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ARTICLE INFO ABSTRACT

Cobalt-nitride (Co4N) nanoparticle-decorated nitrogen-doped graphene sheets were obtained via the nitrogen
doping of a graphene-oxide precursor and simultaneous nitride formation. The non-precious metal catalyst
formed in this one-step synthesis exhibits high electrocatalytic oxygen reduction activity and hence provides a
promising alternative to conventional Pt/C alkaline fuel cell cathode catalysts. The reported composites were
formed from the mixture of lyophilized graphene-oxide nanosheets and cobalt(II) acetate in ammonia atmo-
sphere at 600 °C. The average Co4N particle size increased from 14 to 201 nm with the increase in cobalt content.
The oxygen reduction activity of the new catalysts was comparable to that of non-noble metal systems described
in the literature, and also to the widely-used carbon black supported platinum catalysts. The highest reduction
current density under alkaline conditions was found to be as high as 4.1 mA cm™?2 with the corresponding
electron transfer number of 3.6. Moreover, the new system outperformed platinum-based composites in terms of
methanol tolerance, thus eliminating one of the major drawbacks (besides high price and limited availability), of
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noble metal catalysts.

1. Introduction

Fuel cells are high energy-conversion-efficiency devices, which can
help mitigate the effect of global warming through reducing CO,
emission, and hence, lower CO, accumulation rate in the atmosphere
[1]. One of the most widely used and studied fuel cell type is the proton
exchange membrane fuel cell. Alkaline fuel cells, on the other hand,
utilize a hydroxide ion conductor membrane instead [2]. These devices
are currently moving into the focus of global fuel cell research because
most non-noble metal catalysts work under alkaline conditions [3]. To
achieve high conversion efficiency, both the anode and the cathode
sides need a catalyst. However, finding an efficient oxygen reduction
reaction (ORR) catalyst is challenging due to the sluggish kinetics of
this reaction [4]. A very recent review by Sarapuu et al also shows that
the reaction pathway depends on the nature of the catalyst and the type
of the electrolyte [5]. Porous carbon supported platinum is the most
commonly used ORR catalyst. Even though it shows remarkable elec-
trocatalytic activity, platinum-based catalysts are expensive and sensi-
tive to impurities, like carbon monoxide, methanol, halides etc. [6]. To
overcome these drawbacks, alternative non-noble metal solutions have

to be developed. Several promising materials are already known, like
transition metals [7] and those chalcogenides [8], oxides [9], carbides
[101, oxynitrides [6] or nitrides [11]. The electronic structure of Group
4-6 transition metal nitrides is favorable for oxygen reduction reaction,
as electron density is higher near the Fermi level due to the d band
contraction, which makes the electron donation easier to the adsorbed
oxygen [12]. The most promising transition metal nitrides are based on
cobalt and iron [13]. Several methods are known to prepare cobalt
nitride: Chen et al. grew Co(OH)F nanowires onto the surface of carbon
cloths, and then transformed them into cobalt nitride nanowires by
thermal treatment in ammonia atmosphere [14]. The same group syn-
thesized cobalt nitrides with different Co:N ratio (Co,N, CosN and
Co4N) modifying precursors and subsequent thermal treatment. They
found that Co4N has outstanding properties owing to the higher electric
conductivity and better activity in oxygen evolution reaction [15].
Theerthagiri et al. mixed the cobalt precursor with urea, annealed them
in nitrogen atmosphere and investigated the magnetic properties of the
product [16]. Meganathan et al. prepared reduced graphene oxide in-
tercalated Co4N and achieved a current density of 1.82mA cm ™2 with
electron transfer number of 3.3 in oxygen reduction reaction [17].
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Another type of non-noble metal catalysts is the so-called metal-free
catalysts, like graphene, boron nitride [18,19], carbon nitride [20,21],
and nitrogen or sulfur doped graphene, carbon nanotubes or carbon
nanosheets [22-30]. One of the most efficient metal-free catalysts is
nitrogen doped graphene (NG) that exhibits high ORR activity in both
acidic and alkaline media [24,31,32]. Zhang et al. used DFT calcula-
tions to determine the oxygen reduction reaction pathway in nitrogen-
doped graphene. They found that the incorporated nitrogen atoms
modify the atomic charge and spin distribution of the graphene sheet,
that makes the neighboring carbon atoms more favorable for oxygen
adsorption and facilitates the further steps in the reaction path. The
presence of pyrrolic and pyridinic type nitrogen moieties in the carbon
structure is responsible for these effects [33,34].

A wide range of nitrogen-doped graphene preparation methods can
be found in the literature. In 2015, Ma et al. utilized the hydrothermal
conversion of graphene oxide in ammonia solution [35]. Tao et al. re-
acted the mixture of urea and graphene oxide in a hydrothermal
synthesis [36]. Zhu et al. thermally annealed the mixture of polypyrrole
and graphene oxide [37]. The review by Dou et al shows that plasma
treatment is another potential option for the preparation of hetero-
geneous carbon structures [38]. Qu et al. prepared nitrogen-doped
graphene by the chemical vapor deposition of methane in the presence
of ammonia and investigated the ORR activity. They reported high
stability and tolerance against methanol [24]. Zheng et al. synthesized
nitrogen-doped graphene (NG) by using a mixture of urea and graphene
oxide in a hydrothermal approach. The observed NG had much higher
ORR activity than the pristine graphene, but it could not match the
performance of the platinum/carbon catalyst [39]. Nitrogen-doped
graphene can also be produced by ammonia treatment of graphene
oxide: Li et al. prepared nitrogen-doped graphene at high temperatures
and successfully obtained pyridinic type nitrogen atoms in the carbon
structure [40]. Such structured carbon materials can be also used as
catalyst support due to their high conductivity and the synergistic effect
between the support and the dispersed catalyst [41,42].

Here, we demonstrate a simple one-step synthesis method, where
cobalt nitride nanoparticles were simultaneously formed from cobalt(II)
acetate during the nitrogen doping of graphene-oxide nanosheets via
high-temperature =~ annealing  under = ammonia  atmosphere.
Electrocatalytic activity was studied in alkaline medium, and the
oxygen reduction activity of the as-prepared composites was compared
to that of the most commonly used Pt/carbon black (CB) composite
prepared by wet impregnation.

2. Experimental
2.1. Synthesis of graphene oxide

Graphene oxide (GO) was synthesized via the modified Hummers
method [43]. First, 4.5g graphite powder and 4.5g sodium nitrate
(NaNO3) was added to 210 ml concentrated sulfuric acid (H,SO,4) so-
lution, and the mixture was stirred for 30 min. 27 g potassium per-
manganate (KMnO,4) was then slowly added to the suspension, while
the beaker was placed in an ice bath. The resulting mixture was stirred
for 24 h. At this phase, first 500 ml H,O, then 10 ml 50% hydrogen
peroxide (H,0,) was added to the mixture and stirred for an other 2 h.
The as-prepared yellowish brown suspension was purified by cen-
trifugation with ion-exchanged water several times until a sulfate-free
supernatant was obtained. The resulting brownish graphene-oxide was
dried at 80 °C overnight.

2.2. Synthesis of Co4N /nitrogen-doped graphene composites

The schematics of the CosN/nitrogen-doped graphene composite
synthesis is shown in Fig. 1. 100 mg graphene oxide and a calculated
amount of cobalt(II) acetate tetrahydrate were added to 40 ml ion-ex-
changed water and stirred overnight. The amount of cobalt salt was
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Fig. 1. Schematics of the Co4N/nitrogen-doped graphene synthesis.

22.2mg, 46.9 mg, and 105.6 mg to get three different composites with
cobalt loadings of 5, 10, and 20 wt%, respectively. After stirring over-
night, the mixture was lyophilized, and the dried powder was thermally
treated in a tube furnace in ammonia atmosphere (120 ml min~?! flow
rate) at 600 °C for one hour. The tube furnace was thoroughly purged
by ammonia prior to the heat-treatment to prevent contamination from
oxygen.

Nitrogen-doped graphene and cobalt nitride were also synthesized
for comparison. In case of nitrogen-doped graphene, a graphene-oxide
suspension was prepared with the same concentration as above and
lyophilized. Co4N was formed via annealing cobalt(Il) acetate tetra-
hydrate powder. Both materials were annealed like the composites
described above.

2.3. Preparation of reference catalyst

Pt/carbon black (Pt/CB) catalyst was synthesized to compare the
electrocatalytic activity of the new Co4sN/NG composites to that of a
commercially used system. The composite was prepared by wet im-
pregnation described elsewhere [44]. First, 90 mg of carbon black and
20 mg platinum(II) acetylacetonate were suspended in distilled water,
stirred for 24h, and then dried overnight at 40 °C. 60 mg of the as-
synthesized dried powder was thermally treated in oxygen-free nitrogen
atmosphere (120 ml min~?!) at 400 °C for 2 h.

2.4. Characterization methods

Sample morphology was investigated by transmission electron mi-
croscopy (TEM) using a Fei Tecnai G2 20 X Twin miscroscope at 200 kV
accelerating voltage. During sample preparation, a small amount of
sample was sonicated in isopropyl alcohol then dropped on a copper
mounted holey carbon film and dried afterward. Particle size distribu-
tions were obtained by measuring the diameter of 50-50 nanoparticles
in four representative TEM images. The crystal structure of the com-
posites was analyzed by powder X-ray diffraction measurements (XRD)
recorded with a Rigaku Miniflex II desktop diffractometer using CuKa
radiation at a scan speed of 4°min~!. Raman spectra were measured
using a Thermo Scientific DXR Raman Microscope utilizing 532 nm
laser excitation at 5mW power. 10 scans at 1 cm ™! resolution were
averaged in the range of 200-3500 cm ™', X-ray photoelectron spectra
(XPS) were taken with a SPECS instrument equipped with a PHOIBOS
150 MCD 9 hemispherical analyzer, using the Ka radiation of an Al
anode. The analyzer was operated in the FAT mode with 20 eV pass
energy and the X-ray gun in 210 W (14 kV, 15 mA).
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2.5. Electrode preparation

Before surface coating, the glassy carbon electrode (GCE, 3 mm
diameter, BASi") was carefully polished with alumina slurry (0.05 ym
diameter) and rinsed and sonicated with ion-exchanged water and
ethanol, then dried. The sample (1.0 mg) was dispersed ultrasonically in
a 1:1 vol ratio mixture of water and ethanol (250 pul) and 10 pl of 5 wt%
Nafion” to get a homogeneous suspension with the weight concentra-
tion of 4.0 mg * mL ™. 15.0 ul of this suspension was uniformly dropped
on the pretreated GCE surface and dried at room temperature to form
surface modified GCE electrodes. This corresponds to a loading of
0.85mgcm™2 on the geometric area of GCE. The same method was
used to prepare Pt/CB modified electrode with Pt/CB (10 wt% Pt con-
tent) as comparison.

2.6. Electrochemical measurements

Electrochemical measurements were conducted in a three-electrode
glass cell using an ACM Instruments GILL AC electrochemical work-
station at room temperature (23 °C). Modified glassy carbon electrodes
described above were used as working electrodes, while Ag/AgCl (3M
NaCl, BASi") and a platinum wire served as reference and counter
electrode, respectively. The experiments were carried out in nitrogen
and oxygen saturated 0.1 M KOH solution. The measured potentials vs.
Ag/AgCl (3M NaCl) were converted to the reversible hydrogen elec-
trode (RHE) scale according to the following equation:

E (vs RHE) = E + Eyg/agci (vs SHE) + 0.059 VepH €))

where E is the experimentally measured potential vs. Ag/AgCl reference
electrode and Eyg/a4c;(vs SHE) = 0.201V at 23 °C, where SHE is the
standard hydrogen electrode. The electrocatalytic activity of the as-
prepared working electrodes was investigated with cyclic voltammetry
(CV) in the potential range between 0 and — 1000 mV vs Ag/AgCl (3M
NaCl) at a scan rate of 10mV s~ '. Linear sweep voltammetry (LSV)
measurements with a rotating disk electrode (RDE) were carried out
between the same potentials varying the rotation rate between 500 and
2500 rpm. The linear sweep voltammograms are depicted and used
after background correction. Methanol tolerance was investigated by
chronoamperometric measurements at 0.51 V vs RHE in oxygen satu-
rated 0.1 M KOH solution with continous oxygen bubbling. After 360 s,
1 cm® 3 M methanol solution was added to the electrolyte solution.

3. Results and discussion
3.1. Morphology

Morphology of the as-prepared composites was investigated by

1 IS% Co
E’ 14371 nm
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transmission electron microscopy. Fig. 2a—c shows well-dispersed na-
noparticles on the graphene sheets after the heat treatment. According
to the inset graphs of Fig. 2a—c, the size distribution of the particles
shifted towards larger sizes with increasing cobalt content. The average
size was found to be 14.3 = 7.1 and 43.1 + 17.4nm, and
205.2 = 165.9nm in case of 5, 10%, and 20% cobalt content, re-
spectively. The bigger, irregular particles evident in Fig. 2¢ were most
likely formed via the merging of primary grains, which broadened the
particle size distribution further (Fig. 2¢ inset).

It is worth noting, that the typical particle size of pure Co4N (the one
prepared without graphene support), was an order of magnitude larger.
As it is seen in Fig. S1., grains with diameter of around 2-3 pm are
characteristic to the sample. This means that graphene facilitates the
dispersion of Co4N particles formed via cobalt(II) acetate decomposi-
tion on its surface.

3.2. Structure and composition

X-ray diffraction patterns of the samples are shown in Fig. 3a. Two
reflections can be observed at 43.9° and 51.1°, which correspond to the
(111) and (200) crystal planes of Co4N, respectively [16]. The intensity
of both reflections increases with the increasing cobalt content of the
composites. Another reflection corresponding to the layered structure
of graphene is visible at 26.6°. [45].

Raman spectroscopy was utilised for further structural analysis.
Fig. 3b shows the Raman spectra of the as-prepared samples. In the
graphene-containing samples the Stokes G and D band are observed at
1587 cm ™! and 1346 cm ™, respectively. The G band is attributed to
the planar motion of the sp? hybridized carbon atoms in the graphene
layer, while the D band is associated with the degree of the defects in
the structure of the carbon atoms close to the edge of the layer [35].
The intensity ratio of the D and G band was calculated to be 1.03 in
each sample. This confirms the TEM-based assumption that Co4N
doping leaves the graphene structure itself intact. The results match
previously reported Raman spectra of graphene and nitrogen doped
graphene well [46]. Further peaks were observed at 473, 513, 667 and
845 cm ™!, which can be assigned to the cobalt nitride phase [47].

X-ray photoelectron spectroscopy was used to investigate the ele-
mental composition of the samples. Although spectra recorded ex-situ
might differ from in-situ (or operando) measurements taken during the
oxygen reduction reaction, they do provide valuable information about
the initial condition of the catalysts. Fig. 4a shows the Co 2p spectrum
of the Co4,N/NG composite with 10% Co content. The peaks observed at
780.4 and 795.9 eV are close to the 2p3/2 and 2p1/2 peaks of Co(Il),
respectively. An excess Co(Il) satellite peak at 786.5€V is also seen.
These results are consistent with previous literature reports [48,49].
Furthermore, there is a fourth peak at 782.7 eV, which might be the
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Fig. 2. TEM images of Co4N /NG nanocomposites with (a) 5wt%, (b) 10 wt%, and (c) 20 wt% Co content. Inset graphs show the corresponding Co4N particle size

distributions.
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Fig. 3. (a) X-ray diffractograms and (b) Raman spectra of the as-prepared Co4,N/NG composites with different Co content.

result of the Co-N interaction [50,51]. Similar results were obtained for
Co4N and the additional Co4sN/NG composites (Fig. S2a, ¢, and e),
which prove the formation of the desired nitride structure. During
ammonia treatment, nitrogen atoms can be incorporated into the gra-
phene layer, and different nitrogen moieties can be formed. Fig. 4b
shows the deconvoluted N 1s spectrum of the same composite with
10% Co. The first two peaks at 398.8 eV and 401.3 eV can be attributed
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to the pyridinic and pyrrolic types of nitrogen, respectively. According
to a previous DFT study by Zhang et al. and several further experi-
mental results, the presence of such moieties can highly improve ORR
activity in carbon structures [24,33,34,52,53]. An additional peak at
403.8 eV can be attributed to oxidized pyridinic nitrogen groups [54],
while another peak at 397.8 eV can be ascribed to the Co-N interaction
[47]. Similar results were obtained for other Co4,N/NG composites as it
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Fig. 4. Co 2p (a) and N 1s (b) and O 1 s (c) spectra of the Co,N/NG composite with 10% Co content. (d) N 1 s spectrum of the pure Co4N prepared without nitrogen-

doped graphene.

829



T. Varga et al.

is seen in Fig. S2 d, and f., while only the peaks at 398.8 eV, 401.3 eV
and 403.8 eV were observed in case of nitrogen doped graphene pre-
pared without cobalt nitride (Fig. S2b). The nitrogen content of gra-
phene in the composites was calculated from XPS results and it is
summarized in Fig. $3. The N/C ratio changed from 0.062 to 0.086
upon increasing the cobalt content from 5 to 10% and only a minor
further increment was observed in case of higher Co content. Similar
results were reported by Choi et al.. They investigated an iron oxide/
nitrogen doped carbon nanotube composite and found that the nitrogen
content of the nanotube was modified by the transition metal content of
the composites [55].

Fig. 4c shows the deconvoluted O 1s peak of the composite con-
taining 10% Co. The peaks at 533.8 eV and 531.88 eV correspond to
hydroxyl and carboxyl groups, respectively. The presence of these
groups on the surface can be due to adsorbed water and carbon dioxide
molecules or to previously existing functional groups that remained
intact during the ammonia treatment of graphene oxide [56-58]. A
further peak at 530.7 eV can be attributed to the Co(II)-O interaction.
This implies that an oxide layer exists on the surface beside the nitride
[58,59]. The latter phenomenon is well-known from previous reports.
Azuma et al. investigated the surface of sputter deposited cobalt nitride
films, and oxygenated groups were always found on the surface as well.
However, the O 1s peak was weakened after Ar* ion etching the sur-
face, and the layer thickness was around 0.5 nm [60].

Fig. S4 compares the O 1 s spectra of the nitrogen-doped graphene,
the composites, and pure Co4N. Similar results were obtained in these
cases. The intensity of the peak at 530.7 eV increased with increasing
Co content, and a small peak shift was also observed with changing
component ratio. Furthermore, the nitride formation can also be con-
firmed on the basis of the N 1s spectrum of CosN prepared in the ab-
sence of graphene. The peak at 397.8 eV in Fig. 4d can be assigned to
nitrogen in the metal nitride structure [47].

3.3. Electrocatalytic activity

ORR activity was investigated by cyclic voltammetry (CV) (Fig. S5)
and linear sweep voltammetry (LSV) in 0.1 M KOH solution using a
rotating disk electrode. To compare the obtained oxygen reduction
activities to that of a commercially used noble metal catalyst, the as-
prepared Pt/CB was also tested under the same conditions (Fig. S6).
The measured current density increased with the disk electrode rotation
rate (Fig. 5a and Fig. S7). Fig. 5b compares LSV curves recorded at
1500 rpm. The highest onset potential was 0.91V (at 5% Co content),
which is close to the 0.96 V onset potential of the widely-used Pt/CB.
On other electrodes, the onset potential decreased slightly with in-
creasing Co content (0.88V and 0.87 V in case of 10 and 20% of Co
content, respectively), while it was only 0.69 V in the case of the CosN
sample prepared without graphene sheets. The highest reduction cur-
rent density was measured with 10% Co content (4.1 mA *cm™?),
which is remarkably close to that measured for the Pt/CB modified
electrode (4.4 mA *cm ™ 2). These results prove the enhanced electro-
catalytic activity of the composites compared that of standalone ni-
trogen-doped graphene or cobalt nitride.

Lower reduction current densities were measured (Fig. 5c) over the
5% and 20% composites (3.50 and 2.74 mA cm ™2, respectively), which
is consistent with the change in Co4N particle size. In the 5% Co
composite 14nm nanoparticles were formed, which then showed
higher electrocatalytic activity based on the higher onset potential
(Fig. 5b). Overall, the 10% composite was a more promising catalyst
than the 5% one even though it featured larger average particle dia-
meter (41.3nm vs. 14.3nm in Fig. 2a-b) and consequently, its onset
potential was somewhat smaller. The changes in the onset potentials
could be explained by the different particle sizes. The electrocatalytic
activity of cobalt nitride particles increased with their decreasing
average diameter. Similar phenomena were observed in case of similar
systems in the literature. Liu et al investigated the ORR activity of CoO
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particles with different average particle sizes below 10 nm and found
that the half wave potential of the LSV curves were decreased from
0.77V vs RHE to 0.74V vs RHE by increasing the particle size that
means that the ORR activity was better in case of lower particle size. It
was found that the turnover frequency per CoO sites are independent of
the particle size in the range of 3-7 nm. However, the enlarged specific
surface area and thus the enlarged interface with the carbon support
could cause the difference between the electrocatalytic activity [61].
Furthermore, Qui et al studied the size dependence of the electron
structure of cobalt nanoparticles. The results showed, that there is a
stronger Co—O interaction in case of lower particle size [62]. It means
that the O—O bond of the adsorbed oxygen would be weaker in case of
smaller particle sizes due to the stronger interaction between the cobalt
and oxygen atoms. It would enhance the ORR activity, but it has to
note, that the too strong metal — oxygen bond can also cause a decrease
in ORR activity, when the desorption energy of the intermediers are too
high [63]. Ohnishi et al also investigated the oxygen adsorption on the
surface of nitrides. They found that the density of adsorption sites for
molecular oxygen was increased from 0.18 to 0.57 molecules nm ™2 by
decreasing the particles size from 23 to 7 nm. It was found that the
higher oxygen adsorption density is consistent with the higher ORR
activity [64].

However, nitrogen doped graphene also takes part in the oxygen
reduction reaction as a catalyst. A possible explanation for the better
activity of the 10% Co contained sample could be the different nitrogen
content in the graphene layers of the composites. As Fig. S3 shows, a
higher N/C ratio was reached in graphene in case of the sample with
10% Co content. Consequently, this composite has a higher number of
active sites on the graphene surface. Lai et al. investigated several types
of nitrogen doped graphene and found that the increased amount of
nitrogen moieties can affect the electrocatalytic activity positively [65].
This could be the origin of the higher current density in the 10% Co case
even though the surface area of these cobalt nitride particles was not
the largest in this study.

As for the electrodes modified with either the 20% Co sample or the
standalone Co4N particles, these exhibited the lowest onset potentials
and the lowest current densities. The most likely explanation for this is
the significantly increased Co4N particle size (Fig. 2¢ and Fig. S1).
While the absolute amount of Co4N is higher here than in the 5% and
10% cases, most of the nitride material is in a non-nanoparticulate
form, therefore, the number of catalytically active sites is reduced and
this manifests in a low catalytic activity.

To quantitatively characterize the electrocatalytic ORR activity of
our composites, Tafel analysis was performed. This is a widely-used
method to examine the reaction mechanism of an electrocatalyst, where
the sensitivity of the electric current response to an applied potential is
recorded. [66]. The kinetic current densities were calculated using the
Koutecky-Levich equation [67]:

1 1 1 1 1

= +
nFkef,  0.62nFD33 1%k, o'/

bk

Ja

(2

where ji and j; are the kinetic and diffusion limited current densities,
while j is the experimentally measured current density. The electron
transfer number of the oxygen reduction reaction can be also calculated
with this equation (see below), where n is the number of the electrons
transferred per oxygen molecule (electron transfer number), F is the
Faraday constant, k is the rate constant of the oxygen reduction reac-
tion, cob2 is the oxygen concentration in the electrolyte (1.2 x 10~° mol
cm~ 2% in 0.1 M KOH at 23°C) [68], Do, is the diffusion coefficient of
oxygen in the electrolyte (1.9 X 10-5cm? s~ in 0.1 M KOH at 23°C)
[68], v is the kinetic viscosity of the solution (8.9 x 103 ecm? s~ 1) [69]
and  is the angular velocity of the electrode [rad s~ ']. One revolution
per second corresponds to 25t rad s~ [70].

During oxygen reduction reaction, several different adsorbed spe-
cies can be found on the catalyst surface, like, e.g., oxygen molecules,
additional oxygen-containing ORR intermediers, other components of
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Fig. 5. (a) LSV curves of 10% Co4N/NG composite modified glassy carbon electrode at different rotation rates, (b) LSV curves recorded at 1500 rpm of the as-
prepared Co4N/NG composites with different Co contents and Pt/CB on GCE. (¢) Reduction current densities from LSV measurements obtained at 1500 rpm (taken at
0V vs RHE), and (d) Tafel plots of the LSV curves measured at 1500 rpm. All measurements were carried out in 0.1 M KOH solution at 10 mVs ™" scan rate.

the electrolyte, etc. The presence and the distribution of these groups
can significantly influence the reaction mechanism [71]. Damjanovic
et al. previously showed that the electrode surface coverage could
change in different potential ranges, which implies different rate-de-
termining steps in the different reaction pathways of oxygen reduction
reaction. At low overpotentials (i.e., when the reaction rate is also low)
the heat of adsorption of any species decreases linearly with increasing
coverage. This means, that the so-called Temkin adsorption conditions
are predominant [72]. However, the surface coverage of various reac-
tion intermediates decreases with increasing overpotential and reaction
rate, preventing interactions among adsorbed species and only a
monolayer is formed. The latter are the so-called Langmuir conditions
[73]. Although these are the most commonly found adsorption condi-
tions, several authors argued that it is often difficult to unambiguously
determine the possible rate determining step employing Tafel slope
analysis [66].

A high and a low current density region are observable in Fig. 5d.
The two different slopes imply different rate-determining steps in each
potential region. Tafel slopes in the low current density region were
determined to be —65, —57, —62, —83, and —61 mV decade ™! in
case of the 5, 10, and 20% composites, nitrogen doped graphene and
Coy4N, respectively (Fig. S8). The preferred lower Tafel slope was
achieved in case of the composite with 10% Co content. Furthermore,
this slope was even lower than that of the Pt/CB catalyst (—63 mV
decade ™). (See Fig. S6c¢).

In contrast, Tafel slopes were found to be —194, —154, —157,

—194, and —479mV decade ' for the same composites in the high
current density region. The composite with 5% Co content, the un-
decorated nitrogen doped graphene, and the electrodes modified with
CoyN particles (Fig. S8) gave lower Tafel slopes. This could suggest that
the amount of adsorbed species and reaction intermediers change dif-
ferently with the applied potential [66]. Similarly to the previous po-
tential range, the lowest slope was achieved in case of 10% Co content.
However, it was still higher than that of the Pt/CB catalyst (— 127 mV
decade ™). This difference could be due to the fact, that the oxygen
reduction reaction is much more complex in case of a non-noble metal
catalyst than on the surface of the platinum nanoparticles [71].

To get further information on the pathway of the oxygen reduction
reaction, electron transfer numbers were calculated via Eq. (2) from the
LSV measurements using rotating disk electrodes at different rotation
rates. Results are depicted in Fig. 5a and Fig. S7.

Koutecky-Levich plots at various potentials in Fig. 6a-c show par-
allel, straight trend lines, implying the first-order kinetics of the reac-
tion (Results for the other samples are shown in Fig. S9) [42]. It should
be noted that the extrapolated K-L plots have non-zero intercepts. This
may indicate that there is a mixed kinetic-diffusion control in the in-
vestigated potential range [28]. This kind of mixed kinetic control was
previously discussed by Alexeyeva and also by Vikkisk et al. [22,32].
Furthermore, a similar result was observed in the case of the Pt/CB
composite as well. Electron transfer numbers were calculated from the
slope of the plots and summarized in Fig. 6d. It is seen, that the highest
electron transfer number of 3.6 was achieved in the 10% composite,
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Fig. 6. Koutecky-Levich plots of GCE modified with (a) 5%, (b) 10%, (c) 20% composites obtained from rotating disk electrode LSV measurements, and (d)

summarizing the calculated electron transfer numbers.

while slightly lower values were obtained in any other studied com-
posite and the nitrogen doped graphene. The lowest electron transfer
number of 2.9 was calculated for the CosN-modified glassy carbon
electrode. It was calculated only at lower potentials due to the more
negative onset potential.

The schematic illustration in Fig. 7 depicts the four-electron process
as the dominant reaction path in our system. The less favorable two-
electron process also takes place in oxygen reduction, where peroxides
are first formed, then subsequently reduced to hydroxide ions in a
further two-electron step.

We assume that both parts of the composite have active sites where
the oxygen reduction reaction can take place. Several papers discuss the
possible active sites in nitrogen doped graphene. Since nitrogen has a
higher electronegativity than carbon, partially positively charged
carbon species can form in the neighborhoods of nitrogen atoms. These
types of carbon atoms are more favorable for the adsorption of oxygen
molecules [33,34]. Furthermore, Yao et al. wrote about the active sites
in the cobalt nitride/nitrogen doped carbon structure. It was found that
the cobalt atoms are also positively charged due to the presence of the
more electronegative nitrogen atoms. Therefore, cobalt atoms in the
nitride structure could be an ideal active site for the oxygen reduction
reaction. In case of a Co-N-C interaction, the cobalt atoms are more
positively charged than carbon atoms, which means that it is more fa-
vorable for the adsorption of oxygen molecules [74].

Platinum-based ORR electrocatalysts are prone to loss of activity
due to impurities like methanol, carbon monoxide etc. [6]. Methanol, at

832

OH~
»
2€
HO,” o

,..

Co,N %

Fig. 7. Schematic of oxygen reduction reaction on the surface of Co,N/NG
composite in alkaline media.

Nitrogen doped
graphene

the same time, can diffuse through membranes used in fuel cell systems,
and this so-called fuel crossover or specifically, methanol crossover can
considerably reduce fuel cell efficiency in direct methanol fuel cells.
The methanol tolerance of our most active 10% Co composite was
tested using chronoamperometry as it is shown in Fig. 8. Relative
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Fig. 8. Chronoamperometric methanol tolerance responses of Pt/CB and 10%
Co4N/NG composite modified glassy carbon electrode in the oxygen reduction
reaction. Measurements were carried out in oxygen saturated 0.1 M KOH so-
lution at 0.51 V vs RHE.

current (I/I,) was calculated from the ratio of the measured and the
initial currents, and results were compared to that of a noble metal Pt/
CB catalyst.

When methanol was added to the electrolyte solution at 360, the
current dropped steeply for the Pt/CB modified electrode. This means
that the presence of methanol decreases the ORR electrocatalytic ac-
tivity of the platinum nanoparticles due to their activity towards me-
thanol oxidation reaction (MOR) [75]. However, there was no change
in the current response of the CosN/NG modified electrode, which
shows its superior methanol tolerance over the widely-used noble metal
Pt/CB catalyst.

4. Conclusion

Nitrogen-doped graphene sheets were decorated with cobalt-nitride
(Co4N) nanoparticles in a single-step synthesis via the high-temperature
ammonia atmosphere annealing of the mixture of cobalt(Il) acetate and
lyophilized graphene oxide. The formed composites were characterized
by transmission electron microscopy (TEM), X-ray diffraction (XRD), X-
ray photoelectron and Raman spectroscopy (XPS), and electrochemical
techniques. Pyridinic and pyrrolic nitrogen moieties were incorporated
into the graphene network during the ammonia treatment. The dia-
meter of cobalt nitride nanoparticles increased from 14 to 201 nm with
increasing Co content in the composites. Electrocatalytic properties of
the catalysts were measured in a standard three-electrode setup in
oxygen and nitrogen saturated 0.1 M potassium hydroxide solution
using cyclic and linear sweep voltammetry. A rotating disk electrode
was used for the LSV measurements at different rotation rates. The ORR
activity of the 10% Co4N/NG non-noble metal catalyst was comparable
to that of the widely-used carbon black supported platinum nano-
particles with a reduction current density of 4.1 mA cm 2 under alka-
line conditions. The reported composite showed excellent methanol
tolerance in contrast to the platinum-based Pt/CB composite, which is a
considerable advantage over noble-metal based ORR electrocatalysts.
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