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Beyond the ordinary: exploring the synergistic
effect of iodine and nickel doping in cobalt
hydroxide for superior energy storage applicationst
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This study explores the iodine and nickel-doped cobalt hydroxide (I & Ni-co-doped-Co(OH),) as a potential
material for energy storage and conversion applications owing to its excellent electrochemical
characteristics. According to our analysis, it was revealed that this material exhibits pseudocapacitive-like
behavior, as evident from distinct redox peaks observed in cyclic voltammetry, which confirms its ability
to store charges. The diffusion coefficient analysis reveals that this material possesses conductivity and
rapid diffusion kinetics, making it particularly advantageous compared to materials synthesized in
previous studies. Charge—discharge measurements were performed to analyze the charge storage
capacity and stability of this material after 3000 consecutive cycles, showing its excellent stability with
minimum loss of capacitance. Furthermore, its anodic and cathodic linear sweep voltammetry curves
were measured to evaluate its oxygen evolution and hydrogen evolution reaction performance. The
results showed that the material exhibited an excellent water splitting performance, which suggests its
potential practical application for hydrogen production. This increased activity was attributed to the
doping of a-Co(OH),, which improved its structural stability, electrical conductivity, and charge transfer
efficiency. Thus, | & Ni-co-doped-Co(OH), possesses enhanced properties that make it an excellent
material for both energy storage and hydrogen generation applications.

1 Introduction

In the dynamic and fluctuating environment of energy tech-
nologies globally, the development of environmentally friendly
solutions for energy storage and water-splitting applications
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has become increasingly important."® Consequently, it is
necessary to employ renewable energy sources and store their
energy for later use.*” This has led to the development of
advanced systems that address both problems simultaneously.
Additionally, the intermittent nature of power from renewable
energy sources makes storage systems such as batteries and
supercapacitors crucial for power management.®®

In the case of energy storage, electrocatalytic water-splitting
technology involves the production of hydrogen.' Hydrogen is
an energy source that can be stored for long periods, which is
considered a reasonable alternative to conventional fuels.
However, traditional methods for the generation of green
hydrogen, such as steam methane reforming, are obviously
harmful to the environment, and thus not aligned with
sustainability. In contrast to proton exchange membrane water
splitting, electrocatalytic water splitting employs electricity to
directly convert water into hydrogen and oxygen. This tech-
nology shows great potential given that it can help avoid the
global decline in fuel reserves in the transport and industrial
sectors, together with reducing the release of greenhouse
gases.'

Platinum, iridium oxide (IrO,), and ruthenium oxide (RuO,)
are a few examples of compounds derived from metals that have
been applied as cutting-edge catalysts for HER and OER.">*?
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However, the application of these precious metals presents
challenges due to their scarcity and limited stability. Thus, the
large-scale production of devices and their integration into
practical applications face various challenges including high
cost and potential risks.**** Additionally, the manufacturing
processes for iridium oxide and ruthenium oxide often involve
harsh conditions and high temperatures, making their use less
practical. Therefore, it is crucial to investigate catalysts that are
more cost-effective and capable of long-term usage.®

Transition metal-based materials have attracted interest as
alternatives to pure metal catalysts due to their mechanical and
electrochemical strength,'*® and their exceptional reactivity,
durability, and abundant availability make them suitable
choices as catalysts.”>*® Furthermore, their properties can be
tailored by adopting different strategies such as alloying,*
forming heterostructures with other potential materials,***
tailoring their morphology** and doping with other suitable
elements. Among the transition metal-based materials, the
characteristics of cobalt-based materials make them appro-
priate candidates for catalytic applications, providing a viable
solution to reduce the dependence on precious metals.”
Furthermore, cobalt-based catalysts can be synthesized using
simple and scalable methods, which can reduce their produc-
tion costs and facilitate their large-scale application. Compared
to the recently reported Co-based catalysts, the significantly
lower overpotential of 260 mV at 10 mA cm™ > was achieved by
incorporating Au in Co-based nanosheets. The improved OER
activity of the extremely active Au-Co(OH), electrocatalyst is
attributed to the direct formation of O-O bonds with the lattice
oxygen in Au-doped Co-based nanosheets.” Thus, the
numerous benefits offered by hybrid catalysts have motivated
the investigation of CeO,/Co(OH), hybrids. Outstanding OER
and HER catalytic activity was achieved by evenly connecting
CeO, nanoplates with Co(OH),, which resulted in a decrease in
overpotential (410 mV and 317 mV, respectively) and Tafel slope
(66 mV dec™ " for OER and 140 mV dec™ " for HER).”

OER electrocatalysis was improved by modifying the B-
Co(OH), surface active sites. Consequently, a low overpotential
of 390 mV at 10 mA cm ™2 and a Tafel slope of 57 mV dec™ " were
obtained utilizing a single-step bipolar electrochemical method
to evaluate the enhanced electrocatalytic activity of the as-
synthesized Co(OH), nanostructures. However, the high over-
potential, limited activity, instability and high cost of cobalt-
based electrocatalysts hinder their application in water split-
ting.”® Alternatively, cobalt metal was employed in the produc-
tion of a cost-effective and highly efficient solar-driven
electrolyzer (denoted as Co(OH),/NF). This electrolyzer
demonstrated an overpotential of 182 mV for the HER and
281 mV for the OER.* A 2D ultrathin a-Co(OH), nanosheet
catalyst was produced for OER, which exhibited excellent
stability and cost-effectiveness in alkaline medium. This cata-
lyst efficiently catalyzed the development of oxygen and the
conversion of electrical energy to chemical energy, despite its
low Tafel slope and overpotential of 278 mV.

Metallic doping enhances the conductivity and structural
stability of materials, contributing to improved charge storage
capacity. Alternatively, non-metallic co-doping can tailor the
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electronic properties and introduce catalytic activity in mate-
rials, optimizing their charge transfer kinetics.*>** In this case,
the combination of metallic and non-metallic dopants yields
a comprehensive enhancement in properties, providing versa-
tility and tunability for diverse electrochemical applications.**
The study by Kou et al. on integrated electrodeposition on
carbon fabric revealed the superior electrocatalytic performance
of Co(OH), doped with chlorine due to the increase in the
surface area of the electrode.*® Iodine doping improved the
electrical properties of CuO semiconductor films, resulting in
an increase in Hall mobility, lower resistance, and improved
thin-film transistor performance.*® A study analyzed the
synthesis of nickel hydroxide nanoparticles doped with iodine
using a simple hydrothermal method, focusing on their
performance in the OER.** I-BWO, a Bi,WO, photocatalyst
doped with iodine, outperformed pure BWO and I,-BWO in the
degradation of rhodamine B due to its smaller crystalline
dimensions, limited energy gap, and abundant oxygen vacan-
cies.*® A 2D NiCo LDH electrocatalyst with iodine, low resistance
to charge transfer, and long-term stability was synthesized
using the precipitation technique, indicating potential for effi-
cient energy conversion.”’” Another study presented the
synthesis of Co-Ni-Fe511 nanosheets for OER, demonstrating
an exceptional performance with a low Tafel slope, minimal
degradation, and low energy consumption.*® Co-doping iodine
and nickel in CdS nanostructures yielded thinner, high-crystal
CdS nanobelts, indicating the successful integration of the
dopants and potentially advancing the development of solar
cells and optoelectronic devices.** Porous triazine-based
frameworks doped with iron and iodine showed enhanced
oxygen reduction reaction activity, suggesting a potential
synthesis-engineering approach for developing electrocatalysts
without platinum.*’

The aim of the present study is to provide a straightforward
precipitation approach for the synthesis of I and Ni co-doped-
Co(OH), nano-flowers. Ni doping enhanced the electrical
conductivity, durability, and catalytic activity of o-Co(OH),.
Meanwhile, iodine doping altered the electronic characteristics
of «-Co(OH),, resulting in an improved electrochemical
performance, greater durability, and reduced surface passiv-
ation. Moreover, the synergistic effects resulting from the co-
doping of Ni and iodine improved the performance of a-
Co(OH), in terms of energy storage and conversion. The
prepared electrocatalysts demonstrated a reduced overpotential
in achieving a desirable geometric current density and higher
specific capacitance compared to their counterparts. This
simple template-free-based method shows promise for the
synthesis of amorphous metal hydroxides or oxides for energy
storage and conversion applications.

2 Experimental
2.1 Materials

Cobalt nitrate hexahydrate (Co(NOs),-6H,0, 98% purity), nickel
nitrate hexahydrate (Ni(NOs),-6H,0, 99.999% purity), potas-
sium iodide (KI, =99.0% purity), potassium hydroxide (KOH,
=85% purity), iodine (I, =99.99% purity) and NH; solution

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of the synthesis of | & Ni-co-doped-Co(OH), and I,-loaded Ni-doped-Co(OH), through the simple precipitation

route.

(25% purity) were purchased from Sigma Aldrich. Methanol
(=99.8% purity) and ethanol 85-87% purity) were obtained
from BDH. All chemicals were used as received without further
purification.

2.2 Synthesis of electrocatalysts

A solution of 2 mmol of Co(NO3),-6H,0 was prepared ina 3:1
(v/v) mixture of methanol and water with a total volume of 15
mL. Then, 300 uL of an NH; solution was added to a 3:1 (v/v)
methanol/water solution with magnetic stirring. Following
a 30 min incubation period at ambient temperature, a homo-
geneous colloidal solution with a green hue was observed. The
green o-Co(OH), precipitate was obtained by the separation of
the components of the colloid through centrifugation, followed
by air-drying. The inclusion of Ni(NO;),-6H,O or both
Ni(NO3),-6H,0 and KI in the aforementioned procedure led to
the formation of Ni-doped Co(OH), and I & Ni co-doped
Co(OH),, respectively. Subsequently, the prepared Ni-doped
Co(OH), was mixed with 16 mg alcoholic solution of pure

© 2024 The Author(s). Published by the Royal Society of Chemistry

iodine in a mortar and pestle to prepare the blank or reference
material for comparative analysis with our doped samples,
which was denoted as I,-loaded Ni-doped-Co(OH),. This
approach aimed to create a baseline material for analyzing and
comparing the properties of the doped samples. The synthesis
process is schematically shown in Fig. 1.

3 Results and discussion

3.1 Structural analysis

Powder X-ray diffraction (XRD) is a well-established technique
widely utilized to gain valuable insights into the properties of
materials such as their composition and structure. As a non-
destructive tool, XRD is often used for determining the crys-
talline structure of materials, such as powdered samples. Thus,
in the current investigation, XRD was implemented to analyze
and determine the structural attributes of the various electro-
catalysts, including «-Co(OH),, Ni-doped-Co(OH),, I & Ni co-
doped-Co(OH),, and I,-loaded Ni-doped-Co(OH),, and the
results are depicted in Fig. 2. The diffraction pattern of cobalt

RSC Adv, 2024, 14, 16661-16677 | 16663
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(@) XRD patterns of various electrocatalysts, a-Co(OH),, Ni-doped-Co(OH),, | & Ni-co-doped-Co(OH),, and |,-loaded Ni-doped-

Co(OH),. (b) Impact of doping on diffraction peaks shown by the phenomenon of peak shifting.

hydroxide displayed peaks at 26 values of 11.3°, 23.1°, 33.5°,
34.6°, 59.3°, and 61.1°, which correspond to the (003), (006),
(100), (102), (110) and (113) diffraction planes (JCPDS: 046-
0605). The nickel-doped, iodine & nickel co-doped, and I,-
loaded Ni-doped Co(OH), electrocatalysts were analyzed, and
no additional diffraction peaks were detected in their XRD
patterns, confirming the homogeneity of these material. Alter-
natively, a shift in the (110) diffraction peak of Ni-doped-
Co(OH), and Ni-doped Co(OH), co-doped with iodine and
nickel was observed, as illustrated in Fig. 2(b). The observed
phenomenon of shifting is believed to be a result of the
homogeneous incorporation of the Ni dopant in the lattice
structure of a-Co(OH),. The addition of nickel as a dopant can
cause changes in the arrangement of the crystal lattice because
Ni** ions have a smaller radius (0.69 A) compared to Co®" ions
(0.79 A). Moreover, distinguishing between the two phases of a-
Co(OH), and Ni(OH), can be challenging due to the similarity of
their diffraction patterns.*

However, considering nickel and iodine co-doped o-
Co(OH),, it is possible that iodine may fill the spaces between
the layers of alpha cobalt hydroxide due to its suitable size
(ionic radius of 2.2 A). Specifically, alpha cobalt hydroxide has
an interlayer spacing of 7 A, which should be sufficient to
accommodate iodine ions. However, the potential impact of the
presence of iodine in the interlayer spaces of alpha cobalt
hydroxide in terms of its stability and reactivity need to be
explored, especially considering its potential use as a catalyst or
electrode material.*

The Debye Scherrer formula was used to determine the size
of the crystallite particles in the materials. Our analysis revealed
that the sizes of «-Co(OH),, Ni-doped Co(OH),, iodine and
nickel co-doped Co(OH),, and I,-loaded Ni-Co(OH), were
14 nm, 7.1 nm, 7.2 nm, and 6.8 nm, respectively. The decrease
in crystallite size can be attributed to the inclusion of iodine in
the structure of the a-Co(OH), electrocatalysts given that it
hinders the formation of crystals by interfering with the crystal
growth process. Ultimately, this leads to the formation of

16664 | RSC Adv, 2024, 14, 16661-16677

crystallites.** Additionally, potassium iodide can act as a cata-
lyst, encouraging the development of crystalline structures. The
iodide ions can assist in the creation of crystal formations and
boost the speed at which crystals grow, leading to a greater
concentration of smaller crystallites.*® Also, the presence of KI
has an impact on the nucleation process, greatly influencing the
dynamics of crystallization. Some of the structural changes that
occur include changes in crystal size, morphology, and atomic
arrangement within the lattice, all of which have a significant
effect on the properties of the material. Thus, the crystallization
process and characteristics of the resultant crystals are both
modified by the presence of KI, where a higher concentration of
smaller crystallites was observed because the iodide ions
encouraged the formation of seed crystals and sped up the
crystal growth process.**

3.2 Fourier transform infrared spectroscopy (FTIR)

Additional analysis was conducted utilizing Fourier transform
infrared (FTIR) spectroscopy, a methodology that facilitates the
detection of molecular vibrations within a material and
confirms the existence of lattice oxygen, crystalline water, and
interlayer anions. The FTIR methodology produces a clear and
precise depiction of the molecules present in a sample, making
it an essential tool. The FTIR spectra of the produced compo-
sitions are presented in Fig. ES1.T The spectral pattern observed
at around 3457 cm™ ' is associated with the stretching vibration
of O-H bonds, which are related to the presence of OH groups
and water molecules inside the intermolecular environment.
This intrinsic factor ultimately removes the inherent charge
of nickel and cobalt, making the structural framework neutral.**
Moreover, the band that appeared at the wavenumber of
1625 cm ™! belongs to the bending mode of the water molecules,
which is present throughout the framework.*> The presence of
methanol molecules in the interlayers was proven by the
appearance of weak bands at 1090, 2919, and 2816 cm ™, cor-
responding to the C-H and C-O vibrations.*® In addition, the
observed bands in the range of 500 to 600 cm™ " correspond to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FESEM images of different electrocatalysts (a) a-Co(OH),, (b) Ni-doped-Co(OH),, (c) | & Ni-co-doped-Co(OH),, and (d) I,-loaded-Ni-

doped-Co(OH),.

the bond vibrations of Ni O-M and O-M-O, where M represents
the chemical elements Ni and Co.*” The change in the bands of
a-Co(OH), due to addition of Ni or both Ni and iodine in the
FTIR spectra demonstrate the change in the molecular frame-
work and the unique nature of the chemical bonds and vibra-
tional modes of the material, and also the change in its local
structure.

3.3 Morphological investigations

3.3.1 Field emission scanning electron microscopy (FESEM)
analysis. The surface morphology of an electrocatalyst greatly
influences its reaction performance. Thus, we studied the
surface structure of the prepared electrocatalysts including o-
Co(OH),, Ni-doped-Co(OH),, I & Ni co-doped-Co(OH), and I,-
loaded-Ni-doped-Co(OH), using field emission scanning elec-
tron microscopy (FESEM), as depicted in Fig. 3. The images
provided evidence of the existence of discrete three-
dimensional nano-flowers within the o-Co(OH), electro-
catalyst, where the nano-flowers were composed of nanosheets.
The presence of nanoflowers on the surface of the a-Co(OH),
electrocatalyst enhanced its activity. This enhancement is
attributed to the increased active surface area and improved
charge transfer efficiency facilitated by the nano-flowers. From
a morphological standpoint, it can be observed that Ni-doped-
Co(OH),, I & Ni-co-doped-Co(OH),, and their counterparts
exhibit considerable similarities. However, it is worth noting
that variations in their thickness are evident. The morphology

© 2024 The Author(s). Published by the Royal Society of Chemistry

of the Ni-doped-Co(OH), electrocatalyst subjected to I, loading
was similar to that of the precursor without any loading. In
contrast, it showed signs of agglomeration and a higher liquid
content within its voids. However, these modifications were
insufficient to address or alleviate the presence of cracks.*® The
distinctive form of the material under consideration afforded
a substantial surface area, facilitating the presence of a greater
number of active sites for the electrochemical process. Conse-
quently, this enhanced its activity, which led to better efficiency.
Moreover, the 3D structure resembling a flower can boost the
movement of substances, improving the dispersion of the
reactants and products and reducing the differences in poten-
tial.** Additionally, this exclusive flower-like shape enhanced
the stability and long-term durability of the catalyst during the
energy storage and conversion processes, which helped to
minimize its degradation over time.

3.3.2 Transmission electron microscopy (TEM) analysis.
TEM is an imaging method that utilizes electrons to examine
the internal structure of materials at a nanoscale resolution. In
the field of materials science and electrochemistry, TEM plays
a role in uncovering details about material properties. By
providing insights into the morphology of materials, TEM
contributes to the development of materials for various elec-
trochemical applications. The TEM images, as shown in Fig. 4,
reveal the presence of defined 3D nanostructures within the o-
Co(OH), electrocatalyst. These nanostructures bear a striking
resemblance to the nanoflowers observed in the FESEM

RSC Adv, 2024, 14, 16661-16677 | 16665
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Fig. 4 TEM images of (a) a-Co(OH),, (b) Ni-doped-Co(OH),, and (c) | & Ni-co-doped-Co(OH),.

analysis. The thin layers forming these nanostructures are
helpful in enhancing activity by increasing the surface area and
facilitating efficient charge transfer, which explains the
observed improvements in electrochemical performance.

It is worth noting that the TEM analysis highlighted simi-
larities among Ni-doped-Co(OH),, I & Ni-co-doped-Co(OH),,
and their pristine counterparts, which are consistent with the
FESEM observations. However, noticeable differences in thick-
ness are apparent, underscoring the sensitivity of TEM to
capture distinctions. Moreover, the flower-like structure, as
determined by TEM, significantly contributed to the stability
and durability of the catalyst during the energy storage and
conversion processes.

3.4 BET analysis

Enhancing the surface area of a material is a viable strategy for
improving its electrochemical performance. Accordingly, N, gas
adsorption-desorption studies were performed to determine

16666 | RSC Adv, 2024, 14, 16661-16677

the surface area of the designed materials. The present inves-
tigation evaluated the BET adsorption-desorption isotherms of
the a-Co(OH), materials that were subjected to doping with Ni
or co-doping with Ni and I. The results revealed that the
samples displayed type IV isotherms accompanied by Hj
hysteresis loops. The objective of this study was to ascertain the
surface area of Ni-doped-Co(OH), and I & Ni-co-doped-Co(OH),,
which was determined to be 12.859 m® g~ and 20.094 m* g™,
respectively. The observed enhancement in the surface area of
the co-doped sample can be attributed to the comparatively
porous structure of the a-Co(OH), material, as validated by the
FESEM images. However, simply possessing an increased
surface area does not guarantee enhanced electrochemical
effectiveness. Specifically, the presence of a sufficient quantity
of reservoirs that possess the capacity to retain water molecules
or electrolytic species is crucial for sustaining the catalytic
activity. Thus, the pore diameter and pore area of the samples
were also considered, as illustrated by the bar graphs in the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 EDX spectra of several electrocatalysts (a) a-Co(OH),, (b) Ni-doped-Co(OH),, (c) | & Ni-co-doped-Co(OH),, and (d) I,-loaded-Ni-doped-

CO(OH)z.

inset of Fig. ES2.1 The reduction in the pore size of Ni-doped-
Co(OH), was concurrent with a reduction in its pore diameter,
whereas the opposite trend was observed for the o-Co(OH), co-
doped with I and Ni sample. In this instance, the increase in
pore area resulted from the reduction in pore diameter, indi-
cating the presence of more penetrating pores with a higher
capacity to retain electrolytic species. The resultant trend can be
ascribed to the synergistic effect of the dopants, which
improved the electrochemical performance.

3.5 Elemental analysis

EDX analysis is an effective method employed to determine the
elemental constitution of a substance through the detection
and examination of X-rays emitted from it upon being subjected
to electron bombardment. The EDX results of a-Co(OH),, Ni-
doped-Co(OH),, I & Ni-co-doped-Co(OH),, and I,-loaded-Ni-
doped-Co(OH), are shown in Fig. 5, which confirm the presence
of all the expected elements within the designed electro-
catalysts. Both cobalt and oxygen were detected in the EDX
spectrum of o-Co(OH),, while cobalt and nickel were also
detected in the EDX spectrum of Ni-doped Co(OH),, indicating
the successful doping of Ni in the Co(OH), lattice. Moreover,
both Ni and iodine were also detected in Ni-doped-Co(OH),
loaded and doped with iodine. This confirmed the successful
incorporation of both Ni and iodine within the lattice of a-
Co(OH),. Moreover, a significant content of iodine was also
detected, as shown in tabular form in Fig. 5.

3.6 X-ray photoelectron spectroscopy

X-ray photoelectron spectra were recorded to analyze the surface
compositions and chemical states of the as-prepared o-
Co(OH),, Ni-doped-Co(OH),, and I & Ni-co-doped-Co(OH),

© 2024 The Author(s). Published by the Royal Society of Chemistry

samples, as shown in Fig. 6. The XPS analysis of I & Ni-co-doped-
Co(OH), showed the presence of Co, Ni, O, I, and C elements.
The binding energies from XPS analysis were analyzed using the
CasaXPS software. Fig. 6(a—c) show the high-resolution XPS
spectra of the C 1s orbit with a peak at 284.6 eV, which is
attributed to the surface amorphous carbon of the reference C
1s from the XPS instrument.*® The O 1s core-level spectrum of
all the synthesized samples in this study showed a peak at the
binding energy of approximately 532 eV, as shown in Fig. 6(d-f).
This suggests that the oxygen species are attributed to lattice
oxygen ions and hydroxyl oxygen on the surface. The O 1s XPS
spectra show two peaks, one at 530.5 eV, indicating the presence
of hydroxide in a-Co(OH),, and a smaller peak at 533.1 eV,
indicating the presence of adsorbed water.>

Fig. 6(g-i) show the measured high-resolution XPS spectra of
Co 2p for all the synthesized samples. The Co 2p XPS spectra
display two main peaks at 779.1 and 794.9 eV, which correspond
to Co 2ps3/, and 2p; ., respectively. The spin-energy separation of
15.8 eV indicates the presence of Co>". Two satellites of Co 2p,/;
and Co 2p4,;3 were observed at 784.1 and 801.0 eV, respectively,
confirming the formation of the «-Co(OH), phase.** Ni-doped
Co(OH), showed four distinct peaks in the Ni 2p region.
These peaks correspond to Ni 2p;/, and Ni 2p,,, with binding
energies of 855.2 eV and 873 eV, respectively, together with
a satellite peak, suggesting that nickel exists in the bivalent
state. Fig. 6(j and k) show the XPS Ni 2p core-level spectra.*®

The I 3d core-level spectrum showed two peaks at 631.8 eV
and 620.5 eV, corresponding to I 3d;/, and I 3ds,, respectively
(see Fig. 6(1)). These peaks differed from the binding energies of
630.1 and 619.1 eV observed for the characteristic bands of
iodine in I,. The peak at 619.1 eV is due to the negatively
charged iodine (I") species, while the peak at 630.1 eV is
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Fig. 6 XPS C 1s (a—c), O 1s (d—f), Co 2p (g—i), Ni 2p (j and k) and | 3d (1) spectra of as-prepared o-Co(OH),, Ni-doped-Co(OH), and | & Ni-co-

doped-Co(OH), electrocatalysts, respectively.

attributed to I,.*® The surface adsorption of a-Co(OH), caused
a chemical shift of approximately 1.0 eV for I,. The I" ions may
react to form I, during synthesis according to the following
reaction: 41" + O, + 4H" — 2I, + 2H,0.%¢

3.7 Energy storage applications

Energy storage plays an indispensable role in technology given
that it allows the effective utilization of energy sources and
development of portable electronics and electric vehicles. In
this case, the progress achieved herein can contribute to the
development of suitable materials, indicating a significant
advancement in addressing existing limitations and marking

16668 | RSC Adv, 2024, 14, 16661-16677

a new era for energy storage and its vital role in our energy
ecosystem. We analyzed the suitability of «-Co(OH),, Ni-
Co(OH), and I & Ni-co-doped-Co(OH), for application in energy
storage and electrochemical water splitting. We investigated the
behavior of these materials by performing cyclic voltametric
(Cv) studies in a 1 M KOH solution at various scan rates ranging
from 1 to 100 mV s~ '.** The CV curves obtained during this
study (Fig. 7(a—c)) clearly showed peaks for all the materials,
indicating their pseudocapacitive behavior. This behavior is
advantageous for energy storage given that it enables the
accumulation of charge through faradaic redox reactions
occurring at the interface between the electrode and electrolyte.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Consequently, this results in an improved capacitance for
storing energy.

Furthermore, the data suggests that with an increase in the
scan rate, the area under the CV curve increased. This discovery
provides evidence supporting the existence of faradaic redox
processes and pseudocapacitive characteristics in these mate-
rials. The ability to effectively store and release charge at
different rates is a desirable trait for practical energy storage
applications, making these materials highly promising for
supercapacitor technology.**® The stronger increase in the area
beneath the CV curve for I & Ni-co-doped-Co(OH), is consistent
with its improved performance, indicating its potential for
advanced energy storage applications. The enhanced electronic
conductivity resulting from Ni and I doping enables electron
transfer, leading to efficient faradaic redox reactions. Addi-
tionally, the presence of defects originating from doping offers
active sites for charge storage, which are responsible for the
increase in capacitance.

The graph of peak current (I,,) vs. square root of scan rate
was plotted to observe the diffusion-limited mechanism in the
synthesized electrodes, as shown in Fig. ES3.1 The diffusion
coefficients (D) for a-Co(OH),, Ni-doped-Co(OH),, and I & Ni-co-
doped-Co(OH), were found to be 0.00089, 0.00299 and 0.0051,
respectively.’” The highest diffusion coefficient observed for I
and Ni co-doped Co(OH), suggests the best electrical conduc-
tivity and fastest electronic movement within the electrode
material, as is evident from the EIS results. Besides, a power law
model (eqn ES1t) was used by plotting the graph of the loga-
rithm of the scan rate and current for all the designed elec-
trodes to further investigate the charge storage mechanism
across the electrode and electrolyte interface, as shown in
Fig. 7(d) and ES4.1 The slope of this graph is employed to
predict the kinetic constant (b). A b value of 0.5 indicates that
the diffusion-limited process is dominant, whereas a value of 1
suggests a surface process as the dominant approach for overall
charge storage. The b values for a-Co(OH),, Ni-Co(OH),, and I &
Ni-Co(OH), were determined to be 0.732, 0.575, and 0.844,
respectively.

These findings indicate that the synthesized materials have
properties that support both diffusion and capacitive-controlled
processes, making them suitable for energy storage applica-
tions. The kinetic constants are in the range of 0.5 to 1, sug-
gesting a combination of both diffusion and controlled charge
storage mechanisms. This is consistent with our results indi-
cating that charge storage occurs through faradaic redox
processes at the interface between the electrode and electrolyte.
The versatility of these materials in energy storage applications
is attributed to their ability to incorporate both diffusion and
capacitive-controlled processes, enabling charge storage and
release at varying rates.

Moreover, we utilized the Dunn method to calculate the
charge contribution (eqn ES27). These calculations are plotted
in Fig. 7(e) and ES4.} It appears that as the rate increased, the
diffusion contribution decreased, while the capacitive contri-
bution increased. This behavior can be attributed to the time
constraint on the diffusion process. At higher scan rates, the
time available for the diffusion of charge carriers within the
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materials becomes limited, leading to a reduced diffusion
contribution. In contrast, the capacitive contribution becomes
dominant as it involves rapid capacitive-controlled mechanisms
that are less affected by the time constraints imposed by higher
scan rates. This observation further reinforces the variation in
charge storage mechanism observed earlier, where both diffu-
sion- and capacitive-controlled processes played significant
roles in the charge storage at different scan rates.*®

The galvanostatic charge-discharge (GCD) was studied to
further assess the charge storage capabilities of the synthesized
materials. Fig. 7(f) illustrates the GCD curves acquired at
a current density of 1 A g~'. Notably, the shape of the GCD
curves exhibited non-linearity for all the materials, providing
further confirmation of the presence of redox reactions, which
is consistent with the observations in CV measurements.>>*
The specific capacitance values ascertained using the GCD tests
were found tobe 529 Fg ' (439Cg 1), 812Fg ' (674 Cg ') and
1277 F g~' (1060 C g™ ') for a-Co(OH),, Ni-Co(OH),, and I & Ni-
Co(OH),, respectively. Among the materials, I & Ni-Co(OH),
exhibited the greatest specific capacitance, indicating its supe-
rior capacity for electrical charge storage. The observed increase
in specific capacitance can be ascribed to the advantageous
impacts of cationic and anionic doping, which generate
a greater number of active sites for charge storage and facilitate
effective charge transport routes inside the material.

Furthermore, the initial coulombic efficiency of the mate-
rials was calculated using the GCD data, with values of 41.88%,
66.35%, and 98.5% for «-Co(OH),, Ni-Co(OH),, and I & Ni-
Co(OH),, respectively. The impressive initial efficiency of I & Ni-
co-doped-Co(OH), suggests that it can resist energy loss during
the charge and discharge cycles. This indicates the transport of
charges and efficient redox reactions in I & Ni-co-doped-
Co(OH),, which contribute to its performance and overall
stability.

The reliability and durability of the materials were evaluated
through stability tests, where I & Ni-co-doped-Co(OH), main-
tained a capacitance of 93.14% and coulombic efficiency of
93.90% during 3000 consecutive charge discharge cycles. This
suggests the excellent stability of the electrode in terms of
energy storage, which is attributed to Ni and I doping. Specifi-
cally, the Ni and I doping minimized the degradation during
charge-discharge cycles, created charge storage sites, and
facilitated the charge transfer kinetics, contributing to the long-
term stability. However, the slight decrease in performance
during 3000 cycles can be attributed to various factors such as
surface alteration resulting from prolonged cycling, side reac-
tions, and impurities.

3.8 OER performance

The current study also evaluated the electrocatalytic efficiency
of the different electrocatalysts, namely a-Co(OH),, Ni-doped-
Co(OH),, and I & Ni-co-doped-Co(OH),, for water oxidation
using LSV in a 1 M KOH aqueous solution with iR-
compensation (Fig. 8(a)). The findings indicate that a-Co(OH),
co-doped with I and Ni exhibited a superior electrocatalytic
performance compared to the other electrocatalysts synthesized

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.8 OERLSV curves (a) and Tafel slopes (b) of various electrocatalysts tested in the current study. (c) Visual depiction of the turnover frequency
as a function of the overpotential during the OER for Ni-doped-Co(OH), and | & Ni-co-doped-Co(OH),. (d) Multistep chronoamperometric
analysis and (e) long-term chronoamperometric (at 1.55 V vs. RHE) and chronopotentiometric analysis (at 100 mA cm™2) for | & Ni co-doped-
Co(OH),. Inset of (e) depicts the post-LSV analysis results obtained from the stability testing.

under identical conditions. In contrast, the co-doped-Co(OH),
catalyst exhibited a significantly lower overpotential of 240 mV
(vs. RHE) to achieve a current density of 40 mA cm™?> (n,,),
whereas the o-Co(OH), electrocatalyst necessitated an over-
potential of 290 mV (vs. RHE). Remarkably, the co-doped-
Co(OH), catalyst demonstrated an impressive performance,
achieving current densities of 100 mA cm ™2 at 310 mV (vs. RHE)
and 200 mA cm ™~ at 340 mV (vs. RHE). This suggests that the co-
doped-Co(OH), electrocatalyst shows promise for energy
conversion and storage applications.

© 2024 The Author(s). Published by the Royal Society of Chemistry

The Tafel slope is another measurement utilized for exam-
ining the kinetics of reactions. It establishes a connection
between the potential and the logarithm of the reaction rate.
Several factors such as surface area, surface chemical compo-
sition, and crystal structure of electrocatalysts influence the
adsorption and release of the reaction intermediates, and
consequently have an impact on the Tafel slope. Thus, to
examine the kinetics of the OER activity of the electrocatalysts,
we also performed a Tafel plot analysis, as depicted in Fig. 8(b).
The Tafel slope value of 243 mV dec ™" observed for a-Co(OH),
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Table 1 Assessment of the OER experimental parameters for a.-Co(OH),, Ni-doped-Co(OH),, and | & Ni co-doped-Co(OH),

Overpotential (mV)

Onset potential

Tafel slope

S. No. Material (V vs. RHE) Nao N100 M350 (mV dec™ ) TOF@ 740 (571
1 d—CO(OH)Z 1.50 290 390 — 243 —

Ni-Co(OH), 1.50 — 350 520 251 0.06
3 I& Ni—CO(OH)Z 1.47 240 310 460 188 0.08

indicates that the reaction kinetics encounter an energy barrier.
The efficiency of the electrocatalyst was reduced due to the
necessity of an overpotential to maintain the reaction rate, as
evident from the Tafel slope.’® After the addition of Ni during
the doping process, it was noticed that the Tafel slope increased
to 251 mV dec ™ '. This indicates that the incorporation of Ni did
not improve the reaction kinetics and may create an energy
barrier for the reaction,® which can be attributed to the changes
in the surface chemistry of a-Co(OH),, leading to a reaction
mechanism with a Tafel slope.

In contrast, when both I and Ni were co-doped in the a-
Co(OH), electrocatalyst, there was an enhancement in the
reaction kinetics, as seen from its Tafel slope of 188 mV dec™*,
compared to a-Co(OH), and Ni-doped-Co(OH),. The decrease in
the Tafel slope suggests that the combined presence of iodine
and nickel resulted in a decrease in the activation energy and
improvement in the electrocatalytic performance of the cata-
lyst.®> The improved electrocatalytic efficiency of o-Co(OH),
when doped with both I and Ni can be attributed to different
factors, including the formation of I-Ni-OH species, which act
as sites for the desired reaction. Also, changes in the structure
of a-Co(OH),, which facilitate the preferred reaction pathway
and modification of the adsorption and desorption properties
of the reaction intermediates. During this study, it was observed
that the charge transfer coefficient was higher for the electro-
catalyst containing I & Ni-co-doped Co(OH), compared to the
other compositions. This finding is consistent with the perfor-
mance of the I & Ni-co-doped-Co(OH), electrocatalyst in
promoting OER. The results suggest that the higher charge
transfer coefficient in the I-&Ni-co-doped-Co(OH), electro-
catalyst may contribute to its improved electrocatalytic activity.

Furthermore, the turnover frequency (TOF) is employed to
evaluate the efficiency of a catalyst assuming that all its metal
ions are fully functional, which is calculated using the equation
in eqn ES4.1,% The results depicted in Fig. 8(c) display the TOF
values for the electrocatalysts comprised of Ni-doped-Co(OH),
and I & Ni-co-doped-Co(OH), at an overpotential of 400 mV.
This investigation ascertained that the TOF of a-Co(OH), doped
with Ni is 0.06 s~*. In contrast, the TOF value of a-Co(OH), co-
doped with I and Ni is 0.08 s~'. This implies that the latter
demonstrated a higher catalytic performance in comparison to
the former. All the OER experimental parameters are presented
in Table 1.

A multistep chronoamperometric measurement was con-
ducted, as depicted in Fig. 8(d), to evaluate the practical dura-
bility of the I & Ni-co-doped-Co(OH), electrocatalyst for its OER
performance. Throughout this experiment, a voltage in the

16672 | RSC Adv, 2024, 14, 16661-16677

range of 1.4 to 1.7 V (versus RHE) was implemented, and the
ensuing iR-compensated current response was observed over
a prolonged duration. The results of the multistep chro-
noamperometric measurement demonstrated the consistent
and lasting response of the I & Ni-co-doped-Co(OH), electro-
catalyst in terms of its performance in the OER process. A
prolonged duration of electrolysis was conducted with
a consistent overpotential and current density to assess its
stability. The results of this study indicated that the prepared
electrode demonstrated remarkable conductivity, mechanical
strength, and mass transfer characteristics. This was demon-
strated by the slight variation observed in both the overpotential
and current density over an extended period. The aforemen-
tioned properties show interesting significance in practical
implementations owing to their ability to ensure lasting reli-
ability of the electrocatalyst under the operational conditions.
After the stability testing, the LSV curve of the electrocatalyst,
specifically I & Ni-co-doped-Co(OH),, was examined, and the
results indicated a negligible increase in overpotential, as
illustrated in the inset of Fig. 8(e).

3.9 HER performance

The HER activity was investigated using other electrode mate-
rials, including pure platinum, o-Co(OH),, Ni-doped-Co(OH),,
and I & Ni-co-doped-Co(OH),. The LSV curves and correspond-
ing Tafel slopes of all the synthesized materials are shown in
Fig. 9. The overpotential required for the pure platinum elec-
trode to attain a current density of 10 mA cm > was found to be
130 mV, with a Tafel slope of 76 mV dec . The mechanism of
the HER on platinum involves the Volmer step, where water
molecules adsorb on the platinum surface and undergo disso-
ciation into hydrogen ions and electrons. Subsequently, the
Tafel step occurs, where the adsorbed hydrogen atoms combine
to form hydrogen gas. The Tafel slope of 76 mV dec™ " indicates
a fast reaction rate on the platinum electrode.

In the case of a-Co(OH),, it required an overpotential of
337 mV to achieve the required current density, and its Tafel
slope was measured to be 170 mV dec '. The higher over-
potential and steeper Tafel slope observed for a-Co(OH), indi-
cate reaction Kkinetics compared to platinum.
Alternatively, Ni-doped-Co(OH), showed an enhanced perfor-
mance with an overpotential of 284 mV and a Tafel slope of
124 mV dec™'. The lower Tafel slope compared to a-Co(OH),
suggests improved reaction kinetics. The introduction of nickel
dopants in a-Co(OH), provides sites that promote both water
adsorption and subsequent hydrogen gas formation.

slower

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.9 HER LSV curves (a) and Tafel slopes (b) of different electrocatalysts tested in 1 M KOH alkaline aqueous solution using a 5 mV s~ scan rate.
(c) Prolonged duration chronoamperometric analysis and inset showing post-LSV analysis after the stability testing. EIS spectra (d) of electro-
catalysts, including a.-Co(OH),, Ni-doped-Co(OH),, and | & Ni-co-doped-Co(OH),.

Table 2 Experimental parameters for the HER assessment of -
Co(OH),, Ni-doped-Co(OH),, and | & Ni co-doped-Co(OH),

HER overpotential ~ Tafel slope

S.No.  Material (mv) (mVdec™) R (Q)
1 4-Co(OH), 337 170 6.8
2 Ni-Co(OH), 284 124 3.6
3 1&Ni-Co(OH), 229 110 2.4

The o-Co(OH), co-doped with iodine and nickel demon-
strated a catalytic performance with the lowest overpotential
value of 229 mV and Tafel slope of 110 mV dec ™", suggesting the
greatest improvement in the kinetics of the reaction. The
incorporation of iodine and nickel dopants in the structure of o-
Co(OH), increased the number of electrochemically active sites.
Further, the HER stability of a-Co(OH), co-doped with iodine
and nickel was also considered in terms of chronoampero-
metric analysis. The observed current density was monitored,
which remained almost uniform throughout the experiment,
suggesting the excellent conductivity, mechanical strength, and
efficient mass transfer properties of the material. The stability
testing provided additional confirmation of the remarkable
performance of a-Co(OH), co-doped with I and Ni. This was
evidenced by the cathodic LSV curve, which displayed

© 2024 The Author(s). Published by the Royal Society of Chemistry

a negligible increase in overpotential. This observation is
depicted in the inset of Fig. 9(c). The exceptional stability
demonstrated by I & Ni-co-doped-Co(OH), underscores its
considerable promise as a highly favorable electrocatalyst for
sustainable and efficient hydrogen evolution reactions. All the
HER experimental parameters are presented in Table 2.

The electrochemical impedance spectroscopic (EIS)
approach was also applied to examine the inherent kinetics of
electrochemical activity across the electrocatalysts. The appli-
cation of this methodology provides a significant under-
standing of the electrochemical mechanisms occurring at the
boundary linking the electrode and electrolyte through the
analysis of the impedance reaction of the system upon a minor
sinusoidal disturbance. The modified Randle's circuit was
utilized for the fitting process of the EIS spectra. The circuit
design employed for this purpose is illustrated in Fig. 9(d).
Electrodes based on CFC materials demonstrate the presence of
several resistance components, including solution resistance
(Rs), charge transfer resistance (Rcr), and thin-film resistance
(Rp), in the efficiency and effectiveness of different electro-
catalysts in facilitating electrochemical activity.** I & Ni-co-
doped-Co(OH), (Fig. 9) exhibited the smallest arc radius among
the electrocatalysts, thereby implying its lowest resistance
values. The results indicate that the electrode composed of I &
Ni-co-doped-Co(OH), exhibits a notable reduction in charge
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transfer resistance measured at 2.4 Q in contrast to the elec-
trodes composed of either ¢-Co(OH), or Ni-doped-Co(OH),. The
I & Ni co-doped-Co(OH), electrode demonstrated remarkable
functionality because of its charge-trapping phenomenon,
higher carrier concentration, and lower flat-band potential. The
abovementioned factors improved the electron transfer at the
electrode-electrolyte interface, leading to an enhancement in
the electrocatalytic processes.®* In addition, the exchange
current densities for a-Co(OH),, Ni-doped-Co(OH),, and I & Ni-
co-doped-Co(OH), were also calculated. Among the electro-
catalysts, the I & Ni-co-doped-Co(OH), electrode demonstrated
the largest exchange current density (2.67 mA cm™2), which is
attributed to its enhanced electrochemical activity and better
charge transfer at the electrode-electrolyte interface.

4 Conclusions

In summary, the current study examined the electrocatalytic
properties o-Co(OH),, Ni-doped-Co(OH), and I & Ni-co-doped-
Co(OH), as electrode materials for energy conversion and
storage. The results proved the excellent potential of these
electrode materials. The pseudocapacitive behavior of the
materials was observed by cyclic voltammetry measurements
and their charge storage was followed by combination of both
diffusion and capacitive-controlled processes. Furthermore, the
specific capacitance of I & Ni-co-doped-Co(OH), was calculated
to be 1277 F g~ by galvanostatic charge-discharge measure-
ments, which also showed notable stability and high coulombic
efficiency retention for 3000 consecutive cycles.

The water-splitting performance of I & Ni-co-doped-Co(OH),
exhibited efficient catalysis for both OER and HER, as reflected
in its anodic and cathodic LSV curves, respectively. Notably, co-
doped-Co(OH), exhibited a superior electrocatalytic perfor-
mance compared to its counterparts. The co-doped-Co(OH),
catalyst achieved an anodic current density of 100 mA cm™> at
310 mV and 200 mA cm > at 340 mV. The OER Tafel slope
analysis indicated that although Ni-doping did not improve the
kinetics, iodine and nickel co-doping remarkably lowered the
Tafel slope, indicating improved reaction mechanisms. The
multistep chronoamperometric study highlighted the long-
term stability and reliability of the I & Ni-co-doped-Co(OH),
electrocatalyst, demonstrating its practical viability for efficient
energy conversion applications.

Noticeably, pure platinum exhibited the lowest HER over-
potential (130 mV) and a smallest HER Tafel slope (76 mV
dec™), signifying its efficient kinetics linked to the Volmer and
Tafel steps. In contrast, a-Co(OH), necessitated a higher HER
overpotential (337 mV) and steeper Tafel slope (170 mV dec %),
indicating its slower kinetics due to limitations in the reaction
steps. Ni-doped-Co(OH), displayed improved HER kinetics
(284 mV and 124 mV dec™ ") due to the presence of additional
active sites, facilitating the Volmer and Tafel steps, respectively.
Remarkably, I & Ni-co-doped Co(OH), exhibited a superior
catalytic performance with the lowest HER overpotential (229
mV) and favorable Tafel slope (110 mV dec™ ') due to its
enhanced electrochemical properties. Moreover, the extensive
stability assessment of I & Ni-co-doped-Co(OH), confirmed its
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robustness over prolonged HER, emphasizing its potential as
a reliable electrocatalyst for sustainable and efficient hydrogen
evolution. The aforementioned findings not only make a valu-
able contribution to the progress of energy conversion and
storage technologies but also offer potential solutions to
significant obstacles in the field of sustainable energy
consumption.
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