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A simplestrategy for the production of an efficient platinum-
free electrocatalyst for the oxygen reduction reaction was
demonstrated. Nitrogen-enriched carbon powder was
synthesized by a solid-phase method consisting of grinding
grapheneoxideand melaminein aplanetary ball mill without
any solvents and high-temperature processing. Based on
XPSand IR spectroscopy data, it was assumed that the high
electrocatalytic activity of the obtained material isduetothe
presence of nitrogen atoms and quinone groups on its
surface.
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Traditionally, catalysts in modern fuel cells with a polymer
electrolyte membrane are platinum or platinum alloy
nanoparticles on carbon black.1-® Concurrently, various carbon
nanoforms, such as graphene-like structures, nanotubes and
fullerenes, are intensively studied as supports for these catalysts.
At the same time, conventional catalysts have obvious and
fundamentally inevitable disadvantages, such as high costs and
limited resources. Therefore, complex studies are needed to
develop simple and effective methods for modifying carbon
structures for their use as standalone platinum-free
electrocatalysts for the oxygen reduction reaction (ORR) in fuel
cells.* Carbon nanoforms doped with p-elements, such as
nitrogen, are considered promising electrocatalysts for the ORR.
The observed improved catalytic performance of the modified
graphene-like structures is due to the electron-accepting ability
of nitrogen atoms, which creates a net positive charge on adjacent
carbon atoms in the graphene sheet.>6 It has been shown in
several works’® that the ORR on such structures proceeds along
the four-electron pathway, which was previously®!° considered
typical only for platinum and its alloys. However, the production
of nitrogen-doped carbon nanoforms using well-developed
methods is complicated by some problems, such as the toxicity
of nitrogen sources, possible contamination of products with
nitrogen precursors and the need for expensive special equipment.

In this study, we propose a simple synthesis strategy for
producing nitrogen-doped carbon powder (N-bmGO) by
grinding graphene oxide (GO) with melamine in a ball mill. The
resulting material was characterized by scanning electron
microscopy (SEM), X-ray photoelectron spectroscopy (XPS),
infrared spectroscopy (IR) and Raman spectroscopy. Moreover,
N-bmGO was tested as an ORR electrocatalyst and demonstrated
a significant decrease in oxygen reduction overpotential and
electron transfer numbers of 2.8-4.

© 2021 Mendeleev Communications. Published by ELSEVIER B.V.
on behalf of the N. D. Zelinsky Institute of Organic Chemistry of the
Russian Academy of Sciences.

It should be noted that there are very few publications on the
mechanochemical approach!® applied to carbon materials. In
particular, ball-milling was previously used only for the
exfoliation of graphite’?13 and the production of carbon-based
nanocomposites with transition metal oxides.141°

GO was synthesized using the modified Hummers’
method.1617 Its chemical composition corresponds to
Cg046H15(H20)p58. The nitrogen source was 99.9% pure
melamine (BASF SE) (for details, see Online Supplementary
Materials).

Figure 1 displays SEM images of an N-bmGO sample. As can
be seen, GO sheets were ground during ball-milling, resulting in
a powder-like matter with a grain size of 10-50 nm. Note that in
Figure 1(b), only a small portion of the original GO sheet can be
distinguished. According to the integrated intensities of the
analytical lines in the survey XPS spectrum (Figure S1, see
Online Supplementary Materials), the oxygen and nitrogen
concentrations on the N-bmGO surface were 17.4 and 5.5 at%,
respectively. It should be mentioned that milled GO was not only
doped with nitrogen atoms but also partially reduced'® as a result
of mechanochemical synthesis. Indeed, the oxygen content in
N-bmGO is ca. 6 at% lower than that in GO (Table S1).

Figure 2(a) presents the high-resolution C 1s spectrum of the
N-bmGO sample and its deconvolution into five symmetric
Gaussian—Lorentzian peaks. The peaks were assigned following
the known data.’®2! The dominant peak, C1, located at 284.5 eV,
is typical for sp? carbon materials, and peak C2 corresponds to sp
hybridized carbon (Table 1). The second intense peak, C3, shifted
by +2.1 eV from C1, can be attributed to carbon atoms linked by a
single bond to oxygen or a double bond to nitrogen, that is, to
hydroxy and epoxy groups or pyridinic and pyrrolic nitrogen.
The next peak, C4, shifted by +3.5 eV, we assign to carbon atoms
double-bonded to oxygen atoms (C=0) or single-bonded to
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Figure 1 SEM images of the N-bmGO sample.

nitrogen. The last peak, C5, centered at 289.0 eV, can be attributed
to the carbon atoms of the carboxyl group (O—C=0).

The high-resolution N 1s spectrum of the N-bmGO sample
can be deconvoluted into three peaks [Figure 2(b), Table 1]. The
assignment of these peaks following the literature data (see
Online Supplementary Materials) allows us to conclude that
pyrrolic nitrogen atoms make the main contribution to the N 1s
spectrum. Note that catalytic activity in ORR is observed mainly
for carbon materials containing active centers represented by
pyridinic and graphitic nitrogen atoms.?%-2

A distinctive feature of the IR spectra of carbon materials
containing graphitic nitrogen is a high absorption intensity
ranging from 1315 to 1350 ¢cm™.2 In our case, there is no
noticeable absorption band in this region of the spectrum;
therefore, we can assume the presence of a small amount of
graphitic nitrogen in the sample, which is consistent with XPS
data (Figure S2). The low absorption band at 3515 cm indicates
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Figure 2 High-resolution (a) C 1s and (b) N 1s XPS spectra of the
N-bmGO sample.

Table 1 Peak positions (Ep), full widths at half maximum (FWHM) and
intensities (Int) of signals in the C 1sand N 1s XPS spectra of N-bmGO.

Peak Ep/eV FWHM/eV  Int (%) Assignment
C1 2845 15 52.6 Cc=C

Cc2 285.4 14 7.0 c-C

C3 286.6 15 28.2 C-0/C=N
C4 288.0 1.55 9.5 C=0/C-N
C5 289.0 1.6 2.7 0-C=0

N1 398.5 15 14.4 Pyridinic N
N2 399.6 2.1 71.0 Pyrrolic N
N3 401.0 2.6 14.6 Graphitic N

the presence of pyrrolic nitrogen (stretching vibrations of the
N-H bond) in the N-bmGO sample. According to the published
data,?”-28 the absorption band of the isolated pyrrole group is
located at 3530.8 cmL. At last, in the spectrum of N-bmGO,
one can see intense absorption bands in the region from 1650 to
800 cm~L. For pure melamine, the absorption band at 1560 cm™
can be attributed to the stretching vibrations of the triazine
ring.2%3% In our opinion, the vibrations of the pyrrole and pyridine
rings are also in this range.

The Raman spectrum of N-bmGO shows peaks labeled D,
D*, G, 2D, D + D’ and 2D’ (Figure S3). For N-bmGO, the
positions of the D and G bands are shifted towards lower values
compared to those for GO (Table 2), which indicates a decrease
in the number of defects and the formation of graphene
crystallites (graphitization)®! in the N-bomGO sample. Based on
the peak intensity ratio I/l = 1.67, the size of the sp? domain is
ca. 11.5 nm.

Voltammograms measured in an oxygen-saturated solution of
0.1 M KOH for the bare glassy carbon (GC) electrode and the
GC electrode loaded with N-bmGO are displayed in Figure 3(a).
The number of electrons n participating in the ORR, determined
at various potentials using the Koutecky—Levich equation,3! is
presented in Figure 3(b). Figure 3(a) shows that the oxygen
reduction currents are higher for N-bomGO than for the bare GC
electrode. On the voltammogram of N-bmGO [Figure 3(a),
curve 2], two waves of oxygen reduction can be distinguished. In
the first wave, a linear increase in the cathodic current is observed
in the potential range from —400 to —750 mV. The second wave
demonstrates the limiting diffusion current of complete oxygen
reduction to water at E<—900 mV. In this case, the corresponding
value of the limiting diffusion current density obtained from the
Levich equation®>% at n = 4 is j; = —6.4 mA cm~2. Note that in
the potential range from —250 to -850 mV, the electron transfer
number n increases linearly from 2.8 to 4 [see Figure 3(b)].

These data show that in the case of N-bmGO, even at low
overpotentials, a reduction of O, to H,O occurs alongside the
oxygen reduction to hydrogen peroxide (n= 2.8 at E ~ —200 mV).
The contribution of the first process to the overall oxygen
reduction gradually increases with the potential scan in the
negative direction until the complete reduction of oxygen to
water at E < -850 mV (n ~ 4). Therefore, on the voltammogram

Table 2 Peak positions and band intensity ratio (Ip/lg) in the Raman
spectra of graphite, GO and N-bmGO.

Sample Peak position/cm™

5 s Io/lg
Graphite 1350 1582 0.04
GO 1374 1611 0.86
N-bmGO 1345 1393 1.67
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Figure 3 (@) Linear sweep voltammograms of an O,-saturated 0.1 M KOH
solution for (1) the bare GC electrode and (2) the GC electrode coated with
N-bmGO at a potential scan rate of 10 mV s1, an electrode rotation rate of
2000 rpm and current density values corresponding to the geometric surface
area of the electrodes. (b) Dependencies of the electron transfer number non
the potential E for (1) the bare GC electrode and (2) the GC electrode coated
with N-bmGO.

for N-bmGO, the first wave corresponds to the O, reduction via
two parallel pathways to form H,0, and H,0O, and the second
wave accounts for the oxygen reduction only to water. The half-
wave potentials of the first wave of oxygen reduction for the GC
electrode and N-bmGO are —360 and —180 mV, respectively.
Thus, there is a significant difference in the ORR parameters for
GC and N-bmGO. Namely, a decrease in the ORR overpotential
(by 180 mV) and substantially higher values of n are observed
for N-bmGO. The above facts imply a sufficiently high
concentration of active centers on the N-bmGO surface for the
adsorption of both oxygen and its reduction intermediates. These
active centers can be represented by pyridinic nitrogen, graphitic
nitrogen,?22325 quinone groups,® surface defects and edge
regions® of graphene-like structures.

In summary, we report a simple mechanochemical synthesis
of an efficient platinum-free electrocatalyst for ORR. Nitrogen-
enriched carbon powder obtained from inexpensive components,
GO and melamine, exhibits a reasonably high catalytic activity
in ORR, manifested in a decrease in the ORR overpotential and
increased contribution of complete oxygen reduction to water to
the overall process compared to GC. The approach proposed in
this work can be effectively used to produce carbon nanomaterials
with a certain degree of surface functionalization and doping
with p-elements, which can be controlled by changing the time
and grinding mode. Undoubtedly, the need for new carbon
materials will stimulate further research in this area.
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Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2021.07.031.
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