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1 | INTRODUCTION

Over the past decades, enormous efforts have been devoted
on developing renewable clean energy conversion and stor-
age systems, such as fuel cells and metal-air batteries.[1 3]
One of key processes of these energy systems is the oxygen

Abstract

In this work, a coral-like nitrogen-doped carbon electrocatalyst has been
prepared via self-assembly oxidative polymerization of aniline monomers onto
silicon nitride (Siz;N,) nanospheres, followed by carbonization. The prepared
catalyst at 900°C (denoted as NC-900) shows excellent oxygen reduction reac-
tion (ORR) activity by achieving an onset potential () of 0.90 V versus reversible
hydrogen electrode (RHE) and half wave potential (E;/,) of 0.82 V versus RHE
comparable to that of the commercial Pt/C (n = 0.99 V vs. RHE and E;;, = 0.87
V vs RHE) and even outperforming many carbon-based electrocatalysts recently
reported in the literature. The catalyst NC-900 also displays better stability and
resistance toward methanol crossover effect than Pt/C in alkaline solution. The
high ORR performance of NC-900 catalyst was associated with high content
of nitrogen species and hierarchical mesoporous structure that facilitate high
electron and mass transport.
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reduction reaction (ORR), which is a multistep sluggish
kinetic reaction, that occurs at cathode via adsorbing oxy-
gen intermediates on the active sites of electrocatalyst.!*"]
Therefore, the ORR of an electrocatalyst greatly depends
on the interaction strength between the active sites and
reaction intermediates. So far, the leading electrocatalysts
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for ORR have been recognized as platinum (Pt) based,
which show highest positive onset potential and half wave
potential. Unfortunately, Pt-based catalysts face several
challenges related to unaffordable cost, susceptibility to
poisoning, and shortage in nature, which impede their
widespread commercial utilization.[>’! On the other
hand, the nonprecious metals and their alloys/oxides
have been extensively studied but they are also not free
from many disadvantages such as low stability in harsh
electrolyte environment, poor selectivity, and succeptiblity
toward gas poisoning.!®'° To mitigate these issues, it is
highly desirable to develop alternative electrocatalysts
with low cost, high perfomance, and stability.

In this context, doped carbonaceous materials have
emerged as promissing alternatives to precious and non-
precious metal-based ORR electrocatalysts.["'*] Doping
of carbon materials, especially with N heteroatom, induces
high positive charge density on coordinated neighboring
carbon atoms due to the large difference in electronegativ-
ity and thus facilitates the adsorption of oxygen on catalyst
surface.'*] It has also been reported that the charge
redistribution induced by nitrogen doping leads to dif-
ferent configuration with adjacent carbon atoms forming
pyridinic-N, pyrrolic-N, quarternary-N, and oxidized-N
species, and each have different contribution in electrocat-
alytic reaction.[>'*] Co-doping of heteroatoms in carbon
network has also been reported for better catalytic activity
than the single heteroatom-doped carbon counterpart
due to the synergistic effect of two different heteroatoms.
For an ideal carbon-based electrocatalyst, not only dop-
ing but other features are also important, such as high
conductivity and porosity to create fast mass transport
channels.

In our latest work,' ! we have shown a highly entan-
gled fibrous-like N and S co-doped carbon electrocatalyst
obtained from the combination of polyaniline and poly-
thiophene precursors followed by carbonization, which
demonstrated outstanding ORR performance revealing the
onset potential of 0.94 V versus reversible hydrogen elec-
trode (RHE) very close to the benchmark Pt/C (1 V vs.
RHE). In another study, Huang and co-workers! ! synthe-
sized carbon nanocages using the precursors of polyethy-
lene oxide-polypropylene oxide-polyethylene oxide (PEO-
PPO-PEO) three-block copolymer (F127) and Zn(OH), for
ORR catalysis in alkaline solution. Taking the advantages
of high surface area (1011 m? g—!), optimized pyrolysis con-
dition, and unique morphological structure, the obtained
carbon nanocages exhibited excellent onset potential and
half wave potential of 0.89 and 0.71 V versus RHE, respec-
tively. The nitrogen-doped carbon nanoflowers were also
synthesized using the precursors of pyrrole, aniline, and
phenanthroline.l'”l The optimal catalyst derived from
phenanthroline at 900°C (N-CNF-PHEN-900) comprising

[15]

large specific surface area (1039 m? g=!) showed supe-
rior ORR activity by surpassing the benchmark Pt/C cat-
alyst with 30 mV half wave potential in alkaline solution.
According to the above considerations, building hierarchi-
cal porous carbon electrocatalyst have shown benefit in
electron transfer and mass diffusion for enhancing cat-
alytic performance of the electrocatalysts.

Herein, we synthesized a hierarchical coral-like
nitrogen-doped carbon using self-assembly oxidative
polymerization of aniline monomers onto silicon nitride,
followed by a simple one-step carbonization process. The
as-synthesized hierarchical coral-like nitrogen-doped
carbon displayed excellent catalytic activity, stability,
and tolerance toward methanol poisoning effect in alka-
line solution. The high catalytic activity of as-prepared
catalyst was associated with high content of nitrogen
species and mesoporous structure, which promote rapid
mass/electron transport. This work offers an effective
strategy to develop promising electrocatalyst for ORR
using polyaniline and silicon nitride precursors.

2 | EXPERIMENTAL SECTION

2.1 | Chemicals

Aniline monomer (99.5%), silicon nitride (SizN,
nanosphere) with average size of ~20 nm, ammo-
nium persulfate ((NH,), S,0g), potassium hydroxide
(KOH, 99%), and Nafion solution (5 wt% in ethanol) were
purchased from Sigma-Aldrich. The Pt/C (20 wt%) was
from E-TEK. The water was purified by the equipment of
Milli-Q Advantage A10, Merck Millipore, with a resistivity
of 18.25 MQ cm™L.

2.2 | Synthesis of coral-like
nitrogen-doped carbon

First, aniline monomers were polymerized onto the
surface of Si;N, nanospheres as follows: 0.2 g of Si3Ny
nanospheres were dispersed in 30 mL of deionized water
and sonicated for 2 h at room temperature. An anilinium
solution was prepared in a separate beaker by adding 2.2
mmol of aniline monomers into 8.2 mmol of HCI solution
under continuous stirring using Teflon coated magnetic
bar, following the procedure of earlier reported work.!'®!
The well-mixed anilinium solution was then poured into
the dispersion of Si; N, nanospheres at 0°C under vigorous
stirring for 2 h. Afterward, the mixture of Si;N-anilinium
was injected into 50 mL of chloroform under constant
stirring and kept the beaker in dry ice bath inside the
frigorific room at —10°C. The precooled solution (50 mL)
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of the oxidizing agent (ammonium persulfate, 0.88 M)
was slowly added into the mixture of Si;N,-anilinium and
left for polymerization inside the frigorific room at —10°C
for 14 h. After polymerization, a green color product was
obtained, which was thoroughly washed with deionized
water and centrifuged for five times. Then the product was
collected in plastic tubes and freeze dried for 3 days. The
resulting hybrid material constituted with polyaniline and
Si;N, nanospheres was carbonized. The carbonization of
the material was processed for two different temperatures
900°C and 1000°C under argon atmosphere with ramp
rate of 2°C/min for 3 h. After carbonization, the material
turned into a black-colored powder. The final samples
were named as NC-900 and NC-1000, according to the
temperatures of carbonization.

2.3 | Physical characterization

The surface morphology of the samples was character-
ized by transmission electron microscopy (TEM) using
JEM2100 LaBg 200 kV. The corresponding EDX had the
sensitivity of 0.1 wt%, which cannot rule out the pres-
ence of any possible metal impurities at a lower level
than the detection limit of EDX measurements. The struc-
tural features of the samples were investigated by several
techniques, such as X-ray diffraction (XRD, Bruker, D8
Advance) with Cu Ka radiation source (1 =1.54 A), Raman
measurement (Renishaw) with wavelength of 633 nm as an
excitation source, X-ray photoelectron spectroscopy (XPS,
PHI-5300 ESCA spectrometer, Perkin Elmer) with 300W
Al Ka radiation, and Brunauer-Emmett-Teller (BET; TriS-
tar II 3020, version 2) for surface area.

2.4 | Electrochemical characterization

The electrocatalytic activities of the samples were tested
in N,- and O,-saturated 0.1 M KOH solution employing
standard three-electrode cell setup using electrochemical
workstation of CHI-60E at room temperature. The refer-
ence electrode of Hg/Hg,Cl,, (KCl saturated) and counter
electrode of graphite rod (Alfa Aesar, 99.999%) were used.
The catalyst ink was prepared by dispersing 2 mg of cat-
alyst into 400 pL of ethanol and 40 uL of 5 wt% Nafion
solution and ultrasonicated for 30 min to obtain a homoge-
neous mixture at room temperature. To prepare the work-
ing electrode, 20 puL of ink was drop-casted onto precleaned
glassy carbon electrode (area 0.196 cm?), which gives load-
ing of catalyst ~0.075 mg. The measured potentials versus
Hg/Hg,Cl, were converted to the RHE via Nernst equation
(Eys rue = Evsag/Hgcz + 0.095 + 0.059 pH). Koutecky-
Levich (K-L) plots were obtained by linear fitting of the
reciprocal rotating speed versus reciprocal current den-

sity, collected at different potentials. The average electron
transfer number (n) per oxygen molecule involved in a typ-
ical ORR process was calculated from the slope of K-L
plots using the following equation!'!

1 1 1
—.=.—+—1, ¢))

Bw:2

where j is the measured current density, j is the kinetic
current density, w is the electrode rotating rate in rpm, and
Bis the reciprocal of the slope obtained from the K-L plots
based on the following equation:

1 2
B =0.2nFAv 6Cpy(Dp,)3, ()

where n is the number of transferred electron per
oxygen molecule, F is the Faraday constant (96,485 C
mol™), Dy, is the diffusion coefficient of O, in 0.1 M
KOH (1.9 x 107> cm? s71), v is the kinetic viscosity of the
electrolyte (0.01 cm? s7'), and Cy, is the concentration
of 0, (1.2 X 107% mol cm~3). The constant 0.2 is adopted
when the rotating speed is in rpm.

The hydrogen peroxide yield (% H,0,) and correspond-
ing electron transfer number (n) were calculated by the fol-
lowing equations:

%H,0, = 200 X L 3)
T (NI +1,)’
4N]T
n=—49 (4)
(NIq+1,)

where I; and I, are the disc and ring current, and N is the
current collection efficiency of the ring electrode, which
was determined to be 0.37.

3 | RESULTS AND DISCUSSION

A schematic representation for the synthesis of catalyst is
shown in Figure 1. The anilinium ions electrostatically
interacted all around the nanospheres of Si;N, and formed
a self-assembly of anilinium ions and SizN, nanospheres
in the aqueous/chloroform interface.[’°! Upon addition
of oxidizing agent ((NH,4), S,0g), the anilinium ions
start polymerizing on Si;N, nanospheres; as the polymer
chains grow, they come in contact with the interface
of aqueous and organic-chloroform phases, where the
segments of amine (hydrophilic) phenyl (hydrophobic)
avoid the solubility in both aqueous and organic phases
and as a result polymer chains act as an interfacial
stabilizer.['”) According to Kim et al. '8! an aqueous/
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FIGURE 1

organic interface system provides para-direction poly-
merized structure, which results in a highly conductive
polyaniline.

Figure 2a-d shows the TEM images of sample NC-900 at
different magnifications, which clearly displayed a coral-
like structure comprising the coral type branches of several
nanometers in length. The Si;N, nanosphere can also be
observed with average size of ~16 nm (Figure 2d). Sample
NC-1000 also showed coral-like morphological structure
of the catalyst, as shown in Figure S1. Such unique mor-
phological design of catalyst can increase the specific sur-
face area of the catalyst. The energy dispersive X-ray spec-
troscopy (EDX) was investigated for elemental mappings of
C, Si, N, and O, which showed homogeneous distribution
and composition of all elements (Figure 2e and Figure S2)
that could be beneficial for promoting high catalytic activ-
ity of the electrocatalyst.

Further, the structural characterizations of the materials
were investigated by XRD, Raman spectroscopy, nitrogen-
adsorption/desorption isotherm, and XPS. The XRD pat-
terns of NC-900 and NC-1000 (Figure 3a) represent the
most relevant peaks at 26 = 24° and 43°, indicating that
the both samples consist of graphitized carbon, which
can greatly improve the electronic conductivity of the
materials.[?°l Raman spectra of NC-900 and NC-1000 (Fig-
ure 3b) show D- and G-bands at 1330 and 1592 cm™!,
respectively.!?!] The calculated peak intensities (Ip/Ig)
were 0.894 (NC-900) and 0.886 (NC-1000), further suggest-
ing that there is a considerable graphitized carbon in the
samples. BET surface area and pore size distribution were
investigated by a nitrogen adsorption/desorption analysis.
As shown in Figure 3c, both samples show the type IV
adsorption isotherm, manifesting high mesoporous struc-
ture of the materials.!??l BET specific surface area was
measured to be 403 and 420 m? g~! for NC-900 and NC-
1000, respectively. Sample NC-1000 showed slightly higher
specific surface area than the NC-900, which could be
due to the higher carbonization temperature of 1000°C.
Dollimore Heal pore distribution plot was derived from
the nitrogen desorption isotherm (Figure 3d), and also
showed that the majority of mesopores with diameter were
in the range of 10-50 nm in the samples.

Polyaniline coated
Si;N,-nanospheres

Pyrolysis

>

Coral-like N-doped carbon coated
Si;N,-nanospheres

Synthetic protocol for the preparation of coral-like nitrogen-doped carbon coated on Si;N,nanospheres

XPS survey spectra of NC-900 and NC-1000 showed the
presence of C, Si, O, and N elements in Figure 4a. The
nitrogen element comes from the source of polyaniline and
silicon nitride precursors. The nitrogen contents for NC-
900 and NC-1000 were found to be 18% and 16%, respec-
tively. Note that the nitrogen content was found slightly
less in sample NC-1000, this is because the higher temper-
ature can cause the loss of some nitrogen content from the
sample. Deconvolution of N1s XPS spectra (Figure 4b) of
NC-900 showed 70.4% pyridinic-N (398 eV), 29% pyrrolic-
N (399 eV), and 0.6% quaternary-N (400 eV). Although the
deconvolution of N1s XPS spectra for NC-1000 (Figure 4c)
showed 79.5% pyridinic-N (397 eV) and 20.5% pyrrolic-N
species but without quaternary-N. It has been shown in
previous studies that the pyridinic-N was responsible for
high catalytic onset potential for ORR via four-electron
path.[2>24] As pyridinic-N species contributes a single elec-
tron pair in the plane of carbon lattice by weakening the
0-0 bond for oxygen reduction.?! Besides that, in order
to correlate the content of nitrogen species with the cat-
alytic performance, one must take into consideration that
the co-existence of pyridinic-N and quaternary-N in NC-
900 can also generate synergistic effect due to their differ-
ent electronic configurations, which could greatly improve
the catalytic performance of the catalyst material.[20-3!]

The electrochemical experiments for the samples were
conducted using three-electrode cell configuration to eval-
uate ORR performance. Pristine Si;N, nanospheres and
commercial Pt/C (20 wt%) were also evaluated for com-
parison purpose. To investigate the electrocatalytic activ-
ities of the samples, cyclic voltammogram (CV) was car-
ried out in N,- and O,-saturated 0.1 M KOH solution with
a scan rate of 10 mV s~!. As shown in Figure 5a and Fig-
ure S3a, the peak current for the oxygen reduction was
gained in O,-saturated 0.1 M KOH solution. The insignifi-
cant background current in N,-saturated 0.1 M KOH solu-
tion verifies that the observed reduction current peak in
0,-saturated 0.1 M KOH solution was due to the reduc-
tion of dissolved oxygen in electrolyte. As shown in Fig-
ure 5b, the linear sweep voltammetry (LSV) at rotating
speed of 1200 rpm, the NC-900 exhibits onset potential
(1) of 0.90 V versus RHE and half wave potential (E,;,) of
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FIGURE 2
mapping images of C, Si, N, and O elements

0.82 V versus RHE, which was more positive than that of
the counterpart NC-1000 (n = 0.88 V vs. RHE and E;;; =
0.80 V vs. RHE). The obtained onset potential (n = 0.90
V vs. RHE) for NC-900 is appreciable in comparison with
benchmark Pt/C (y = 0.99 V vs. RHE and E;;, = 0.87
V vs. RHE) and even superior to that of many reported
ORR electrocatalysts based on carbon nanomaterials, as
presented in Table S1. Meantime, the negligible perfor-
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C K series N K series

S00nm
O K series

Morphological analysis. (a-d) TEM images of the sample NC-900 at different magnifications, and (e) corresponding EDX

mance of the pristine Si;N, nanospheres indicates that
the catalytic ORR performances of the samples NC-900
and NC-1000 are originating merely from the nitrogen-
doped carbon. The better ORR performance of NC-900 as
compared to NC-1000 was associated with the high con-
tent of pyridinic-N, as revealed by XPS analysis (Figure
4b), which improves the onset potential of catalyst.[?*]
Notably, the additional quaternary-N species in NC-900
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FIGURE 3 Physical characterizations. (a) XRD patterns of NC-900 and NC-1000, (b) Raman spectra of NC-900 and NC-1000, (c) nitrogen
adsorption-desorption isotherm of NC-900 and NC-1000, and (d) corresponding pore size distribution curves for NC-900 and NC-1000
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FIGURE 4 (a) XPS survey spectra of NC-900 and NC-1000, (b) HR-XPS spectra of N 1s of NC-900, and (c) HR-XPS spectra of N 1s of
NC-1000

may increase the limiting current density, while pyrrolic- density for NC-900 compared to the NC-1000, suggesting a
N has little impact on electrocatalytic performance of  good diffusion-controlled oxygen reduction and first-order
carbon materials.[*'! These results are consistent with pre-  kinetic of NC-900 for ORR in alkaline solution.!?*3233]
viously reported works, where pyridinic-N and its syner- Figure 5d shows the corresponding K-L plot (7! vs.
gistic contribution with other nitrogen species have been ~ w~"/2) of NC-900 and Figure S3c for NC-1000, derived
proven for high ORR activity.[>>-?"] Further, the LSV test ~ from the LSV curves between the potential range of 0.2-
was investigated using various rotating speeds, ranging 0.6 V versus RHE at different rotating speeds to get mass-
from 400 to 2400 rpm at scan rate of 10 mV s~! (Figure 5¢ transport ORR kinetics using Equation (1). The K-L plot
and Figure S3b). The cathodic current increases with ~ shows the parallel fitting correlation, further suggesting
increasing rotational speed with high diffusion current  the first-order reaction kinetic against the concentration of
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Electrochemical analysis. (a) CV curves of NC-900 in N,-/0O,-saturated 0.1 M KOH solution; (b) LSV curves of NC-900, NC-

1000, Pt/C, and pristine Si;N,nanospheres; (c) LSV curves of NC-900 at different rotating speeds, (d) Koutecky-Levich plot derived from LSV
curves of NC-900, (e) ring and disc currents on RRDE for NC-900 at 1600 rpm, (f) corresponding electron transfer number from RRDE, (g) CV
curves with and without CH;OH for NC-900, and (h) current-time (i—t) chronoamperometric curves for NC-900 and Pt/C catalysts
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dissolved oxygen and potential-dependent electron trans-
fer rate.***5] According to K-L plot, the highest electron
transfer number (calculated from Equation (2)) for NC-
900 was measured to be 3.50, revealing a mixed 2- and 4-
electron transfer path, as represented in Figure S4 at dif-
ferent potential values for NC-900, while NC-1000 showed
an average electron transfer number value of 2.73 (Figure
S3d). Further, ORR activity of the samples was investigated
from the generated peroxide species on rotating ring disc
electrode (RRDE) at 1600 rpm (Figure 5e and Figure S5a),
where the obtained ring current was much lower than the
disc current, signifying the high limited current density
for ORR. The sample NC-900 generated lower amount of
peroxide species and the higher electron transfer number
compared to that of sample NC-1000. As shown in the Fig-
ure S6, the yield of peroxide for NC-900 was calculated near
to 15%, while NC-1000 showed more than 23% (Figure S5b),
indicating that the NC-900 is more selective toward ORR.
According to the disc and ring currents (Equations (3)
and (4)), the highest electron transfer numbers were mea-
sured to be 3.42 and 3.03 for NC-900 and NC-1000, respec-
tively (Figure 5f and Figure S5c). Apart from high ORR
performance, the NC-900 was made subject for methanol
poisoning crossover effect. As can be seen in Figure 5g,
the excellent resistance toward methanol was corroborated
by mirror image of CV curves obtained with and without
methanol injecting in the electrolyte solution during CV
experiment. The catalyst also possesses a remarkable sta-
bility in alkaline solution. After a continuous chronoam-
perometric operation of 10 h, the NC-900 catalyst exhib-
ited almost no attenuation in current density, while the
commercial catalyst Pt/C displayed a decreased current of
about 20% (Figure 5h). Based on the physical and elec-
trochemical characterizations, the enhanced catalytic per-
formance of the catalyst NC-900, overall can be concluded
due to the unique morphology, abundance of mesoporous
structure, and high content of nitrogen doping, promot-
ing high mass and electron transport for ORR catalysis.
The hierarchical coral-like nitrogen-doped carbon devel-
oped herein from the hybrid of polyaniline-silicon nitride
presents appreciable ORR electrocatalysis as an alternative
to Pt-based electrocatalysts.

4 | CONCLUSIONS

In conclusion, a coral-like nitrogen-doped carbon catalyst
for ORR was successfully synthesized via self-assembly
oxidative polymerization of aniline monomers on silicon
nitride (SizN4) nanospheres, followed by carboniza-
tion. The catalyst NC-900 showed outstanding oxygen
reduction reaction activity by achieving an attractive onset
potential of 0.90 V versus RHE and half-wave potential

of 0.82 V versus RHE compared to the commercial Pt/C
(n = 099 V vs. RHE and E;;, = 0.87 V vs. RHE) and
many advanced metal-free carbon electrocatalyst recently
reported in the literature. The catalyst NC-900 also
revealed greater resistance toward methanol crossover
and high stability than benchmark Pt/C catalyst in alkaline
medium. This work provides a unique strategy to design
electrocatalyst not only for ORR but can also be useful for
other electrochemical energy conversion reactions.
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