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Abstract

The development of efficient and durable catalysts is critical for the commer-
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cialization of fuel cells, as the catalysts’ durability and reactivity dictate their
ultimate lifetime and activity. In this work, amorphous silicon-based ceramics
(Si-C-N and Si-Al-C-N) and TiN@Si-Al-C-N nanocomposites were developed

Correspondence using a precursor derived ceramics approach. In TiN@Si-Al-C-N nanocom-
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posites, TiN nanocrystals (with sizes in the range of 5-12 nm) were effectively
anchored on an amorphous Si-Al-C-N support. The nanocomposites were
found to be mesoporous in nature and exhibited a surface area as high as
132 m?/g. The average pore size of the nanocomposites was found to increase with
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an increase in the pyrolysis temperature, and a subsequent graphitization of free
carbon was observed as revealed from the Raman spectra. The ceramics were
investigated for electrocatalytic activity toward the oxygen reduction reaction
using the rotating disk electrode method. The TiN@Si-Al-C-N nanocompos-
ites showed an onset potential of 0.7 V versus reversible hydrogen electrode for
oxygen reduction, which seems to indicate a 4-electron pathway at the pyroly-
sis temperature of 1000°C in contrast to a 2-electron pathway exhibited by the
nanocomposites pyrolyzed at 750°C via the Koutecky-Levich plot.
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1 | INTRODUCTION

in electrocatalysis, and platinum-based electrocatalysts

The global energy demand and environmental pollution
drive the need for continuous improvement of existing
sustainable energy devices. Out of which, electrocatalytic
devices (e.g., fuel cells) have raised considerable interest
due to their high energy density and power density."?
The oxygen reduction reaction (ORR) is very important

have been proven to be among the best in terms of their
performance.® Currently, platinum on a carbon support
is the most extensively used ORR catalyst. However,
the use of noble metals increases the overall cost of the
electrocatalytic devices. Furthermore, platinum-based
electrocatalysts are also known to be not long-term sta-
ble under fuel cell working conditions.*> Under these
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circumstances, the need for alternative low-cost, robust,
and stable electrocatalysts is substantial.

Owing to the high electrical conductivity, nitrogen-
doped carbon materials and transition metal nitrides
have been tested in previous projects and reported to
exhibit promising ORR activity.® Herein, the pres-
ence of nitrogen is believed to raise the conduction
band and thus increase the ORR activity.'*!" There have
been several studies using porous nitrogen-doped carbon
materials as favorable electrocatalytic supports.'”"'* This
includes nitrogen-doped carbon nanotubes/graphene,"
carbon spheres,'® carbon fibers,"” and graphitic-C;N,."®
Liu et al. reported an Si-C material in which bonding
silicon to carbon was shown to excite electrons more
readily to oxygen when compared to pristine graphene."”
Furthermore, the electrochemical activity of transition
metal nitrides on carbon supports was investigated, and
high onset potentials and ORR current densities were
observed.??! Even though the aforementioned material
systems exhibited significant ORR activity, the practical
use of these materials is still restricted due to their poor
corrosion resistance and scalability issues.’>*3

In this context, silicon carbonitride (silicon-based pre-
cursor derived ceramics [PDC], Si-C-N), known for its
excellent stability, chemical resistance, and ease in process-
ability, could be a viable candidate for electrocatalysts. The
presence of free carbon in the system could be a determin-
ing factor in enhancing the catalytic properties. The tech-
nical possibilities that PDCs have to offer, in particular, tai-
loring the ceramics properties at the molecular scale, make
the approach appreciable for functional applications.’*?’
For instance, the addition of aluminum into the back-
bone of the Si—-C-N network could enhance the electrical
conductivity and is thereby believed to improve the elec-
trocatalytic activity.”® The functional properties could also
be tuned by incorporating transition metal oxides, nitrides,
and carbides into the structure. Hence, in this study, amor-
phous Si—C-N and silicon aluminum carbonitride (Si-Al-
C-N) ceramics were synthesized using a PDC approach.
In addition, a combinatorial technique that involves PDC
with urea-glass route was used to produce TiN@Si-Al-
C-N nanocomposites. The aforementioned materials were
evaluated for their ORR activity.

2 | EXPERIMENTAL METHODS
2.1 | Synthesis of porous Si-C-N and
Si-Al-C-N supports

In an attempt to synthesize porous Si—-C-N, hydroxy-
terminated polyethylene (PEOH) dissolved in toluene was
made to react with polysilazane (Durazane 1800, Merck

KGaA, Germany) in 70:30 by weight at 110°C under
static conditions for 1 h to synthesize a block copoly-
mer (HTT1800-b-PE). Because of its high crystallinity and
reactive hydroxyl end group, the inexpensive PEOH was
chosen as a latent pore former block and to connect with
the HTT1800 block. To produce porous Si-Al-C-N ceram-
ics, aluminum acetylacetonate (dissolved in toluene) was
added to the aforementioned mixture in 90:10 weight
ratio, and subsequently, cross-linking was commenced by
the addition of dicumyl peroxide. The temperature of the
preceramic polymeric mixture was maintained for 12 h
and then cooled to room temperature. The solvent was
then removed, and the resulting precursor was transferred
to the tube furnace. The polymeric precursor was then
pyrolyzed at 800°C in nitrogen atmosphere for half an hour
to obtain porous Si-Al-C-N ceramics. During the heating
cycle, heating rate was maintained at 1°C/min up to 300°C
and then 5°C/min up to 800°C. Throughout the pyrolysis,
the material was held at 300, 400, and 500°C for 2 h in
nitrogen atmosphere.

2.2 | Synthesis of TiN nanocrystals
anchored on porous Si-Al-C-N ceramic
supports

TiN nanocrystals anchored on porous Si-Al-C-N ceramic
supports were prepared using TiCl, (Merck KGaA, Ger-
many) as a TiN precursor. In a typical synthesis proce-
dure, 2.5 ml of ethanol was added to 1 g of TiCl, to
which 1583 mg of urea (molar ratio of urea to TiCly
was maintained to be five) and 100 mg of Si-Al-C-N
in 15 ml of ethanol were added subsequently. The mix-
ture was stirred for 1 h, and the solution was kept at
100°C overnight to remove the solvent. The viscous mix-
ture was then pyrolyzed at two different temperatures
(750 and 1000°C) maintaining a heating rate of 3°C/min
and held for 3 h in nitrogen atmosphere, which here-
after will be referred to as TiN@Si-Al-C-N_750 and
TiIN@Si-Al-C-N_1000.

2.3 | Materials characterization

The bonding characteristics were analyzed from Fourier
transform infrared (FTIR) analysis (Bruker Tensor 27,
USA). Raman spectroscopy was carried out using a Bruker
SENTERRA II, USA confocal microscope with a 532 nm
excitation laser to analyze the presence of free carbon.
The crystalline nature of the prepared catalysts was eval-
uated by X-ray diffraction (XRD, D8 ADVANCE Bruker
AXS, Germany). The micro/nanostructural characteristics
were visualized using scanning electron microscopy (SEM,
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FIGURE 1 Generalized scheme for the synthesis of (A) Si—-C-N ceramics, (B) Si-Al-C-N ceramics, and (C) TIN@Si-Al-C-N
nanocomposites
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FIGURE 2 Fourier transform infrared (FTIR) spectra of HTT

1800, aluminum modified HTT 1800, and metal nitride precursors
prepared using two different strategies

Gemini Sigma 300 VP, Carl Zeiss AG, Germany) and trans-
mission electron microscopy (TEM) (JEOL JEM-2200FS,
200 kV, Germany). The porosity of the catalysts was deter-
mined using BET analysis (Nova 2000e, Quantachrome,
USA).

2.4 | Electrochemical measurements

The evaluation of the ORR activity of the prepared
silicon-based ceramics and the nanocomposites (here-
after referred to as catalysts) was performed using an
electrochemical setup with Bio-Logic VSP 300 potentio-
stat and a Pine Research rotator controller. A standard
electrochemical glass cell with a volume of 100 ml was
used for the electrochemical performance tests. A three-
electrode setup with a reversible hydrogen electrode (RHE,
HydroFlex from Gaskatel) as reference electrode, platinum
coil as counter electrode, and glassy carbon electrode RDE
tip (¢ = 5 mm) with a catalyst layer as the working elec-
trode was employed in .1 M KOH electrolyte and kept at
25°C. The glassy carbon RDE tip was first polished with
alumina particles of (average) size .3 and .05 um in sus-
pension (from Buehler) and rinsed with ultrapure water
(Milli-Q, 18.2 MQ cm). The preparation of the catalyst layer
is as follows: 10 mg of the catalyst powder was taken,
and 2.5 ml ultrapure water and 2.5 ml isopropanol were
added, then 50 ul of 10 wt% Nafion solution (from Alfa
Aesar) was added to it. The glass vial containing the mix-
ture was placed in an ultrasonic bath filled with cold water
(<5°C) and sonicated (37 kHz, 100% Power, Elmasonic P)
for 15 min. For preparing the catalyst film, a volume of
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FIGURE 3 Raman spectra of synthesized silicon-based

ceramics indicating the presence of free carbon by the characteristic
D and G band

50 ul was dropped in several steps on the cleaned and
polished glassy carbon electrode (geometrical surface area
.196 cm?) that was dried during rotation at 700 rpm under
ambient conditions. Pretreatment steps in electrolyte sat-
urated with N, and O, were done on the RDE tips with
a catalyst layer using cyclic voltammograms (CVs) in a
potential range of +.1 to +1.0 V versus RHE with a scan
rate of 200 mV/s (50 cycles each) to activate the surface
of the catalysts. Open circuit voltage (OCV) was held for
30 min with gas bubbling before recording the CVs. The
ohmic drop was compensated at 85% using a positive feed-
back method, which left an uncompensated resistance of
~5 Q or less in the electrochemical cell. RDE measure-
ments were carried out at the rotating speeds of 100, 400,
900, 1600, and 2200 rpm using linear sweep voltamme-
try (LSV) to record the current densities (mA/cm? of the
geometrical surface area) in saturated O, in the potential
range of .05-1.2 V with 20 mV/s scan rate. Three cycles
were recorded for each rotating speed, and the third cycle
was used for analysis. Additionally, the N, background
current was collected for the same potential range and

TABLE 1 Variation of I;y/I; ratio of Si-C-N ceramics with the
modification of Al and TiN
Samples Ip/Ig
Si-C-N 1.91
Si-Al-C-N 1.60
TiN@Si-Al-C-N_750 1.13
TiN@Si-Al-C-N_1000 93
®TiN

TiN@Si-AI-C-N_1000
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FIGURE 4 X-ray diffractograms of synthesized silicon-based
ceramics revealing the amorphous nature of the substrates and
crystallization of titanium nitride after pyrolysis

scan rate at 1600 rpm and subtracted from the ORR cur-
rent densities to eliminate any capacitive current. Reported
results are based on kinetic parameters of the Koutecky-
Levich equations. An additional CV was performed with
5 mV/s scan rate in O, saturated electrolyte with no rota-
tion. OCV was held for 15 min to saturate the electrolyte
with O, before chrono-amperometric (CA) measurements
on TiIN@Si-Al-C-N_1000 at the potential of .6 V for 2 h.
The ORR activity was recorded for TIN@Si-Al-C-N_1000,
in O,-saturated .1 M KOH solution with a slow scan rate of
5mV/s and a rotation rate of 1600 rpm before and after the
CA.

3 | RESULTS AND DISCUSSION

Figure 1 represents the generalized scheme of reactions
used to synthesize Si-C-N, Si-Al-C-N and TiN@Si-Al-
C-N ceramics. The first stage involves the synthesis of
Si-C-N ceramics by reacting HTT 1800 with PEOH. This
led to the formation of PE-block-HTT1800 by self-assembly
that upon pyrolysis in nitrogen atmosphere decomposes
to form amorphous and porous Si-C-N. In order to syn-
thesize aluminum modified Si-C-N ceramics, aluminum



o)

AW

w

40
41
42
43
44

46

AWIN ET AL.

Applied

Ceramic 5

TECH

FIGURE 5

Scanning electron micrographs of (A) Si-C-N, (B) Si-Al-C-N, (C) TiN@Si-Al-C-N_750, and (D) TiN@Si-Al-C-N_1000

nanocomposites indicating the evolution of porosity with respect to pyrolysis temperature

acetylacetonate was added to the aforementioned reaction
mixture and pyrolyzed in nitrogen atmosphere.

In order to understand the bonding characteristics,
the FTIR spectra of the starting precursors were taken
and plotted in Figure 2 and compared. There was no
noticeable difference in peaks between HTT1800 and Al
modified HTT1800. However, the peaks at 1592 cm™!
(C=0 stretching) and 1531 cm~! (C=C stretching) could
be assigned to the characteristic bands of aluminum
acetylacetonate.””*" The peaks observed at 3385 cm™! (N-
H stretching), 2917 cm™! (C-H stretching), 2125 cm ™~ (Si-H
stretching), 1260 cm~! (C-H symmetric deformation), and
891 cm™! (Si-N stretching) correspond to polysilazane. In
the case of TIN@Si-Al-C-N precursor, the peaks observed
at 3385 cm~! (N-H asymmetric vibrations) and 3320 cm ™
(N-H symmetric vibrations) could be assigned to urea. The
peak at 1620 cm™! could be assigned to the presence of N-
C=0 bonds. The absence of Si-H peaks in the TIN@Si-Al-
C-N precursor implies the complete ceramization of the
Si—Al-C-N substrate at the chosen pyrolysis temperature
(800°C).

Raman spectroscopy was performed to analyze the
presence of free carbon in the prepared ceramics. The
Raman spectra clearly revealed the presence of free
carbon for Si-C-N, Si-Al-C-N, TiN@Si-Al-C-N_750,
and TiN@Si-Al-C-N_1000 nanocomposites as shown in

Figure 3 by clear D:G peaks characteristic of carbonaceous
species.

The bands at ~1320 and ~1580 cm~! correspond to dis-
ordered carbon and in-plane vibrations of graphitic sp?
carbon, respectively. The I /I ratio (Table 1) was found to
be decreasing with the modification of Si-C-N by Al and
TiN (from 1.91 to .93). In the case of TIN@Si-Al-C-N_750
and TiN@Si-Al-C-N_1000 nanocomposites, the decrease
in Ip/I ratio with increase in pyrolysis temperature indi-
cates progressive graphitization.’*> This is expected to
increase the electrical conductivity of the nanocomposites,
thereby improving the electrocatalytic activity.*

The XRD patterns of the synthesized materials are
shown in Figure 4. The Si-C-N and Si-Al-C-N ceram-
ics were found to be amorphous in nature indicated
by their featureless diffractograms. The TiN@Si-Al-C-
N nanocomposites exhibited broad peaks at 26 = 36.6°,
42.8°, 62.2°, and 74.4° indicating the nanocrystalline
nature of crystalline TiN. The size of the nanocrystalline
TiN pyrolyzed at 750 and 1000°C was determined using
Scherrer’s formula and estimated to be 5 and 12 nm,
respectively.

Figure 5 shows the SEM micrographs of the prepared
catalysts. The addition of Al in the Si-C-N backbone
(Figure 5B) did not cause visible changes to the microstruc-
ture of the powders. However, the introduction of TiN
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FIGURE 6 High resolution transmission electron microscopy (HRTEM) images of (A-C) TiN@Si-Al-C-N_750 and (D-F)
TiN@Si-Al-C-N_1000 nanocomposites indicating the uniformly distributed TiN nanocrystals in the Si-Al-C-N matrix. The inset image
corresponds to the SAED patterns for the synthesized nanocomposites.
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(A) Cyclic voltammogram (CV) curves of Si-C-N, Si-Al-C-N, TiN@Si-Al-C-N_750, and TiN@Si-Al-C-N_1000 in

N,-saturated .1 M KOH at a sweep rate of 200 mV/s (B) RDE voltammograms of Si-C-N, Si-Al-C-N, TiN@Si-Al-C-N_750, and
TiIN@Si-Al-C-N_1000 in O,-saturated .1 M KOH at 1600 rpm at a scan rate of 20 mV/s, (C) Koutecky-Levich plots of the catalyst materials at
100, 400, 900, 1600, and 2200 rpm in reference to n = 4 of the exchanged number of electrons, (D) linear sweep voltammetry (LSV) scans of
the TIN@Si-Al-C-N_1000 in O,-saturated .1 M KOH at 100, 400, 900, 1600, and 2200 rpm with a scan rate of 20 mV/s

led to a change in the microstructures as shown in
Figure 5C,D revealing the porous nature of the nanocom-
posites. The TiIN@Si-Al-C-N nanocomposites exhibited
TiN nanocrystals anchored on the Si-Al-C-N matrix.
Moreover, the micrographs of TIN@Si—-Al-C-N nanocom-
posites pyrolyzed at different temperatures clearly demon-
strated the porous nature of the nanocomposites.
High-resolution transmission electron microscopy
(HRTEM) was performed to visualize the distribution
of TiN nanocrystals in the Si-Al-C-N matrix. Figure 6
shows HRTEM images of (A-C) TiN@Si-Al-C-N_750
and (D-F) TiN@Si-Al-C-N_1000 nanocomposites. The
micrographs clearly revealed the uniform distribution of
TiN nanocrystals in the Si-Al-C-N matrix. The measured
crystallite size of TiN nanocrystals was in accordance
with the crystallite size determined using Scherrer’s
formula. Figure 6C,F shows the lattice fringe spacing

of TIN@Si-Al-C-N_750 and TiN@Si-Al-C-N_1000
nanocomposites, respectively. The lattice fringe spacing of
.21 and .24 nm corresponds to the (200) and (111) planes
of TiN, respectively. The inset images in Figure 6A,D
correspond to SAED patterns of TIN@Si-Al-C-N_750 and
TiN@Si-Al-C-N_1000 nanocomposites, respectively. The
discontinuous ring patterns observed in SAED further
confirm the crystalline nature of the nanocomposites.
The nitrogen-desorption measurements were per-
formed on the prepared catalysts to understand their
textural characteristics and revealed surface areas as
shown in Figure 7. The surface areas of Si-Al-C-
N, TiN@Si-Al-C-N_750, and TiN@Si-Al-C-N_1000
nanocomposites were found to be 191, 132, and 58 m?/g,
respectively. The Si-Al-C-N ceramics and TiN@Si-Al-
C-N nanocomposites exhibited type IV isotherms with H2
hysteresis loop indicating the mesoporous nature (pore
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0.05 It can be seen that the different samples exhibit signif-
10, saturated icantly different current densities. Although the Si-C-N
0.004 0.1 M KOH support does not contribute to ORR, the activity increases
0 05_' 0 rpm _1 to about 1.7 mA/cm? when Al is added into the sam-
T SmV.s ple. Higher ORR activities are measured for the pyrolyzed
“-‘E 0104 TiN samples. The carbon content varies with pyrolysis
Q ] temperature and therefore has a significant effect on the
é -0.15 1 limiting current density and onset potential. The current
= 1 densities for Si-C-N, Si-Al-C-N, TiN@Si-Al-C-N_750,
-0.20 and TIN@Si-Al-C-N_1000 at .58 V are .006, .04, .15, and
] _ _ .6 mA/cm?, respectively. The corresponding plots for the
0251 Tl SERLCL 7o Koutecky-Levich (K-L) analysis are shown in Figure 8C.

] —— TIN@Si-AL-C-N_1000
P . . . . . . K-L plots allow us to evaluate the first-order reaction,
0.0 0.2 0.4 0.6 0.8 1.0 knowing the amount of dissolved oxygen in the elec-
E/V vs RHE trolyte and the calculation of the electron transfer number
per oxygen molecule during ORR. Figure 8D shows the
FIGURE 9 Cyclic voltammograms (CVs) of LSV curves for TIN@Si-Al-C-N_1000 at various rotating

TiIN@Si-Al-C-N_750 and TiN@Si-Al-C-N_1000, performed in
0,-saturated .1 M KOH solution with a slow scan rate of 5 mV/s (no
rotation)

size in the range of 2-50 nm) of the nanocomposites.
Furthermore, rather the high adsorption of nitrogen
molecules at lower relative pressures P/P, < .1 indicates
the presence of micropores. It was observed that the
crystallization of TiN nanocrystals on Si-Al-C-N sub-
strate decreased the amount of adsorbed nitrogen. The
average pore size was determined by DFT calculations
(N, at —196.15°C on carbon [slit pore model, NLDFT
equilibrium model]), and the corresponding NLDFT pore
size distributions have been shown in Figure 7D-F. The
average pore sizes of Si-Al-C-N, TiN@Si-Al-C-N_750,
and TiN@Si-Al-C-N_1000 were found to be 1.5, 7,
and 17.2 nm, respectively. The average pore size of the
nanocomposites was found to increase with an increase in
the pyrolysis temperature.

The ORR performance of the synthesized Si-C-N, Si-
Al-CN, TIN@Si-Al-C-N_750, and TiN@Si-Al-C-N_1000
has been thoroughly investigated and reported in Figure 8.

The CV curves in N,-saturated .1 M KOH solution are
shown in Figure 8A. No specific redox peaks were observed
in a potential range from .1 to 1.0 V. The curves only show
non-Faradaic currents with charge and discharge of the
electric double layers. Si-C-N and Si-Al-C-N supports
show low double layer capacitance, whereas the non-
Faradaic current of the TiN-based catalysts increases with
the pyrolysis temperature. This might be caused by the
amount of carbon in the support material, which depends
on the pyrolysis temperature and also affects the electrical
conductivity. Figure 8B shows the ORR activity measured
by the LSV polarization curve of the Si-Al-C-N and
TiN@Si-Al-C-N (pyrolyzed at 750 and 1000°C) catalysts
atasweep rate of 20 mV/s and a rotation speed 0of 1600 rpm.

speeds. The number of transferred electrons for Si-C-
N, Si-Al-C-N, TiN@Si-Al-C-N_750, and TiN@Si-Al-C-
N_1000 in a potential range from .35 to .55 V was calculated
as .008, 1.63, 2.23, and 3.85 electrons, in comparison to the
desired 4e™~ process, which is obtained during the catalysis
of ORR by the noble metal Pt.

The CVs of TiIN@Si-Al-C-N_750 and TiN@Si-Al-C-
N_1000 were also performed at a slow scan rate of 5 mV/s
in O,-saturated .1 M KOH solution with no rotation. A
similar correlation between TiN@Si—-Al-C-N_750 and
TiN@Si-Al-C-N_1000 was observed as shown in Figure 9.

The reported onset potential of TiN-based catalysts
was between .5 and .83 V. For instance, .6 V has been
reported for bulk TiN,?° .85 V for TiN hollow spheres,**
.83 V for TiN/graphene-CNT, and .5 V for TiON@
nitrogen-doped carbon spheres.” In this study, the onset
potential of TIN@Si-Al-C-N_1000 was found to be .7 V.

In order to understand the stability of the catalyst, CA
was performed on TiN@Si-Al-C-N_1000 at the potential
of .6 V for 2 h (Figure 10A), where we observed significant
activity in the ORR curve. After a hold time at OCV for
15 min, the current stabilized at around —.02 mA and was
stable for the whole duration of the CA. The CVs (anodic
scans) of TiIN@Si-Al-C-N_1000, in O,-saturated .1 M
KOH solution with a slow scan rate of 5 mV/s and a rota-
tion rate of 1600 rpm, are reported in Figure 10B before and
after the stability test. It can be seen that a slight increase in
the catalytic activity was observed after the CA treatment.

SEM images of the TiN@Si-Al-C-N_1000 nanocom-
posites were obtained after the ORR test, and an exemplary
micrograph is shown in Figure 11. There was no signifi-
cant change observed in the microstructure (apart from
a slight decrease in the porosity) post ORR test implying
the stability during the test time frame of the prepared
nanocomposites. However, it needs to be considered that
the testing time was comparatively low. Furthermore, as
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FIGURE 10 (A) Stability test (chrono-amperometric [CA]) of TIN@Si-Al-C-N_1000 performed in O,-saturated .1 M KOH at .6 V for

2 h. (B) cyclic voltammograms (CVs) (anodic scan) of TIN@Si-Al-C-N_1000, performed in O,-saturated .1 M KOH solution with a slow scan

rate of 5 mV/s (1600 rotation)

FIGURE 11
TiN@Si-Al-C-N_1000 nanocomposites after oxygen reduction
reaction (ORR) test

Scanning electron micrograph of

the catalyst film on the RDE is very thin, not enough
post material could be collected for further testing by BET,
Raman, and XRD.

4 | CONCLUSIONS

TiN@Si-Al-C-N nanocomposites were prepared using a
combination of PDC approach with urea-glass route. The
synthesized nanocomposites were explored for their elec-
trocatalytic (ORR) properties in alkaline media using RDE.
The XRD diffractograms revealed the crystallization of TiN
in an amorphous Si-Al-C-N matrix with sizes ranging
from 5 to 12 nm. The SEM micrographs also confirmed the
anchoring of TiN nanocrystals on an Si-Al-C-N substrate.
The prepared TiN@Si—-Al-C-N nanocomposites possessed

asurface area of 132 and 58 m?/g at 750 and 1000°C, respec-
tively, and were found to be mesoporous in nature. The
presence of TiN on the silicon-based ceramics was found
to trigger an ORR response in alkaline media. Si-C-N, Si-
Al-C-N, and TiN@Si-Al-C-N_750 led to a two-electron
pathway with H,0, formation in ORR, whereas TIN@Si-
Al-C-N_1000 led to a four-electron pathway for the ORR
in alkaline media. In the future, other electrocatalytically
active centers, such as Fe that is also low-cost, non-
toxic, and earth-abundant, could be implemented into
these promising N-containing support materials, further
increasing activity without the compromising stability of
the materials.
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