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There is a strong demand for noble metal-free durable catalysts to facilitate the advancement of clean, sus-
tainable energy technologies and to replace energy equipment reliant on fossil fuels. In this study, metal-organic
framework (MOF)-derived CoFe;O4 (CFO) nanoparticle-embedded electrospun carbon nanofibers (CNFs) were
synthesized. Nanofibers were calcined at three different temperatures to obtain optimum electrocatalytic per-
formance in oxygen evolution reaction (OER). Nanofibers annealed at 800 °C (CFO@CNFs 800) displayed a
reduced overpotential of 300 mV while maintaining a steady current density of 10 mA cm™2. CFO@CNFs 800
demonstrated Tafel slope 42 mV dec™! with excellent long-term stability up to 48 h. The synergistic effect of the

redox activity of CFO coupled with the high surface area and conductivity of carbon nanofibers is responsible for

enhanced OER performance.

1. Introduction

Sustainable progress of human society encounters challenges of the
global energy crisis, environmental pollution, and changes in climate
patterns [1,2]. Addressing these issues requires sustainable and efficient
energy solutions. Hydrogen, a promising contender for the future of
sustainable energy, can be generated through environment-friendly
photochemical and electrochemical water electrolysis methods [3].
Electrochemical water splitting is of particular interest since photo-
chemical water electrolysis has low efficiency in converting solar energy
to hydrogen [4]. Electrochemical water splitting involves two distinct
half-reactions: the oxygen evolution reaction (OER) occurring at the
anode and the hydrogen evolution reaction (HER) taking place at the
cathode [5]. In the context of electrochemical water splitting, re-
searchers commonly utilize five evaluation parameters. These metrics
encompass overpotential, Tafel slope, electrochemical active surface
area (ECSA), turnover frequency (TOF), and durability studies [6].
Excellent electrocatalysts show lower overpotential, fast kinetics,
negligible charge transfer resistance (R.), a significant ECSA, and large
long-term stability. Although platinum (Pt) has traditionally been
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considered the most efficient electrocatalyst for the HER, however, its
high price hinders its practicality for large-scale applications. Numerous
studies have investigated the use of non-noble metals, for instance,
nickel (Ni), cobalt (Co), iron (Fe), copper (Cu), molybdenum (Mo), and
their oxides as potential alternatives to platinum group metals [7].
Within the extensive range of metal oxides, those based on iron
(M"Fe,04, where M"" = Fe?*, Co?*, Ni%*, Mn?") have great redox ac-
tivity, in addition to being inexpensive, abundant, and environmentally
friendly [8]. Due to its stability in a basic environment with efficient
electrochemical activity, CoFe;O4 is suitable for water splitting, espe-
cially for OER. Rana et al. used the nanocubes of CoFe;04 which shows
an overpotential of 430 mV at a current density of 10 mA cm™2, coupled
with a Tafel slope of 44 mV dec™! [9]. Li et al. used MnFe;04 which
achieved an overpotential of 470 mV at 10 mA/cm? current density and
114 mV/dec? [10]. Metal-organic frameworks (MOFs) are renowned
for their extensive surface area and customizable porosity, making them
ideal porous electrocatalysts [11,12]. However, MOFs typically have
low conductivity, which hinders their effectiveness in electrocatalysts.
Through heat treatment, the characteristics of MOF-derived composites,
including conductivity, stability, pore size, and catalytic activity can be
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tuned [13,14]. To increase the catalytic activity for total water splitting,
electrocatalysts must also be structurally and morphologically devel-
oped. One-dimensional (1D) nanostructures exhibit significant specific
surface areas compared to zero-dimensional (OD) and two-dimensional
(2D) nanocatalysts depending upon the specific materials, synthesis
method, and their structural configurations. With the development of
nanotechnology, significant research has been done on the utilization of
1D nanomaterials as electrocatalysts for energy conversion. By engi-
neering the properties of MOFs and exploiting the adaptability of elec-
trospinning precursors, it is possible to create highly efficient
electrocatalysts by growing MOF-derived nanoparticles (NPs) directly
onto electrospun nanofibers through a facile method. MOF-derived
metal oxides offer a high surface area and tunable porosity. When
combined with nanofibers, these composites leverage the excellent
conductivity and interconnected network structure of the nanofibers.
This synergy results in better mass transport and higher electrocatalytic
performance.

In this study, we have developed a fibrous network of carbon
nanofibers embedded with CoFe;04 (CFO) NPs using a combination of
hydrothermal and electrospinning techniques. The hydrothermally
synthesized CoFe MOF was successfully incorporated into a polymeric
matrix through electrospinning. The produced nanofibers were
annealed at 600 °C, 700 °C, and 800 °C and denoted as CFO@CNFs 600,
CFO@CNFs 700, and CFO@CNFs 800. These catalysts were evaluated
for their electrocatalytic performance in the OER. Notably, CFO@CNFs
800 exhibited a significantly lesser overpotential of 300 mV at a current
density of 10 mA cm 2. The resulting charge transfer resistance (Re) and
Tafel slope for CFO@CNFs 800 were measured to be 1.5 Q/cm? and 42
mV dec”?, respectively. Furthermore, CFO@CNFs 800 demonstrated
excellent stability over a 48 h testing period.

2. Materials and method
2.1. Chemicals

Cobalt nitrate hexahydrate (Co(Nos)2.6H20, SRL Pvt Ltd), iron ni-
trate nonahydrate (Fe(NO3)2-9H20, Sigma Aldrich), terephthalic acid
(PTA, Sigma Aldrich), polyacrylonitrile (PAN, Sigma Aldrich Mw — 150
000), N, N-dimethylformamide (DMF), potassium hydroxide (KOH,
Loba Chemie Pvt Ltd), and double distilled water (DDW) was used for all
solution preparations. For electrode preparation, commercial Ni foam,
polyvinylidene fluoride (PVDF), activated carbon, and N-methyl-2-pyr-
rolidone (NMP) were used.

2.2. Synthesis of the CoFe MOF

CoFe MOF was synthesized using a previously described hydrother-
mal technique with slight changes [15]. For this, 0.145 g of cobalt ni-
trate hexahydrate and 0.202 g of ferric nitrate nonahydrate were
dissolved in 15 ml of DMF. In another 15 ml of DMF, 0.083 g of ter-
ephthalic acid was dissolved. Both solutions were mixed and continu-
ously stirred for 30 min to achieve a uniform solution. Afterward, the
mixture was put into a stainless-steel autoclave lined with Teflon, which
was then maintained at 150 °C for 8 h. After reaching room temperature,
brown-colored CoFe MOF powder was obtained through centrifugation,
followed by multiple washes with DMF and DDW.

2.3. Synthesis of the MOF-derived CoFe;04 NPs embedded carbon
nanofibers (CFO@CNFs)

The MOF-derived CoFe;O4 NPs embedded carbon nanofibers
(CFO@CNFs) were produced using a straightforward electrospinning
method and subsequent annealing treatment. At first, PAN polymer (0.5
g) was dissolved in 10 ml of DMF with continuous stirring for 4 h.
Simultaneously, 4 ml of DMF was used to dissolve CoFe MOF (0.05 g)
with constant stirring for 4 h. After that, both solutions were combined
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and vigorously stirred for 12 h. The final solution was injected into a 20
ml syringe and electrically spun on aluminium foil. The separation be-
tween the needle and a rolling collector was 15 cm, with a voltage of 6.1
kV. The flow rate remained constant at 0.2 ml per h™". Initially, the
obtained CoFe MOF embedded on PAN fibers were calcined in the air for
2 h at 240 °C. Then these fibers were immediately annealed in nitrogen
for 2 h at 600 °C, 700 °C, and 800 °C with a heating rate of 3 °C min~!
and denoted as CFO@CNFs 600, CFO@CNFs 700, and CFO@CNFs 800
(see Fig. 1).

2.4. Electrode preparation

For electrochemical application, the working electrode was fabri-
cated by mixing CFO@CNFs, PVDF, and activated carbon in the weight
ratio of 80:10:10 in NMP solvent. The obtained paste was applied to the
well-cleaned nickel foam substrate using the brush coating method. The
working electrodes were then dried for 12 h at 50 °C.

2.5. Material characterization

X-ray diffraction was conducted using XRD (AXS D8 Advance) with
Copper K alpha radiation (A = ~1.54 A U.) to know about the crystal
structure of the prepared sample. The presence of the functional groups
was evaluated by Fourier-transform infrared spectroscopy (FTIR) using
a Jasco FTIR Spectrometer 4600, Japan. The field emission scanning
electron microscope (FESEM, Hitachi SU 8010) was used to characterize
the surface morphology of CFO@CNFs. Microstructural characterization
and chemical composition analysis were performed with a high-
resolution transmission electron microscope (HRTEM, Hitachi/HF-
3300 300 kV) coupled to energy-dispersive X-ray spectroscopy (EDS).
Elemental chemical states were characterized by X-ray photoelectron
spectroscopy (XPS) analysis with a Thermo Fisher Scientific SIGMA
PROBE.

2.6. Electrochemical measurements

Electrochemical Characterizations of CFO@CNFs were examined
with a Metrohm Autolab PGSTAT204 workstation (NOVA software). In a
three-electrode setup, Ag/AgCl (with a 3 M KCl electrolyte) and Pt wire
were the reference and counter electrodes. A CFO@CNFs is employed as
a working electrode and 1 M KOH was used as an electrolytic solution.
Polarization curves for the catalyst electrodes were obtained with Linear
sweep voltammetry (LSV). Cyclic voltammetry (CV) measurements were
performed to calculate the double-layer capacitances (Cgqp). Chro-
nopotentiometry (CP) was used to evaluate the stability of the catalysts.
The EIS tests were carried out in the range of 10°-0.01 Hz using a signal
amplitude of 10 mV.

3. Results and discussion
3.1. Characterizations

The XRD patterns of all the samples synthesized at various annealing
temperatures viz. CFO@CNFs 600, CFO@CNFs 700, and CFO@CNFs
800) are shown in Fig. 2a. All samples exhibit identifiable peaks at
30.14°, 35.49°, 43.13°, 53.58°, 57.11°, and 62.66° corresponding to
(220), (311), (400), (422), (511), and (440) lattice planes of CoFey04
with cubic crystal lattice with space group Fd-3m (JCPDS No. 00-002-
1045). Further, a small peak at 44.8°, denoted by an asterisk, is indic-
ative of the presence of cobalt with a cubic crystal structure [16]. The
peak detected around 22° in CFO@CNFs 600 is from the PAN polymer
[15]. This peak broadened and shifted towards higher degrees in
CFO@CNFs 700 and CFO@CNFs 800 as the annealing temperature
increased owing to the decomposition of the organic ligand forming
carbon in a graphitized form. The loss of organic material and the coa-
lescence of crystalline structures at higher annealing temperature has
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Fig. 2. (a) XRD patterns of CFO@CNFs 600, CFO@CNFs 700, and CFO@CNFs 800. (b) FTIR spectrum of CFO@CNFs 800.

resulted in the reduction of the PAN peak intensity [17]. In comparison
to CFO@CNFs 600, the diffraction peaks attributed to CFO become
narrower and more intense in CFO@CNFs 700 and CFO@CNFs 800,
indicating an improvement in crystallinity as annealing temperature
rises. The crystallite size of CFO@CNFs samples was determined by the
Scherrer formula using the (311) peak. The crystallite size obtained for
CFO@CNFs 600, CFO@CNFs 700, and CFO@CNFs 800 are approxi-
mately 25.6 nm, 25.8 nm, and 31.9 nm, respectively. This finding in-
dicates that the CoFeyO4 grain size increases as the calcination
temperature is raised from 600 to 800 °C. The FTIR spectrum of
CFO@CNFs 800 (Fig. 2b) illustrates the vibrational frequencies associ-
ated with various functional groups. A band at 3725 cm ™! corresponding
to N-H stretches indicates the presence of hydrophilic functional groups
within the carbon network [18]. The absorption peaks at 1537 and 1380
em ! correspond to the asymmetric and symmetric stretching modes of
—COO groups of the H,BDC ligand. The 677 and 525 cm ™! peaks signify
Co-O and Fe-O stretching vibrations, respectively [19]. The peak at
2320 em ™! corresponding to the -C = N group appears due to residual
PAN [20].
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The morphological and microstructural examination of annealed
nanofibers was carried out utilizing FESEM and TEM (Fig. 3). The
FESEM images (Fig. 3a-c) illustrate the fibrous structure of CNFs on
which CFO NPs are dispersed across all annealing temperatures. The low
and high-magnification FESEM images of PAN fibers decorated with
CoFe MOF before annealing are presented in Fig. S1 of supplementary
information (SI). The PAN fibers exhibited an average diameter of ~900
nm before annealing. Upon annealing, PAN fibers decorated with CoFe
MOF were converted into CFO@CNFs of a notably reduced average
diameter. The average diameter measured was 152 nm for CFO@CNFs
600, 142 nm for CFO@CNFs 700, and 71 nm for CFO@CNFs 800. The
CFO@CNFs 800 experienced a reduction in diameter because of the
removal of PAN and the breakdown of the cobalt and ferrite precursors.
The TEM images further verify the fibrous structure consisting of CFO
NPs (Fig. 3d-f).

The HR-TEM image of CFO@CNFs 800 (Fig. 4a) reveals lattice
fringes exhibiting an interplanar spacing of 0.15 nm, corresponding to
the (440) planes of CoFeyOy4. Fig. 4b displays a selected area electron
diffraction (SAED) pattern indicating the polycrystalline nature of spinel
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10 1/nm

Fig. 4. HR-TEM image (a), SAED pattern (b), and HAADF TEM image and related elemental mapping images (c) of the CFO@CNFs 800.
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CoFey0y4, revealing distinct diffraction rings corresponding to the (311),
(422), and (440) planes. In Fig. 4c, the high-angle annular dark field
scanning transmission electron microscopic (HAADF STEM) image and
EDS elemental mappings of CFO@CNFs 800 are depicted. The elemental
mapping confirms the presence of C from CNFs and Co, Fe, and O ele-
ments from CFO. Additionally, HR-TEM images, SAED pattern, HAADF
STEM images, and related elemental mapping images of the CFO@CNFs
600 and CFO@CNFs 700 are provided in Figs. S2 and S3 of SIL.

XPS measurements were performed to examine the valence state and
chemical composition of CFO@CNFs 800. The Fe 2p and Co 2p peaks
were particularly useful in examining the characteristics of metal ion
species within spinel oxide. In the deconvoluted Co 2p spectrum
(Fig. 5a) of CFO@CNFs 800, the primary peaks at 780.1 eV (Co 2p3,2)
and 796.1 eV (Co 2p;,2) were observed for CoFeyO4 with a spin-orbit
separation of 16 eV. Two additional satellite peaks appeared at 802.5
eV and 784.5 eV corresponds to the lower binding energy edge of the Co
2p;1,2 and Co 2ps3/y peaks, respectively. The presence of shake-up sat-
ellite peaks and primary peaks indicates the 2" valence state of Co [21,
22]. In the Fe 2p spectrum (Fig. 5b), two obvious peaks at 710.8 eV and
723.6 eV correspond to Fe 2ps/» and Fe 2p; /o, respectively. The peak at
717.2 eV is attributed to a satellite peak. The two principal peaks,
featuring a spin-orbit separation of 12.8 eV ascribed to Fe 2p3,» and Fe
2p1 0, reveal that Fe exists in the 37 oxidation state [23]. The XPS
spectrum of C 1s (Fig. 5¢) demonstrates three distinct peaks at 284.4 eV,
285.3 eV, and 288.3 eV corresponding to C-C, C-N, and C-O bonds,
respectively. The XPS spectrum of O 1s (Fig. 5d) exhibits two peaks at
531.8 and 533.9 eV indicative of Fe-0/Co-O and C-O, respectively.
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3.2. Oxygen evolution reaction of CFO@CNFs catalysts

The electrocatalytic oxygen evolution reaction (OER) activity of
CFO@CNFs calcined at various temperatures was investigated in 1 M
KOH electrolyte. The OER activity of CFO@CNFs 600, CFO@CNFs 700,
and CFO@CNFs 800 samples were assessed through LSV polarization
curves in 0-0.8 V voltage regime at 1 mV/s scan rate with iR correction
(Fig. 6A). Additionally, LSV polarization curves of all samples without iR
correction and corresponding Tafel plots are presented in Fig. S4 of the
SI. All measured potentials were converted to potentials relative to the
reversible hydrogen electrode (RHE) by employing the Nernst equation
[24],

where 0.059 is a Faraday constant, and 0.210 is the standard potential of
the Ag/AgCl reference electrode. The standard pH value of 1 M KOH
solution is 14. The OER onset potentials for the sample CFO@CNFs 600,
CFO@CNFs 700, and CFO@CNFs 800 are found to be 1.59 V, 1.57 V,
and 1.53 V, respectively. The overpotential required to achieve a current
density (j) of 10 mA/cm? was determined using equation [25],

N=Vaur — 1.23V [2]

here, n represents the overpotential required for electrochemical
water-splitting, with 1.23 V being the corresponding voltage value. The
overpotential values obtained (with iR correction) for CFO@CNFs 600,
CFO@CNFs 700, and CFO@CNFs 800 samples are 350 mV, 340 mV, and
300 mV, respectively. The CFO@CNFs materials exhibit a lower over-
potential due to their MOF-derived architecture, which enhances surface
area and active sites. Additionally, the one-dimensional fibrous net-
works contribute to structural uniformity, directional electron flow,
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Fig. 5. The deconvoluted XPS spectra for Co 2p (a), Fe 2p (b), C 1s spectra (c), and O 1s (d) of CFO@CNFs 800.
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Fig. 6. iR-corrected LSV polarization curves at 1 mV/s scan rate (A), corresponding Tafel plots (B), and ECSA values (C) of CFO@CNFs 600, CFO@CNFs 700, and

CFO@CNFs 800 for OER study.

consistent porosity, and the conductive properties of CNFs. The reduced
overpotential observed for CFO@CNFs 800 is likely due to a combina-
tion of factors. The higher annealing temperature led to a decrease in
fiber diameter as we can observed from SEM images, potentially
resulting from the decomposition of the PAN polymer and the formation
of a carbon matrix. The carbon matrix significantly enhances conduc-
tivity and reduces overpotential [26]. This carbon matrix may also have
prevented nanoparticle aggregation, thereby increasing the number of
exposed active sites. Additionally, the improved charge transfer within
the carbon matrix could enhance the electrocatalytic performance,
contributing to the lower overpotential [27]. Detailed overpotential and
Tafel slope values of CFO@CNFs materials without iR correction are
presented in Table S1 of SI. Notably, CFO@CNFs 800 demonstrated a
significantly lower overpotential than CFO@CNFs 600 and CFO@CNFs
700, indicating superior electrocatalytic performance. This increased
electrocatalytic performance is due to the increased crystallinity and
high specific surface area [28]. Additionally, the carbon matrix that is
preserved serves multiple purposes. This approach not only prevents the
aggregation of active nanoparticles, maximizing their available reaction
sites but also improves the transfer of electrical charge within the
catalyst itself [29]. This augmentation is further supported by Tafel plots
(Fig. 6B) explaining the nanomaterials’ behaviour towards OER. The
Tafel slopes for CFO@CNFs 600, CFO@CNFs 700, and CFO@CNFs 800
are found to be 56 mV dec™!, 67 mV dec™!, and 42 mV dec”?, respec-
tively. Notably, CFO@CNFs 800 exhibited a lower Tafel slope compared
to CFO@CNFs 600 and CFO@CNFs 700, indicating faster reaction ki-
netics and higher OER activity. Typically, a lower Tafel slope recom-
mends that the rate-determining step (RDS) is positioned closer to the
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conclusion of the multi-electron transfer reaction [30,31]. This suggests
that CFO@CNFs 800 has a more efficient charge transfer process than
the other catalysts investigated.

ECSA is an important parameter for assessing the active sites of
electrocatalysts. ECSA was determined by measuring the Cq through CV
within a potential range usually between 0.1 and 0.3 V (Fig. S5). The Cq;
is derived from the linear correlation between the anodic current (mA)
and the scan rate (mV) as depicted in Fig. 6C. The Cq values of
CFO@CNFs 600, CFO@CNFs 700, and CFO@CNFs 800 were 0.03615
mF, 0.03659 mF, and 0.0457 mF. ECSA was determined using the
equation [32],

cdl

ECSA =—

C [3]

The specific capacitance (Cg) employed is 0.040 mF/cm?, which is
typical of metal and ferrite-based electrodes in alkaline solutions. From
the calculated Cq values, the ECSA values are determined to be 0.90
cm?, 0.91 em?, and 1.14 cm? for CFO@CNFs 600, CFO@CNFs 700, and
CFO@CNFs 800, respectively. The higher ECSA of CFO@CNFs 800 in-
dicates greater surface roughness and increased exposure of active sites,
typically leading to enhanced electrocatalytic performance [33-35].

TOF stands as a key parameter in assessing the efficacy of electro-
catalysts. It quantifies the rate at which species are generated and
measured in moles per surface metal atom per second. TOF can be
calculated using following equations [36],

jXNA

TOF =—————
nxFxTI

[4]
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_ Peak area
" scanrate x 1.69 x 1019

[5]

where j denotes the current density (in A/cm?), N is Avogadro’s
number, n is the number of electrons involved in producing one mole-
cule of the product (2 for H; and 4 for Oy), F represents Faraday constant
(96 485 C/mol), and I' symbolizes the surface concentration of active
sites on the catalyst material, indicating the number of participating
atoms involved in the reaction. The peak area required to calculate I'
was obtained from Fig. S6 of SI Fig. 7A shows a bar diagram illustrating
TOF values with the inset showing a linear relationship between TOF
and n during the OER regime. Increased catalytic activity is associated
with a higher TOF. At a potential of 1.6 V, TOF values for CFO@CNFs
600, CFO@CNFs 700, and CFO@CNFs 800 are 0.92, 0.98, and 1.64 S,
respectively.

CFO@CNFs 800 sample demonstrates a favorable balance between
low n and high TOF. The CFO@CNFs 800 catalyst also exhibits notable
OER durability of 48 h at the current density of 10 mA/cm?, as
demonstrated in Fig. 8B. Moreover, the inset of Fig. 7B illustrates that
the overpotential for CFO@CNFs 800 before and after stability changes
only slightly, indicating minimal variation even after continuous catal-
ysis for over 48 h. This consistency suggests the long-term stability of
CFO@CNFs 800 towards the OER, likely due to the stable structure of
the CFO@CNFs 800/Ni foam electrode. However, certain fluctuations
observed during prolonged testing are attributable to the trapping and
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subsequent release of bubbles on the electrode surface [37].

To assess the charge transfer resistance of CFO@CNFs during OER,
EIS measurements were conducted with a 10 mV applied amplitude over
a frequency range of 10°-0.01 Hz and corresponding Nyquist plots are
depicted in Fig. 8A. The respective solution resistance (Rs) values for the
CFO@CNFs 600, CFO@CNFs 700, and CFO@CNFs 800 electrocatalysts
are found to be 1.9 Q/cm?, 1.8 Q/cm?, and 1.3 Q/cm?. Similarly, the
charge transfer resistance (R¢y) values were measured as 10.3 Q/cm?,
5.2 Q/cm?, and 1.5 Q/cm? for the CFO@CNFs 600, CFO@CNFs 700, and
CFO@CNFs 800, respectively. These results suggest a considerably
lower Rg and R for CFO@CNFs 800, which correlates with improved
OER performance [38]. This is due to favorable electrical conductivity
and efficient channels of the CFO@CNFs 800. These characteristics
accelerate electron transfer and hinder the aggregation of active com-
ponents [39]. The impedance spectroscopy data were fitted using an
equivalent circuit (Fig. S7) and it matches well with the experimental
results. The experimental and circuit-fitted values of R, and Ry for
CFO@CNFs are tabulated in Table S2. The Nyquist plots indicated that
Rt and R; values for the CFO@CNFs 800 catalysts were notably smaller
compared to that of other tested catalysts, indicating efficient OER ki-
netics at the interfaces between the electrode and electrolyte. The Bode
plots shown in Fig. 8b reveal consistent patterns, with phase angles of
33.81°, 26.36°, and 16.49° observed for CFO@CNFs 600, CFO@CNFs
700, and CFO@CNFs 800, respectively. A lower phase angle typically
signifies enhanced charge transfer across the interface and its superior
performance in facilitating the OER [40]. The admittance values for

e CFO@CNF's 800
{55 162 s
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E §240~_ {b) After stability
¢>° 1.48- 5130.
= £
= € 1201
©
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Fig. 7. (A) Bar diagram of TOF values for CFO@CNFs 600, CFO@CNFs 700, and CFO@CNFs 800 for electrocatalytic OER study. Inset shows TOF vs n plot during the
OER regime for CFO@CNFs. (B) Chronopotentiometry curve of the CFO@CNFs 800 at the current density of 10 mA/cm? without iR correction. Inset shows LSV
curves for CFO@CNFs 800 before and after 48 h stability. (C) Radar plot to compare overall OER performance of CFO@CNFs.
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Fig. 8. (A) Nyquist plots, (B) Bode phase angle plots, and (C) bode absolute impedance plots of CFO@CNFs 600, CFO@CNFs 700, and CFO@CNFs 800.

CFO@CNFs 600, CFO@CNFs 700, and CFO@CNFs 800 were derived
from their respective Bode absolute impedance plots (Fig. 8c). Admit-
tance, being the reciprocal of impedance modulus, primarily reflects the
ease with which electrons can traverse an interface, particularly at lower
frequencies. Therefore, higher admittance values indicate superior ac-
tivity. As expected, CFO@CNFs 800 demonstrated a higher admittance
(0.25 S) compared to CFO@CNFs 700 (0.11 S) and CFO@CNFs 600
(0.07 S) underscoring its enhanced performance. The enhanced elec-
trocatalytic performance of CFO@CNFs 800 results from the synergistic
electronic interactions between metal oxide ions and the fibrous struc-
ture. The carbon matrix improves electrical conductivity and prevents
nanoparticle aggregation. The OER performance of the CFO@CNFs 800
catalyst is compared against other similar catalysts previously reported
(Table S3). The results demonstrate that the CFO@CNFs 800 catalyst
exhibits superior or comparable electrocatalytic performance compared
to many of these reported catalysts.

4. Conclusions

Metal-organic framework derived CFO NPs embedded carbon
nanofibers (CFO@CNFs) were successfully synthesized in a two-step
process which includes hydrothermal and electrospinning methods.
The synthesized NFs were calcined at 600 °C, 700 °C, and 800 °C tem-
peratures in the Ny atmosphere and applied as an OER electrocatalyst.
The XRD results show that the crystallinity of the CFO@CNFs increases
with increasing calcination temperature. The FESEM and TEM results
show the fibrous morphology of CNFs along with the decorated MOF-
derived CFO NPs. Varying the calcination temperature led to changes
in the morphology of the CFO@CNFs. CFO@CNFs 800 exhibited
enhanced OER catalytic activity with lower overpotential compared to
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CFO@CNFs 600 and CFO@CNFs 700. Also, CFO@CNFs 800 shows a low
tafel slope of 42 mV dec ™! and a high ECSA of 1.14 cm?. Such enhanced
electrocatalytic performance of CFO@CNFs 800 was due to the syner-
gistic electronic interactions between the metal oxide ions along with
the fibrous structure. Moreover, the preserved carbon matrix within the
CFO@CNFs 800 catalyst not only enhances electrical conductivity but
also prevents nanoparticle aggregation. This characteristic gives the
catalyst exceptional durability of over 48 h in OER. These findings give
more insights for a rational design to make efficient catalysts based on
MOF-derived NPs decorated on conductive nanofibers for water-
splitting reactions as well as other energy-related applications.
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