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ABSTRACT

The development of efficient and cost-effective catalysts for the oxygen electrocatalysis is crucial for advancing renewable energy technologies, such as fuel cells,
electrolyzers and metal-air batteries. Herein, we report the high efficiency of Co nanoclusters generated on porous silicon oxycarbonitride (SiCN(O)) fibre mats
towards Oxygen Reduction Reaction (ORR) and Oxygen Evolution Reaction (OER) in alkaline medium. Porous SiCN(O) ceramic fibrous supports were synthesized via
electrospinning of a blend of oligosilazane Durazane 1800, polyacrylonitrile and polystyrene followed by an appropriate heat-treatment. Co nanoparticles with a
remarkably low mass loading (4 wt%) were immobilized on the SiCN(O) fibres for efficient bifunctional catalytic activity towards OER/ORR. The catalysts exhibited
ORR activity (onset potential (Ep) of 0.83 V vs. RHE) and excellent stability (80 h) in alkaline medium. Concomitantly, the catalyst required only 1.67 V to drive a

current density of 10 mA cm™2 in 1 M KOH for OER.

1. Introduction

The societal and economic dependency on fossil fuels exacerbate the
environmental issues. Hence, the transition from a petroleum-based
economy to a COg free energy grid requires the use of efficient and
low-cost energy conversion and storage devices. Electrochemical sys-
tems such as electrolyzers, fuel cells and metal air batteries use elec-
trochemical conversion reactions such as ORR and OER. ORR serves as
the cathodic half-reaction in fuel cells and is a major factor that de-
termines the efficiency of fuel cell. Conversely, OER functions as the
anodic half-reaction in water electrolyzers. Metal-air batteries pose
greater technological challenges due to their need for a recharging
process. In these batteries, ORR takes place during discharge, while the
reverse process (OER) occurs at the same electrode during charging.
Undeniably, the state-of-the-art noble metals like Platinum or its alloys
and IrO,/RuO, are considered to be the heart of ORR/OER. However,
these catalysts face a challenge due to resource exhaustion, impeding
large scale application. Consequently, the search for alternative elec-
trocatalysts has led to the exploration of noble metal-free catalysts,
featuring transition metals (TMs = Fe, Co, and Ni) and nitrogen (N)-
doped carbon materials, providing an efficient OER/ORR activity [1-4].
Notably, among these alternatives, Co-based catalysts have emerged as
excellent ~OER/ORR electrocatalysts, witnessing  significant
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improvements in recent years.

The overall OER/ORR activity depends predominantly on the
available number of active sites and intrinsic activity of these sites. One
promising approach to increase the number of active sites is to design
one-dimensional (1D) porous supports. The porous nature of 1D support
material facilitates pathways for mass diffusion and electron transfer
and enhances the effective surface area. In addition to this, it helps to
incorporate various functional species, thereby promoting the creation
of more active sites [5]. The electrospinning technique produces fibrous
mats with a consistently uniform diameter up on pyrolysis of green fi-
bres. Impregnating nanostructured metal or metal oxide nanoparticles
onto fibres results in catalysts with high functionality, thereby
enhancing catalytic properties. This approach has been successfully used
to develop cost effective heteroatom (N) doped carbonaceous 1D ma-
terials with Co anchored into it to form Co-N-C electrocatalysts [6,7].

Co-N-C electrocatalysts has gained immense interest owing to the
excellent electrical conductivity (presence of carbon) and synergistic
effects (between the host and active sites) [8,9]. Recently, Ki Ro Yoon
et al. reported the bifunctional oxygen electrocatalysis of CoOx@CoNy
nanorods on N-doped carbon nanofibre in alkaline media. The enhanced
OER activity was attributed to the oxide layer formation on the nanorods
whereas ORR activity was due to the synergistic effect of CoOy@CoNy
and N-doped carbon nanofibre, leading to rapid charge transfer [7].
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Previous reports suggest that at higher temperatures, Co could bind to
pyridinic N-groups and form catalytically active Co-Ny [10]. In addition
to this, the presence of N atoms on carbonaceous supports plays a crucial
role towards promoting oxygen electrocatalysis since it modifies the
electronic structure of carbon [8,9,11-14]. However, the use of carbo-
naceous materials as catalyst supports faces a technical challenge due to
their limited resistance to corrosion [15]. Recently, silicon-based
carbonaceous electrocatalysts showed reasonable ORR/OER activity in
alkaline media [16,17]. The positive response towards ORR and OER
activity was attributed to the modification of electronic band structure
of carbon lattice by the incorporation of silicon and enhanced electron
transfer rate, respectively. Nevertheless, doping of silicon disturbs the
stability of carbon lattice due to the large atomic radius of silicon
compared to carbon, thereby inducing strain. Hence, an alternative
approach using organosilicon polymers as inorganic support precursors
would be highly interesting.

The polymer derived ceramic (PDC) route uses preceramic polymers
which contain elements such as silicon, carbon, nitrogen and/or oxygen
in their backbone (i.e., organosilicon polymers) and allows ultimately
producing highly porous, conductive, mechanically and chemically
stable ceramics labelled PDC through shaping and appropriate heat-
treatments [18,19]. The incorporation of TMs (in the form of TM com-
plexes) into the polymers can impart enhanced PDC functionalities, such
as catalytic activity [20,21], magnetic properties [22,23], and electronic
conductivity [24,25]. Limited research has been reported on the elec-
trocatalytic activity of 3d TMs on PDC based supports as potential
electrocatalysts [26-33]. PDC offers a unique approach towards
designing of stable supports for OER/ORR electrocatalysis in alkaline
medium. Accordingly, the main aim of this work is to synthesize sup-
ported catalysts composed of a very low Co loaded and immobilized on
porous carbon-rich SiCN(O) fibre mats derived from Co-modified pre-
ceramic polymers and explore their potential application towards
OER/ORR occurring in alkaline medium. The phase evolution,
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structural and textural properties of the developed catalytic supports
was evaluated using microscopy and diffraction/spectroscopic tech-
niques. The bifunctional catalytic activity (ORR and OER) and stability
of carbon-rich Co-SiCN(O) fibre mats in alkaline conditions were
explored. As a result of its finely-tuned nanostructure, mesoporous
carbon-rich Co-SiCN(O) fibre mats demonstrated an onset potential of
0.83 V for ORR, coupled with a low overpotential of 360 mV for OER (at
a current density of 10 mA cm~2), and exhibited sustained durability
over the long term. The generalized procedure adopted for the prepa-
ration of ceramic fibres is depicted in Fig. 1.

2. Experimental details
2.1. Processing of porous carbon rich SICN(O) ceramic fibrous supports

A blend of oligosilazane Durazane 1800 (D1800, Merck (Germany)),
polyacrylonitrile (PAN, Dolan GmbH (Germany)) and polystyrene (PS,
Sigma-Aldrich (Germany)) were used as the precursors for processing
carbon rich SiCN fibres. Polystyrene was used as the sacrificial com-
pound and all the experiments were carried out in an inert atmosphere.
In a typical experiment, 1 g of PAN was mixed with 0.7 g of PSand 0.25 g
of D1800 were mixed together using dimethylformamide (DMF) as a
solvent until a homogenous solution is obtained. The prepared solution
was loaded in to 1 ml syringe and was subjected to electrospinning. A
positive voltage of 9 kV was applied to the needle and a negative voltage
of —8 kV was applied to the collector. The distance of the needle to
collector was set to 10 cm. The flow rate was maintained to be 1 mLh L.
The green fibres were stabilized under air at 250 'C for 1 h maintaining a
heating rate 1 ‘G/min. The fibres were subsequently pyrolyzed under
nitrogen atmosphere according to the following heating program
resulting in the formation of amorphous SiCN support.
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Fig. 1. Generalized scheme for the preparation of catalytic fibres.
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2.2. Impregnation of Co catalyst in to C-SiCN(O) fibrous supports

The support material (500 mg) was then to added to an aqueous
solution (10 mL H30) of 102.9 mg Co(NO3), x 6H20 and stirred at 110
°C for 2 h to impregnate Co into the porous substrate. The solvent was
removed and the coated material pyrolyzed under nitrogen atmosphere
according to the following heating program:

20¢ min~! 5% min~!
RT 300°%

700°c(0.5h)

2.3. Characterization

The thermogravimetric analysis (TGA) was done using a Netzsch STA
449 F3 Jupiter equipment (Netzsch GmbH, Germany) to determine the
mass loss behaviour of the composites. The mass loss behaviour was
determined in two steps. Initially, the green fibres were heated from 25
‘Cto250 C maintaining a heating rate of 5 K/min in ambient conditions
to replicate the stabilization process. Subsequently, the fibres were
heated to 1000 'C at 5 'C/min in nitrogen atmosphere. Prior to the
measurements, the green fibres were dried in vacuum at 75 "C for 48 h to
eliminate the presence of solvents. The pyrolyzed samples were crushed
and the phase evolution was investigated using an X-ray diffractometer
(Bruker AXS, Germany) using monochromatic CuKa radiation. The
presence of free carbon was determined using Raman spectroscopy
measurements (Bruker SENTERRA II, USA confocal microscope) with a
532 nm excitation laser. X-ray photoelectron spectroscopy (XPS) studies
were carried out using an AlKa source (1486.6 eV) and a PHI 5000
VersaProbe III spectrometer. Monochromatic X-rays were produced
using quartz crystal. The samples were placed on double sided sticky
Kapton tape. The structural characterization of the prepared ceramic
nanocomposites was performed using Scanning electron microscope
(SEM, Gemini Sigma 300 VP, Carl Zeiss AG, Germany) and Transmission
electron microscope (TEM, JEOL JEM 2200FS, 200 kV, Germany).

The electrocatalytic measurements were performed using a three-
electrode home-made Teflon cell. Experiments were carried out in a 1
M KOH electrolyte (Sigma-Aldrich, 90%). A glassy carbon disk (geo-
metric surface of 0.196 cm?) served as the working electrode, while a
glassy carbon electrode and a commercial reference hydrogen electrode
(RHE - Gaskatel)) were used as the counter and reference electrodes,
respectively. The catalyst ink was prepared by dispersing 10 mg of the
catalyst in a solution composed of 250 pL of isopropanol and 750 pL of
ultrapure water (UP). The resulting mixture was supplemented with 60
pL of Nafion® (5 wt% in a mixture of aliphatic alcohols, Sigma-Aldric)
and subsequently sonicated for 30 min to ensure a homogeneous
dispersion. For each experiment, 5 pL of the prepared ink was carefully
deposited onto the glassy carbon disc. The drop was then allowed to dry
for a few minutes a-under nitrogen atmosphere. The catalyst loading was
thus 0.24 mg cm ™2, and the Co loading was found to be 0.01 mg cm 2.
Prior to OER and ORR measurements, cyclic voltammograms were
recorded to stabilize the electrode/electrolyte interface. OER and ORR
polarization curves were recorded at 5 mV s~!. OER polarization curves
were IR-corrected by calculating the ohmic drop thanks to impedance
spectroscopy measurements carried out in a faradaic region in between
100 kHz and 10 Hz with an amplitude of 10 mV. To explore the effect of
metal loading on OER, the Co loading was increased to 0.1 mg cm ™2 and
compared to the original loading. In order to test the durability of the
prepared catalysts, chronopotentiometric measurements were per-
formed for 80 h. The stability experiment was conducted using a
homemade Teflon working electrode, designed to allow a continuous
flow of oxygen for performing ORR. However, even with the slowest
possible flow rate, some oxygen bubbles tend to accumulate on the
surface and were difficult to remove. These bubbles were responsible for
limiting the contact between the electrode and the electrolyte. Thus, the
electrode potential increases dramatically, eventually reaching the
detection limits of the potentiostat and creating a spike. This spike only
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disappears when the bubble is removed. To mitigate this issue, a rotating
magnet was installed inside the cell, which helped to reduce the fre-
quency of these spikes. Bubble removal remains a persistent challenge in
this type of experiment. The spikes were removed in the stability result
while plotting.

3. Results and discussion

The stabilization process typically involves heating PAN fibres in air
or an oxidative environment at temperatures ranging from 250 ‘Cto
320 "C. The main reactions that occurs during the stabilization process
are cyclization of nitrile groups, oxidation of PAN (resulting in the for-
mation of cross-links between polymer chains) and dehydrogenation.
The PAN fibres are converted into a stable, infusible, and thermoset
structure that can withstand the high temperatures of carbonization
after stabilization [34]. In this work, the stabilization process was car-
ried out at 250 'C in air and showed negligible mass loss as shown in
Fig. 2a. TGA analysis (Fig. 2b) clearly revealed that PS degrades
completely at ~400 'C. In the case of PAN, stabilization process typically
occurs at temperatures between ~250 and 320 °C and the mass loss
occurring at temperatures in the range of 270-500 °C could be attrib-
uted to the degradation of PAN backbone with the release of volatile
gases such as hydrogen cyanide and ammonia. The mass loss at higher
temperatures (above 700 °C) could be attributed to the carbonization of
PAN [34]. Meanwhile, Durazane 1800 decomposes through a three-step
process. The first step involves the degradation of volatile oligomers.
The second step, occurring between 290 'C and 550 'C, includes dehy-
drogenation and transamination reactions. The third step (550 'C and
820 "C) is due to the polymer-to-ceramic transformation. The mass loss
of pure Durazane 1800 was found to be ~23 %. The multiple mass loss
observed for Durazane 1800-PAN-PS could be attributed to the combi-
nation of the degradation of PS (~300-400 OC), carbonization of PAN
and ceramization of Durazane 1800 at higher temperatures. The stabi-
lization, carbonization and ceramization process of the produced green
fibres (Durazane 1800-PAN-PS) resulted in a yield of 52 %.

The polymeric blend solution exhibited a shear-thinning behaviour,
Fig. 3 and this resulted in a seamless, bead and droplet free fibres (inset
of Fig. 3) with an average fibre diameter of 500 nm. The high shear rates
resulted in the reduction of viscosity of the polymeric blend solution due
to the polymer chain disentanglement and alignment.

The colour of as-spun fibres changed from white to brown after the
stabilization process implying that the oxidation of as-spun fibres at 250
°C and subsequent crosslinking/cyclization of PAN as well as possible
crosslinking of Durazane 1800. After the stabilization process, the fibres
were pyrolyzed at 1000 ‘C in Ny atmosphere resulting in carbon-rich
SiCN(O) fibres (black colour) with mesoporous nature. The fibre diam-
eter reduced to 350 nm and the average pore size (analysed using
ImageJ software) from SEM was found be less than 50 nm after pyrol-
ysis. The carbon rich porous support and Co modified fibres will be
hereafter referred as SiCN(O) and Co-SiCN(0O)_700 respectively.

XRD analysis were performed on SiCN(O) and Co-SiCN(0O)_700 over
a 20 range of 10-90 to investigate their crystallographic properties
(Fig. 4a). The support and the catalysts were found to be amorphous in
nature. The broad reflection observed at 20 = 12" for SiCN(O) could be
attributed to the presence of an amorphous phase. The observed broad
peak at ~22" and 44 for Co-SiCN(0) 700 is an indication for the
presence of amorphous carbon [35]. In addition to this, the peak at ~44
could also be assigned to the (111) planes of Co (ICDD 00-015-0806).
The observance of negatively shifted carbon peak in the XRD data sug-
gests lattice expansion and an increased presence of defects in the ma-
terial. The Raman spectra of the samples revealed distinct D and G bands
at 1333 cm ™! and 1581 em ™}, respectively, confirming the existence of
free carbon (Fig. 4b). The characteristic D bands indicate the presence of
defects or disorder in the carbon structure and the G bands represents
ordered carbon regions in the samples. The D and G peaks were
accompanied by three peaks, peaks centered at ca. 1200 cm ™! (T) and
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Fig. 3. Dependency of viscosity on shear rate of polymer blend solution
exhibiting a shear thinning behaviour. Inset images depicts SEM of electrospun
green fibres.

1500 cm~!' (D") ascribed to amorphous carbon, and another mode
centered at ca. 1610 cm ™ (often called G’ mode) is associated with
disorder induced double resonance process. The disordered state of the
material, as indicated by the T and D” bands could have arised from
several factors such as the existence of pores, presence of edges in the
graphene layers, deviations from the planarity of these layers and the
presence of sp3 carbon atoms [36]. The Ip/Ig ratio determines the degree
of graphitization, the amount of defects, and the in-plane crystallite size
(La) in graphene materials. In this study, it was found that the addition
of cobalt had no significant influence on the Ip/I; ratio. The La was
calculated to be approximately 14 nm using the following relation.

La (nm) = (2.4 x 10719 ¢ I¢/Ip ¢h)

where 1y, is the wavelength of laser in nm.

The existence of Co was confirmed by Inductively coupled plasma
optical emission spectrometry (ICP-OES) and indicated 3.67 wt% Co in
the material. The absence of Co signals in XRD could be correlated to the
presence of only a small amount of Co nanocrystals content in the
catalyst.

The SEM of SiCN(O) and Co-SiCN(0O)_700 revealed three-
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dimensional network structures consisting of interlaced nanofibres,
Fig. 5a and b respectively. Post-pyrolysis SEM analysis depicts retention
of interconnected structure, resulting in a material with high interre-
lated porosity and internal channels. The modification of carbon rich
SiCN(O) fibres with Co did not have profound influence on the
morphology of the fibres as seen in Fig. 5b. The inset image of Fig. 5a
and b clearly revealed mesoporous channels in the pyrolyzed fibres.

The investigation of the prepared fibres using HR-TEM revealed
continuous nanochannels (in the range of 25-30 nm) with uniform
distribution of Co nanocrystals in porous SiCN(O) fibres as shown in
Fig. 6a. The Co nanocrystals was found to have an average size of 8 nm
(Fig. 6b). The Co nanocrystals within the SiCN(O) support had a lattice
fringe spacing of 0.2 nm, assigned to the (111) plane (inset of Fig. 6¢) of
metallic Co. The presence of a SiCN(O) matrix serves to inhibit the
agglomeration of Co nanocrystals. Even though most of Co nanocrystals
were uniformly distributed across the fibres, the analysis of HR-TEM
provided additional insight, revealing that some of the metallic Co
particles were encapsulated by nitrogen doped turbostratic carbon,
signifying a specific carbon arrangement around the Co nanocrystals
(Fig. 6¢). Since Co-SiCN(0)_700 catalysts were prepared using a pre-
cursor route, the observed carbon shell could also have been doped with
nitrogen. In this case, the Co nanocrystals were not directly exposed to
the electrolyte. However, the synergetic interaction between Co and
nitrogen doped carbon is expected to induce ORR activity. The embed-
ment of Co nanocrystals by the nitrogen doped carbon layer is also
believed to enhance the stability of the catalyst under harsh operating
conditions. The TEM analysis of Co-SiCN_500 revealed smaller Co
crystallites and increasing the temperature (Co-SiCN_900) resulted in
the formation of large sized crystallites as exemplified in Figs. S2(a) and
(b).

Fig. 7 illustrates the XPS measurements to assess surface composition
and chemical states of the Co-SiCN(O) catalysts. The obtained XPS
survey data affirmed the presence of Si, C, N, O, and Co on the surface of
the catalysts. XPS analysis of Co 2p spectra revealed that metallic Co and
Co oxides were located at the surface of the fibres (Fig. 7a). The analysis
of the Co 2p3/, peaks shows a prominent peak at 776.1 eV, which cor-
responds to metallic Co. Additionally, another significant peak was
observed at 779.6 eV, indicating the presence of Co oxides. Furthermore,
a satellite peak was detected at 783.7 eV, further confirming the char-
acteristics of the cobalt species present in the sample. Besides Co func-
tioning as an active site, the high-resolution N 1s spectra (Fig. 7b)
highlighted distinctive peaks of different binding modes of nitrogen. The
deconvolution resulted in the observance of pyridinic-N (398.2 eV),
pyrrolic-N (399.1 eV), graphitic-N (400.9 eV) and N-oxide (402.6 eV)
modes of nitrogen. The pyridinic N-edge plane heteroatom is
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Fig. 4. (A) XRD and (b) Raman spectra of catalysts, revealing the amorphous
nature and presence of free carbon respectively.

characterized by its presence in a sp? carbon framework, where it is
bonded to two carbon atoms at the edge whereas the pyrrolic-N bond
involves a nitrogen atom bonded to a five-membered sp? carbon ring. In
graphitic-N, the nitrogen atom is a part of the in-plane heteroatom
arrangement within the carbon framework. The presence of these ni-
trogen functionalities alters the electronic structure, making the

960

International Journal of Hydrogen Energy 88 (2024) 956-964

material more conducive to catalyzing ORR. In particular, pyridinic N,
with its lone electron pair situated in the plane of the carbon matrix,
plays a crucial role in promoting ORR [37]. Furthermore, graphitic-N is
associated with high electrical conductivity, further enhancing the
overall catalytic performance. The deconvolution of Cls spectra
(Fig. 7c) revealed the presence of C-C, C-N, C=0 and n-n* peaks at
284.6 eV, 286.5 eV, 288.8 eV and 290.8 eV respectively [38]. The n-n*
satellite peak (delocalized n electrons) indicates the presence of elec-
trically conductive sp? carbon [39]. These findings provide substantial
evidence for overall enhancement of catalytic activity due to high
electrical conductivity.

The N1s spectra of SiCN(O) revealed the presence of pyridinic-N,
pyrrolic-N and graphitic-N modes of nitrogen, Fig. S3(a). The binding
energies the aforementioned modes of nitrogen did not change even
after the Co addition. Hence, there is no substantial evidence to prove
the formation of Co-Nx bonds from the XPS analysis. The Cls spectra
showed no significant change for both SiCN(O) and Co-SiCN(O) samples
as shown in Fig. S3(b).

3.1. Electrocatalytic activity

The electrocatalytic properties of Co-SiCN(0O)_700 fibres were
investigated under rotating disk electrode (RDE) an O saturated 1 M
KOH solution at 1600 rpm. The Co-SiCN(0)_700 fibres exhibited a
noticeable impact on the ORR activity in comparison to its unmodified
SiCN(O) counterpart as shown in Fig. 8a showing that Co nanoparticles
are the ORR active entities. The onset potential for oxygen reduction
reaction (ORR) was determined to be 0.83 V vs. RHE and the half-wave
potential was ca. 0.78 V vs. RHE. Upon increasing the rotation rates, a
significant rise in current density was observed (Fig. S4(a)), suggesting
enhanced mass transport of oxygen. The Koutecky-Levich (K-L) plot
(Fig. S4(b)) for ORR exhibited a clear 2-electron pathway and the active
sites/mechanism of the ORR were found to be closely associated to the
structural/spectroscopic characteristics of the catalyst. The spectro-
scopic analysis revealed Co/CoO as active sites, playing a significant role
in the ORR mechanism. Co nanocrystals exhibits multiple oxidation
states such as +2, +2/+3 and + 3 depending on the pH and potential of
the environments. In high potential regions with in alkaline environ-
ments the Co species are closely associated with the reduction potential
from Co304 to CoO as given by equation (2).

Co304 + HyO + 2e~ —»3Co0 + 20H~ )

This suggests that CoO/Co(OH), probably serve as the active sites for
oxygen reduction in such alkaline conditions. In alkaline conditions, the
surface is likely covered by Co(OH),. In this context, initially Co(OH)s
reacts with oxygen, forming a bound superoxide. Then, the bound su-
peroxide receives a proton, converting it into a bound peroxide. This is
followed by the reduction of Co(IIl) sites, thereby releasing peroxide
anions. Subsequent reduction of Co(Ill) and proton extraction from
water results in the regeneration of Co surface [40]. In addition to this,
the enhancement in ORR activity could also be attributed to the syner-
gistic interaction between Co/CoO and nitrogen doped carbon as
revealed by Fig. 6¢. It is assumed that the encapsulated Co nanocrystals
activates the nitrogen doped carbon layers, providing the outer surface
to participate in the ORR [41,42].

The effect of pyrolysis temperature on ORR activity was also inves-
tigated and is shown in Fig. 8b. The linear sweep voltammetry (LSV)
curve for Co-SiCN_700 revealed the highest limiting current density
compared to all other samples, probably indicating a better accessibility
of active sites of oxygen. Interestingly, the support material (SiCN(O))
was also found to exhibit ORR activity. Indeed, SiCN(O) could be
regarded as a co-catalyst and the presence of Co provides additional
active sites. The XRD analysis of the Co-SiCN(0)_500 sample revealed
that the material is predominantly amorphous (Fig. S1). In contrast,
Co-SiCN(0)_900 sample displayed a peak at around 20 = 25.8°, which
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Fig. 6. TEM of (a, b) Co-SiCN(0)_700 exhibiting uniform distribution of Co nanocrystals in SiCN(O) matrix and (¢) HR-TEM of Co-SiCN(0)_700 showcasing

embedment of Co in a nitrogen doped turbostratic free carbon.
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of nitrogen and (c) Cls revealing the n-n* satellite peak.

corresponds to the (002) diffraction of the graphitic layer-by-layer
structure. Furthermore, the Co-SiCN(0)_900 sample exhibited a sharp-
ened peak at around 20 = 44, indicating the presence of larger Co
crystals. In the case of Co-SiCN_900, TEM revealed that an increase in
pyrolysis temperatures could lead to the aggregation of Co nanocrystals
resulting in the formation larger particles (Fig. S2) corroborating the
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XRD analysis. This structural evolution could be correlated to a decrease
in the number of active sites for ORR. Additionally, the increase in py-
rolysis temperature could also be associated to reduced nitrogen content
in the catalysts [43,44]. Chronopotentiometric measurements were
carried out at 10 mA cm 2 in order to understand the stability of the
prepared catalyst. The catalysts were found to be stable even after 80 h
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Fig. 8. Electrochemical activity of prepared catalysts towards ORR: (a) LSV of SiCN(O) and Co-SiCN(0)_700, (b) dependence on pyrolysis temperature and (c)

Chronopotentiometric stability test performed at 10 mA cm™2 for 80 h.

demonstrating a potential drop of 24 mV in 3 days as shown in Fig. 8c,
suggesting good stability with a performance degradation rate of 200 pV
-1

In the case of OER, Co-SiCN(0)_700 exhibited a potential of 1.67 V
vs RHE at 10 mA cm 2 whereas SiCN showed poor OER activity
(Fig. 9a). Interestingly, previous report on the OER activity of Co/PDC
(Co loading - 0.02 mg cm™2) based materials failed to reach the 10 mA
cm 2 current density value in the measured potential range [28]. On
similar note, Abhinaya et al. [30] reported a potential of 1.67 V vs. RHE
for Co/SiOC catalysts. However, the catalyst loading used was almost
twice the amount (0.5 mg cm™~2), highlighting the efficiency of Co-SiCN
(0)_700 catalysts, probably in reason of the high dispersion degree of
Co-base species in Co-SiCN(0)_700 sample. An additional strategy to
diminish catalyst loading while enhancing catalytic activity involves the
utilization of porous nanofibres as substrates. This strategy promotes
faster kinetics and facilitates the mass and charge carriers [45]. The
quantity of catalyst used plays a crucial role in influencing the current
density. Given the relatively limited geometric area of the Glassy Carbon
(GC) electrode at 0.196 cm?, typical catalyst loadings on GC range from
0.1 to 0.5 mg cm ™2, with 0.2 mg cm ™2 being the most prevalent [46]. In
order to investigate the impact of Co loading on the OER apparent ac-
tivity, two distinct loadings (0.01 and 0.1 mg cm™~2) were employed. The
XRD analysis of Co-SiCN(0)_700 (0.1 mg cm2) revealed peaks at 20 =
443", 51.6, and 75.9’, corresponding to the (111), (200), and (220)
planes of metallic cobalt, in line with the JCPDS card No. 15-0806 as
shown in Fig. S5. As the loading increased, there was a noticeable in-
crease in current density and a concurrent reduction in potential at 10
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mA cm 2, signifying enhanced OER apparent activity as illustrated in
Fig. 9b. This could be attributed to increase in the number of catalytic
sites. Moreover, the catalytic activity of Co-SiCN_700 (over-
potential-360 mV) was far superior compared to other non-noble metal
based electrocatalysts as shown in Table S1. An increase in the number
of active sites correlated with enhanced mass transfer due to the porous
nature of the fibres plays a major role in optimizing the electrocatalytic
performance of the system [47]. This results in an increased Tafel slope,
for Co-SiCN_700 (0.1 mg cm~2) catalysts exhibiting a slope of 88 mV
dec™! in contrast to the Co-SiCN_700 (0.01 mg cm?) catalysts with a
Tafel slope of 79 mV dec™! (Fig. 9¢). This trend persisted at higher
current densities, indicating consistent shifts in Tafel slopes. The find-
ings strongly imply that the Co loading plays a pivotal role in deter-
mining catalytic activity. A greater loading has an observable effect on
current density, causing an upward shift. This could be attributed to the
presence of a higher number of active sites in the reaction, underscoring
the importance of metal loading in influencing overall catalytic perfor-
mance. It is observed that the Co-SiCN_700 (0.1 mg cm—2) exhibits a
slightly higher Tafel slope value compared to the one with lower
loading. It should be noted that as the amount is increased, the effective
surface area decreases. The thicker layer of catalyst makes it difficult for
electrons to move (due to enhanced resistance) between the catalyst and
the substrate, indicating slower kinetics as implied from the Tafel’s slope
for Co-SiCN_700 (0.1 mg cm™2).
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corresponding Tafel plots.

4. Conclusions

We successfully demonstrated a promising approach to generate and
to immobilize Co nanoparticles on porous SiCN(O) ceramic fibre mats
produced via electrospinning to act as a potential bifunctional electro-
catalyst towards water splitting. The electrochemical evaluation
revealed that the 4 wt% Co loaded SiCN(O) fibres exhibited significantly
improved ORR/OER activity compared to conventional TM-based cat-
alysts and other materials. The ultra-low loading of Co nanoparticles on
the SiCN(O) fibre mats allowed for maximum utilization of the active
surface sites, leading to efficient electron transfer and enhanced cata-
lytic performance. Moreover, the desirable porosity of the SiCN(O) fi-
bres facilitated the accessibility of reactants to the active sites, further
enhancing the ORR/OER kinetics. The protective nitrogen doped carbon
layers stabilize the Co nanocrystals and is expected to enhance the ORR
activity. Additionally, the different binding modes of nitrogen present in
the developed catalyst contributes to the enhanced ORR and OER ki-
netics. The findings from this study support the concept that ultra-low
loading TM-support catalysts, particularly using Co on SiCN(O) fibres,
can be a promising strategy to address the challenges associated with
traditional ORR/OER catalysts. Notably, the economic viability of such
catalysts can be improved by reducing the usage of expensive TMs while
maintaining high electrochemical activity. The successful synthesis and
evaluation of the Co loaded SiCN(O) fibres highlight the importance of
tailoring the catalyst design to achieve superior electrochemical
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performance. Future research in this area should continue to explore
other TMs and support materials to further optimize the ORR/OER ac-
tivity while considering factors such as stability, durability, and scal-
ability for practical applications. In summary, the investigation of ultra-
low loading TM-support catalysts on porous SiCN(O) fibres via electro-
spinning has shown great promise for enhancing electrochemical ac-
tivity in the context of ORR and OER activity. These findings contribute
valuable insights to the development of efficient and cost-effective cat-
alysts for renewable energy conversion and storage devices, ultimately
advancing the field of sustainable energy technologies.
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