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ABSTRACT: One of the most practical and environmentally
friendly ways to deal with the energy crises and global warming is
to produce hydrogen as clean fuel by splitting water. The central
obstacle for electrochemical water splitting is the use of expensive
metal-based catalysts. For electrocatalytic hydrogen production, it
is essential to fabricate an efficient catalyst for the counterpart
oxygen evolution reaction (OER), which is a four-electron-transfer
sluggish process. Here in this study, we have successfully fabricated
cobalt-based ferrite nanoparticles over the surface of carbon
nanotube fiber (CNTF) that was utilized as flexible anode
materials for the OER and overall electrochemical water splitting
reactions. Scanning electron microscopy images with elemental
mapping showed the growth of nanoparticles over CNTF, while
electrochemical characterization exhibited excellent electrocatalytic performance. Linear sweep voltammetry revealed the reduced
overpotential value (260 mV@η10mAcm−2) with a small Tafel slope of 149 mV dec−1. Boosted electrochemical double layer
capacitance (0.87 mF cm−2) for the modified electrode also reflects the higher surface area as compared to pristine CNTF (Cdl =
0.022 mF cm−2). Charge transfer resistance for the surface-modified CNTF showed the lower diameter in the Nyquist plot and was
consequently associated with the better Faradaic process at the electrode/electrolyte interface. Overall, the as-fabricated electrode
could be a promising alternative for the efficient electrochemical water splitting reaction as compared to expensive metal-based
electrocatalysts.

1. INTRODUCTION
No doubt nonrenewable sources of energy are the backbone of
the global economy for many decades, but they have several
damaging environmental impacts including hazardous green-
house gas emission, air pollution, and diverse climate
changes.1,2 Nearly 79% of economy has been relying on the
fossil fuels, which are nonrenewable energy sources such as
coal, oil, and natural gases.3−5 The cumulative rate of fossil fuel
burning boosts up the emission of greenhouse gases (CO2 and
NO2), which also cause the reduction of nonrenewable energy
resources along with harmful environmental impact.6 These
issues encouraged the research community to develop
plentiful, durable, zero emission and environmentally friendly
technology as an alternative energy.7,8

To this end, hydrogen, as a clean and carbon-free renewable
energy source, is a tremendous fuel with limitless potential and
recycling advantage. Compared to gasoline, which has 44 MJ/
kg energy density, hydrogen is the lightest with the highest
energy density of 120 MJ/kg9 with only water as a byproduct

during combustion.10,11 In addition to being a possible long-
term fuel, hydrogen is also employed in a variety of industrial
processes, including the generation of methanol and ammonia
and crude oil hydrocracking.12,13 Diverse approaches, including
nuclear power, natural gas, coal, biomass, and water splitting,
could be used to generate hydrogen gas.14−16 Among all, water
splitting via thermal, electrochemical, and photoelectrochem-
ical processes has intensive advantages over all procedures.
Electrochemical water splitting has the following mechanism
with anodic and cathodic processes for OER and HER,
respectively.17,18

Anodic process:

Received: May 12, 2023
Accepted: August 30, 2023
Published: October 4, 2023

Articlehttp://pubs.acs.org/journal/acsodf

© 2023 The Authors. Published by
American Chemical Society

37927
https://doi.org/10.1021/acsomega.3c03314

ACS Omega 2023, 8, 37927−37935

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aneesa+Fatima"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haia+Aldosari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="M.+S.+Al-Buriahi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maryam+Al+Huwayz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Z.+A.+Alrowaili"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammed+S.+Alqahtani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammed+S.+Alqahtani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+Ajmal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arif+Nazir"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Munawar+Iqbal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Raqiqa+Tur+Rasool"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sheza+Muqaddas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sheza+Muqaddas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abid+Ali"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c03314&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03314?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03314?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03314?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03314?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03314?fig=gr1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/41?ref=pdf
https://pubs.acs.org/toc/acsodf/8/41?ref=pdf
https://pubs.acs.org/toc/acsodf/8/41?ref=pdf
https://pubs.acs.org/toc/acsodf/8/41?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c03314?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/open-access/licensing-options/
https://pubs.acs.org/page/policy/authorchoice_ccbyncnd_termsofuse.html
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


+ + = +EOH
1
2

O
1
2

H O 2e ( 0. 40 vs RHE)2 2 o

(1)

Cathodic process:

+ + =EH O 2e 2OH H ( 0. 83 vs RHE)2 2 o (2)

Overall process:

+ =EH O
1
2

O H ( 1. 23 vs RHE)2 2 2 o (3)

The anodic process (eq 1) is related to oxygen evolution
reaction in which hydroxyl ions release their electrons at the
anode during water electrolysis and are oxidized to liberate the
oxygen gas, while reduction occurs at the cathode with the
liberation of hydrogen as elaborated in eq 2.
High-quality hydrogen is generated when water molecules

are split into their constituent elements of H2 and O2 using
electrocatalysts; in reality, a considerable amount of energy is
required for the reaction.19−21 The thermodynamic potential
(Eo) required for electrochemical splitting of water is 1.292 V
(vs RHE) with 237.1 kJ mol−1 Gibbs free energy, which must
be provided to the electrolyzer to initiate the process. Equation
4 represents the following process:

+ =G2H O 2H O 237.21 kJ mol2 2 2
1 (4)

where ΔG is the Gibbs free energy associated with energy
absorbed during the water dissociation reaction. Hydrogen
produced by water splitting has zero impact on the
environment because water is used as raw material and can
be continuously recycled back into nature, making it a closed-
loop process that does not produce fossil fuel-related
pollution.22 To promote the process having economic worth,
oxygen, a byproduct with no negative environmental effects,
can be utilized in different ways. The process of electrolysis,
which involves breaking the hydrogen bonds within water
molecules, demands a significant amount of energy. This high
energy requirement, coupled with the substantial expenditure
involved, limits the widespread use of water electrolysis for
hydrogen production. As a result, electrolysis currently
represents ∼4% of the overall global hydrogen produc-
tion.23−25 Water dissociation into H2 and O2 involves two
crucial reactions, which includes hydrogen evolution as a
cathodic process and oxygen evolution as an anodic process
given in eqs 1 and 2, respectively. However, OER reaction
exhibits inherently slow kinetics and consequently proceeds at
a relatively sluggish rate.26,27 This sluggishness in electrode
kinetics implies a challenge for efficient and rapid water
dissociation processes.28−30 To make a process smooth, a
catalyst must be used to help break down the strong chemical
bonds in the water molecule.
Currently, metal-based materials (Pt, RuO, and IrO) and

their derivatives have demonstrated good performance in
electrochemical31,32 and photocatalytic water splitting.33,34

These metal-based electrocatalysts hindered the practical
implementation of hydrogen production via water splitting
due to abundance in nature, high cost, and corrosion
issues.35,36 Therefore, the pursuit of transition metals and
their compounds as catalysts holds great promise for achieving
efficient and scalable catalytic processes, marking a significant
advancement in the field of catalysis.33,36−40

Due to their varied nanostructures, transition metal oxides
have received a lot of attention as cutting-edge electrocatalysts

including their oxides,41 oxyhydroxides,42 and phos-
phates.43−45 Metal−organic frameworks (MOFs) also played
a significant role in electrochemical water splitting to get the
clean hydrogen fuels efficiently.46−48 Medium entropy alloys of
multimetals showed the enhanced electrocatalytic performance
for methanol oxidation along with OER and HER.49 Ferrite
materials such as MFe2O4 (M = Co,50−52 Ni,53−56 Cu, Fe,57−59

etc.) have shown potential for applicability to OER electro-
catalysis with promising characteristics. The electrocatalytic
activity of ferrite structures is significantly influenced by the
electronic transitions occurring between different metal
valences in the oxygen (O) sites. These electronic transitions
play a vital role in determining the catalytic behavior and
efficiency of ferrite material. Apart from their advantageous
electronic properties, ferrite structures possess a significant
attribute of a surface redox active metal center. The central
part of these metals assists as key spots, which help for the
better adsorption and activate the electroactive species in an
efficient way. By offering these active sites on their surface,
ferrite structures enable the efficient binding and subsequent
transformation of electroactive species, thereby enhancing their
overall catalytic activity.60−62

CoFe2O4 stands out as an exceptionally captivating ferrite
due to its compelling combination of advantageous attributes.
Notably, its low cost, abundance, and lower toxicity render it
highly desirable for numerous applications. Unfortunately,
higher volume expansion and lower conductivity for the pure
ferrites (CoFe2O4) restrict the utilization of these types of
materials in pristine form. As a result, extensive efforts have
been made to enhance the electrocatalytic properties for
practical implementation. A porous CoFe2O4/C nanorod array
with good OER performance was reported by Lu et al.63

CoFe2O4 nanospheres were created by Yan et al., demon-
strated good OER activity with a hollow structure and greater
surface area, and exhibited more vacancies than other
materials.64−66 Rana et al. conducted a study on the effects
of Co2FeO4 nanostructures, synthesized via a hydrothermal
route.67 Their findings indicated that nanoparticles of cobalt
ferrite exhibited an overpotential value of 560 mV with a Tafel
slope of 160 mV dec−1 for OER. Zhang et al. investigated the
performance of Co2FeO4 toward OER at different temper-
atures and found that at high temperature, Co2FeO4 displayed
a reduced Tafel slope value of 159 mV dec−1 with an
overpotential value of 446 mV at 10 mA cm−2 current
density.68

Here, in this work, we prepared cobalt-based ferrite
(CoFe2O4) nanoparticles with a diameter of ∼70 nm using a
hydrothermal process and deposited them over the surface of
CNT fiber. CoFe2O4@CNTs composite fiber exhibited a
splendid performance toward electrochemical water splitting in
basic media with larger active surface area and multiple active
sites. The one-dimensional shape of the composite electrode
facilitates electron transport and reduces the path length for
charge transfer, leading to improved electrical conductivity and
enhanced electrocatalytic activity. Hence, CoFe2O4 nano-
particles show better conductivity, improved stability, and
hence, excellent electrocatalytic performance for overall
electrochemical water splitting reactions in alkaline media.
Additionally, at an applied potential of 1.57 V (η = 340 mV),
chronoamperometric performance demonstrated excellent
stability for both anodic and cathodic processes (overall
electrochemical water splitting).
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2. EXPERIMENTAL SECTION
2.1. Chemicals. All used chemicals were purchased from

Sigma-Aldrich, and ferrous sulfate heptahydrate (FeSO4·
7H2O), urea (CH4N2O), cobalt chloride hexahydrate
(CoCl2·6H2O), potassium hydroxide (KOH), and Nafion (5
wt %) were used with analytical grade purity. All solvents were
also of analytical grade throughout the experiments and were
used without further purification, while deionized water was
utilized exclusively throughout the experimental procedures.
2.2. Fabrication of CoFe2O4-Modified CNTF. Forty

milliliters of deionized water was used to dissolve 2 mM
iron(II) sulfate (FeSO4·7H2O) and 1 mM cobalt(II) chloride
(CoCl2·6H2O) solution. Under vigorous stirring, 10 mM urea
was added to the above mixture and stirred for further 20 min.
After complete dissolution, the resulting solution was trans-
ferred into a 25 mL stainless steel autoclave with a Teflon
lining inside. A glass substrate, on which (CNTF) was
previously attached, was placed inside the autoclave. The
autoclave was tightly closed and put inside an electric oven at a
fixed temperature of 160 °C for 8 h, which allows this reaction
to grow the nanomaterials over the CNTF surface. After
completion, the reaction was let to cool down at room
temperature and CNTF was washed with ethanol and water
thoroughly in a sequential manner to eliminate any residues
and contaminants. The nanoparticle-modified electrode
(CoFe2O4@CNTF) attached onto another substrate with an
indium connection as an electrode to study electrochemical
performance. To check the catalytic activity for the pure
CoFeO4, the slurry for the as-synthesized material was
formulated in the Nafion solution (10%) and drop-casted
over the surface of the glassy carbon electrode, which was used
as a working electrode during analysis.
2.3. Characterization. Scanning electron microscopy was

carried out via a Hitachi SEM S-4800 (1 kV) machine to
analyze the surface morphology of pristine and modified CNT
fiber. A Bruker D8 Advance XRD instrument was employed for

the crystalline behavior measurements. Electrochemical meas-
urements were taken via a Gamry Reference 3000 Potentio-
stat/Galvanostat. A Biosafer deionizer was employed to get
deionized water, which was used throughout the experiments.
2.4. Electrochemical Measurements. Electrochemical-

related studies were investigated using a three-electrode setup
with modified CNTF, Pt, and Ag/AgCl as working, counter,
and reference electrodes, respectively. Polarization curves were
obtained via linear sweep voltammetric (LSV) studies for the
OER in alkaline media (1 M KOH) at a fixed scan rate of 5
mV/s. i-R compensation (CI) was used while taking the
voltammograms. Electrochemical double layer capacitance was
calculated via cyclic voltammetry, taken at various scan rates
with the fix concentration of electrolyte in the nonfaradaic
potential region. The interfacial charge transfer phenomenon
was estimated using AC impedance spectroscopy with the
current frequency range from 0.1 Hz to 1 MHz at DC potential
in the faradaic region (0.6 V) and a small sinusoidal potential
(5 mV). All the measured potentials were converted with
respect to RHE (reversible hydrogen electrode) using the
formulation given in eq 5.

= + +E E E0.059pHRHE Ag/AgCl oAg/AgCl (5)

where EoAg/AgCl is the electrode potential (0.1976 V) under the
standard condition for silver/silver chloride at 25 °C, EAg/AgCl is
the measured potential away from equilibrium, and ERHE is the
converted potential against the reversible hydrogen electrode.

3. RESULTS AND DISCUSSION
SEM was utilized to investigate the surface morphology of bare
and CoFe2O4-modified CNT fibers. Figure 1a,b displays the
densely populated pristine CNT fibers, which offer higher
mechanical strength and numerous pathways for facilitating the
movement of electric charges. Compared to CNTs in
powdered form, the well-aligned structure of the CNT fiber
significantly improves the flow and unhindered movement of

Figure 1. SEM images for (a, b) bare and (c, d) CoFe2O4 nanoparticle-modified CNTFs at lower and higher magnifications.
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charges, resulting in the improved conductivity. The presence
of numerous interfaces in the powdered form of CNTs creates
obstacles that hinder the process of electrochemical charge
transfer, leading to reduced efficiency in conductivity, while the
unidimensional CNTF with its constrained pathway acts as a
conductive medium that promotes a smooth and unrestricted
flow of charges. This unique characteristic of the CNTF
significantly enhances the conductivity and, consequently,
boosts the overall performance of the electrodes, surpassing the
limitations imposed by the powdered form of CNTs. SEM
images presented in Figure 1c,d provide clear visual evidence
of the surface-modified CNT fibers at different magnifications.
The deposition process demonstrated its effectiveness by
achieving successful loading of CoFe2O4 nanoparticles onto
the surface of CNT fibers. This deposition process ensured
that nanoparticles were securely attached and uniformly
distributed across the entire surface of the CNT fibers,
validating the quality and reliability of the modification. The
size analysis of the CoFe2O4 nanoparticles indicated a uniform
range of 70−100 nm, ensuring a consistent size distribution
within this specific size range. Deposited CoFe2O4 nano-
particles played a crucial role as electrocatalytic sites
specifically involved in hydroxyl ion (OH−) oxidation during
the electrochemical process of water splitting. Simultaneously,
the CNT fiber acted as a conduit, providing a clear and defined
pathway for the internal flow of electric charges within the
system. This collaborative functionality of the deposited
nanoparticles and the CNT fiber synergistically enhanced the
electrochemical activity of electrode materials by facilitating
efficient charge transfer and promoting the desired electro-
chemical reactions.
Along with SEM, to verify the elemental composition,

namely, carbon, cobalt, iron, and oxygen, energy-dispersive X-
ray spectroscopy (EDS) analysis was conducted. This
technique allows elemental mapping of the sample, providing
visual evidence of the homogeneous presence of all the
elements across the material. Figure 2 shows the repetitive

abundance and elemental map for carbon, cobalt, iron, and
oxygen presented by the highest peak for carbon and relatively
lower abundance of cobalt with uniform distribution of each
element.
Figure 3 presents the elemental X-ray mapping for

CoFe2O4@CNTF, illustrating the even distribution of C, O,
Fe, and Co elements across the surface of the CNTF with
different densities. A carbon substrate appears as the area with
the highest density, represented by a white color. On the other
hand, the Co, Fe, and O elements are associated with distinct
colors: violet for Co, green for Fe, and light blue for O. These
color variations indicate different elemental compositions and
distributions within the CoFe2O4@CNTF structure.

The XRD patterns for the pristine carbon nanotubes and
their modification with CoFe2O4 nanoparticles are given in
Figure 4. The crystallinity and phase structure of the
synthesized CoFe2O4 nanoparticles are shown by the
diffraction pattern. Pristine carbon nanotubes exhibited two
peaks corresponding to different planes (002) and (100). A
sharp and more intense peak appeared at around 27o of 2θ and
a broader peak positioned at 42° equivalent to the (002) and
(100) planar values, respectively. The obtained 2θ values of
CoFe2O4 nanoparticle-modified carbon nanotubes are con-
sistent with those of the standard cubic phase CoFe2O4 and
their corresponding (h, k, l) planar values. The planar values of
(002), (311), (220), (200), (400), (511), (422), and (440)
match with the standard JSPD card for CoFe2O4. Due to the
smaller atomic radius (200 pm), the cobalt materials were
produced as spinel ferrites with tetrahedral sites occupied by
the iron-coupled cobalt elements.
A conventional three-electrode setup has been used to study

the OER performance of bare CNTF, CoFe2O4 nanoparticles,
and modified CoFe2O4@CNTF in alkaline solution (1 M
KOH) as the electrolyte. Figure 5 represents the electro-
chemical studies for overpotential, double layer capacitance,
and charge transfer behavior. LSV in Figure 5a represented the
i-R-corrected polarization curves for bare CoFe2O4 nano-
particles and modified CNTF electrode with a fixed scan rate
of 5 mV s−1 and a voltage range of 1−2 V vs RHE. The black
color voltammogram associated with the surface-modified
electrode showed the low overpotential (260 mV) as
compared to the pristine CNTF (shown in red) at a current
density of 10 mA cm−2. Meanwhile, the blue color represented
the pure cobalt-based ferrite nanoparticle, which showed the
catalytic performance but less than the fiber-based electrode.
This is because the CNTF provided more active sites to
nanoparticles and fiber itself as the path flow for the charge
transportation. The observed decrease in overpotential of the
modified electrode, when compared to the bare CNT fiber,
provides compelling evidence of its superior electrocatalytic

Figure 2. EDX pattern of CoFe2O4-modified CNT fiber with carbon,
iron, cobalt, and oxygen abundant ratio.

Figure 3. EDX spectra for the elemental X-ray mapping of (a) carbon,
(b) cobalt, (c) iron, and (d) oxygen over the surface of CoFe2O4@
CNTF.
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OER performance. Electrode kinetics for the OER were further
explored from the analysis of Tafel slopes (Figure 5b),
generated from the polarization curves. Tafel slopes were
calculated to be 149, 229, and 985 mV dec−1 for modified fiber,
cobalt-based ferrite, and bare CNTF, respectively. The lower
Tafel slope represented the faster electrode kinetics with a high
rate of oxygen evolution reactions at a small amount of voltage.
Meanwhile, for pristine CNTF, a higher value of Tafel slope
(985 mV dec−1) showed the large amount of energy required
in the form of potential to convert the hydroxyl ions into
oxygen and, consequently, a slower process. The fiber-based
composite electrode also showed its splendid performance as
compared to the pure form of CoFe2O4 nanoparticles at the

glassy carbon electrode, which showed a higher Tafel slope
(229 mV dec−1), which is due to the less surface area and
minor active sites.
Figure 5c represents the Nyquist plots of electrochemical

impedance spectroscopy, which predict the charge transfer
resistance (Rct) values that elaborate the mechanistic
explanations for the OER activity of electrode material. In a
Nyquist plot, the diameter of the semicircle observed in the
high-frequency region provides information about the charge-
transfer resistance at the electrode/electrolyte interface. A
larger semicircle diameter indicates a higher resistance,
signifying a less efficient electron-transfer process, while a
small semicircle on CoFe2O4@CNTF indicated lower charge-

Figure 4. X-ray diffraction pattern for the pristine and modified CNTFs (CoFe2O4@CNTFs) with the corresponding planes.

Figure 5. (a) iR-compensated polarization curves for OER for the bare CNT fiber and CoFe2O4 nanoparticle-modified CNTF electrode in 1 M
KOH solution at a scan rate of 5 mV s−1 and (b) their corresponding Tafel plots. (c) Nyquist plots in electrochemical impedance spectroscopy for
bare CNT fiber and modified CNTF with fitted curves and (d) chronoamperometric studies for the modified CNTF at an overpotential of 149 mV.
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transfer resistance (47 Ω) and attained an efficient electron-
transfer process for the OER. When compared to pristine
layers of CNTF, it showed a semicircle with larger diameter
and a Rct value of 145 Ω, which is nearly three times higher as
related to the modified electrode, hence the lower electro-
catalytic performance toward the OER. Their curve fitting
model showed that the solution resistance was almost the same
for both modified and pristine electrodes. The stability of the
fabricated electrodes with time has been assessed using the
chrono method (i−t), specifically by the continuous process of
OER in alkaline solution (KOH) with a molarity of 1 M. The
experiment was carried out at a constant potential of faradaic
region relevant to the current density of 10 mA cm−2 for a
duration of 15 h. Outcomes of this stability test are depicted in
Figure 5d, providing a representation of the electrode’s
performance over the testing period. The modified CNTF
exhibited remarkable stability over an extended period of time,
showcasing its promising performance and potential for
practical applications. Even after 15 h of electrochemical
reaction, the electrode still exhibited activity and the post-SEM
analysis showed almost the same surface morphology with little
blockage of active sites as shown in Figure S1 in the
Supporting Information.
To obtain the electrochemical capacitance (Cdl) on the

electrode surface, cyclic voltammetry was carried out in the
nonfaradaic portion at various scan rate values for both pristine
and modified CNTFs. Within the nonfaradaic (charging)
region, the capacitive current has been increased with higher
scan rate. The current values increased from 0.001 to 0.0017
mA cm−2 for pristine CNTF, and it varied from 0.05 to 0.5 mA
cm−2 for the modified CNTF as displayed in Figure 6a,b,
respectively. As shown by the insets in Figure 6, there is a
linear relation between the scan rate and the current density.

The fitting allowed for the determination of the Cdl values,
which were calculated to be 0.022 and 0.85 mF cm−2 for
pristine and modified CNTFs, respectively.
Cdl at the electrode−electrolyte interface is an important

factor in determining the electrochemical surface area (ECSA)
of the electrode material. The greater the double layer
capacitance value, the higher will be the ECSA and
consequently better the electrocatalytic performance.
3.1. Overall Electrochemical Water Splitting. In

addition to their excellent performance as an anode catalyst
for OER, cobalt ferrite (CoFe2O4)-modified fibers have been
specifically investigated for their effectiveness as a cathodic
material also for hydrogen evolution reaction in complete
(overall) water electrolysis. For this, platinum (Pt), as the
counter electrode, has been replaced with the same materials
(CoFe2O4@CNTF), which facilitated the HER during water
electrolysis. Studies of cobalt ferrite (CoFe2O4) as working and
counter electrodes in a two-electrode system have been
conducted in an alkaline solution. The electrochemical
efficiency of cobalt ferrite toward overall electrochemical
splitting of water was evaluated using linear sweep
voltammetry (Figure 7a), and it was found that cobalt ferrite
shows remarkable catalytic activity toward both anodic (OER)
and cathodic (HER) processes. A 320 mV overpotential has
been attained at the current density of 10 mA cm−2. The
favorable performance of these materials positions them as a
charming alternate compared to expensive noble metal-based
materials such as ruthenium-, iridium-, and platinum-based
materials and their derivatives. The stability test for the overall
electrochemical water splitting has also been studied via
chronoamperometry with a two-electrode system. It was
observed that the fabricated electrode exhibited the maintained
stability after 10 h at an overpotential of 340 mV as shown in

Figure 6. Cyclic voltammogram for (a) pristine and (b) modified CNTF in 1 M KOH solution with varied scan rate in the nonfaradaic region.
Inset images represent the linear connection among the current and scan rates to calculate the double layer capacitance.

Figure 7. (a) Polarization curve with an optical image (inset) and (b) chronoamperometry for the overall electrochemical water splitting via
CoFe2O4 nanoparticle-modified fibers in 1 M KOH.
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Figure 7b. A comparative behavior of the currently reported
electrocatalyst with previously reported materials is given in
Table S1 in the Supporting Information.

4. CONCLUSIONS
We reported a flexible fibrous structure electrocatalyst in a
three-electrode system and also studied its electrochemical
performance in overall electrochemical water splitting. Cobalt
ferrite (CoFe2O4) was deposited over carbon nanotube
(CNT) fiber via a simple hydrothermal method. Surface
morphology and elemental analysis were performed, and
outcomes illustrated the clear picture of nanoparticle
deposition and uniform dispersal on the CNTF surface.
According to results of linear sweep voltammetry, the modified
electrode displayed a lower overpotential value of 260 mV at
10 mA cm−2, with a Tafel slope of 149 mV dec−1. These
findings indicate that cobalt ferrite serves as an effective
catalyst in water electrolysis. Thorough examination of cyclic
voltammetry (CV) showed that the modified fiber exhibited a
notable increase in double capacitance, indicating its enhanced
ability to store and release charges as compared to the pristine
fiber. Additionally, electrochemical impedance revealed that
the modified fiber displayed a significant reduction in charge
transfer resistance, indicating efficient charge transfer kinetics.
These improvements suggest an enhanced capacitive behavior
and efficient charge transfer kinetics at the electrode interface.
Moreover, the overall water splitting achieved an overpotential
value of 320 mV at 10 mA cm−2 with reasonable stability. This
dual functionality makes the cobalt ferrite-based composite
fiber a promising candidate for efficient and sustainable
electrochemical water splitting.
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