also compete against the ORR. Interestingly, all these
deactivation/oxidation mechanisms are thermodynamically viable.

The comparison of the free energy diagrams in acidic and
alkaline environments (Figs. 5 and 8) sheds light on the possible
Fig. 9. Schematic representation of possible changes of the ORR intermediates in alkaline el
be viewed online.)
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differences in deactivation depending on the electrolyte. In the
acidic environment, the ORR intermediates are much more stable,
with much larger negative energies for the reaction intermediates,
which makes the kinetics of the reaction slower than in alkaline
conditions. In addition, since the oxidation and tautomerization
reactions have proven to be possible in both environments, the high
stability of the ORR intermediates in the acidic electrolyte gives a
larger amount of time for the intermediate oxidation or tautome-
rization and, consequently, for its deactivation or for evolving
through a more inefficient reaction mechanism. This agrees with
experimental results since the deactivation observed in ORR ex-
periments is higher in such a protonic environment (LSV curves in
Fig. 1).

However, in the alkaline environment, it was observed that the
formation of NeCeO species already occurs by the reaction with
ectrolyte for edge-type quaternary nitrogen species. (A colour version of this figure can



Fig. 10. Free energy vs applied potential of possible deactivation mechanisms during ORR in alkaline electrolyte for edge-type graphitic nitrogen species. (A colour version of this
figure can be viewed online.)
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the electrolyte in the absence of oxygen molecules and that the
proportion of graphitic nitrogen and NeCeO-type groups remains
nearly constant from the beginning until the end of the ORR ex-
periments (see Fig. 3 that shows XPS results after cycling tests).
Consequently, no important differences are observed in the cata-
lytic activity. These results suggest that the NeCeO and graphitic N
species coexist and act as active sites in the ORR in the alkaline
medium. For this reason, in the following section, we consider the
ORR in NeCeO species as active sites in both electrolytes.

These results in acidic and alkaline solutions show interesting
discrepancies with a previous work in which a non-H-terminated
carbon cluster was used [24]. This previous work obtained posi-
tive free energy for the deactivation mechanisms. In contrast, our
work shows thermodynamically viable mechanisms for the deac-
tivation of the active sites in the ORR, highlighting the necessity of
including H-terminated carbon clusters in the calculations for
carbon-based electrocatalysts.
3.2.2. ORR in NeCeO-type species
Fig. 11a and b shows the optimized geometries for NeCeO-type

species in the acidic and alkaline electrolyte, respectively. Fig. 11c
and d shows the free energy diagrams obtained at different po-
tentials for the ORR in NeCeO-type groups for the acidic and
alkaline electrolyte, respectively. It is observed that the free en-
ergies of the ORR processes at 1.23 V (black lines) are higher in
comparison with those of edge-type graphitic nitrogen species in
both alkaline and acidic medium (see Figs. 5 and 8 for comparison
purposes). Nevertheless, when the potential is applied, it is
observed that the free energies of ORR in NeCeO groups in the
alkaline environment (Fig. 11d) become mostly negative, which
explains their competitive activity towards the ORR, which may be
even close to that of graphitic-N type functional groups.

However, the profile in the acidic environment (Fig. 11c) still
shows large positive free energies even when the same potential is
applied. This is particularly noteworthy in the oxygen molecule
chemisorption stage, which occurs in the non-oxidized carbon
atom adjacent to the nitrogen heteroatom (red arrows in Fig. 11a).
The chemisorption of the dioxygen molecules in NeCeO-type
groups shows a very positive free energy in an acidic environment,
which means that the chemisorption is very difficult. This is very
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different fromwhat is observed in the pristine edge-type graphitic
nitrogen groups (see Fig. 5), in which the chemisorpion may occur
having a negative free energy. On the other hand, Fig. 11d shows
that the free energies for the ORR steps for the NeCeO-type groups
show a more competitive profile towards the ORR in the alkaline
environment, since the energy of the oxygen molecule chemi-
sorption stage is almost zero and after the application of an over-
potential the free energies of the rest of the ORR steps mainly
became negative.

Therefore, in the acidic environment, the deactivation of
graphitic-type nitrogen species seems to be mainly due to the
formation of NeCeO species through oxidation and tautomeriza-
tion reactions of the ORR intermediates. These species show a poor
catalytic activity towards the ORR in a protonic environment, being
especially difficult the oxygen chemisorption. Consequently, the
catalytic activity of the N-doped carbon materials in an acidic so-
lution is governed by the interconversion of graphitic-type groups
into NeCeO-type nitrogen species. On the other hand, in the
alkaline environment, there exists a coexistence of both NeCeO
and graphitic-type groups due to the interaction of the pristine
graphitic nitrogen species with the OH� anions of the electrolyte.
The relative amount of these species remains nearly constant with
the time of reaction. Moreover, NeCeO-type nitrogen groups seem
to be almost as active as graphitic-type nitrogen functional in such
an environment, which can explain the lower deactivation
observed for the graphitic N-doped carbonmaterials in the alkaline
electrolyte. This agrees with the literature since NeCeO species
have also been proposed as active sites towards the ORR in an
alkaline environment [9,44].
4. Conclusions

This work has tried to shed light in the identification of the
active sites of N-doped carbon materials in alkaline and acidic
electrolytes during ORR through a combination of computational
modelling and experimental results. We have prepared a N-doped
carbon material with essentially one nitrogen species: graphitic
nitrogen functional groups. This has been used as an ideal model to
unravel the state of the nitrogen species at ORR conditions. The
extended characterization via XPS and the computational



Fig. 11. Optimized geometry of the NeCeO groups in (a) acidic and (b) alkaline electrolyte. Free energy diagram and model configuration of the oxygen reduction reaction stages in
NeCeO groups in zigzag position for (c) acidic and (d) alkaline electrolyte. (A colour version of this figure can be viewed online.)
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modelling show that graphitic-type nitrogen species experience
oxidation and tautomerization reactions that result in the forma-
tion of NeCeO-type groups during the ORR in both acidic and
alkaline environments. According to the results, this has different
consequences depending on the electrolyte. In an acidic environ-
ment, the ORR kinetics is slower due to the high stability of the ORR
intermediates. These reaction intermediates can be converted into
NeCeO-type groups, which have a poor activity towards ORR in a
protonic environment, thus explaining the significant deactivation
in an acidic electrolyte.

On the other hand, in an alkaline electrolyte, the NeCeO-type
groups can be easily formed due to the interaction of graphitic-type
N species and the OH� anions from the electrolyte. In this case, the
catalytic activity is due to the contribution of both graphitic ni-
trogen groups and NeCeO species. The catalytic activity of NeCeO
groups in an alkaline electrolyte is similar to that of graphitic N
groups.
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